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A B S T R A C T

Climate change is receiving mounting attentions from various fields and phenology is a commonly used indicator
signaling vegetation responses to climate change. Previous phenology studies have mostly focused on vegetation
greening-up and its climatic driving factors, while autumn phenology has been barely touched upon. In this
study, vegetation phenological metrics were extracted from MODIS NDVI data and their temporal and spatial
patterns were explored on the Tibetan Plateau (TP). The results showed that the start of season (SOS) has
significantly earlier trend in the first decade, while the end of season (EOS) has slightly (not significant) earlier
trend. In the spatial dimension, similar patterns were also identified. The SOS plays a more significant role in
regulating vegetation growing season length than EOS does. The EOS and driving effects from each factor ex-
hibited spatially heterogeneous patterns. Biological factor is the dominant factor regulating the spatial pattern of
EOS, while climate factors control its inter-annual variation.

1. Introduction

Vegetation phenology is finely tuned to environments and has a
close relationship with climates (de Jong et al., 2011; Garonna et al.,
2016). Shifts in phenology also affect feedbacks of vegetation to climate
by influencing regional to global carbon budgets, fluxes of water, and
energy balance (Ganguly et al., 2010; Richardson et al., 2013; Wang
et al., 2017). Previous phenology studies have been mainly focused on
start of season (SOS) and some showed earlier spring extended growing
season length over the past three decades (Park et al., 2016; Piao et al.,
2007; Wang et al., 2017). The end of season (EOS) can play an equally
important role in determining growing season length, while its changes
remain less studied. The reason might lie in that autumn phenology is
controlled by a complexity of environmental and biological factors
(Barichivich et al., 2013; Liu et al., 2016; Way and Montgomery, 2015).
Researches on EOS changes are essential to improve autumn phenology
models and enrich our understanding on carbon cycles in the context of
ongoing global climate changes.

Remote sensing can deliver valuable information in monitoring
vegetation dynamics of a variety of ecosystems, including grasslands,
forests and croplands (Gonsamo and Chen, 2016; Zhao et al., 2015).
Phenology analysis facilitated by remote sensing-based NDVI data have

been conducted at various spatial scales (Butt et al., 2011; Fu et al.,
2014a; Jeong et al., 2011). Vegetation phenology exerts significant
effects on ecosystem productivity (Dragoni et al., 2011; Duveneck and
Thompson, 2017; Schwartz et al., 2006; Wu et al., 2013). It has been
suggested that earlier trend of spring phenology enhances vegetation
activity and increases spring carbon uptake (Wang et al., 2017; Wolf
et al., 2016), while warming autumn offset parts of increased spring
carbon dioxide uptake by stronger ecosystem respiration (Piao et al.,
2008). Meanwhile, extended growing season length is positively cor-
related with GPP and NPP (Kang et al., 2016; Piao et al., 2007). Clearly,
growing season length is influenced by SOS and EOS, while their re-
lative contribution to the growing season length varies geographically.
In the Northern Hemisphere, the EOS variations are greater than those
of SOS. It indicates that lengthened growing season was mainly at-
tributed to EOS (Garonna et al., 2014; Tang et al., 2015b). While at the
circumpolar scale, contributions of autumn phenology to growing
season length are stronger than those of spring phenology (Park et al.,
2016; Zhao et al., 2015). In view of these scenarios and their varying
contributions to carbon cycling, knowledge on the relative role played
by SOS and EOS is essential to climate change research.

