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A B S T R A C T   

Climate warming is expected to increase growth and expansion of evergreen vegetation in many cold regions, 
with substantial influences on ecological and atmospheric processes. Nevertheless, the direction and magnitude 
of changes in productivity (greenness) of evergreen vegetation, as well as their potential drivers, remain unclear 
in many parts of the world. The woody evergreen vegetation on the Tibetan Plateau influences ecosystems and 
land surface processes, affecting regional and continental weather and climate through regulating land-air in-
teractions. Here, we show that the remotely-sensed winter greenness of evergreen vegetation increased by 9.8% 
over 2000–2021 on the Tibetan Plateau, with significant (P < 0.05) greening across 55.8% of the areas with 
evergreen vegetation, which is more widespread than the increase of summer peak greenness, suggesting upslope 
shifts in treelines and shrublines and encroachment by evergreen woody plants. While our results show that 
warming was the principal climate driver of greening, the spatial pattern of greening was more related to the 
temperature sensitivity of greenness rather than temperature trends. Positive impacts of increasing precipitation 
on greenness were observed in a few areas classified as grasslands. Moreover, the magnitude of winter greening 
on the plateau was larger than that of the greening in the Arctic, where warming was faster, which indicates 
higher level of sensitivity of greenness to temperature of evergreen vegetation on the Tibetan Plateau. Our results 
highlight the high sensitivity of evergreen vegetation to climate warming and provide a new foundation for 
improving the understanding the responses and feedbacks of the Tibetan Plateau ecosystem to climate change.   

1. Introduction 

Evergreen vegetation is widely distributed across alpine and high 
latitude regions (Huang & Xia, 2019; Shabanov et al., 2021; Walther 
et al., 2016) and plays a critical role in the structure and function of 
vegetation in the biosphere (Bonan, 2008). Ongoing climate change has 
led to rapid increases in levels of vegetation productivity (greenness) in 
many of these regions at least partially due to the expansion in cover of 
evergreen species (e.g., Arctic tundra (Berner et al., 2020; Mekonnen 
et al., 2021), needleleaf forests of eastern Siberia and Alaska (Myers--
Smith et al., 2020; Shabanov et al., 2021), and mixed forests of western 
Europe (Wang et al., 2022c). Such shifts in vegetation greenness influ-
ence ecosystem structure and function (Pan et al., 2021), land surface 
processes (Hagedorn et al., 2019; Xu et al., 2019), and terrestrial carbon 

(Chen et al., 2019) and water cycles (Zeng et al., 2018). These in turn 
alter the climate system (Eugster et al., 2000; Forzieri et al., 2017; 
Mahmood et al., 2014; Mooney et al., 2021; Piao et al., 2019; Zeng et al., 
2017). Compared with northern high latitudes, however, the dynamics 
of evergreen vegetation in the middle-latitude alpine regions and their 
drivers have been poorly documented (Rumpf et al., 2022). 

The Tibetan Plateau in the middle-latitude extends over an area of 
about 2500,000 km2 and has an average elevation over 4000 m above 
the sea level, and the climate is in general cold and dry except for its 
southeast areas and southern edge where the climate is relatively warm 
and humid (Liu et al., 2019). The plateau hosts various types of vege-
tation including evergreen forests and shrublands, alpine grasslands, 
alpine deserts, alpine shrublands, and alpine cushion vegetation) (Shen 
et al., 2022a). The climate, geography, and vegetation of the Tibetan 
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Plateau are different from those of the Arctic, boreal, and the Alpine 
regions, so findings from these areas are not necessarily applicable to the 
Tibetan Plateau. Vegetation on the Tibetan Plateau is a key driver of 
ecological (Li et al., 2020a) and atmospheric (Duan & Wu, 2005; Hua 
et al., 2018; Wu et al., 2015; Wu et al., 2007) processes at the regional 
and continental scales, impacting water cycle and water resources of 
several major rivers of Asia (Yao et al., 2022). 

