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Abstract: Vegetation phenology in temperate grasslands is highly sensitive to climate change.
However, it is still unclear how the timing of vegetation phenology events (especially for autumn
phenology) is altered in response to climate change across different grassland types. In this study,
we investigated variations of the growing season start (SOS) and end (EOS), derived from Moderate
Resolution Imaging Spectroradiometer (MODIS) data (2000-2016), for meadow steppe, typical steppe,
and desert steppe in the Inner Mongolian grassland of Northern China. Using gridded climate
data (2000-2015), we further analyzed correlations between SOS/EOS and pre-season average air
temperature and total precipitation (defined as 90-day period prior to SOS/EQS, i.e., pre-SOS/EOS)
in each grid. The results showed that both SOS and EOS occurred later in desert steppe (day of
year (doy) 114 and 312) than in meadow steppe (doy 109 and 305) and typical steppe (doy 111 and
307); namely, desert steppe has a relatively late growing season than meadow steppe and typical
steppe. For all three grasslands, SOS was mainly controlled by pre-SOS precipitation with the
sensitivity being largest in desert steppe. EOS was closely connected with pre-EOS air temperature in
meadow steppe and typical steppe, but more closely related to pre-EOS precipitation in desert steppe.
During 2000-2015, SOS in typical steppe and desert steppe has significantly advanced by 2.2 days
and 10.6 days due to a significant increase of pre-SOS precipitation. In addition, EOS of desert steppe
has also significantly advanced by 6.8 days, likely as a result from the combined effects of elevated
preseason temperature and precipitation. Our study highlights the diverse responses in the timing
of spring and autumn phenology to preceding temperature and precipitation in different grassland
types. Results from this study can help to guide grazing systems and to develop policy frameworks
for grasslands protection.

Keywords: growing season start; growing season end; meadow steppe; typical steppe; desert
steppe; MODIS

1. Introduction

Vegetation phenology is the study of periodic biological events in the plant world and their
relations with environmental factors, such as air temperature and rainfall [1,2]. As vegetation
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phenology controls the mass and energy exchanges between terrestrial ecosystems and the
atmosphere [3-6], accurate monitoring of vegetation phenology is crucial to assess the interactions
between vegetation dynamics and climate change [7,8]. In the past decades, vegetation spring
phenology has attracted a great deal of attention due to its close connection with global change.
In contrast, understanding of vegetation autumn phenology is limited, though it can play an important
role in determining vegetation growing season length and has been found to be significantly affected
by climatic change [9].

Ground-observed phenological data and satellite data are two major tools commonly used to
identify vegetation growing season at different scales. Ground data are commonly recorded at the
species level and used for conducting species-specific phenology analysis at local scales [10-13].
Meanwhile, satellite data are mainly employed to define the growing season characteristics of entire
landscapes at regional to global scales [14-19]. Various satellite-derived vegetation indices have been
developed to extract vegetation phenological metrics, such as the Normalized Difference Vegetation
Index (NDVI) and the Enhanced Vegetation Index (EVI) [20-23]. Most studies, however, have focused
on the spatiotemporal differences of phenological events among diverse biomes or geographic
zones [19,24-26]. In contrast, only few attempts exist on revealing how vegetation phenology responds
to climate change for different vegetation types within a given biogeographic zone at the regional scale.

Grassland is a widely distributed vegetation type around the world and plays an important
role in providing resources to humankind, supplying feed for animals, and maintaining stability of
ecological systems globally [27]. However, plant growth in grassland ecosystems is highly sensitive
to regional and global climate change. Several studies have reported higher temporal variations in
spring phenology of herbaceous species compared to woody plants and described their complex
and controversial response to climate change in temperate grasslands [13,28-30]. Most previous
studies suggest that a warmer spring results in an advancement of spring phenological events of
grassland vegetation [11,31-34]. However, under conditions where concurrent precipitation is limiting,
increasing temperature may have no significant effects on spring phenology [35,36]. It has been shown
that increasing precipitation had no significant effects on flowering dates in two temperate grasslands
of North America [37,38], while reduced precipitation induced an earlier green-up and flowering
of herbaceous species in field experiments [39-41]. The distinct responses of spring phenology
events to climate change in grassland ecosystems may be closely coupled with vegetation types [42].
Our knowledge of the controls regulating autumn phenology of different vegetation types in grassland
ecosystems is, however, currently limited. Given the potential differences in climate change impacts,
it is crucial to improve our understanding with regard to the responses of both spring and autumn
phenological events to climate change among different grassland types.