Compared with SOS, variations of EOS and its driving factors are
more elusive (Che et al., 2014; Gallinat et al., 2015). Previous studies
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have noted that warmer temperature would benefit vegetation growth
and thus postpone onset of senescence (Jeong et al., 2011; Piao et al.,
2006). In water constrained areas, increased temperature exacerbates
moisture stress on vegetation and its limitation effects (Tang et al.,
2015a; Yang et al., 2015). Solar radiation can also exert considerable
influences on autumn vegetation activity by retarding abscisic accu-
mulation and increasing photosynthetic active radiation (PAR), subse-
quently slowing leaf senescence (Kong et al., 2017; Liu et al., 2016). On
the other hand, for ecosystems receiving inadequate autumn solar ra-
diation, contribution effects of extending autumn phenology and pro-
moting photosynthesis from other climatic factors are weakened
(Richardson et al., 2010). Besides climate factors, biological factors can
also affect EOS due to a fact that plant life-cycle stage depends on the
previous ones. Both field experiments and model results showed that
vegetation SOS regulates EOS (Cong et al., 2016; Fu et al., 2014b;
Keenan and Richardson, 2015; Liu et al., 2016). The peak growth in
summer, conventionally indicated by maximum NDVI, can also cause
lag effects on subsequent autumn phenology (Wolf et al., 2016). Our
current knowledge on the physiological mechanism of EOS is in
shortage in regard to the complex interactions among these driving
factors. It severely undermines our capacity in predicting growing
season length.

Response of vegetation ecological processes to climate change can
exhibit nonlinear (Park et al., 2015). The boosted regression trees (BRT)
is a relatively new technique and can account for the non-linear pro-
cesses largely (Elith et al., 2008). One advantage of the BRT model lies
in its capability handling different types of predictor variables without
prior data transformation or outliers elimination. Due to its high effi-
ciency in handling a mixture of climate and other types of variables,
recently the BRT has been widely applied on ecology researches
(Leathwick et al., 2006; Liu et al., 2013).

The Tibetan Plateau represents an extreme environment due to its
cold, dry and high altitude conditions. Over the past decades, tem-
perature has been rising on the TP significantly and caused obvious
impacts on vegetation growth (Yu et al., 2010; Zhang et al., 2013).
However, our knowledge on confounded effects from physiological and
biological factors on autumn phenology is still in severe shortage (Shen
et al., 2015). To fill the gap, this study was aimed to investigate the
temporal trends of vegetation EOS and their spatial variability on the
TP, as well as the relative contributions of biological and climate

factors. Specifically, the objectives were to: 1) quantify the relative
contribution of SOS and EOS to growing season length; 2) identify the
main biological and climate driving forces on autumn phenology. The
findings of this study would shed light on the mechanisms behind the
EOS dynamics.

2. Methodology

2.1. Study area and data sources

The Tibetan Plateau is located in the southwest China, and its main
part includes Qinghai and Tibet provinces. Its spatial extent spans from
25.9 to 35.8°N to 73.4 to 104.6°E, covering a total area of
2.58×106 Km2. Precipitation decreases from more than 1000mm in
southeast to 100mm in northwest and reaches the maximum in
summer, while annual mean temperature increases from lower than
−8 °C to 8 °C from northwest to southeast. Steppe and meadow make
up most of the land cover on the TP.

The MODIS NDVI dataset (MOD13A2) was utilized in extracting
vegetation phenology from 2000 to 2015 (https://ladsweb.nascom.
nasa.gov/search/). The 16-day temporal resolution data produced by
MVC (Maximum Value Composite) method can eliminate noises caused
by cloud, atmosphere and solar elevation angle to some extents. Daily
temperature and precipitation data with a spatial resolution of
0.1°× 0.1° was provided by Cold and Arid Regions Science Data Center
(http://westdc.westgis.ac.cn) at Lanzhou. To fit all data to the same
resolution, we resampled climate data to the same resolution as MODIS
data. Moreover, eco-region data is provided by Data Center for
Resources and Environmental Sciences, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn).

Considering the low accuracies of NDVI data in extracting phe-
nology for sparsely or densely vegetated lands, only pixels meeting the
following criterions were included in the further phenology analyses: 1)
the maximum NDVI value occurs between July and September; 2) the
maximum averaged monthly (6–9) NDVI value is no less than 0.2; 3)
the average winter NDVI value is less than 0.3 (Ding et al., 2016; Shen
et al., 2014). These rules can minimize the data uncertainties. Fig. 1
shows the masked area and eco-regions on the TP.

