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Abstract Monitoring the dynamics of vegetation growth

and its response to climate change is important to under-

stand the mechanisms underlying ecosystem behaviors.

This study investigated the relationship between vegetation

growth and climate change during the growing seasons on

the Loess Plateau in China by analyzing the normalized

difference vegetation index (NDVI) derived from the Land

Long Term Data Record dataset from 1982 to 2011.

Results showed that growing-season NDVI had increased

at an annual rate of 0.0028, particularly in the semi-arid

and semi-humid regions. By contrast, the NDVI first

increased from 1982 to 1994 (0.0013 year-1, P\ 0.05)

and then decreased from 1994 to 2011 (0.0016 year-1,

P\ 0.05) in the arid region. Temperature had a positive

effect on NDVI in most periods within and across seasons

in the semi-humid region but had no significant effect in

the arid region. Precipitation had a positive effect on NDVI

in the arid region in summer and in the semi-arid region in

autumn. Summer precipitation was important for autumn

vegetation growth in the arid region, whereas summer

temperature increased autumn vegetation growth in the

semi-arid and semi-humid regions. Further analyses sup-

ported the lag-time effects of climate change on vegetation

growth on the Loess Plateau. Precipitation shifts had 15- to

18-month time lag effects on vegetation growth in the three

climate regions. Vegetation NDVI had a 17-month lag

response to temperature in the semi-arid region. Human

activities should not be neglected in analyzing the rela-

tionship between vegetation growth and climate change on

the Loess Plateau.

Keywords LTDR � Normalized difference vegetation

index (NDVI) � Precipitation � Temperature � Human

activities � Loess Plateau

Introduction

Knowledge of the effects of climate change on vegetation

growth is essential to understand the mechanisms under-

lying ecosystem behaviors and activities because vegeta-

tion plays an important role in linking soil, atmospheric,

hydrological, and other elements of the biosphere together

(Cao and Woodward 1998). Many recent analyses of

satellite images have revealed temporal changes in vege-

tation growth and their relationship with climate change at

both global (De Jong et al. 2012; Nemani et al. 2003) and

continental (Gong and Shi 2003; Lucht et al. 2002; Myneni
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et al. 1997) scales. The response of vegetation growth to

climatic changes differs widely by bioregion (Verbyla

2008) and biome (Jobbagy et al. 2002; Paruelo and

Lauenroth 1995; Piao et al. 2006b). However, information

on how climatic changes have influenced the growth of

vegetation in relatively dry regions (Mohammat et al.

2013), such as the Loess Plateau in China, is lacking

(Wang et al. 2011b). This lack of knowledge increases the

uncertainties in the predictions of future trends of vegeta-

tion growth and may limit the accuracy of the ecosystem

models at regional and global scales.

The Loess Plateau has the most severe soil erosion in the

world, causing the region to be ecologically fragile (Han

et al. 2010). The terrestrial ecosystems in this region

therefore exhibit a comparatively sensitive response to

climatic changes (Shi and Shao 2000). The vegetation on

the plateau is important in mitigating soil erosion (Zhou

et al. 2006). The regional mean annual temperature (MAT)

has been shown to have significantly increased by 1.9 �C
from 1961 to 2010 (Wang et al. 2012). Rising temperature

may shift plant phenology (e.g., the timing of flowering and

other developmental events) (Cleland et al. 2007; Jeong

et al. 2011) and influence primary production and conse-

quently ecosystem services (Feng et al. 2013).

Existing studies have revealed that vegetation activity at

the middle-to-high latitudes in the northern hemisphere,

where the Loess Plateau is located, has increased signifi-

cantly since 1980s, and global warming has prolonged the

growing season in spring and autumn (Cong et al. 2013;

Keeling et al. 1996; Kimball et al. 2004; Piao et al. 2006a;

Zhang et al. 2013). Madelene and Chen (2006) reported

that the regional changes in the vegetation of Ansai County

on the Loess Plateau were mainly driven by the tempera-

tures during the previous 6 months. The precipitation on

the plateau has not significantly changed; thus, rapid

warming could increase the loss of water from the land

surface by increasing evaporation and thereby increase

drought stress (Barber et al. 2000). Xin et al. (2008) sug-

gested that precipitation limited the growth of vegetation

on the plateau. Zhang et al. (2006) showed that water and

temperature on the plateau are important along both lati-

tudinal and longitudinal gradients. Vegetation growth

trends have changed significantly in many parts of the

plateau over the last three decades (Miao et al. 2012; Xin

et al. 2008); thus, understanding the responses of vegeta-

tion growth to climatic changes is critical and so is pre-

dicting the future interactions between the terrestrial

ecosystems and the climate system in this region.