While ecosystem and climate effects of growing season vegetation 
dynamics across the Tibetan Plateau have been reported (Hao et al., 
2021; Li et al., 2017; Ma et al., 2021; Shen et al., 2015; Wang et al., 
2021b; Zhong et al., 2019), understanding of impacts of evergreen 
vegetation, which covers about 476,000 km2 of the eastern and southern 
plateau, on ecosystem and atmosphere dynamics is limited (Mo et al., 
2018; Zhang et al., 2011), despite that some evidence has suggested that 
changes in evergreen vegetation in this region contribute substantially 
to regional ecological and climatical dynamics. For example, 
encroachment of an evergreen tree species (Picea crassifolia) into an 
alpine grassland in the northeastern plateau increased soil microbial 
richness and diversity (Chen et al., 2021b). The evergreen vegetation 
accounted for the greatest gross primary productivity per unit area 
across the plateau (Ma et al., 2017). While harvest of evergreen forest in 
the southeastern plateau has been shown to have reduced dry season 
(September–February, 1976–2004) runoff by c. 10% (Hou et al., 2018), 
model simulations indicate that increased vegetation coverage and leaf 
area index may enhance winter surface warming of the southeastern and 
eastern plateau (Liu et al., 2020) and higher levels of greenness of 
evergreen vegetation in the May in the southeastern plateau may in-
crease the summer rainfall over the southeastern plateau, East Asian 
summer subtropical frontal region and many areas of northern China 
(Zhang et al., 2011). Thus, an increased mechanistic understanding of 
effects on ecosystem dynamics of changes in greenness across regions of 
the Tibetan Plateau dominated by evergreen vegetation is essential to 
improve predictions of impacts of climate change on land surface and 
atmospheric processes. 

Despite these crucial roles of greenness changes in evergreen vege-
tation on the Tibetan Plateau in regional and surrounding ecosystems 
and climate, previous studies focused on temporal changes in vegetation 
greenness and productivity during the growing season in the context of 
climate change (An et al., 2018; Li et al., 2020a; Liu et al., 2021c; Teng 
et al., 2021; Zhong et al., 2019), and regional level temporal changes in 
the greenness and growth of evergreen vegetation and their response to 
climate change are poorly understood. Studies of climate change causing 
variations in evergreen vegetation across the plateau are limited to field 
data that have shown spatially variable response patterns in tree radial 
growth (Huang et al., 2017; Keyimu et al., 2020; Liang et al., 2016a; 
Liang et al., 2012; Liu et al., 2016; Liu et al., 2011; Lu et al., 2021; 
Schwab et al., 2018; Shi et al., 2020; Shi et al., 2019; Sigdel et al., 2018a) 
and spatio-altitudinal variations in shifts of tree- and shrub-lines, due to 
spatio-temporal shifts in temperature and precipitation (Liang et al., 
2011; Liang et al., 2016b; Sigdel et al., 2021; Wang et al., 2015; Wang 
et al., 2016). However, it is not possible to extrapolate changes in 
greenness of evergreen vegetation from temporal variations in radial 
growth and elevational shifts in distributions of evergreen trees and 
shrubs (D’Andrea et al., 2022; Pompa-García et al., 2021). Therefore, 
there is a lack of knowledge about the changes and climatic drivers of 
the greenness of evergreen vegetation in this region. 

In this study, we investigated the spatio-temporal changes in ever-
green vegetation greenness across the Tibetan Plateau in response to 
climate change from 2000 to 2021 using satellite data. We first quan-
tified the spatio-temporal changes in evergreen vegetation greenness 
and then explored how those greenness changes were related with 
climate change, with a focus on the spatial heterogeneity in these 
changes and relationships. 

2. Materials and methods 

2.1. Datasets 

2.1.1. Vegetation greenness 
The evergreen vegetation in many areas of the Tibetan Plateau is 

heavily mixed with winter-deciduous vegetation within a pixel (Zhong 
et al., 2019) and there are considerable uncertainties in current maps of 
vegetation types (Su et al., 2020; Sulla-Menashe et al., 2019). Therefore, 
to eliminate the effects of deciduous vegetation on the assessment of 
evergreen vegetation greenness, we analyzed climate impacts on 
spatio-temporal distribution patterns of vegetation greenness during the 
winter (December–February), when deciduous vegetation is not green 
(Li et al., 2019). In cold regions, the Leaf Area Index (LAI) of evergreen 
vegetation increases during the growing season (May–September) (Li 
et al., 2018; Li et al., 2020b; Wang et al., 2021a; Wang et al., 2020b) and 
the LAI value remains stable throughout the winter, continuing until the 
growth of the next growing season. Therefore, if LAI (greenness) of 
evergreen vegetation increased from 2000 to 2021, we would observe 
increasing mean winter greenness over the same period. 

We quantified vegetation greenness using the NDVI (Huete et al., 
2002) extracted from the MOD13Q1 version 6 product, which has a 
spatial resolution of 250 m and a composite period of 16 days (Didan, 
2015). This product provides quality assessments to indicate overall 
data quality rating (pixel reliability) and contaminations by cloud cover, 
snow/ice cover, shadows, and aerosols (vegetation index quality) 
(Didan, 2015). 