Fig. 1. Mask area and eco-regions. (1) HIIAB1: Western-Sichuan
and Eastern-Tibet mountains and valleys region. (2) HIIC1:
Eastern Qinghai-Qilian mountains region. (3) HIB1: Guoluo-Naqu
Alpine region. (4) HIIC2: Southern-Tibet mountains region. (5)
HIC1: Southern-Qinghai plateau valley region. (6) HIC2:
Qiangtang plateau lake basin region.
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2.2. Data analysis

The Asymmetric Gaussian function in the TIMESAT program has
been reported to perform well in reconstructing NDVI time series on the
TP (Liu et al., 2014; Song et al., 2011). In this method, two Gaussian
functions are first used to fit the left and right NDVI curves around the
maxima and minima. Then a global fitting function was used to merge
left and right Gaussian functions into one (Jönsson and Eklundh, 2004).
Phenological parameters are usually extracted using the dynamic
threshold method based on the left and right Gaussian functions. In this
study, the Asymmetric Gaussian function in the TIMESAT was em-
ployed to extract the following metrics (Eklundh and Jönsson, 2015):
SOS (Start of growing season), EOS (End of growing season), LOS
(Length for growing season), MD (Middle season date), and MN
(Maximum NDVI during growing season). The envelope iterations of 3,
strength of 2, SOS threshold of 0.2 and EOS threshold of 0.7 were de-
fined in extracting phenological stages.

The linear statistical techniques are commonly used in assessing the
spatial-temporal trends of variables. However, the conventional linear
model is not suitable for non-parametric data, for which non-parametric
methods (Mann-Kendall test) are efficient. The Mann-Kendall trend test
is a rank-based method to identify trend, and suitable for non-normal
distributed time series. For a time series data, the slope was first cal-
culated between two random points. Then the slopes are ranked from
smallest to largest and the median slope was selected as the Sen’s slope.
The Sen’s slope method is efficient in detecting changing trends due to
its non-susceptibility to extreme values (Fu et al., 2016; Gocic and
Trajkovic, 2013). After applying the MK test to each pixel, we calcu-
lated the relative contribution of trends in SOS and EOS to LOS via C-
index of the Sen’s slope as follows (Garonna et al., 2014):

= − +

+

C abs ΔSOS
abs ΔSOS abs ΔEOS

1 2* ( )
( ) ( ) (1)

Where ΔSOS and ΔEOS are the Sen’s slope of SOS and EOS, respectively.
A positive C value represents the change in LOS is mostly attributable to
a shift in SOS, while a negative C value indicates a shift to EOS.

We defined pre-season as the period preceding EOS (16-year-
average EOS) to two months ahead. For the pre-season period, we
calculated annual average temperature, total precipitation and total
insolation in each pixel as climate factors. In assessing the relative
importance of each factor to autumn phenology, the booted regression
tree (BRT) model was applied. The BRT model has improved perfor-
mance over a single model by fitting and combining several models in
prediction (Elith et al., 2008; Fang et al., 2015). We used SOS, MD, MN,
pre-season temperature (Tem), precipitation (Pre), insolation (Rad) as
predictor variables, and set EOS as a response variable in the BRT
model. The following parameters were set when fitting regression trees:
tree complexity= 5, learning rate= 0.005 and bag fraction= 0.5. To
reduce stochasticity caused by random sampling and bagging, 10 BRT
models were generated for each year and their results were averaged in
evaluating the relative importance of the driving variables. The relative
importance associated with the same location pixel in each eco-region
was also modeled to explore the drivers on inter-annual EOS changes.
All the process were implemented in the R (version 3.3.2) software
supported by “gbm” and “dismo” packages.