The Loess Plateau spans diverse bioclimatic zones

(Feng et al. 2013), and the response of the vegetation on the

plateau to climate change may vary across these zones. In

addition, seasonal information must also be considered and

interpreted cautiously when analyzing the link between

vegetation and climate (Piao et al. 2004). However, only a

few studies have examined the temporal changes in the

vegetation growth on the Loess Plateau and their rela-

tionship with the climate change across the seasons and

climatic zones on the plateau. An elucidation of the spa-

tiotemporal changes in the vegetation growth throughout

the plateau and the climatic drivers behind such changes

will result in a better understanding of how vegetation

growth reacts to warming and/or drying in the future.

Satellite imaging has become an effective tool of eco-

logical scientists in monitoring the seasonal and inter-an-

nual vegetation dynamics. The normalized difference

vegetation index (NDVI), which is the nonlinear combi-

nation of near-infrared (NIR) and red spectral reflectance

[(NIR - RED)/(NIR ? RED)], is considered to be a good

indicator of green biomass and is commonly used to detect

long-term variations in vegetation (De Jong et al. 2012;

Tucker 1979). The Land Long Term Data Record (LTDR)

dataset is the most recent NDVI dataset and the first

component of a cross-sensor long-term NDVI record

[which was continued by Moderate Resolution Imaging

Spectroradiometer (MODIS) and Visible Infrared Imaging

Radiometer Suite (VIIRS)] (Pedelty et al. 2007; Wang

et al. 2008). The LTDR dataset is thus expected to be a

promising substitute for earlier datasets (Alcaraz-Segura

et al. 2010).

The Loess Plateau was partitioned into three climate

regions, namely arid, semi-arid, and semi-humid regions

(Zheng et al. 2010), to understand the relationship between

the vegetation growth and climatic variables more com-

prehensively. This study aims to (1) investigate the spa-

tiotemporal changes in the vegetation growth during the

growing season from 1982 to 2011 throughout the Loess

Plateau and (2) analyze the relationships between vegeta-

tion growth, precipitation, and temperature in different

growing seasons and climate regions during the last three

decades.

Study area

The Loess Plateau (34�–45�50N, 101�–114�330E) is located
in the upper and middle reaches of the Yellow River in

China and has an area of approximately 640, 000 km2

(Fig. 1a). It covers most parts of the provinces of Gansu,

Shaanxi, and Shanxi, as well as the autonomous region of

Ningxia Hui, and parts of Qinghai, Henan, and Inner

Mongolia. The depths of its ancient loessial deposits range

from 30 to 80 m (Wang et al. 2011b). Its undulating terrain

varies in elevation between 200 and 3000 m. Its climate has

typical continental characteristics and can be subcatego-

rized as arid, semi-arid, and semi-humid (warm and tem-

perate) continental climatic zones from northwest to
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southeast. The MAT and mean annual precipitation (MAP)

during the study period (1982–2011) followed the latitudi-

nal and longitudinal gradients from the arid region to the

semi-humid region (Fig. A1b, c). The arid region has the

driest and coolest climate (MAP\ 300 mm and

MAT = 7.5 �C), whereas the semi-humid region has the

wettest and warmest climate (MAP[ 500 mm and

MAT[ 10 �C). The semi-arid region has a moderate cli-

mate and covers the largest area of the plateau (63 % of the

study area). The vegetation within each of the three zones is

recognized based on the national vegetation regionalization

system (Wu 1982): desert, temperate steppe, and warm

temperate deciduous broad-leaved forest (from north to

south). The average NDVI during the growing season has a

spatial gradient similar to the precipitation gradient

(Fig. A1a). The NDVI values in the forested areas in Shanxi

and Shaanxi are above 0.6, and the NDVI values in the

grasslands in the arid and semi-arid regions are below 0.4.