Transhumance provides livestock access to green vegetation during the short periods of active
growth in each place. It distributes livestock grazing pressure and lengthens the time period when
livestock have access to quality forage [43]. Thus, the transhumance system is closely connected
with vegetation phenology. Different vegetation phenology in space not only determines the spatial
difference of timing of plant growth [44], but also leads to the spatial heterogeneity of nutritional
parameters of pastures [45,46]. Those spatial gradients caused by phenology do influence the timing
and direction of transhumance movements. Therefore, studying phenology and its relationships
with primary meteorological factors would help pastoralists and rangeland managers to reasonably
develop strategies to conduct grazing activities and avoid overgrazing in local places in perspective of
sustainable usage of pastures.

In this study, we first derived the start (SOS) and end (EOS) of growing season from Moderate
Resolution Imaging Spectroradiometer (MODIS) data (2000-2016) for three grassland types in the
Inner Mongolian grassland of Northern China, i.e., meadow steppe, typical steppe, and desert steppe.
Then, we tested their reliability be means of SOS/EQS retrieved from ground-measured gross primary
production (GPP) data. Finally, combined with gridded climate data, we analyzed the differences
of SOS/EOS response to previous temperature and precipitation among the three grassland types.
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The main objectives of this study were to address the following scientific questions: (i) Are there
significant differences in the timing of SOS and EOS among the three grassland types? (ii) What climate
factor mainly controls SOS and EOS dynamics for the whole Inner Mongolian grassland? (iii) Are
there any differences of SOS and EOS responses to climate changes among the three grassland types?
(iv) Are there significant trends in the SOS and EOS during 2000-2016 in the three grassland types?
What climate factors primarily contribute to them?

2. Materials and Methods

2.1. Study Region

The Inner Mongolian grassland is situated in the northern part of China, with an elevation ranging
1000-2000 m above sea level. This region is characterized by a temperate continental monsoon climate,
with a cold-dry winter and a hot-moist summer. The annual mean air temperature increases from
—3.9 °C in the northeast to 10 °C in the southwest. The annual mean total precipitation decreases from
466 mm in the east to 42 mm in the west [47]. Herbaceous plants are dominating vegetation types in
this region. Meadow steppe (29.4% of total areas, 2.3 x 107 ha), typical steppe (52.8%, 4.2 x 107 ha),
and desert steppe (17.8%, 1.4 x 107 ha) were classified in this study (Figure 1), which were defined by
the 1:1,000,000 Editorial Board of Vegetation Map of China according to geomorphological features,
climate conditions, soil types, and dominant species [48]. Forests and deserts were not included in
this study.
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Figure 1. Study region and the distribution of the three main grassland types.

2.2. Remote Sensing Data and Processing

Moderate Resolution Imaging Spectroradiometer (MODIS) datasets have been extensively used
to explore large-scale phenology making use of their high quality and richness of available products.
In this study, MODIS Surface Reflectance 8-Day L3 Global 500 m product (MOD09A1) during 2000-2016,
acquired from the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC)
(https:/ /search.earthdata.nasa.gov/search), was used to calculate NDVI (Equation (1)):

Band2 — Band1
DVl[= ———— — 1
N Band2 + Band1 M
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where Band 1 and Band 2 denote the reflectance values of red (620-670 nm) and near-infrared
(841-876 nm), respectively. This NDVI product is derived from eight-day maximum value composites
by choosing observations with minimal cloud cover and near-nadir views [49]. Further corrections for
atmospheric gases, clouds, and aerosols have been routinely applied [50].

Although the highest-quality reflectance values have been selected, some poor quality values
may still exist due to prolonged rainfall and cloudy weather periods. Eliminating these abnormal
values in NDVI time series is of crucial importance to obtain credible phenological metrics. Usually,
there are some sequential abnormal low points occurring at the start and end of the time series,
and a few abrupt and extreme low points were observed in the middle of growing season (Figure 2a).
We first addressed the issue of abrupt points [NDVI (¢)] in the middle of the growing season. If the
difference between NDVI (t) and NDVI (t £ 1) is larger than (NDV I, — NDVI,,;,,)/2, NDVI (t) was
replaced by the average value of NDVI (t — 1) and NDVI (t + 1). Then, we smoothed the entire time
series with a nine-point moving average filter. Finally, abnormally low values at the start and end of
the time series were replaced with the average NDVI value in March, when most NDVI values are
approximately equal to the NDVI value of bare ground due to a lack of vegetation activities and little
snow on the surface. Here, we assumed that the NDVI values during the non-growing season are
approximately constant.
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Figure 2. An illustration of processing NDVI time series (a) and GPP time series (b). The blue curve

denotes the fitted curve by a double logistic function. The vertical blue lines represent the estimated
SOS and EOS respectively. x symbolizes abnormal NDVI values.