2.1.2. Climate 
We extracted hourly 2-m air temperature and precipitation data, 

with a spatial resolution of 0.1◦ from March 2000 to February 2021 from 
the ERA5-Land dataset (Dee et al., 2011). The ERA5 dataset is one of the 
best datasets in capturing the temporal changes of temperature and 
precipitation in this region (Jiao et al., 2021; Peng et al., 2023; Sun et al., 
2021a; Yan et al., 2020; Zhao et al., 2023). The climate data were 
matched with the NDVI data with spatial resolution of 250 m by using 
geographical coordinates. 

2.1.3. Landcover type 
The landcover datasets included the GlobeLand30 at a spatial reso-

lution of 30 m for 2000, 2010, and 2020 (Chen et al., 2014) and the 
International Geosphere Biosphere Program dataset in MCD12Q1 
version 6 at a spatial resolution of 500 m (Friedl & Sulla-Menashe, 
2015). 

2.1.4. Elevation 
We extracted elevation data from the Shuttle Radar Topography 

Mission version 3, with a spatial resolution of 1 arc second (NASA-JPL, 
2013). We calculated slope and aspect in 3 × 3 cells. 

2.1.5. Snow cover 
We extracted the Normalized Difference Snow Index (NDSI) Snow 

Cover representing snow cover from MOD10A1 version 6 product (Hall 
& Riggs, 2016). This product also provides corresponding quality 
assessment (NDSI_Snow_Cover_Basic_QA). The spatial resolution is 
500 m and the temporal resolution is 1 day. 

2.2. Data processing 

2.2.1. Exclusion of low-quality NDVI data 
To avoid contamination effects of clouds, snow/ice, shadows, and 

aerosols, we used the pixel reliability and vegetation index (VI) quality 
assessments to exclude contaminated NDVI values by selecting NDVI 
values labeled as “good data” (pixel reliability) or “good quality” (VI 
quality). This step may excluded a few high-quality NDVI data because 
clouds and shadows are overestimated in the MODIS VI product (Wilson 
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et al., 2014). Then, from the remaining data, we selected NDVI values 
that were equal to or higher than the lowest NDVI values that had been 
flagged as “good data” and “good quality” from the second half of 
November to the first half of March for each pixel. This is because the 
lowest annual NDVI values occur in this winter period and remain stable 
unless snow/ice and/or poor atmospheric conditions decrease NDVI 
values (Chen et al., 2004; Shen et al., 2013). We determined annual 
winter greenness for each pixel as the mean of the good-quality NDVI 
values over the Dec–Feb period; if only a single the good-quality NDVI 
value during a winter was selected for a pixel using the two selection 
steps above, that winter was excluded for that pixel when preparing the 
winter NDVI times series from 2000 to 2021. The pixels that have ≥2 
good-quality NDVI values in each winter cover 81.4–99.1% of the study 
area, depending on the year (Supplementary Fig. 1). This exclusion 
process resulted in some pixels with <21 NDVI values across the 21-year 
study period. Therefore, we considered pixels with ≥15 NDVI values to 
test for interannual changes in greenness. We identified pixels with 
evergreen vegetation if the mean multiyear (≥15 years) winter NDVI 
was ≥0.25 (Tian et al., 2019). 

2.2.2. Exclusion of pixels with water bodies, artificial surfaces, croplands, 
and landslides 

After we removed low quality NDVI pixels, there were still pixels 
with water bodies, artificial surfaces, and croplands that may influence 
the accuracy of assessment of changes in greenness (Yao et al., 2021). 
Therefore, we excluded 250-m MODIS NDVI pixels for which total land 
cover with water bodies and artificial surfaces was ≥5%, calculated as 
the total area of the 30-m pixels classified as water bodies or artificial 
surfaces in 2000, 2010, or 2020 in the 30-m pixels from the Globland30 
product, and the 250-m pixels containing croplands, cropland/natural 
vegetation mosaics and urban and built-up lands were excluded, based 
on the MODIS landcover dataset. In all, of the area falsely identified as 
evergreen vegetation from above, we excluded <5% of pixels with 
evergreen vegetation identified in the above section (Exclusion of 
low-quality NDVI data), including those containing water bodies +
artificial surfaces (2.2%), croplands (1.9%), cropland/natural vegeta-
tion mosaics (0.048%), and urban + built-up land (0.17%). In addition, 
we excluded 0.45% of the pixels that had sudden drops in NDVI due to 
landslides in the study region (Sun et al., 2021b) identified by the 
LandTrendr algorithm (Kennedy et al., 2010) over the NDVI time series 
from 2000 to 2021. 