Datasets and methods

Datasets

Remotely sensed dataset

Data from the latest NDVI dataset, which is LTDR, were

employed in this study. LTDR, which is a part of the

Research, Education, and Applications Solutions Network

project of the Earth Science Division of National Aero-

nautics and Space Administration (NASA), was launched

to monitor global climate change and the corresponding

reactions of terrestrial ecosystems. The aim of the LTDR

project was to develop and produce global coincident,

long-term, coarse spatial resolution (0.05�) data from the

Advanced Very High Resolution Radiometer (AVHRR),

MODIS, and VIIRS sensors. This project has reprocessed

global area coverage data from the different platforms of

the National Oceanic and Atmospheric Administration

(NOAA) since 1981 by applying MODIS-like processing

methods with a systematic quality assessment (Pedelty

et al. 2007). The LTDR products provided daily surface

reflectance and NDVI datasets. We used the LTDR V3

NDVI daily data from 1981 to 2011. A variety of pro-

cessing techniques were implemented on the dataset, such

as orbit calibration, sensor calibration, cloud screening,

georeferencing correction, atmospheric correction (Ray-

leigh scattering, ozone, water vapor, and aerosols), and

bidirectional reflectance distribution function normaliza-

tion (Pedelty et al. 2007; Vermote and Saleous 2006).

Climatic datasets

Monthly temperature and precipitation and daily tempera-

ture datasets were acquired from the China Meteorological

Data Sharing Service System (http://data.cma.gov.cn/). The

monthly climatic dataset contains climatic data from 73

stations, 64 of which were selected according to the stan-

dards of the European Climate Assessment (Albert Klein

et al. 2002). The locations of the weather stations on the

Loess Plateau are shown in Fig. 1b. The daily temperature

dataset is the reanalysis product that has sub-daily temporal

resolution available from 1961 to the present and a spatial

resolution of 0.5�.

Fig. 1 Geographical maps of the Loess Plateau: a location of the plateau, b 64 weather stations, 89 sampling sites, and 3 climate regions in the

study area

Vegetation dynamics and climate change on the Loess Plateau, China: 1982–2011
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Inverse distance weighting (IDW) and ordinary Kriging

methods are widely used methods for the interpolation of

climatic data (Cai et al. 2005). To choose the most suit-

able method for this study, we randomly selected 1-month

climatic data (April, 2008) to evaluate the estimated sur-

faces using a cross-validation approach (Kurtzman and

Kadmon 1999). Finally, the IDW approach was chosen to

interpolate the climatic data into continuous surfaces with

the same temporal and spatial resolutions as those of the

NDVI data to ensure better correlation coefficients between

the observed and the predicted climate variables.

Data analysis

The maximum-value composite method, which can reduce

the effects of atmospheric and cloud contamination (Hol-

ben 1986), was used to composite the monthly LTDR

NDVI data. NDVI values ranged between -1 and 1, and

the values lower than 0.2 represent sparsely vegetated or

unvegetated areas, such as barren lands (rock or soil),

water, snow, ice, and clouds. Only pixels with yearly mean

values lower than 0.1 were excluded from the analysis to

ensure the inclusion of sparsely vegetated areas in the

analysis (De Jong et al. 2012). The scale of the study area is

regional, and we divided the study area into three climate

regions; thus, we formulated definitions based on the local

vegetation phenology instead of using the general defini-

tions used for continental and hemispheric scales. We

selected 5 �C as the temperature threshold for our growing-

season definition for each climate region on the Loess

Plateau. The annual length of the growing season is defined

as the number of days between the first span of at least

5 days with a daily mean temperature warmer than 5 �C
and the first span of 5 days with a daily mean temperature

below 5 �C (Nemani et al. 2003). From this definition, the

growing seasons in the arid and semi-arid regions were

from April to October, whereas that in the semi-humid

region was from March to November. The NDVI in the

growing season was calculated by the average monthly

NDVIs from April to October in the arid and semi-arid

regions and from March to November in the semi-humid

region. The seasonal NDVIs in spring (April and May in

the arid and semi-arid regions and from March to May in

the semi-humid region), summer (June–August in all three

climate regions), and autumn (September and October in

the arid and semi-arid regions and from September to

November in the semi-humid region) were calculated as

the average NDVI during the corresponding months (Wang

et al. 2011a). The final dataset contained 25,184 unmasked

pixels that covered 99.15 % of the Loess Plateau. The data

from 1981 were missing, however; thus, the year was

excluded from the analysis. Missing data from 1994 (Oc-

tober–December) were estimated using the mean NDVI

value for the corresponding months in 1993 and 1995. A

final group of 360 images of NDVI values with a frequency

of 12 images per year were composited.

Linear least-squares regression was applied to calculate

the variation in the NDVI and climatic values for each grid

point (Cong et al. 2013) and climate region to determine

the trends of NDVI, temperature, and precipitation in the

time series (1982–2011):

T ¼ n�
Pn

i¼1 i� Yið Þ �
Pn

i¼1 i
Pn

i¼1 Yi

n�
Pn

i¼1 i
2 �

Pn
i¼1 i

� �

where T is the trend of NDVI, temperature, or precipita-

tion; i is the year from 1 to n; n is the number of years; Yi is

the seasonal NDVI, temperature, or precipitation of year

i. A positive value of T indicates an increase in the NDVI,

temperature, or precipitation in a time series. A P value of

less than 0.05 was considered significant.