Several methods have been developed to extract phenological information from NDVI curves [51,52].
Among them, the logistic function can accurately simulate the growth process of vegetation and fit
NDVI curves, and has been employed by National Aeronautics and Space Administration (NASA)
to produce MODIS global vegetation phenology products [14]. The typical logistic function retrieves
phenological metrics during spring and autumn separately, while the double logistic function can
extract spring and autumn phenological events simultaneously [44,53-55]. In this study, therefore,
the reconstructed NDVI time series were fitted using double logistic function (Equation (2)) to obtain
SOS and EOS based on Equations (3) and (4), respectively:

1 1
NDVI(t) = NDVI,, + (NDVIygy — NDVI,i,) X (1 I +1 T DED 1) 2)
21n(¢§f ﬁ)
SO0S = ———F—=+5 (3)
21n(\/§— ﬁ)
EOS= ——— 2 +E (4)
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where NDVI (t) is the reconstructed NDVI values at time t; NDVI,,;, and NDVI,,;,, are the maximum
and minimum values in the NDVI time series, respectively; I and D represent the maximum rising and
falling slopes (inflection points) on the fitted NDVI curve; and S and E represent corresponding dates
of I and D on the fitted NDVI curve. In this study, SOS/EOS was defined as the date corresponding to
the first/last local maximum/minimum changing rate of curvature (Figure 2a) [54]. For simplicity,
we taken the middle day of each eight-day compositing window as the ‘real” date in which the NDVI
value was obtained. Additionally, pixels with an annual amplitude of NDVI less than 0.1 and two
growing seasons were not considered in this study. All data processing was fulfilled with the MATLAB
software (Matlab R2016a, MathWorks Inc., Natick, MA, USA).

2.3. Gross Primary Production Data

Validation of remotely-sensed phenological metrics is usually a necessary step before using them
for further analysis. However, manual records of phenophases only represent the development status
of an individual of a specific species and may be not suitable to validate the accuracy of remotely-sensed
phenological metrics, which directly reflects the growth conditions of a local community. In comparison,
GPP data measured in eddy covariance flux sites could reflect the overall dynamics of the local
community and has been widely used in land surface phenology validation for different biomes [26,56].
Thus, we validated the accuracy of remotely-sensed SOS/EOS by directly comparing them with
GPP-based SOS/EOS in six site-years (Table 1). GPP data were collected from the FLUXNET2015
dataset (http://fluxnet.fluxdata.org/) and two published literatures [57,58]. GPP-based SOS/EOS was
also obtained by using the double logistic function to fit GPP time series in each site-year (Figure 2b).

Table 1. Basic information of GPP observation sites, including geographical coordinate, observation
time, vegetation type, and data source.

Site Name Latitude (°N)  Longitude (°E)  Observation Time Vegetation Type Data Source
Duolun 42.05 116.28 2008 Typical steppe FLUXNET2015
Siwangziqi 41.79 111.90 2012 Desert steppe FLUXNET2015
Xilinhot_1 44.13 116.33 2004, 2006 Typical steppe Zhou et al., 2014 [57]
Xilinhot_2 43.55 116.67 2003, 2004 Typical steppe Hao, 2006 [58]

2.4. Climate Data

In this study, a gridded China Meteorological Forcing Dataset (http://dam.itpcas.ac.cn/chs/
rs/?q=data) was used for exploring the relations between SOS/EOS and dominating climate factors,
which was developed by Data Assimilation and Modeling Center for Tibetan Multi-spheres, Institute
of Tibetan Plateau Research, Chinese Academy of Sciences [59,60]. It includes seven three-hourly
climate variables from 2000 to 2015 at a spatial resolution of 0.1° x 0.1°. In this current study,
however, because SOS/EOS changes are primarily correlated with the hydrothermal conditions of
the previous 2-3 months [31,33,43], and the effects of sunlight on herbaceous plants are relatively
weak [8,61,62], only the temperature and precipitation rate were employed. In order to match the
temporal resolution of phenological metrics, we calculated daily air temperature and precipitation
from the three-hourly air temperature and precipitation data, respectively. We verified that the gridded
temperature and precipitation could accurately characterize the ground hydrothermal variations by
comparing them with the measured data at 42 national meteorological stations during 2000 to 2011
(Table S1), which were acquired from the China Meteorological Administration.

