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Vegetation phenology is a sensitive indicator of ecosystem response to climate change, and plays an important
role in the terrestrial biosphere. Improving our understanding of alpine vegetation phenology dynamics and
the correlation with climate and grazing is crucial for high mountains in arid areas subject to climatic warming.
Using a time series of SPOT Normalized Difference Vegetation Index (NDVI) data from 1998 to 2013, the start of
the growing season (SOS), end of the growing season (EOS), growing season length (GSL), and maximum NDVI
(MNDVI) were extracted using a threshold-based method for six vegetation groups in the Heihe River headwa-
ters. Spatial and temporal patterns of SOS, EOS, GSL, MNDVI, and correlations with climatic factors and livestock
production were analyzed. The MNDVI increased significantly in 58% of the study region, whereas SOS, EOS, and
GSL changed significantly in b5% of the region. The MNDVI in five vegetation groups increased significantly by a
range from0.045 to 0.075. No significant correlation betweenSOS and EOSwas observed in any vegetation group.
The SOS and GSL were highly correlatedwith temperature inMay and April–May, whereasMNDVI was correlat-
ed with temperature in August and July–August. The EOS of different vegetation groups was correlated with dif-
ferent climatic variables. Maximum and minimum temperature, accumulated temperature, and effective
accumulated temperature showed stronger correlations with phenological metrics compared with those of
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mean temperature, and should receive greater attention in phenologymodeling in the future.Meat andmilk pro-
duction were significantly correlated with the MNDVI of scrub, steppe, and meadow. Although the MNDVI in-
creased in recent years, ongoing monitoring for rangeland degradation is recommended.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Vegetation phenology is a sensitive indicator of ecosystem response to
climate change and plays an important role in ecosystem carbon and hy-
drological cycles (Pau et al., 2011; Richardson et al., 2013). Phenology
varies greatly over broad geographic gradients, according to climate
zone and vegetation type, and shows substantial inter-annual variability
in the start of the growing season (SOS), the end of the growing season
(EOS), and growing season length (GSL), which is a result of year-to-
year variability in weather (Richardson et al., 2013). Dramatic climate
change in recent decades has been confirmed in several studies and has
resulted in phenological changes inmany biomes, especially in temperate
and boreal regions (Menzel and Fabian, 1999; Penuelas et al., 2009; Sun et
al., 2015). Altered phenology will in turn feedback to climate through
changes in biogeochemical cycling and biophysical properties (e.g., albe-
do) (Bonan, 2008; Fu et al., 2015). Therefore, understanding phenological
variation is critical to improve terrestrial biosphere models and climate
models (Richardson et al., 2012; Jin et al., 2013).

At middle and high latitudes, phenology is controlled by tempera-
ture, winter chilling, and photoperiod, but at a regional scale, water lim-
itations may also be important (Jolly et al., 2005; Koerner and Basler,
2010; Richardson et al., 2013). Numerous studies have documented ad-
vances in spring phenology coupledwith patterns of temperature in bo-
real ecosystems and arctic tundra (He et al., 2015). Environmental
drivers, such as temperature, photoperiod, and water and nutrient
availability, regulate the SOS of natural vegetation (Xin et al., 2015),
and changes in the timing of autumn phenology in response to climate
change are less well documented than changes in spring phenology.
Some studies have reported delays in EOS, and these trends have been
linked to increases in late summer or early autumn temperatures
(Richardson et al., 2013). However, our understanding of mechanistic
phenology processes remains limited (Richardson et al., 2013; Jin and
Eklundh, 2014).

Ground observations, mathematical models, and satellite observa-
tions are themainmethods used in the study of large-scale phenological
patterns (Jolly et al., 2005). Most phenological observations have fo-
cused on cultivated plants rather than natural vegetation at the local
level (Fu et al., 2014). In addition, warming, cutting, and transplant ex-
periments offer novel perspectives for phenological studies, especially
for mechanistic investigations (Wolkovich et al., 2012). Although
modeling of spring vegetation phenology via climatic variables has re-
ceived extensive attention recently at different scales (Xin et al.,
2015), remote sensing is often used for large-scale spatial and temporal
phenological studies (Zhao et al., 2012). Many studies that used in situ
measurements and satellite observations have documented decadal
shifts in vegetation phenology under a changing climate at both region-
al and global scales. PhenoCams is a promising method to help bridge
the gap between satellitemonitoring and traditional on-the-ground ob-
servations (Richardson et al., 2013; Brown et al., 2016).