2.3. Analyses 

2.3.1. Temporal changes in greenness and climatic factors 
Although we excluded NDVI values from pixels contaminated by 

snow based on quality information, we removed remaining possible 
impacts of snow cover change based on the NDSI Snow Cover in the 
MOD10A1 product. As there are differences in spatial and temporal 
resolutions between the NDVI and snow cover datasets, we matched 
these datasets by spatially upscaling the 250 m high-quality NDVI 
dataset to the 500 m high-quality NDSI snow cover dataset for tempo-
rally overlapping data. Next, we calculated multiyear mean and tem-
poral trends of winter NDSI snow cover over the study period and found 
that mean NDSI snow cover was 0 across 99.99% of the overlapped area. 
In the remaining 0.01%, there was no evidence for a change in winter 
NDSI snow cover (Supplementary Fig. 2), indicating that changes in 
snow cover elicited little impact on changes in winter greenness. 

We assessed temporal changes in greenness over the 2000–2021 time 
period using temporal trends in winter NDVI using ordinary least- 
squares regression between winter NDVI and year. 

In addition to the MOD13Q1 NDVI, we used the NDVI calculated 
from the Nadir BRDF-Adjusted Reflectance (NBAR, MCD43A4) to assess 
the changes in winter greenness (Schaaf and Wang, 2015). The 
MCD43A2 product was used to exclude low quality MCD43A4 NDVI 
(Schaaf and Wang, 2015) . According to the MCD43A2, we selected the 

“snow-free” NBAR NDVI values with “good” and “best” quality (Schaaf 
and Wang, 2015). We found high consistency between the temporal 
trend of MOD13Q1 NDVI and that of NBAR NDVI (Supplementary 
Fig. 3). This consistency is expectable because NDVI suffers little from 
terrain effect (Matsushita et al., 2007). 

2.3.2. Relationships between vegetation greenness and climate factors 
Temperature is the principal driver of vegetation growth (Li et al., 

2018; Maina et al., 2022) and precipitation also regulates vegetation 
productivity in relatively drier areas (Liu et al., 2021c; Wang et al., 
2021a); therefore, we tested for impacts of temperature and precipita-
tion during the growing season (May–September) on the following 
winter vegetation greenness because the annual leaf growth of ever-
green vegetation in this region mainly occurs in this period (Li et al., 
2018; Li et al., 2020b; Wang et al., 2021a; Wang et al., 2020b). For each 
growing season of each pixel, we calculated the growing season mean 
temperature and accumulative precipitation based on the 24-hourly 
values per day. We also tested for the effects of mean temperature and 
accumulative precipitation between April and October. Impacts of 
growing season temperature on interannual variations in greenness 
were tested using partial correction coefficients between winter NDVI 
and growing season temperature, setting precipitation as the controlling 
variable (assuming that interannual variations in mean growing season 
and winter NDVI are similar). We tested for impacts of growing season 
precipitation on winter NDVI similarly, setting temperature as the 
controlling variable. Sensitivity of vegetation greenness to growing 
season temperature was determined as the coefficient of growing season 
temperature in the multiple linear regression between winter NDVI and 
growing season temperature and precipitation. The association between 
growing season temperature and precipitation and winter NDVI could be 
slightly weaker than that for growing season NDVI, where a positive 
correlation would indicate positive effects of warming on vegetation 
growth. The interannual changes of NDVI primarily represent variations 
in canopy greenness of vegetation. These variations are caused by 
temporal changes in leaf growth that occurs during the growing season 
and are influenced by the growing season’s temperature and precipita-
tion. Therefore, there should be correlation between growing season 
NDVI and growing season temperature and precipitation for evergreen 
vegetation. From the growing season to winter within a year, there are 
slight changes in vegetation NDVI. These slight changes may lead to a 
lower correlation between winter NDVI and growing season tempera-
ture and precipitation, compared to the correlation between growing 
season NDVI and growing season temperature and precipitation. 