2.5. Data Analysis

In this study, we first analyzed spatial patterns of SOS/EOS and compared SOS/EOS differences
among meadow steppe, typical steppe, and desert steppe with one-way analysis of variance (ANOVA).
The accuracy of MODIS-based SOS/EQOS was assessed with R? (goodness of fit) and RMSE (root mean
square error) by regressing them with GPP-based SOS/EOS.
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Secondly, we calculated the Pearson correlation coefficient between SOS/EOS and pre-season
average temperature/total precipitation (defined as 90-day and 60-day before multi-year average
SOS/EQOS) in each grid. As 90-day and 60-day results were similar, we only presented the former
in this study. For clearly distinguishing, the 90-day periods prior to SOS and EOS were named as
‘pre-SOS’ and “pre-EOS’, respectively. Finally, we established linear regression models to obtain the
sensitivity of SOS/EOS to temperature/precipitation in each grid. One-way ANOVA was taken to
compare the sensitivity of SOS/EOS to these main climatic variables among the different vegetation
types. It is worth noting that regression analysis between SOS/EOS and climate factors only covers the
period of 2000-2015 (data for 2016 was not available). When conducting regression analyses between
SOS/EOS and climate factors, we used the average SOS/EOS of all pixels falling in a climate grid.

The variation trends analysis of SOS/EOS was conducted in both pixel scale and vegetation type
scale. In pixel scale, variation trends of SOS/EQOS during 2000-2016 were computed with the Theil-Sen
median method in each pixel, which chooses the median of the slopes of all lines through pairs of
two-dimensional sample points. The non-parametric Mann-Kendall test was employed to assess the
significance of trends. Compared with linear regression, the Theil-Sen median method is more robust
and not affected by outliers.

In vegetation type scale, however, we chose to directly compare SOSs/EOSs in the head and
tail of the studying period instead of computing trends of multi-pixel average SOS/EOS, with the
aim to reduce calculation errors. To eliminate the effects of SOS/EOS in possibly abnormal years,
we first obtained multi-year average SOS/EOS during 2000-2004 and 2011-2015 in each pixel. We then
compared the overall SOS/EOS differences between 2000-2004 and 2011-2015 with two-sample ¢-test
in meadow steppe, typical steppe, and desert steppe separately. Meanwhile, for investigating the
possible reasons that resulted in SOS/EQOS variations, we also analyzed the variations of pre-SOS/EOS
temperature and precipitation from 2000-2004 to 2011-2015 with the same methods in each of the
three grassland types, respectively. Notably, the significance of all statistical analyses in this study
were tested at the 95% level (i.e., p = 0.05).

3. Results

3.1. Environmental Conditions

The multi-year (2000-2015) averages of environmental conditions showed that spring temperature
in desert steppe was higher than in meadow steppe and typical steppe, whereas the spring precipitation
in desert steppe was lower compared with that in meadow steppe and typical steppe. In autumn,
desert steppe was also warmer and drier than meadow steppe and typical steppe. During both spring
and autumn, meadow steppe was the coldest and wettest among the three grassland types. For all the
three grassland types, autumn was colder and wetter than spring (Table 2).

Table 2. Environmental conditions in meadow steppe, typical steppe, and desert steppe. ST: spring
temperature; SP: spring precipitation; AT: autumn temperature; AP: autumn precipitation. Here, spring
refers to March-May and autumn refers to September-November.

Type of Steppe ST (°C) SP (mm) AT (°C) AP (mm)

Meadow steppe 5.1 55.9 49 72.0
Typical steppe 6.6 52.3 6.4 69.6
Desert steppe 7.1 36.0 6.8 53.7

3.2. Ground Validation

Figure 3 illustrated a significant and positive correlation between MODIS-based SOS and GPP-based
SOS (p < 0.05), and between MODIS-based EOS and GPP-based EOS (p < 0.1). The mean estimation
error of MODIS-based SOS was 12.9 days, with the smallest error (five days earlier than GPP-based
SOS) detected in 2003 at Xilinhot_2 and in 2004 at Xilinhot_1, and the largest gap (20 days earlier than
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GPP-based SOS) found in 2006 at Xilinhot_1. The estimation errors of MODIS-based EOS range from
four days (in 2003 at Xilinhot_2) to 18 days (in 2006 at Xilinhot_1), with an average of 13.0 days.
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Figure 3. Linear regression analysis between GPP-based SOS and MODIS-based SOS (a) and between
GPP-based EOS and MODIS-based EOS (b).