Many phenological studies have focused on temperate and boreal
ecosystems, whereas few have studied alpine vegetation (Ge et al.,
2015), which represents a more severe habitat and is more sensitive
to climate change (Zhang et al., 2013; Shen et al., 2014). Several studies
have investigated vegetation phenology on the Tibetan Plateau (Jin et
al., 2013; Zhang et al., 2013; Shen et al., 2015b) or a single vegetation
type (Du et al., 2014; Wang et al., 2014; Zhou et al., 2014; He et al.,
2015), but not in a river basin located in an arid area with highly com-
plex terrain and, in particular, desert and sparse alpine vegetation
have not been studied. Alpine vegetation in arid areas is even more
complex than that in wetter regions because vegetation groups range
fromdesert in the lower reaches to glaciers in the upper reaches. Under-
standing vegetation phenology using a reasonable method is essential,
especially in remote and undeveloped areas (Cheng et al., 2014).

The Qilian Mountains in northwestern China is an ecotone of the Ti-
betan Plateau, the Loess Plateau, the Central Asian deserts, and the
Qaidam Desert (Cheng et al., 2014). The vegetation is typical of alpine
vegetation located in an arid area, and many vegetation types are dis-
tributed at different elevations and habitats, including forest, scrub,
grassland, meadow, and desert. The phenology and the response to cli-
mate changes among the different vegetation types are likely to differ.
Grazing is the main land use in the Qilian Mountains. The vegetation
phenology affects the livelihoods of residents because their traditional
nomadic lifestyle may be adversely affected when livestock experience
poor grazing owing to a lack of forage in spring when the green-up
onset is delayed (Shen et al., 2014; Wang et al., 2016a) or the growing
season is changed (Keenan and Richardson, 2015; Wu et al., 2016).
However, the vegetation phenology dynamics in the Qilian Mountains
are unknown (Shen et al., 2014; Wang et al., 2016a).

In this study, Satellites Pour l'Observation de la Terre (SPOT) vegeta-
tion data were used to quantify the vegetation phenology in the Qilian
Mountains in an arid area and to assess the correlation with climatic
variation and human activities. The objectives were to (1) analyze the
spatial and temporal patterns of phenological metrics of alpine vegeta-
tion in an arid area, (2) evaluate the inter-annual relationship between
phenological metrics and climatic variation for alpine vegetation, and
(3) evaluate the inter-annual relationship between grazing products
and phenological events for alpine vegetation.

2. Materials and methods

2.1. Study area and vegetation

The headwaters of the Heihe River Basin are located in the middle
section of the Qilian Mountains, which range from 98°34′ to 101°11′E
and 37°41′ to 39°05′N (Fig. 1) and cover an area of approximately
10,009 km2. The Qilian Mountains lie to the north of the Tibet Plateau
and to the south of the Hexi Corridor (Silk Road). Elevation ranges
from 1668 to 5062 m (calculated from ASTER GDEM, http://westdc.
westgis.ac.cn/). The annual precipitation is between 149 and 486 mm
and shows high seasonal variability, with nearly 60% of the total annual
rainfall concentrated in summer from June to September. Themean an-
nual temperature ranges from−9.8 to 6.9 °C, with cooler average tem-
peratures recorded with increasing elevation. Precipitation decreases
from east to west and increases from north to south in the study area,
whereas temperature shows the reverse pattern (Cheng et al., 2014;
Gao et al., 2016).