We then analyzed the effects of seasonal temperature

and precipitation on the trends of vegetation change in

different seasons and climate regions by conducting a

partial correlation analysis to eliminate the effects of other

variables. To reduce computational time, we used sampling

grids consisting of 89 sites that are centered at the inter-

action points, each covering an area of 0.5� 9 0.5�. The
final samples of arid, semi-arid, and semi-humid regions

were 11, 60, and 18, respectively. The sampling sites are

illustrated in Fig. 1b. The trend and correlation analyses

were conducted in R program (R 2015).

Results

Annual changes in NDVI during growing season

Changes in NDVI on the entire Loess Plateau

The spatial patterns of the trend of the mean growing-

season NDVI from 1982 to 2011 are shown in Fig. 2. A

significant increase in growing-season NDVI at a rate of

0.0028 year-1 was detected throughout the entire study

period (r = 0.86, P\ 0.001). The trend of the vegetation

growth across the plateau was heterogeneous. Most of the

area (78 % of the whole study area, Fig. 2a) had an

increasing trend in growing-season NDVI, which was sta-

tistically significant (P\ 0.05) over 66 % of the area and

was concentrated mainly in areas where MAP was higher

than 400 mm (Figs. 2b, A1c). The Loop Plain in Inner

Mongolia and Ningxia, where MAP was lower than

400 mm, also had an increasing trend in growing-season

NDVI. Growing-season NDVI decreased significantly

mainly in grasslands and sparsely vegetated areas (9 % of

the study area) in northwestern Inner Mongolia, northern

Ningxia, northern Gansu, and southwestern Qinghai

B. Xie et al.
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(Figs. 2, A1d). Temperature exhibited an increasing trend

over the last three decades (0.05 �C year-1, r = 0.71,

P\ 0.001), similar to the trend in NDVI, whereas pre-

cipitation experienced a general nonsignificant decreasing

trend in most areas of the Loess Plateau, with an average

decreasing rate of 0.72 mm year-1 (r = 0.12, P = 0.54).

Numerous studies have indicated that the greening trend

may not be continuous over some regions in the northern

hemisphere (e.g., De Jong et al. 2012; Piao et al. 2011). A

piecewise linear regression approach with one turning point

(TP) was applied to the NDVI and climate time series in the

three climate regions to find out whether the Loess Plateau is

one of the regions. The results showed that growing-season

NDVI is temporally homogeneous, increasing during the

entire 30 years at the regional scale. The TP year of growing-

season NDVI trend is 2000. The spatially averaged growing-

seasonNDVIover Loess Plateau increased by 0.0014 year-1

from 1982 to 2000 (r = 0.741, n = 19, P\ 0.001) and

significantly increased by 0.0058 year-1 from 2000 to 2011

(r = 0.904, n = 12, P\ 0.001).

Changes in NDVI in different climate regions

Figure 3 shows the changes in NDVI, temperature, and

precipitation in three climate regions: arid, semi-arid, and

semi-humid. The mean growing-season NDVI varied across

climate regions. The NDVI in the semi-humid region

increased at the highest annual rate of 0.0058 (r = 0.89,

P\ 0.001), followed by the NDVI in the semi-arid region,

whose increasing rate was 0.0023 (r = 0.80, P\ 0.001)

(Fig. 3d, g). The arid region experienced the smallest and

weakest decreasing trend in NDVI during the study period

(0.0003 year-1, r = 0.17, P = 0.38) (Fig. 3a).

The piecewise linear regression results showed that the TP

years for the growing-season NDVIs in the arid, semi-arid,

and semi-humid regions were 1994, 2001, and 1995,

respectively (Fig. 3a, d, g). The growing-season NDVIs in

both semi-arid and semi-humid regions slightly increased

before TP (0.001 year-1, r = 0.48, n = 20, P = 0.05;

0.0006 year-1, r = 0.30, n = 14, P = 0.31, respectively)

and then both marginally increased after TP (0.006 year-1,

r = 0.65, n = 11,P\ 0.05; 0.01 year-1, r = 0.95, n = 17,

P\ 0.001, respectively). Unlike the growing-seasonNDVIs

in the semi-arid and semi-humid regions, the growing-season

NDVI in the arid region increased at a rate of 0.0013 year-1

before TP (r = 0.60, n = 13, P\ 0.05), but decreased at a

rate of 0.0016 year-1 after TP (r = 0.57, n = 18,P\ 0.05).