3.3. Overall SOS/EOS Comparison among the Three Grassland Types

For the entire study region, SOS occurred mainly in April and May at an average day of year (doy)
of 111 and EOS appeared mainly in October and November (doy 307). Spatially, SOS occurred earlier
in the northeast than in the southwest and southeast (Figure 4a). A strong spatial gradient of EOS was
noted suggesting a delay from northeast towards southwest (Figure 4b). In terms of different grassland
types, SOS and EOS in meadow steppe (doy 109 and 305) both occurred significantly earlier than in
typical steppe (doy 111 and 307) and desert steppe (doy 114 and 312) for several days (Figure 4c,d).
Meanwhile, SOS and EOS in typical steppe also occurred slightly, but significantly earlier than in
desert steppe. This suggests a similar growing season length of vegetation among meadow steppe
(196 days), typical steppe (196 days), and desert steppe (197 days). As to inter-annual fluctuations
of SOS and EOS, our results revealed that the mean standard deviation (SD) of EOS (9.5 days) was
smaller than that of SOS (15.5 days). The greatest SDs of SOS and EOS were both found in desert
steppe (23.3 and 11.3 days) when compared with that in meadow steppe (11.5 and 9.2 days) and typical
steppe (15.1 and 9.1 days).
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Figure 4. Spatial pattern of multi-year average SOS (a) and multi-year average EOS (b). SOS (c)
and EOS (d) comparison among meadow steppe, typical steppe, and desert steppe. Different letters
(a—c, marked from the largest average to the smallest average) denote that there is a significant difference
of SOS/EOS between the two grassland types at the level of 0.05.

3.4. Correlations between SOS/EOS and Temperature/Precipitation

In order to identify which factor determines the timing of SOS/EOS, we analyzed the correlations
of SOS/EOS with pre-SOS/pre-EOS temperature and precipitation. Figure 5a,b showed that significant
negative and positive correlations between SOS and pre-S5OS temperature both occurred in 1.2% of
pixels. Meanwhile, SOS was significantly negatively correlated with pre-SOS precipitation in 12.9% of
pixels while significant positive relationships between SOS and pre-SOS precipitation were only found
in 0.1% of pixels. Similarly, a significant negative correlation between SOS and pre-SOS precipitation
was found in 13.2% of meadow steppe pixels, 13.2% of typical steppe pixels, and 11.3% of desert
steppe pixels. Meanwhile, significant negative correlations between SOS and pre-SOS temperature
were only detected in 3.5% of meadow steppe pixels, 0.2% of typical steppe pixels, and 0.2% of desert
steppe pixels.

In contrast to SOS, significant positive correlations were detected between EOS and pre-EOS
temperature in 8.8% of total pixels, and between EOS and pre-EOS precipitation in 3.8% of total pixels
(Figure 5c¢,d). Significant negative correlations between EOS and pre-EOS temperature / precipitation
were found only in few pixels (0.1%/0.3%). Moreover, significant positive relationships were
discovered between EOS and pre-EOS temperature/precipitation in 9.8%/3.5% of meadow steppe
pixels and 11.1%/4.8% of typical steppe pixels. In desert steppe, significant positive correlations
were found between EOS and pre-EOS precipitation in 1.0% of pixels, while no significant positive
relationships were found between EOS and pre-EOS temperature.
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Figure 5. Spatial patterns of correlation coefficients between: (a) SOS and pre-SOS temperature; (b) SOS
and pre-SOS precipitation; (¢) EOS and pre-EOS temperature; and (d) EOS and pre-EOS precipitation.