The Vegetation Map of the People's Republic of China (VMC,
1:1,000,000) (Editorial Committee of Vegetation Map of China, CAS,
2007) depicts the Qilian Mountains as containing seven vegetation
groups (see Table 1 and Fig. 2). The lowlands (1600–2400m) aremainly
desert and the middle altitudes (2400–2800 m) are steppe, with
needleleaf forest in the north ranging from 2400 to 3200 m, scrub and
meadow from 3200 to 4000 m, and alpine vegetation in areas higher
than 4000 m. Glaciers are present on some peaks in the Qilian Moun-
tains. The main land use is grazing. The forest is formally protected in
nature conservation reserves and logging has been prohibited in recent
years (Qinghai Bureau of Statistics, 1998–2014). Agricultural and horti-
cultural crops is grown near counties and towns and covers an area of
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Fig. 1. Location and elevation of the study area.
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b1% of the study region. This study focused on natural vegetation, and
specifically we chose needleleaf forest, scrub, desert, steppe, meadow,
and alpine vegetation for analysis. Vegetation information was derived
from the VMC. The original electronic vector map was converted to a
1 km × 1 km raster version using the Polygon to Raster tool in ArcGIS
10.0. We used field survey data, Landsat8 images, and Google Earth to
locate typical vegetation groups in the study region. We extracted 36–
50 points for each vegetation group to further analyze their phenology
and the correlations with climatic parameters. The samples were ex-
tracted by typical vegetation points andwere asmuch as possible even-
ly distributed in each vegetation type of each vegetation group.
Therefore, from the selected vegetation points, N90% of the target vege-
tation was covered.

2.2. Climate data sets and land use

The climate data used in this study consisted of monthly maximum,
minimum, and mean temperatures and monthly precipitation. The
Table 1
Description of vegetation groups in the Heihe River headwaters.

Vegetation group Description

1. Needleleaf
forest

Temperate and temperate-montane needleleaf forest with
dominant species Picea crassifolia.

2. Scrub Subalpine broadleaf deciduous scrub with dominant species
Salix gilashania, S. oritrepha, S. oritrepha, Dasiphora fruticosa.

3. Desert Temperate semi-shrubby and dwarf semi-shrubby desert
with dominant species Sympegma regelii.

4. Steppe Temperate needlegrass arid steppe, alpine grassland and
Carex steppe with dominant species Stipa krylovii, S.
penicillata, S. breviflora, S. bungeana, S. purpurea.

5. Meadow Alpine Kobresia spp., forb meadow with dominant species
Kobresia pygmaea, K. humilis, K. filifolia, K. schoenoides, Carex
spp., Elymus nutans, Roegneria nutans.

6. Alpine
vegetation

Alpine sparse vegetation with dominant species Saussurea
medusa, S. spp., Rhodiola rosea, Cremanthodium spp.

7. Culture
vegetation

One annual, short growing period, cold-resistant crop with
dominant species spring barley, spring wheat, potato, turnip,
pea, rapeseed.

8. Land without
vegetation

Predominantly glaciers and permanent snow beds.
gridded temperature data were interpolated from the meteorological
stations using the inverse-distance weighting method and adjusted in
accordancewith elevation (Yang et al., 2004). The gridded precipitation
datawere interpolated using themethod of Shen and Xiong (2016). The
data set had a spatial resolution of 1 km. The gridded climate data were
downloaded from the Cold and Arid Regions Science Data Center at Lan-
zhou (http://westdc.westgis.ac.cn) (Gao et al., 2016). Annual mean cli-
mate data were also calculated.

Themain land use of the headwaters of theHeihe River Basin is graz-
ing, and the headwaters are mostly within Qilian County. Therefore,
grazing data for Qilian County were used to represent grazing in the
headwaters of the Heihe River Basin. Cold temperatures and frequent
snowstorms inwinter and spring are permanent threats to herder com-
munities, and snowstorms lead to a high livestock mortality rate in
some years (Wang et al., 2016a). In the 1980s, livestock and pastures
were mostly allocated to individual herder households. In 1998, 80%
of the total area of winter and spring pasturewas fenced in Qilian Coun-
ty. From 2003 to 2005, pastures involved in the “Grain to Green” pro-
gram were abandoned as natural grasslands. After 2004, rotational
grazing has implemented in Qilian County, and consequently a large
number of warm houses for cattle were built funded by government
subsidies (Qinghai Bureau of Statistics, 1998–2014). Data on meat and
milk production, whichwe considered to be indicators of grazing inten-
sity, were acquired from the Qinghai Economic Yearbook (Qinghai
Bureau of Statistics, 1998–2014).