Inter-annual correlation between NDVI and climate

variables

Correlation between growing-season NDVI and climate

Growing-season NDVI was correlated with temperature

more strongly than precipitation across the entire plateau.

More than 54 % of the sampling grids (out of 89 samples)

Fig. 2 Spatial distribution of NDVI trends on the Loess Plateau

during the growing season in 1982–2011: a growing-season NDVI

trend, b significance of growing-season NDVI trend. The blue lines

are the boundaries of the arid, semi-arid, and semi-humid climate

regions (color figure online)
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showed that a positive correlation (P\ 0.05) exists

between growing-season NDVI and temperature. NDVI

and precipitation were positively correlated in 39 % of the

sampling grids. Temperature may be a dominant factor

controlling vegetation growth across most of the study

area. More than 63 % of the sampling grids exhibited

larger correlation coefficients between NDVI and temper-

ature than the correlation coefficients between NDVI and

precipitation.

A clear regional contrast, however, existed between the

dominant climatic variables underlying the detected chan-

ges in growing-season NDVI. In the arid region, NDVI was

negatively correlated with temperature in 27 % of the

sampling grids and positively correlated with precipitation

in 56 % of the sampling grids (Fig. 4a, b), suggesting that

rising temperature may suppress vegetation growth in areas

with water shortage. Growing-season NDVI was positively

correlated with precipitation and temperature in 45 and

33 % of the sampling grids in the semi-arid region,

respectively (Fig. 4c, d). All sampling grids exhibited a

positive correlation between growing-season NDVI and

temperature in the semi-humid region.

Correlation between seasonal NDVI and climate

Vegetation growth, however, may vary seasonally in

response to climate change. We therefore examined the

link between NDVI, temperature, and precipitation in

spring, summer, and autumn across three climate regions.

The NDVI–climate relationships were weaker in seasonal

correlations (Fig. 4). Most sampling grids showed positive

correlation coefficients between seasonal NDVI and cli-

mate variables, suggesting that rising temperature and

precipitation would be beneficial to vegetation growth on

the Loess Plateau. Among the sampling grids, 57 and 65 %

exhibited higher correlation coefficients between NDVI

and precipitation than those between NDVI and tempera-

ture (53 and 35 %, respectively) in spring and autumn,

suggesting that precipitation may be more important than

temperature for driving the vegetation growth in these two

seasons. Among the sampling grids, 53 % indicated that

NDVI was more strongly correlated with temperature than

precipitation in summer.

In the arid region, NDVI showed a weak correlation

with both temperature and precipitation in spring and

Fig. 3 Inter-annual variations in NDVI, temperature, and precipita-

tion in the growing season in three climate regions on the Loess

Plateau during 1982–2011: a–c arid region; d–f semi-arid region; g–i
semi-humid region. The bold lines represent the 3-year running

means. The blue lines and orange lines indicate the linear fits during

the period before TP, the period after TP and during the period from

1982 to 2011, respectively (color figure online)
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autumn (Fig. 4a, b). By contrast, precipitation was posi-

tively correlated with NDVI in summer (64 % of the

sampling grids) in the arid region. NDVI and temperature

were positively correlated in most of the sampling grids in

all seasons in the semi-arid and the semi-humid regions

(Fig. 4c, e). The considerable area where the correlation

coefficients between NDVI and precipitation were higher

than those between NDVI and temperature in the semi-arid

region in spring (67 % of the sampling grids) and autumn

(78 % of the sampling grids) indicates that precipitation

may be the main driver of vegetation growth in the semi-

arid region (Fig. 4c, d). By contrast, temperature was the

main driver in the semi-humid region in spring and autumn

(Fig. 4e, f). The effects of temperature and precipitation on

summer NDVI seem to be equivalent in semi-arid and

semi-humid regions (the numbers of sampling grids con-

trolled by temperature and precipitation exhibit a 1:1 ratio).

Some studies have reported an obvious seasonal lag-

time effect between NDVI and climate variables (Chuai

et al. 2013; Piao et al. 2006b; Xin et al. 2008); thus, we

performed analyses between the seasonal NDVI and the

climate variables in the previous seasons (Fig. 4). The lag-

time effects of winter temperature on spring NDVI were

not significant in most of the areas in the three regions.