3. Results

3.1. Temporal variations of phenological metrics on the TP

Overall, the spring phenology exhibited an earlier trend with a Sen’s
slope of −0.45 day yr−1 (p > 0.1) over the whole plateau from 2000
to 2015 (Fig. 2a). Compared with the entire study period, the first
twelve years displayed a steeper trend. The Sen’s slope of autumn
phenology was 0.12 and −0.05 day yr−1 for the first decade and the
whole period, respectively, neither being significant (Fig. 2b). During

the initial period (2000–2011), the growing season length was sig-
nificantly extended by 1.25 day yr−1, while the opposite trend during
the later period made the overall trend from 2000 to 2015 insignificant.
Clearly, spring phenology was the main factor controlling the growing
season length (Fig. 2c).

During 2000–2015, over 71.1% of the study area exhibited earlier
trends of SOS, with approximately 25.0% of them statistically being
significant (Fig. 3a). Later trends of SOS was mainly distributed in the
southwest, with 7.2% of them displaying significant trends. The EOS
displayed similar patterns with SOS and pixels with an earlier trend of
EOS accounted for 49.4% of the total pixels mainly distributed in
middle TP (Fig. 3b). Positive EOS trends mainly occurred in north-
western TP, eastern region of Qinghai Lake and scattered sporadically
in the middle-east TP. Extended LOS were mainly concentrated in
eastern TP, with 17.4% of pixels showing significant trends. Shortened
LOS mainly occurred in southwestern TP, with 11.4% exhibiting sig-
nificant trend (Fig. 3c). As shown in Fig. 3d, more than half of the study
area indicated positive C-index value (30.6% of pixels significant),
which represents the greater contribution to the LOS from SOS than
from EOS. Pixels with the C-index value over 0.4 were mainly dis-
tributed in the middle and north TP. The negative C-index value in-
dicates the stronger EOS trend than SOS and its spatial pattern were
similar with shortened LOS (Fig. 3c).

3.2. Drivers on spatial-temporal dynamics of autumn phenology

The relative importance showed that MD and SOS ranked as the two
most important variables (determining 79.5% variations) in de-
termining the spatial pattern of EOS (Fig. 4a). The relative importance
value for SOS is significantly less than MD. The remaining four vari-
ables together accounted for 20.5% of the relative importance, with a
ranking of Rad>MN>Tem>Pre. Though Rad only accounted for
14.6% of the total variations, it is the most important climate variable
compared with Tem and Pre. The mean relative importance value for
MN was similar to that of Tem and Pre, but showed larger variations
than Tem and Pre. Based on EOS timing, five regions were divided and
each region was fit a BRT model (Fig. 4b). On the whole, MD and SOS
still played as the top two variables in determining EOS. The MD and
SOS exhibited negative relationships with EOS and MD exerted a
stronger influence. The relative importance value for Rad increased
before the day of 273, then following a slightly decreasing trend, and its
relative importance is greater than that of the rest three variables in
each phenological segment.

The relative driving magnitude from each factor was assessed for
the six eco-regions separately (Fig. 5). Specifically, in humid region,
Tem, MD and Rad were the main factors controlling the inter-annual
variations of EOS (Fig. 5a, b). The contribution of Pre and other phe-
nological metrics is relatively small, accounting for less than 35% and
28%, respectively. In the central part of TP, Rad and SOS occupy the
highest ranks, and the MN gradually exceeded the role played by each
of the remaining variables (Fig. 5c). Impacts of Pre became prominent
in southwestern TP, while effects of Rad on EOS are not significant in
the abovementioned eco-regions (Fig. 5d). Furthermore, MD and SOS
also played important roles, second only to Pre. Similar to other eco-
regions in the middle part of TP, Rad exerted a primary effect, followed
by Pre, SOS and Tem (Fig. 5e). In the western TP, the relative im-
portance value for SOS surpassed each of the remaining variables
(Fig. 5f).