2.3. Remote sensing and phenology algorithm

The SPOT (http://www.vgt.vito.be/) Normalized Difference Vegeta-
tion Index (NDVI) data were used to determine phenological metrics
in the headwaters of the Heihe River Basin. The data used were 1-km
resolution 10-day composite data (S10) in the Plate-Carrée projection
for the years 1998–2013. Data for 1998 began on April 1, as the SOS of
the headwaters of the Heihe Biver basin is early May; therefore the
data for 1998 covered a full growing season. The data have already
been systematically corrected for the effects of atmosphere and terrain
(Maisongrande et al., 2004). Time-series NDVI data were smoothed
using the Savitzky–Golay filter (Jonsson and Eklundh, 2004). The filter
employs vegetation index time-series characterizations to smooth out

http://westdc.westgis.ac.cn
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Fig. 2. Vegetation groups in the study area. Description of the vegetation groups is presented in Table 1.
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the noise caused by clouds or poor atmospheric conditions, and is a sta-
ble method for the extraction of phenological parameters (Lara and
Gandini, 2016). The SOS and EOS were determined by the relative
threshold method from the NDVI time series (Jonsson and Eklundh,
2004; He et al., 2015). The dates of SOS or EOS were defined as the
times atwhichNDVI values increased (SOS) or decreased (EOS) to a cer-
tain proportion of the seasonal amplitude in the left or the right edge of
the annual curve. A relative threshold of 0.5was used based on previous
suggestions and results obtained in similar environments (Du et al.,
2014; He et al., 2015). The GSLwas calculated as the difference between
EOS and SOS (Wu et al., 2016). ThemaximumNDVI was extracted from
the smoothed NDVI curve. The analysis was performed with TIMESAT
3.2 software (http://web.nateko.lu.se/timesat/timesat.asp) (Shen et al.,
2015a; Wu et al., 2016).
2.4. Statistical analyses

The Mann–Kendall test (Hamed, 2008) and the Theil–Sen median
slope estimator (Akritas et al., 1995) were used to determine possible
monotonic trends in the time series of the phenological metrics and
maximumNDVI (MNDVI) at the pixel level. These statistical procedures
are widely used to determine variations in vegetation (Wang et al.,
2016b). The Mann–Kendall test is a robust non-parametric significance
test, and t b 0.05 was defined as statistically significant (Hamed, 2008).
The Theil–Sen median slope estimator (Akritas et al., 1995) is a robust
simple linear regression that selects the median slope calculated be-
tween any pair of data points in a time series, and hence compensates
for the Mann–Kendall test in a quantitative context. This method is ap-
propriate for assessing the rate of change in short or noisy time series
because it is robust to outliers. We classified phenological metrics into
five categories, namely “significantly degraded”, “insignificantly de-
graded”, “unchanged”, “insignificantly improved”, and “significantly im-
proved”, on the basis of the Mann–Kendall and Theil–Sen estimates. A
Theil–Sen value greater than zero, equal to zero, or less than zero was
defined as “improved”, “unchanged”, and “degraded”, respectively. A
significant change was based on the Mann–Kendall test value. We also
used average values instead of pixel values to investigate linear trends
in the phenological metrics for the six vegetation groups.

Average values for each vegetation group were used to investigate
the relationship between phenological metrics and climatic variables
(Du et al., 2014; Zhao et al., 2012). We used three categories of climatic
variables: precipitation, temperature, and integrated index. In addition
to the afore-mentioned temperature variables (see Section 2.2), the ac-
cumulated temperature (AT) and effective accumulated temperature
(EAT) over 0, 2, 5, and 10 °C were calculated (Shen et al., 2015a; Xin
et al., 2015). The integrated index included the Kira index (KI; Kira,
1991), Holdridge potential evapotranspiration ratio (HR; Leslie, 1967),
and deMartonne aridity index (MI; Botzan et al., 1998), which are suit-
able indices for characterizing the physical environment of China (Meng
et al., 2004). The individual indices were calculated with the following
formulae:

MI ¼ P
T þ 10

; ð1Þ

where P is annual precipitation and T is mean annual temperature.

WI ¼
X

t−5ð Þ; ð2Þ

KI ¼ P
WIþ 20

; ð3Þ

KI ¼ 2P
WIþ 140

; ð4Þ

where WI is the warmth index and t is the monthly mean temperature
N5 °C, when WI N 100 Eq. (4) was used, otherwise Eq. (3) was used to
calculate KI.