Significant positive lag-time effects of winter precipitation

on spring NDVI were evident in the semi-humid region

(56 % of the sampling grids). Spring precipitation was

significantly positively correlated with summer NDVI in

27 % of the arid region and 52 % of the semi-arid region,

whereas spring temperature was significantly correlated

with summer NDVI in 89 % of the semi-humid region.

Strong lag-time effects of summer temperature on autumn

NDVI existed in 57 % of the semi-arid region and 61 % of

semi-humid region, whereas summer precipitation was

crucial for autumn NDVI in 45 % of the arid region.

As mentioned, spring and summer precipitations were

both important for vegetation growth in the later seasons in

the arid region, indicating that the lag time may be

3–6 months. Winter precipitation was important for vege-

tation growth in the later seasons in the semi-humid region,

implying that the lag time may be 9 months. Therefore, the

time period over which temperature and precipitation most

strongly influence overall vegetation productivity on the

Loess Plateau must be determined. We performed a series

of correlation analyses based on the method proposed by

Wang et al. (2003). Growing-season NDVI (e.g., April to

Fig. 4 Correlation coefficients between NDVI, temperature precip-

itation in the same and previous seasons in the different climate

regions on the Loess Plateau in 1982–2011: a, b arid region; c, d
semi-arid region; e, f semi-humid region. GS denotes growing season,

Sp denotes spring, Su denotes summer, Au denotes autumn, Wi

denotes winter, N denotes NDVI, T denotes temperature, and P

denotes precipitation. For example, SpNSuT stands for correlation

coefficients between spring NDVI and summer temperature

Vegetation dynamics and climate change on the Loess Plateau, China: 1982–2011
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October in 2008) was taken as one variable. The other

variable was the period of climate variables (average

temperature and accumulated precipitation); this period

ranged from the current growing season (e.g., April to

October in 2008) to the period of the previous year (e.g.,

March in 2008 to January in 2007), at increments of

1 month.

For the entire study area, the correlation coefficients

between NDVI, temperature, and precipitation increased

and peaked when the time interval reached 15 months

(from October to August of the previous year). The cor-

relation coefficients between NDVI and precipitation were

strongest in the arid region and weakest in the semi-humid

region (Fig. 5). Similar to the results on the entire Loess

Plateau, the strongest correlations between NDVI and

precipitation were at an interval of 16 months in the arid

region (from October to July of the previous year) and

15 months in the semi-arid region (from October to August

of the previous year). By contrast, the strongest correlation

coefficients between NDVI and precipitation were found at

an interval of 16–19 months (from November to Septem-

ber–May of the previous year) in the semi-humid region.

Lag-time effects between temperature and NDVI were not

evident in the arid and semi-humid region. The strongest

correlation between NDVI and temperature was noted

when the temperature was integrated over a 15-month

period (from October to August of the previous year) in the

semi-arid region.

Fig. 5 Correlation coefficients between growing-season NDVI and

previous season temperature and precipitation in three climate

regions: a, b arid region; c, d semi-arid region; e, f semi-humid

region. Abbreviated months in uppercase letters on the x-axes

indicate the months of the previous year (only statistically significant

correlation coefficients during all periods are shown.)
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Discussion

Plants in temperate regions commonly require a winter

chilling period with a temperature below 5 �C for rapid

budburst the following spring. The 5 �C temperature

threshold was used to define the vegetation green-up and

dormancy in each climate region in this study. The tem-

perature threshold chosen in the present study is same as

that determined by Prentice et al. (1992) but is lower than

the temperature thresholds at the beginning and end of

growing season (11.3 and 8.2 �C, respectively) determined

by Piao et al. (2006a) in China. Deviations may be caused

by the differences in the required temperature thresholds of

different vegetation types to trigger green-up; thus, dif-

ferences in growing-season length also ensue. In future

studies, different temperature thresholds may be used in

conjunction with vegetation NDVI data for different veg-

etation types to extract phenology at the regional scale.

The NDVI for vegetation growth on the Loess Plateau

generally increased in the growing seasons between 1982

and 2011 at an annual rate of 0.0028. Xin et al. (2008),

however, reported that the vegetation cover increased in

the 1980s, maintained a relatively steady state in the 1990s,

rapidly decreased in 1999–2001, and then rapidly increased

in 2002–2006 on the Loess Plateau. They used the maxi-

mum annual NDVI to represent the annual NDVI, whereas

we adopted the average NDVI of the growing season for

the current study. Growing-season NDVI increased in the

semi-arid and semi-humid regions of the Loess Plateau and

decreased in the arid region from 1982 to 2011 (Figs. 2, 3).