We used 12 years data to construct BRT model and the remaining
four years as validation. Then we randomly sampled 0.02% pixels in
each year to assess their linear relationships (Fig. 6a). The actual EOS
and predicted EOS displayed a good linear relationship with a corre-
lation coefficient r of 0.86 (p < 0.01). In addition, almost 55% of
pixels showed greater actual EOS than predicted values (Fig. 6b). The
within −10 and 10 difference between actual EOS and predicted EOS
accounted for about 85% of the total pixels in the four years, which is
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less than the temporal resolution of satellite data (MOD13A2). These
results indicate that it is appropriate to use BRT model to analyze the
spatial and temporal patterns of phenology in TP.

4. Discussion

4.1. Changes in phenology on the TP

This study revealed an overall earlier trend of SOS
(−0.45 day yr−1), while EOS displayed a slight but non-significant
advancement (−0.05 day yr−1) over the whole TP during the past
decade. These results were not in accord with other similar studies
conducted on the TP (Cong et al., 2016; Zhang et al., 2013). The dis-
crepancies might be largely due to their different targeted periods and
also based on different phenology extraction methods. The spring
phenology exhibited distinct trends for the period prior to and post
2011, probably caused by shifted climate trends between the two per-
iods (Ding et al., 2016; Sun et al., 2016).

The temporal phenology variations showed that extended growing
season length (2000–2011) was mainly due to earlier trend of SOS. The
spatial analysis also supported this as more than half of the study area
displayed stronger contributions of SOS than EOS to extended growing
season length. Most pixels with earlier trend of SOS were mainly dis-
tributed in mid-eastern TP, where probably caused by increased pre-
winter and spring temperatures (Zhang et al., 2013). Similar studies
conducted for North America and Europe showed that prolonged
growing season length stemmed mainly from variations of EOS
(Garonna et al., 2014; Zhu et al., 2012), caused by a strong autumn
temperature increase in most parts of Northern Hemisphere from 1982
to 2013 (Kong et al., 2017). Extended growing season has high

ecological significance to ecosystem productivity. It is generally agreed
that prolonged growing season resulted in stronger NPP on the TP (Ding
et al., 2013; Wang et al., 2017; Zhang et al., 2013). The longer avail-
ability of green plants caused by prolonged growing season can support
more livestock, hereby implying high significance to agriculture and
animal husbandry on the TP.

4.2. Mechanisms behind spatial and temporal patterns of EOS

Of the possible driving factors, the middle season date explained up
to 55% of spatial variations in EOS, followed by SOS. The vegetation
middle season date showed no significant changes over 2000–2015 on
the TP (Fig. 7). Therefore, the slight fluctuation for time interval be-
tween middle season date and autumn phenology was a fix circadian
rhythm of vegetation and it can be explained by phenotypic plasticity of
individuals and their adaption to environments to a large extent
(DeWitt et al., 1998; Farre, 2012; McWatters and Devlin, 2011; Sultan,
2000). The circadian rhythm exhibits varied sensitivity to environ-
mental changes, as reflected by distinct survival strategies of vegeta-
tion. Under improved hydrothermal condition, autumn vegetation
phenology showed a gradually later trend. This could be the vegetation
resistance to environmental stress (Dong et al., 2014; Fan et al., 2007;
Miklos and Rubin, 1996). In harsh environments where resource is
limited, effects stemmed from biological factors of middle season date
and SOS strengthen. It indicates that vegetation’s life cycle is strongly
regulated by its own rhythm to complete the life cycle and biological
rhythm plays a critical role. While in favorable environmental condi-
tions, vegetation does not need to play its own full capacity and ve-
getation growth is easier than in harsh environments. As a result, cli-
mate effects on EOS strengthen, while roles of biological factors

Fig. 2. Inter-annual variations of phenological metrics over the entire study period.
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weakens.
On the TP, climate factors largely determined the inter-annual

variations of autumn phenology. Specifically, the strong influence of
temperature only occurred in the moisture favored eco-region HIIAB1,

indicating the boosting effects of higher temperature on vegetation
growth only in wet areas (Kong et al., 2017; Zhao et al., 2015). One
possible cause is that most precipitation falls in summer on the TP.
Adequate water leaves lagged effects on soil moisture in autumn. Thus,

Fig. 3. Phenological change determined by the MK Sen’s slope and C-index value. (a) SOS; (b) EOS; (c) LOS; (d) C-index value.