ABT ¼ 1
12

X
ti; ð5Þ

PE ¼ 58:93� ABT; ð6Þ

http://web.nateko.lu.se/timesat/timesat.asp
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PER ¼ PE
P

; ð7Þ

where ABT is the annual biotemperature, ti is the temperature between
0 °C and 30 °C,when ti is outside the extent, the edge value (0 °C or 30 °C)
is used, PE is potential evapotranspiration, PER is the potential evapo-
transpiration ratio, and P is annual precipitation. To choose appropriate
timescales for the phenological metrics and climatic variables, different
periods were selected for the analysis: for SOS, winter (November to
March), April, May, June, and April–May climatic variables were
used; for EOS and GSL, winter (November to March), April, May,
June, April–May, June, July, September, October, and June–July
climatic variables were used; for MNDVI, winter (November to
March), April, May, June, April–May, June, July, and June–July climat-
ic variables were used; and annual mean climatic variables were also
used for each phenological metric. The correlation coefficient (r) and
p-values were calculated to determine the significance of the rela-
tionship (Wu et al., 2016).

Interaction effects between SOS and EOS were calculated to de-
termine if the two parameters are correlated in the headwaters of
the Heihe River Basin. The relationship between phenological
metrics and grazing productivity parameters was calculated for
scrub, steppe, and meadow, which are the main vegetation groups
used for grazing in the study area. The correlation coefficient (r)
and p-values were calculated to determine the significance of the
relationship.
Fig. 3. Spatial pattern of 16-year average forest phenology at the start of the growing season
normalized difference vegetation index (MNDVI) in the Heihe River headwaters.
3. Results

3.1. Spatial and temporal variation in phenological metrics

The SOS was mostly on days of year (DOY) 150–180, the EOS
was mostly on DOY 260–280, and the GSL was 80–130 days
(Fig. 3). The distribution of MNDVI was associated with elevation
and vegetation group. For SOS, EOS, and GSL, b5% of the study re-
gion changed significantly over the study period (Table 2, Fig. 4).
In contrast, N90% of the study region showed improved MNDVI,
and N58% of the region showed significantly improved MNDVI
(Table 2, Fig. 4).
3.2. Phenology dynamics

TheMNDVI showed a significant positive correlationwith needleleaf
forest (r=0.696, p=0.003), scrub (r=0.750, p=0.001), desert (r=
0.562, p = 0.023), steppe (r = 0.647, p = 0.007), and meadow (r =
0.824, p b 0.001), whereas the other phenological metrics examined
did not change significantly. Although the changes in SOS, EOS,
and GSL were not significant in the study period, fluctuation in
the DOY was apparent. The difference of years were N20 days for
SOS and GSL, N10 days for EOS, and desert showed a greater varia-
tion than the other vegetation groups (Appendices, Figs. A.1–A. 3,
Fig. 5).
(SOS), end of the growing season (EOS), growing season length (GSL) and maximum



Table 2
Pixel-based nonparametric phenology trend analysis in the Heihe River headwaters. Abbreviations: Start of the growing season, SOS; end of the growing season, EOS; growing season
length, GSL; maximum normalized difference vegetation index, MNDVI.

Significantly improved Insignificantly improved Unchanged Significantly degraded Insignificantly degraded

SOS 0.15% 25.73% 0.00% 69.55% 4.56%
EOS 1.49% 60.48% 0.00% 37.76% 0.27%
GSL 4.48% 70.34% 0.08% 25.03% 0.06%
MNDVI 58.23% 34.02% 0.06% 7.47% 0.22%
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3.3. Relationship between different phenological indices

The SOS and EOS were not significantly correlated in any vegetation
group. The SOS and GSL were significantly correlated in all six vegeta-
tion groups. The EOS and GSL showed a significant correlation in five
vegetation groups with the exception of steppe. The SOS and MNDVI
showed a significant correlation (r=−0.591, p=0.015) in needleleaf
forest. The EOS and MNDVI were significantly correlated in desert
(r = −0.664, p = 0.005).
3.4. Relationships between phenology and climate

Generally, different vegetation groups were correlated with differ-
ent climatic variables (Appendices, Tables A. 1–A. 4).