The decreasing trend in the arid region might have been

due to severe weather (MAP\ 300 mm) and the consid-

erable lack of vegetation cover. The piecewise linear

regression results showed that the TP of the growing-sea-

son NDVI trend in the arid, semi-arid, and semi-humid

regions occurred in 1994, 2001, and 1995, respectively.

This result was similar with that of Piao et al. (2011); from

the results they obtained, the TP of growing-season NDVI

on the Loess Plateau mostly occurred between 1992 and

1996. Our results also showed that the growing-season

NDVI on the Loess Plateau increased slightly before TP

and increased significantly after TP in most areas of the

Loess Plateau, indicating that growing-season NDVI on the

Loess Plateau was continuously increasing in most areas

during the past three decades. Such vegetation growth

pattern is different from those in North America (Wang

et al. 2011a) and Eurasia (Piao et al. 2011), where vege-

tation greening trend is not continuous in most areas.

NDVI was negatively correlated with temperature both

within the season and in previous seasons in the arid region

(Fig. 4). Chuai et al. (2013) also found a negative corre-

lation between NDVI and summer temperature for steppes

and meadows in Inner Mongolia, where the type of vege-

tation is similar to that in the arid region defined in the

current study. This vegetation growth response to climatic

factors may explain the decline of vegetation in the arid

region (Fig. 3a) in 1994–2011. Along with decreasing

precipitation, increasing temperature can enhance evapo-

rative demand which could lead to soil water deficits,

which, in turn, could suppress vegetation growth (Barber

et al. 2000; Dai et al. 2011).

Precipitation in arid regions was positively correlated

with NDVI within and across seasons (Fig. 4). Spring

precipitation is important for summer vegetation NDVI in

the semi-arid region. Autumn NDVI was positively corre-

lated with autumn and summer temperatures and precipi-

tations in the semi-arid region; however, precipitation was

more important, indicating that abundant precipitation was

important for vegetation growth in relatively dry regions

(Nemani et al. 2003; Xin et al. 2008; Zhao et al. 2011).

Zhao et al. (2011) found a strong correlation between

precipitation and change in NDVI in Xinjiang, a typical

arid region in the northwestern part of the Loess Plateau.

The dry weather and severe environmental conditions in

this region may be responsible for the said NDVI–climate

relationship. Sandstorms in the Kubuqi and Maowusu

deserts reduced the vegetation cover (NDVI\ 0.3,

Fig. A1a); in these areas annual precipitation was below

300 mm. Soil moisture, which is an important factor for

vegetation growth, is directly influenced by precipitation,

which, in turn, affects vegetation growth. Precipitation thus

plays an important role in plant growth in arid and semi-

arid regions because it is the main source of soil moisture.

However, our results showed that a 200-mm precipitation

threshold was found in the correlation between NDVI and

precipitation. Thus, too little or too much precipitation both

failed to raise the NDVI in dry regions. This inference

suggests limited water-use capacity in dry regions (Piao

et al. 2006b; Tucker et al. 1991). The relationship between

the autumn climate and vegetation NDVI also suggested

that the benefits of warming to autumn vegetation NDVI

were not common in the semi-arid region. Mohammat et al.

(2013) suggested that a change in the Palmer drought

severity index (PDSI) in autumn regulated the autumn

vegetation growth in central Asia, particularly in dry

regions, such as the regions of the current study. The PDSI

is based on a supply-and-demand model of soil moisture.

Our results support their findings: Precipitation was the

main source of soil water in semi-arid regions. Autumn

precipitation increased in most areas of the semi-arid

region from 1982 to 2011, particularly from 1992 to 2011.

Temperature may be the main driver of vegetation

growth in the semi-humid region. This relationship was

evident within a season and in the previous seasons
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(Fig. 4) probably because the main vegetation type in the

semi-humid region is cropland, which is mainly on rela-

tively flat terrain where human interference (e.g., irriga-

tion) is common; thus, crop growth seldom depends on

precipitation (Miao et al. 2012). Temperature could thus

be the limiting factor for vegetation growth. Notably,

winter precipitations in most sampling grids (56 %) were

positively correlated with spring NDVI in the semi-humid

region, further proving the lag-time effects of winter

precipitation on the spring green-up for vegetation. Winter

snow helps to conserve soil moisture during long winter

months. Nearly all the moisture from snow will move

down into the soil and remain there for quite some time

(Yu et al. 2003).