3.5. Response Rates of SOS/EOS to Temperature and Precipitation

During 2000-2016, we observed an advancement of 0.41 days/°C for SOS in meadow steppe,
and a delay of 0.33 and 0.9 days/°C for SOS in the typical and desert steppe (Figure 6a). Meanwhile,
increased spring pre-SOS precipitation caused an advance in SOS by 0.16, 0.21, and 0.66 days/mm
for meadow steppe, typical steppe, and desert steppe, respectively (Figure 6b). The sensitivity
of SOS to pre-SOS temperature and precipitation in desert steppe was significantly stronger than
that in meadow steppe and typical steppe. In autumn, warmer temperatures delayed EOS at rates
of 2.71 and 2.51 days/°C for meadow steppe and typical steppe, whereas they advanced EOS by
0.31 days/°C for desert steppe (Figure 6¢). Increased precipitation caused a delay in the timing of EOS
by 0.01, 0.01, and 0.03 days/mm for meadow steppe, typical steppe, and desert steppe, respectively
(Figure 6d). Desert steppe showed a significantly weaker sensitivity of EOS to pre-EOS temperature,
but a significantly stronger sensitivity of EOS to pre-EOS precipitation than meadow steppe and
typical steppe.
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Figure 6. Response rates of SOS to pre-S50OS temperature (a) and precipitation (b), and response rates of
EOS to pre-EOS temperature (c) and precipitation (d). The different letters indicate there is a significant
difference of responding rates of SOS/EOS to temperature/precipitation between the two grassland
types at the level of 0.05, while the same letter denotes there is no significant difference of responding
rates of SOS/EOS to temperature/precipitation between the two grassland types.

3.6. Variation Trends of SOS and EOS

Across the whole study region, a significant advancing trend of SOS was found over the 2000-2016
period in 2.8% pixels and only 0.4% of pixels presented a significant delaying trend (Figure 7a).
For meadow steppe, typical steppe, and desert steppe, alone, we also found a higher number of pixels
showing a significantly advancing trend (1.8%, 3.9%, 1.2%) compared to the number of pixels showing
a significantly delaying trend (0.5%, 0.4%, 0%) (Figure 7c). For EOS, 1.8%/1.6% of pixels showed
significant delaying/advancing trends over the whole study region (Figure 7b). In terms of different
grassland types, significant advancing trends were detected in 1.7%, 0.8%, and 3.9% of pixels and
significant delaying trends were identified in 1.9%, 2.2%, and 0.2% of pixels for meadow steppe, typical
steppe, and desert steppe, respectively (Figure 7d).

In order to reveal the overall changes of SOS/EQOS in the three grassland types, we further
compared the multi-year average SOS/EOS during 2000-2004 and that during 2011-2015 with
a two-sample t-test in meadow steppe, typical steppe, and desert steppe, respectively. The results
illustrated that SOS and EOS did not show a significant trend from 2000-2004 to 2011-2015 in meadow
steppe (Figure 8). In typical steppe, SOS have advanced by 2.2 days, while EOS presented no
significant changes from 2000-2004 to 2011-2015. In desert steppe, however, we identified a significant
advancement for both of SOS and EOS from 2000-2004 to 2011-2015. In 2011-2015, SOS and EOS
occurred earlier by 10.6 days and 6.8 days than that in 2001-2004, respectively.
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4. Discussion

4.1. Explanation of the Overall Differences of SOS/EOS among Different Grassland Types

Our results suggest that both SOS and EOS occurred later in desert steppe than in meadow steppe
and typical steppe. This implies that the growing season in desert steppe is shifted posterior compared
to the other two types of steppes. The delayed plant growth for desert steppe in spring may result
from the relative shortage of water, although the higher temperature in spring facilitates meeting
the thermal requirements needed for vegetation growth. However, the latest EOS detected in desert
steppe might be due to higher temperature and the absence of water constraints in autumn. Similarly,
the earliest SOS in meadow steppe may result from sufficient water supply in spring, while the
earliest EOS could be triggered by the colder weather than typical steppe and desert steppe (Table 1).
In addition, the smaller SD in EOS than in SOS suggests that the timing of autumn phenological events
are more stable compared with spring phenological events in Inner Mongolian grasslands. Meanwhile,
the larger SDs of SOS and EOS in desert steppe indicate a stronger fluctuation of phenological events
compared to meadow steppe and typical steppe.

4.2. Key Factors of Controlling SOS/EOS for the Whole Study Region

In this study, we found that SOS was significantly and negatively correlated with pre-SOS
precipitation and temperature in most places within the study region. This means that a warmer and
wetter pre-SOS period both could cause advanced plant growth. However, considerably more pixels
showed significant correlations between SOS and pre-SOS precipitation than that between SOS and
pre-SOS temperature. This suggests that water availability rather than temperature mainly controls
the timing of vegetation green-up in most parts of Inner Mongolian grasslands. This is, to some extent,
in line with the results of two similar studies based on satellite-derived green-up date and ground
meteorological data [47,63]. Some process-based phenology modelling and experimental studies
have also previously highlighted the critical effects of water availability on SOS in North American
grasslands [11,18] and Inner Mongolian grasslands [64,65]. In contrast, however, temperature has
been reported as key factor of determining spring phenological events of woody plants in temperate
ecosystems [66], and herbaceous species in alpine ecosystems [67].