The SOS of needleleaf forest, scrub, and alpine vegetation was nega-
tively correlated with temperature in May and April–May. The SOS of
meadow showed a negative correlation with temperature in April and
Fig. 4. Spatial pattern of 16-year phenology trends at the start of the growing season (SOS), e
difference vegetation index (MNDVI) in the Heihe River headwaters. Theil–Sen values N0, eq
Mann–Kendall test value N0.05 indicated a non-significant change and other value indicated a
April–May. The SOS of steppe showed a negative correlation with tem-
perature in April–May. The SOS of desertwas negatively correlatedwith
minimum annual temperature and that of the previous winter.

The EOS of needleleaf forest, steppe, andmeadow showed a positive
correlation with August precipitation and annual integrated index. The
EOSof scrubwas negatively correlatedwith Julymaximum temperature
and positively correlated with July–August precipitation and minimum
temperature. The EOS of desert showed a positive correlation with Au-
gust precipitation, and a negative correlation with previous winter pre-
cipitation, and July and July–August temperature. The EOS of steppe and
meadow showed a positive correlation with August precipitation. The
EOS of alpine vegetation was positively correlated with May, April–
May, and July–August precipitation and September temperature.

The GSL of needleleaf forest showed a positive correlation with May
and April–May temperature. The GSL of scrub showed a positive corre-
lation with annual precipitation and integrated index, and May and
April–May temperature, and a negative correlation with July tempera-
ture. The GSL of desert was positively correlated with April and April–
nd of the growing season (EOS), growing season length (GSL) and maximum normalized
ual to 0 and b0 were defined as “improved”, “unchanged” and “degraded”, respectively.
significant change.



Fig. 5.Averagemaximumnormalizeddifference vegetation index (MNDVI)with linear regression in six vegetation groups from1998 to 2013 in theHeihe River headwaters. Description of
the vegetation groups is presented in Table 1.
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Mayminimum temperature. The GSL of steppe showed a positive corre-
lationwith April–May temperature and previouswinterminimum tem-
perature. The GSL of meadow was positively correlated with April and
April–May temperature, annual and previous winter precipitation and
minimum temperature, annual integrated index, and August precipita-
tion. The GSL of alpine vegetation was positively correlatedwith annual
and July–August precipitation, April–May mean temperature, and Sep-
tember maximum temperature, and negatively correlated with July
and July–August maximum temperature.

The MNDVI of needleleaf forest showed a positive correlation with
May and April–May temperature, and August and July–August mini-
mum temperature. The MNDVI of scrub was positively correlated with
annual, July, August, and July–August temperature. TheMNDVI of desert
showed a positive correlationwith annual EAT andAugust and July–Au-
gust temperature. The MNDVI of steppe was positively correlated with
August temperature. The MNDVI of meadow was positively correlated
with annual, August, and July–August temperature. The MNDVI of al-
pine vegetation showed a positive correlation with annual and June
temperature.

3.5. Climate and grazing dynamics and relationships with phenological
indices

Annual precipitation, annual mean temperature, maximum temper-
ature, and minimum temperature of Qilian from 1998 to 2013 did not
change significantly (Fig. 6). Meat and milk production from 1998 to
2013 increased significantly, especially from 2005 (Fig. 7). Among
the phenological indices, only MNDVI showed a significant correlation
with meat and milk production for scrub, steppe, and meadow
(Table 3).

4. Discussion

4.1. Phenology of the vegetation groups

Previous research on the Tibetan Plateau has detected no significant
trend in needleleaf forest phenology (Du et al., 2014), and no significant
trend was detected for scrub phenological metrics, except for earlier
SOS for scrub at some field stations (He et al., 2015), when Moderate
Resolution Imaging Spectroradiometer (MODIS) NDVI data were used.
Both of the above-mentioned studies were focused at the field-station
level, whereas the current study was undertaken at the regional scale
and a longer time series of remotely sensed data was used. These dis-
similarities might account for the difference in results obtained. Piao
et al. (2011) and Shen et al. (2014) also concluded that different remote
sensing data sources and data time series may yield different results.
Shen et al. (2014) observed no significant trend in the green-up date av-
eraged over the entire Tibetan Plateau for the period 2000–2011, and a
trend for increasingMNDVI on the Tibetan Plateau and Northern Hemi-
sphere has been reported (Dai et al., 2010; Xu et al., 2012; Zhao et al.,
2012; Wang et al., 2016b). Needleleaf forest, scrub, desert, steppe, and
meadow showed similar phenological trends, whereas alpine