NDVI was influenced not only by climate in the cur-

rent growing season but also by the growing seasons in

the previous years. An approximate 15- to 19-month

delay was found between vegetation NDVI and precipi-

tation; this delay covered the entire current growing

season (7 or 9 months) plus the previous 8–10 months in

the three regions (Fig. 5). Different ranges of temporal

lags in vegetation responses to climate change have been

widely observed in other regions. Braswell et al. (1997)

suggested that NDVI had an approximately 2-year lag

response to temperature. Some studies found a 2- to

6-month lag time of NDVI response to climate in China

(Piao et al. 2006b), Inner Mongolia (Chuai et al. 2013),

and Ansai County on the Loess Plateau (Madelene and

Chen 2006) because these studies mainly focused on the

current growing season.

Precipitation is generally assumed able to promote

vegetation growth; however, the vegetation greening trend

has continuously increased during the past 30 years on the

Loess Plateau, while precipitation has slightly decreased

during the same period. This phenomenon has mainly

occurred in semi-arid and semi-humid regions where the

Grain for Green Program (GFGP) was launched in 1998.

Actually, the temporal pattern of growing-season NDVI is

consistent with that of precipitation in the arid region

where no GFGP was launched. Both growing-season NDVI

and growing-season precipitation increased before TP of

growing-season NDVI (1994) (0.0013 year-1, n = 13,

r = 0.6, P\ 0.05; 1.56 mm year-1, r = 0.10, P = 0.76,

respectively) but significantly decreased after the TP of

growing-season NDVI (0.0016 year-1, r = 0.57, n = 18,

P\ 0.05; 1.64 mm year-1, r = 0.49, P\ 0.05, respec-

tively) in the arid region (Fig. 3). Thus, the inverse rela-

tionship between growing-season NDVI and precipitation

in the semi-arid and semi-humid regions might be due to

human activities on the Loess Plateau.

The Loess Plateau is one of the main plateaus in the

world; human activities have significantly impacted this

region since ancient times (Cai 2002). In particular,

reverting farmlands to forests or grasslands during the last

decade may have directly affected the vegetation cover of

the Loess Plateau. For example, approximately 15 million

hectares of cultivated land (slope[ 25�) and 17 million

hectares of abandoned lands have been re-established into

seminatural vegetation as a consequence of GFGP in China

(Chen et al. 2009). For example, the vegetation cover of

northern Shaanxi, which is one of the key regions where

GFGP has been recently introduced (Feng et al. 2013), has

increased significantly during the growing season after the

year 2000 (R2 = 0.78, n = 12, P\ 0.001) (Fig. 6a).

Changes in temperature and precipitation, however, did not

follow the pattern of NDVI, which continued increasing

during the last decade (Fig. 6b). An increase in the accu-

mulated vegetation restoration area, which matched the

patterns of elevated NDVI, suggested that elevated NDVI

was a product of restoration rather than a climate effect in

northern Shaanxi. However, the contributions of human

activities to the change in vegetation are difficult to

quantify because of the complexity of these mechanisms

(Piao et al. 2006b; Xin et al. 2008). Therefore, more in situ

observations and validations are necessary to quantitatively

assess the impact of anthropogenic activities on local

vegetation growth, as well as the interaction between cli-

mate alteration and land management practices.

Fig. 6 a Inter-annual variations in NDVI in the growing season and

accumulated vegetation construction area and b temperature and

precipitation in the northern Shaanxi in 1982–2011
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Conclusions

This study analyzed vegetation growth and its response to

historical climate change in three climate regions on the

Loess Plateau in China during the growing seasons of

1982–2011. In summary, the results presented in this study

demonstrated that vegetation growth, which was estimated

using NDVI, continuously increased in the semi-arid and

semi-humid regions during the study period. In the arid

region of the Loess Plateau, however, NDVI increased in

1982–1994 but decreased in 1994–2011. As regards the

relationship between vegetation NDVI and climate vari-

ables, this study illustrated that vegetation NDVI was

sensitive to variations in precipitation in the arid and semi-

arid regions and to variations in temperature in the semi-

humid region. Additionally, our results showed that the

vegetation growth response to precipitation shifts had a 15-

to 19-month time lag in all three climate regions. Our

results also showed that vegetation growth cannot be fully

explained by climate change: Human activities may also

have a significant effect on the changes in vegetation cover

on the Loess Plateau (Miao et al. 2012; Xin et al. 2008).

However, quantifying the contribution of anthropogenic

disturbance to vegetation growth remains a great challenge.

Future research should therefore reveal the relative con-

tribution of climate and human factors on vegetation.
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