Similarly, the larger number of pixels showing significant positive correlations between EOS and
pre-EOS temperature than that between EOS and pre-EOS precipitation, indicates that temperature
may be the more important factor than precipitation in regulating vegetation autumn phenology in
temperate grasslands. However, although temperature was the dominant driver, precipitation was also
positively related with EOS. Overall, warmer and wetter autumn conditions therefore would lead to
a delay of the leaf senescence process. The predominant role of temperature in affecting EOS has also
been observed in Mongolian grasslands [68] and in the Tibetan Plateau [69]. However, other studies
reported precipitation to be more important than temperature in determining autumn phenology of
temperate grassland ecosystems [47,62]. The discrepant conclusion among different studies may be
related to differences in data sample size and acquisition methods, as well as in spatial and temporal
scales, but also in the studied vegetation types.

4.3. Response of SOS/EQOS to Climate Change among Different Grassland Types

We observed that SOS had a similar response to pre-SOS precipitation but different response to
pre-SOS temperature among meadow steppe, typical steppe, and desert steppe. Our results suggest
that enhanced pre-SOS rainfall could advance vegetation green up in all the three grassland types.
A greater pre-SOS temperature may advance SOS in meadow steppe given sufficient water supply from
thawed frozen soil which may store substantial amounts of water from the previous winter [70,71].
In contrast, a rapid temperature increase in spring would delay SOS in typical steppe and desert steppe
due to the concurrent rapid increase in evaporation and sharp decrease in soil moisture supply [68].
The better relationship between SOS with pre-SOS precipitation than temperature illustrates that SOS
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is primarily controlled by water regime in all the three grassland types. This agrees with previous
results reported by Zhu and Meng [63].

Similar to SOS, the effects of pre-EOS precipitation on EOS in meadow steppe, typical steppe,
and desert steppe were concordant. Based on these results, increased pre-EOS precipitation would
delay the end of vegetation growing season in all the three grasslands types. However, EOS in desert
steppe was more sensitive to moisture dynamics than that in meadow steppe and typical steppe.
Similarly, like SOS, the response of EOS to pre-EOS temperature was discrepant among the three
grassland types. Our results suggest that higher pre-EOS temperature may delay the end of plant
growth in meadow steppe and typical steppe, while terminating the vegetation growing season earlier
in desert steppe. Based on our findings, we conclude that temperature mainly determines vegetation
autumn phenology in meadow steppe and typical steppe, whereas precipitation is the main driver of
vegetation autumn phenology in desert steppe.

Furthermore, the sensitivity of SOS/EOS to pre-SOS/pre-EOS temperature and precipitation
changes varied among meadow steppe, typical steppe, and desert steppe. SOS in desert steppe showed
the highest sensitivity to both pre-SOS temperature and precipitation than meadow steppe and typical
steppe, which is in accordance with the results reported in the same region by Yu et al. [42]. Meanwhile
EOS in meadow steppe and typical steppe exhibit a stronger sensitivity to pre-EOS temperature,
but weaker sensitivity to pre-EOS precipitation than desert steppe, as previously suggested by
Yang et al. [72]. The greater SD of SOS/EQOS found in desert steppe than that in meadow steppe
and typical steppe observed in our study was also found in the study by Yu et al. [73], suggesting
a more complex and sensitive vegetation growth pattern in desert ecosystems.