Fig. 6. Climate parameter dynamics with linear regression in Qilian County from 1998 to 2013.
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vegetation showed different trends, possibly because at high elevations
the environment shows greater changeability than at lower elevations.
The rate of warming over the previous 15 years (1998–2012; 0.05 °
C decade−1) is significantly less than the rate calculated since 1951
(IPCC, 2013), thus phenological trends are similarly smaller and insig-
nificant in recent years (Fu et al., 2015).

Cloud contamination is an obstacle to quantification of the phenolo-
gy of alpine regions using optical satellite remote sensing data. In the
Qilian Mountains, N40% of days are cloudy each year, and the degree
of cloudiness is higher in the growing season (from June to September)
(Du et al., 2014). The absence of field observations is a problem for the
accuracy of satellite-derived phenology calibration, especially for rural
areas such as the Tibetan Plateau (Zhao et al., 2012). Although the
NDVImay be a good proxy for vegetation change, it does not directly re-
flect changes in species composition and community structure, and
does not monitor processes such as shrub encroachment in grasslands
(Zhao et al., 2012). Although satellite products can provide invaluable
synoptic phenological information, they do not allow detailed evalua-
tion of the variability in species responses (Julitta et al., 2014).

Previous studies have reported the correlation of SOS and EOS in
North China (Wu et al., 2016) and northeastern United States (Keenan
and Richardson, 2015). However, a similar relationship was not detect-
ed in the headwaters of the Heihe River Basin. Compared with the same
species distributed in a warmer climate, the vegetation in the headwa-
ters of the Heihe River Basin experiences a relatively short growing
Fig. 7.Meat and milk production in Q
season, thus the biological character was not a major limiting factor
for phenology.

4.2. Climate and phenology

Though the trends for changes in SOS, EOS, and GSL were not signif-
icant during the study period, these indices fluctuate in accordancewith
changes in the weather. Phenological metrics showed a significant cor-
relation with the corresponding climatic variables in the month of oc-
currence or the former month and study period. Most phenological
metrics were sensitive to temperature and a few were sensitive to pre-
cipitation or the integrated index. The SOS was significantly correlated
with June temperature, and EOS was significantly correlated with Sep-
tember temperature for needleleaf forest (Du et al., 2014) and scrub
(He et al., 2015). Differences in the remote sensing data, data time se-
ries, and spatial level of studies are likely to be themain reasons for dif-
ferences in results. The EOS of temperate steppe in Northeast China is
DOY 265–300, and the temperature and precipitation in August both af-
fect the EOS (Yu et al., 2014). The GSL is mostly associated with SOS,
hence the two indices showed similar correlations with climatic vari-
ables for needleleaf forest, scrub, steppe, and meadow in the headwa-
ters of the Heihe River Basin, and the vegetation was limited mainly
by the low temperature in the alpine region. To explore the correlation
between climatic variables and phenological metrics, many time pe-
riods have been used, e.g., months (Du et al., 2014), double months
ilian County from 1998 to 2013.



Table 3
Correlation coefficients between grazing products and maximum normalized difference vegetation index (MNDVI) in the Heihe River headwaters.

Scrub Steppe Meadow

r p r p r p

Meat product 0.734 0.001 0.711 0.002 0.836 b0.001
Milk product 0.855 b0.001 0.734 0.001 0.899 b0.001
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(He et al., 2015), seasons (Yu et al., 2014;Wang et al., 2016b), or differ-
ent preseasons (30, 60, 90, 120, 150, and 180 days) (Cong et al., 2013).
Climate data from the sparsely distributed climate stations adopted in
previous studies might be insufficient to satisfactorily represent region-
al conditions, especially for high-elevation regions of the Tibetan Pla-
teau. However, high-elevation climate data for a prolonged duration
are rare, and climate trends often differ from nearby lower-elevation
sites, which may lead to an unrealistic relationship between phenology
and climate (Jin et al., 2013; Kimball et al., 2014).