3. Results 

3.1. Spatial variations in greenness 

We first identified the areas containing evergreen vegetation on the 
Tibetan Plateau, which totaled 476,015 km2 and comprised grassland 
(160,866 km2), savanna (130,959 km2), mixed forests (75,261 km2), 
evergreen needleleaf forests (57,382 km2), evergreen broadleaf forests 
(36,082 km2), deciduous broadleaf forests (15,232 km2), shrublands 
(128 km2), and permanent wetlands (105 km2), as in the International 
Geosphere-Biosphere Programme (IGBP) classification in the landcover 
dataset from Moderate Resolution Imaging Spectroradiometer (MODIS) 
(Fig. 1a). Elevation of the areas with evergreen vegetation on the Ti-
betan Plateau ranges from 84 to 5411 m and is generally lower in the 
east and along the southeastern fringe, increasing northwestwards 
(Fig. 1b); areas classified as grasslands are distributed at >2500 m a.s.l. 
and are usually covered by winter deciduous herbaceous plants (Miehe 
et al., 2019). Across the study period, mean annual temperature ranged 
from − 9 to 23 ℃, decreasing with elevation (Fig. 1c) and mean annual 
precipitation was highest along the southern fringe and maritime zone, 
decreasing towards the continental northwest (Fig. 1d). 

We found spatial variation in mean annual winter NDVI over the 
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entire 2000–2021 time period, ranging from 0.25 in the northwest to 
0.93 in the southern fringe (Fig. 2a). Winter NDVI tended to decrease 
with increasing elevation, as did temperature and precipitation 
(Fig. 2b). Overall, NDVI tended to be higher in areas with higher levels 
of temperature and precipitation (Fig. 2c), and this tendency is inde-
pendent of elevation, since when elevation was constrained in a small 
range, NDVI was still higher under higher levels of temperature and 
precipitation (Supplementary Fig. 4). 

3.2. Temporal changes in greenness 

Over the areas with evergreen vegetation on the Tibetan Plateau, 
mean winter NDVI increased by 0.026 decade− 1 (Fig. 3a) from 
2000–2021, representing a 9.8% increase relative to the 2000–2005 
mean. We found an increase in NDVI across 55.8% of the areas with 
evergreen vegetation over the study period (P < 0.05), particularly in 
the east and southeast, while NDVI decreased through time across 2.2% 
of the study area (Fig. 3b). NDVI increased more rapidly over the study 
period in areas with low elevation and where it was lower at the start of 
the time series (2000–2005) (Fig. 3c). The increasing NDVI were 
generally more prevalent (>90% pixels) in areas where the starting 
(2000–2005) NDVI was lower, except for the areas where starting NDVI 
>0.75 and elevations <3000 m (Fig. 3d). We found little variation in 
magnitude of trends in NDVI with topographical slope steepness 
(Fig. 3e) and the trends were lower on southerly aspects (Fig. 3f). 

We found the greatest increase in mean NDVI through time in sa-
vannas (0.035 decade− 1) and mixed forests (0.029 decade− 1), and the 
NDVI increase was smaller for evergreen needleleaf forests (0.019 dec-
ade− 1), evergreen broadleaf forests (0.017 decade− 1), and grasslands 
(0.018 decade− 1) (Fig. 3g). The areal fraction with significantly positive 
NDVI trend was largest for the evergreen broadleaf forests 65.7%) and 
was smallest (50.5%) for the evergreen needleleaf forests (Fig. 3h). 

3.3. Relationships between greenness and climate factors 

Growing season (May-September) temperature increased in 98.6% of 
the study area (73.7% significant at P < 0.05) over the study period, and 
the warming was more intensive (> 0.5 ◦C decade− 1) in the southeast 
part (Fig. 4a). Meanwhile, growing season precipitation increased in 
66.6% of the area (5.4% significant), mainly in the Himalayas and the 
eastern parts, and deceased substantially in the eastern edge of Hima-
layas and the southeastern parts of the study area (Fig. 4b). 

The regionally averaged winter NDVI was related to growing season 
(May- September) temperature (RP = 0.66, P < 0.01), with a positive 
partial correlation across 21.7% of the areas, predominantly in the 
southeast, and a negative partial correlation in 1.5% of the areas 
(Fig. 4c). There was no relationship between regionally averaged 
growing season precipitation and winter NDVI, although there was a 
positive partial correlation across 7.1% of the areas and a negative 
partial correlation across 1.0% of the areas (Fig. 4d). Across vegetation 
types, we observed positive partial correlations between winter NDVI 
and growing season temperature for evergreen needleleaf and mixed 
forests, savannas, and grasslands and between NDVI and growing season 
precipitation for savannas (Fig. 4e and f). 

Although NDVI and growing season temperature were often 
increasing, along with a partial correlation between the two variables in 
most areas of the study region (Fig. 4a, c, and e), the spatial pattern of 
NDVI trend (Fig. 3b) did not match that of the growing season tem-
perature trend (Fig. 4a), showing that areas with faster increases in 
growing season temperature did not necessarily result in larger trends of 
NDVI. Instead, we found that the larger NDVI trends occurred in areas 
with a greater sensitivity of NDVI to growing season temperature 
(Fig. 4g-h). Indeed, larger NDVI trends (Fig. 3b) were mainly distributed 
in the areas where the sensitivity of NDVI to growing season tempera-
ture was greater (Supplementary Fig. 5). We found similar results when 
we used temperature and precipitation values from April–October 
(Supplementary Fig. 6). 