Fig. 4. (a) Relative importance proportion of variables for BRT models; (b) Relative importance proportion of variables in different EOS segments. Note: Both the left
and right sub-figure use EOS as response variable in BRT model.
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vegetation growth is not limited by water and temperature can promote
its growth to the maximum extent (Ding et al., 2015; Zhou and Jia,
2016). While effects of temperature might be overestimated in mid-
eastern TP compared with similar vegetation types in previous studies
(Cong et al., 2016; Liu et al., 2016). In mid-eastern TP, solar radiation
contributes most to variations in autumn phenology probably via day
length (Calle et al., 2010). For example, Che et al. (2014) and Du et al.
(2017) reported significant negative correlation between autumn NDVI
and sunshine hours in mid-north TP, which implies that longer sunshine

duration would decrease vegetation activity and subsequently advance
EOS. While some evidences also indicate that higher radiation can slow
down accumulation of abscisic acid and thus delay leaf senescence
(Gepstein and Thimann, 1980; Liu et al., 2016; Thimann and Satler,
1979). In the dry western TP (eco-region HIC2 and HIIC2), effects of
solar radiation on EOS weakened. Reduced water availability influences
water transport capacity and constrains leaf photosynthetic rate
(Moshelion et al., 2015; Zhang et al., 2014). As a result, EOS varies
mainly with precipitation and solar effects are marginal.

Fig. 5. The relative importance of variables based on the BRT models in 6 eco-regions. (a) eco-region HIIAB1. (b) eco-region HIIC1. (c) eco-region HIB1. (d) eco-
region HIIC2. (e) eco-region HIC1. (f) eco-region HIC2. Note: Both eco-regions use EOS as response variable in the BRT model.

Fig. 6. (a) Scatter plots between actual EOS and predicted EOS. Solid line represents the relationship between actual EOS and predicted EOS. The dashed line is 1:1
line, which represents the relationship of actual EOS= predicted EOS. (b) The area proportion for the whole TP indicating the difference between actual EOS and
predicted EOS. Note: we selected year 2000, 2005, 2010 and year 2015 to validate BRT model and the rest of years to build model.
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4.3. Evaluation of BRT model

In this study, difference between actual and predicted EOS almost
evenly distributed on both sides of x= 0 with most values less than abs
10, which reflects the good performance of BRT model. Compared to
conventional statistical models, machine learning method has brought
considerable advantages (Elith et al., 2008; Rodriguez-Galiano et al.,
2016). However, it should be noted that when the study area is large
enough, the inside environmental heterogeneity grows. Although we
tried our best to predict EOS, larger difference still exists in earlier and
later EOS area. Therefore, in order to get a higher fitting effect as a
whole, it would be a more preferable method to refine the study area
and fit and adjust the models separately. Moreover, further studies are
also needed to compare different algorithms which can optimize the
simulation of ecosystem model.

5. Conclusions

This study utilized phenology as an index to evaluate climate
change impacts on vegetation dynamics on the TP. Three regular phe-
nological parameters were extracted using MODIS NDVI dataset for the
period 2000–2015 to analyze their temporal-spatial dynamics. Driving
factors on autumn phenology were emphatically investigated using BRT
model for the whole TP and different eco-regions. The results demon-
strated that earlier trend of SOS contributed mostly to extended LOS on
the TP, while contribution from flat trended EOS was marginal.
Furthermore, vegetation rhythm, such as middle season date and SOS,
determines the spatial distribution of EOS to a large extent. For most
eco-regions, effects from climate factor of solar radiation on inter-an-
nual EOS were more obvious than vegetation’s self-rhythm.
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