Phenological metrics are more sensitive to inter-annual variation in
preseason precipitation in arid areas than in more mesic areas (Shen et
al., 2015a). Low temperatures leading to low evapotranspirationmay be
the cause of a non-significant correlation between precipitation and
phenology in the present and previous studies on the Tibetan Plateau
(Du et al., 2014). Among the temperature variables, minimum temper-
ature, AT, and EAT showed stronger correlationswith phenologicalmet-
rics than that of mean temperature and maximum temperature, except
that the SOS and EOS of alpine vegetation were more highly correlated
with maximum temperature in May and September. The AT and EAT
show better performance than mean temperature in correlation analy-
ses and phenology models (Xin et al., 2015). Studies in Europe and the
United States show that inter-annual anomalies of SOS during 1982–
2011 are triggered by maximum temperature (daytime) more than by
minimum temperature (nighttime) (Piao et al., 2015). Although a low
temperature overnight may result in frost damage on the Tibetan Pla-
teau (He et al., 2015), minimum temperature has a limited effect on
SOS on the Tibetan Plateau. Alpine vegetation shows higher cold toler-
ance at night and is sensitive tomaximum temperature. Recent research
indicates that incorporating spatially explicit soil temperature and
moisture information, instead of air temperature and precipitation,
may improve phenology models (Jin et al., 2013). Although soil condi-
tions play an important role in determining the timing of phenological
events, the availability of soil data is limited, especially for rural areas.

4.3. Phenology and grazing

Variation in vegetation phenology affects vegetation activity and
ecosystem functions. On the Tibetan Plateau, plant phenology may af-
fect forage production on which livestock feed (Shen et al., 2015b). In
the present study, SOS, EOS, and GSL were not correlated with grazing
products because these phenologicalmetrics did not change significant-
ly in the studyperiod,whereasmeat andmilk production increased dra-
matically (Fig. 7). TheMNDVI was strongly correlated with net primary
production (NPP) in the headwaters of the Heihe River Basin. The
MNDVI increased significantly during the study period, and showed a
strong correlation with grazing products in the main grazed vegetation
groups (scrub, steppe, andmeadow; Table 3). Thus, increasingNPPmay
improve grazing productivity. However, the increase in grazing produc-
tivity may be only partly explained by the increase in NPP. The dramatic
increase in meat andmilk production in Qilian County around 2005 co-
incided with technological changes in 2003–2005, such as rotational
grazing, construction of a large number of warm houses for cattle, in-
creased grazing productivity, and reduced winter mortality (Wang et
al., 2016a). Rangeland degradation has been identified as a serious con-
cern in alpine regions on the Tibetan Plateau (Harris et al., 2015), as a re-
sult of overgrazing and human activities (Li et al., 2016). Although the
MNDVI increased during the study period, the Stellera chamaejasme
community, which is a major toxic plant in alpine meadows of the
Tibetan Plateau and serves as an indicator of grassland degradation, in
somemeadows attained about 60% coverage (Li et al., 2016). Limitation
of cattle numbers is extremely important for regional vegetation protec-
tion and sustainable rangeland utilization.

5. Conclusions

At the regional scale, for the six vegetation groups, no significant
trends in SOS, EOS, and GSL were detected, whereas the MNDVI of
needleleaf forest, scrub, desert, steppe, and meadow increased signifi-
cantly by 0.06, 0.045, 0.075, 0.06, and 0.075, respectively, in the Heihe
River headwaters over the study period. The SOS and GSL were signifi-
cantly correlated with temperature in May and April–May, whereas
MNDVI was correlated with temperature in August and July–August.
The EOS of the different vegetation groupswas correlatedwith different
climatic variables. The importance of the correlation of AT and EATwith
phenological metrics was highlighted. No significant correlation be-
tween SOS and EOS was observed, thus the growing season limits
were not a major limiting factor for phenology in the headwaters of
theHeihe River. Although increased grazing productivitywas correlated
with increasing MNDVI, technological progress may have been a more
important contributor to the increased productivity andmoderate graz-
ing is necessary for sustainable rangeland utilization.
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