Fig. 1. Ecosystems and geographical characteristics for the areas with evergreen vegetation. Distribution of (a) vegetation types and (b) elevation, and (c) 
mean annual temperature (MAT) and (d) mean annual precipitation (MAP) across the region with evergreen vegetation on the Tibetan Plateau over the 
period 2000–2021. 
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4. Discussion 

Our results indicated that mean winter NDVI of evergreen vegetation 
increased by 0.026 decade− 1 over 2000–2021, with increases in NDVI 
being observed over more than half of the region. Although increases in 
summer greenness in the southeastern Tibetan Plateau in recent decades 
has been documented (Anderson et al., 2020; Liu et al., 2022; Maina 
et al., 2022), primarily due to increasing temperatures (Li et al., 2018; 
Wang et al., 2021c), these patterns were primarily driven by changes in 
deciduous alpine grasslands during the growing season(Li et al., 2022; 
Liu et al., 2021c; Wang et al., 2021a). We show that the effects of 
changing growing season temperature extend to influence the greening 
of evergreen vegetation as a result of higher growth and range expansion 
of evergreen plant species. 

4.1. Responses of vegetation greenness to warming 

Climate warming likely led to increased greening of evergreen 
vegetation in this region both by enhancing their growth and by 
allowing evergreen vegetation to expand into areas previously unoccu-
pied. Temperature limits vegetation growth at high latitudes and high 
altitudes (Körner, 2012; Körner, 2021), and the recently recorded 

temperatures in the Tibetan Plateau remain lower than those optimal for 
vegetation growth (Chen et al., 2021a), therefore, increasing tempera-
tures promote the carbon accumulation through rising photosynthetic 
rates and extending the growing season, contributing to vegetation 
growth (Bhattarai et al., 2021; Yang et al., 2017). Rising temperatures 
also alleviate low-temperature stress, mitigate water limitation through 
increases in snow melt, and enhance soil nutrient availability (Huang 
et al., 2019; Keyimu et al., 2020; Liu et al., 2021a; Lu et al., 2021; Shen 
et al., 2019; Wang et al., 2019). 

In addition to increased plant growth, climate warming allows 
evergreen species to increase their distributions (Liang et al., 2016b; 
Wang et al., 2022a). This is because warmer temperatures allow these 
species to maintain positive fitness in environments that were previously 
uninhabitable. For example, warming of the Tibetan Plateau over the 
last century has led to upslope shifts in the treelines of evergreen species 
(Liang et al., 2016b; Lyu et al., 2016; Ran et al., 2014; Sigdel et al., 
2018b; Suwal et al., 2016; Tiwari et al., 2017; Wang et al., 2019, 2022b). 
Indeed, we find that winter NDVI increased across all 13 mountainous 
treelines of evergreen species on the Tibetan Plateau (Supplementary 
Fig. 7 and Supplementary Table 1), indicating that upslope shifts in 
treelines lead to greater vegetation greenness of surrounding areas, due 
to increasing abundance of evergreen plant species (Liang et al., 2011; 
Lv & Zhang, 2011; Tiwari et al., 2017; Wang et al., 2022b). 