4.4. What Factors Contributed to SOS/EOS Trends

Though our study detected only few of pixels (<4.0% of total pixels) showing significant SOS/EOS
trends during 2000-2016 in Inner Mongolian grasslands. However, by comparing the multi-year
mean SOS/EOS of 2000-2004 and that of 2011-2015, we still found a significant advance of SOS in
typical steppe and desert steppe, and a significant advance of EOS in desert steppe, which have also
been identified by other studies with different data and methods [62,74]. SOS experienced a larger
shift than EOS. This may, again, indicate that SOS is more sensitive to climate changes than EOS
in temperate grasslands. To explore what factor likely contributed to SOS/EOS trends in the two
steppes, we compared the differences of the multi-year mean pre-SOS temperature and precipitation
between 2000-2004 and 2011-2015 with a two-sample f-test. Results showed that the significant
advance of SOS in typical steppe and desert steppe may both result from the pre-SOS significant
increase of precipitation (8.6 mm for typical steppe and 6.7 mm for desert steppe), while pre-SOS
temperature showed no significant changes from 2000-2004 to 2011-2015 (Figure 9). This is likely due
to the negative influence of precipitation on SOS in typical steppe and desert steppe which has been
revealed in Section 3.5, namely, more precipitation in preseason would advance the occurrence time of
SOS. In comparison, the significant advancement of EOS occurred in desert steppe may stem from
the combined effects of the significant elevation of pre-EOS temperature and precipitation. Though
the precipitation has increased by 15.4 mm from 2000-2004 to 2011-2015, the significantly boosted
temperature (0.77 °C) may accelerate the evaporation of land surface and lead to more water loss and
an earlier EOS.
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Figure 9. Shifts of pre-SOS/EOS temperature (a) and precipitation (b) from 2000-2014 to 20112015 in
typical steppe and desert steppe. In the figure, the different letters denote there is a significant change
of temperature/precipitation from 2000-2014 to 2011-2015 at the level of 0.05, while the same letter
denotes there is no significant variation of temperature/precipitation from 2000-2014 to 2011-2015.

4.5. The Limitation and Implication of This Study

In this study, we validated the reliability of remotely-sensed SOS/EOS with eddy-observed
GPP data in typical steppe and desert steppe. The significant and positive correlations between
remotely-sensed SOS/EOS and GPP-based SOS/EOS indicate the remotely-sensed SOS/EOS could
reflect spatiotemporal dynamics of ground vegetation phenology to some extent. Nevertheless,
there are still some gaps between remotely-sensed SOS/EOS and GPP-based SOS/EOS, which may
result from the different spatial scales. Another limitation of the validation is the lack of sufficient
ground measured data, especially in meadow steppe. Therefore, the results and conclusions of this
study need to be further tested with more extensive ground data sources.

This study revealed a diverse response of vegetation phenology to climate change in meadow
steppe, typical steppe, and desert steppe, which may indicate different succession directions and spatial
patterns of them under the more complex future climate changes. The overall stronger sensitivity of
SOS/EOS to hydrothermal conditions identified in desert steppe means plant activity in desert steppe
is more unstable than that in meadow steppe and typical steppe. As detected, the whole growing
season in desert steppe has significantly advanced and prolonged due to significant climate changes in
the past 17 years. This could lead to an increase of annual C uptake through the extended period of
photosynthesis [7,8]. Additionally, the shifts of water and heat exchange accompanied with phenology
movement could also alter local climate status [8]. In developing process-based phenological models
for grassland vegetation, we strongly recommend considering different responding characteristics of
different grassland types to climate change. In perspective of rangeland management and conservation,
we highly suggest to reasonably control and guide grazing activity in desert steppe due to its large
sensitivity to climate change.

5. Conclusions

In this study, we compared the timing of SOS and EOS and their response to preceding climate
conditions in meadow steppe, typical steppe, and desert steppe in Inner Mongolia. Our findings
suggest that desert steppe has a relatively later growing season than meadow steppe and typical
steppe. We further found that, on average for all Mongolian grassland, water availability mainly
controlled the timing of SOS, while temperature is the key factor for determining the occurrence of EOS.
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Regarding differences among grasslands, we conclude that SOS is primarily controlled by pre-SOS
precipitation in all the three grasslands showing the largest sensitivity in desert steppe. In comparison,
our findings suggest that EOS was closely connected with pre-EOS air temperature in meadow steppe
and typical steppe while pre-EOS precipitation determined EOS in desert steppe. Based on our results
we conclude that temperature and precipitation both affect the phenological process of grassland
plants, but their influencing magnitudes are inconsistent for different phenological events and for
different vegetation types. Additionally, we found that SOS in typical steppe and desert steppe has
significantly advanced due to the significant increase of pre-SOS precipitation, while EOS in desert
steppe has also significantly advanced because of elevated preseason temperature and precipitation.
Overall, the findings from this study highlight the diverse timings of spring and autumn phenology
and their contrasting responses to pre-season temperature and precipitation in different grassland
types which has important implications for adopting grazing systems to future climate change and for
developing policy frameworks grassland protection.

Supplementary Materials: The following are available online at www.mdpi.com/2072-4292/10/1/17/s1.
We validated the reliability of gridded climate data with measured climate data in 42 meteorological sites.
Table S1. Linear regression of grid climate data and measured climate variables in meteorological stations.
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