While our findings indicate a likely role for increased temperatures 
in the greening of winter NDVI, there are other factors that are also 
increasing through time as temperature increases, and may have influ-
enced vegetation growth. For example, CO2 fertilization, nitrogen 
deposition, and land use change can all contribute to increased greening 
of evergreen species. Indeed, both increased CO2 fertilization (Guo et al., 
2022) and nitrogen addition (Yang et al., 2011) have been suggested to 
lead to increased evergreen growth and biomass, although the evidence 
was limited to small area. In addition, there is emerging evidence that 
restoration and afforestation activities has increased vegetation 
greening in the southeastern Tibetan Plateau (Song et al., 2022). To 
examine whether there was CO2 fertilization effect on leaf growth in our 
region, we calculated the partial correlation coefficient between 
growing season mean gross primary productivity (GPP) produced by 
data-driven machine learning models (Jung et al., 2020) and growing 
season mean CO2 concentration over the period 2000–2018, setting 
growing season temperature and precipitation as the controlling vari-
able. We observed significantly positive partial correlation between GPP 
and CO2 concentration in only 1.2% of the pixels (Supplementary 
Fig. 8), indicating no CO2 fertilization effect on GPP and thus on leaf 
growth. Consistent with this, in a recent study using process-based 
ecosystem models considering CO2 fertilization effect, increasing leaf 
area index was attributed to climate change rather than CO2 concen-
tration in this region (Piao et al., 2019). Earlier studies using CO2 
elevation experiments also indicated no CO2 fertilization effect on 
growth of alpine trees because the growth of alpine plants is not 
carbon-limited (Camarero et al., 2014; Dawes et al., 2010; Inauen et al., 
2011; Schappi & Körner, 1996). In addition, NDVI of background soil 
might be affected by changes in soil moisture (Jones et al., 2015; Nagler 
et al., 2000). To address this, we assessed the temporal changes of the 
soil moisture spatially and temporally matching the NDVI. The results 
showed that there is little correlation between the NDVI trends and soil 
moisture trends (Supplementary Fig. 9). We also observed slight 
decrease in soil moisture in 73% of the areas. This suggests that the 
increase in NDVI in these areas might be slightly underestimated, since 
reduced soil moisture could result in slightly decreased NDVI values for 
bare soil (Jones et al., 2015; Nagler et al., 2000). 

Despite our overall result of increased evergreen NDVI across the 
areas with evergreen vegetation on the Tibetan Plateau, we did find 
some interesting differences among vegetation types. For example, 
evergreen broadleaf forest NDVI responded least to increased growing 
season temperature, suggesting this vegetation type might have lower 
temperature limitation of growth. In addition, savannas were the only 

Fig. 2. Spatial variability in winter greenness on the Tibetan Plateau. (a) 
Change in mean annual winter Normalized Difference Vegetation Index (NDVI) 
across the areas with evergreen vegetation over the period 2000–2021, (b) 
mean annual NDVI, mean annual temperature (MAT), and mean annual pre-
cipitation (MAP) averaged across 500-m intervals of elevation, (c) dependence 
of mean annual NDVI on MAT and MAP over the period 2000–2021. 
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vegetation type to show a significantly positive partial correlation be-
tween NDVI and growing season precipitation, suggesting that ever-
green vegetation growth might be more strongly influenced by water 
limitation than temperatures in this vegetation type (Chen et al., 2018; 
Deng et al., 2021). In the regions dominated by the alpine grasslands, the 
value of partial correlation coefficient between NDVI and growing sea-
son precipitation was close to that for the savannas. These close partial 
correlation coefficient values suggest a similar reason for vegetation 
growth response to precipitation between the savannas and grasslands, 
because the evergreen vegetations in the alpine grasslands in this region 
are trees and shrubs and savannas are composed of these woody plants 
and herbaceous plants (Su et al., 2020; Sulla-Menashe & Friedl, 2018). 

We also found that topography influenced the magnitude of temporal 

changes in winter NDVI. For example, the NDVI increase was smaller 
along south-facing aspects, likely due to their greater interception of 
solar radiation, leading to higher levels of evapotranspiration and 
greater pressure on water availability (Liu & Luo, 2011; Shen et al., 
2014). In addition, south-facing aspects experience greater frequency of 
freezing events with climate warming in the pre-monsoon (April and 
May) season as a result of a lack of cloud cover and greater nighttime 
radiative cooling (Shen et al., 2014; Shen et al., 2022b), which can 
hamper plant growth and recruitment (Shen et al., 2018; Shen et al., 
2014; Shen et al., 2022b). 

The magnitude of winter greening was larger than that of summer 
greening. The summer (June-August) NDVImax increased in 74.0% of the 
study area (19.2% significant at P < 0.05 level; Fig. 5a). This summer 

Fig. 3. Temporal changes in winter greenness. (a) Annual change in mean winter NDVI across the areas with evergreen vegetation on the Tibetan Plateau from 
2000 to 2021 (b) Change in mean winter NDVI across the areas with evergreen vegetation on the TP between 2000 and 2021, (c) Dependence of changes in winter 
NDVI on the initial winter NDVI (Winter2000–01 to Winter2004–05) and elevation, (d) dependence of increasing trend in NDVI on initial winter NDVI and elevation, (e) 
variation (median: line; mean: solid circle) in changes in NDVI with slope steepness, (f) variation (median: line; mean: solid circle) in NDVI trend with slope aspect, 
(g) variation (±SE) in NDVI trend among vegetation types with area >5% (ENF: evergreen needleleaf forests; EBF: evergreen broadleaf forests; MF: mixed forests; 
SVN: savannas; and, GRL: grasslands; **P < 0.01, t-test), (h) proportion of vegetation type area with increasing NDVI at P < 0.05. 
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NDVImax increase was smaller than the winter NDVI increase (in 89.0% 
area, 55.8% significant; Fig. 3b). This difference might indicate a 
decreasing coverage of non-evergreen vegetation and a transition from 
non-evergreen to evergreen vegetation types in this region. 

This smaller increase in summer NDVImax could be because the 
summer NDVImax was less responsive to warming than the winter NDVI. 
in 61.8% of the area, the partial correlation between summer NDVImax 
and the mean temperature of one month before summer NDVImax was 
positive (6.9% significant; Fig. 5b). Similarly, the partial correlation 
between summer NDVImax and summer mean temperature was positive 

in 67.8% of the area (7.9% significant; Fig. 5c). The positive correlations 
between summer NDVImax and temperature were weaker than that be-
tween winter NDVI and temperature (77.2% of the area, 21.7% signif-
icant; Fig. 4c). Considering that summer NDVImax reflects greenness of 
both evergreen and deciduous vegetation, this difference suggests that 
evergreen vegetation was more strongly influenced by temperature than 
deciduous vegetation. 

4.2. Implications 

Previous research showed no increases in NDVI of the upper altitu-
dinal limits of alpine winter deciduous grassland at six study sites across 
the Tibetan Plateau during the period 2000–2014 (Huang et al., 2018); 
in contrast, our results showed substantial winter greening of the upper 
altitudinal limits of woody evergreen vegetation (Fig. 3b). Our study 
based on remotely sensed data, showed substantial winter greening of 
the upper altitudinal limits of woody evergreen vegetation, and supports 
field studies that show climate warming has driven positive, but vari-
able, elevational increases in alpine evergreen tree lines in the Tibetan 
Plateau, albeit with spatial variation in the magnitude of these shifts 
(Liang et al., 2016b; Wang et al., 2022b). Indeed, we found a positive 
correlation between published records of elevational shifts in treelines 
across the areas with evergreen vegetation on the Tibetan Plateau 
(Supplementary Table 1) and our observed temporal trends in NDVI in 
those same areas (Supplementary Fig. 4). Similarly, the greening on the 
upper limit could also be associated with upward shifts of shrublines 
(Sigdel et al., 2021). These suggest that in addition to increased growth 
where these species were previously found, there has been an eleva-
tional shift in the upper limit of evergreen vegetation distributions over 
the first two decades of this century. Likewise, the greening also suggests 
that changes in species ranges have occurred, such as encroachment of 
evergreen woody species into previous bare and sparsely vegetated 
areas and in areas of deciduous alpine grassland, savanna, tundra, and 
forest. This could have implications for ecosystem and land surface 
processes and land-atmosphere interactions in these regions of ever-
green vegetation expansion; for example, encroachment of the ever-
green vegetation is likely to reduce albedo at the upper elevational limits 
of evergreen vegetation distribution, leading to increased absorption of 
solar radiation and surface warming that may contribute to 
elevation-dependent warming patterns across the Tibetan Plateau (You 
et al., 2020). 

Although climate warming has led to increases of 0.36 ◦C decade− 1 

for the mean annual temperature averaged over the Tibetan Plateau 
from 1980 to 2018 (Yao et al., 2022), they are less than the 0.72 ◦C 
decade− 1 rises for the mean annual temperature averaged over the 
Arctic region from 1979 to 2020 (You et al., 2021). However, our ana-
lyses show that the rates of increase in NDVI of evergreen vegetation 
across the Tibetan Plateau may be greater than increases observed the 
northern high latitudes (Supplementary Table 2). For example, we found 
greater rates of increase in NDVI for areas with evergreen vegetation on 
the Tibetan Plateau dominated by herbaceous vegetation than what has 
been observed in arctic tundra (Berner et al., 2020; Bhatt et al., 2021; 
Thoman et al., 2022). Likewise, the NDVI increase for evergreen conif-
erous forests of the Tibetan Plateau was also higher than what has been 
observed in boreal forests (Berner & Goetz, 2022; Burrell et al., 2021). 

Fig. 4. Responses of winter greenness to temperature and precipitation. (a) and (b) Temporal trends in growing season temperature (TGS) and precipitation 
(PGS), with (insets) temporal trends of annual mean regional growing season temperature and precipitation. (c) spatial pattern of partial correlation coefficient (RP) 
between NDVI and mean temperature during the growing season. The inset represents the interannual partial correlation between regionally averaged NDVI and 
growing season temperature. (d) spatial patterns of RP between NDVI and accumulated precipitation during the growing season. The inset represents the interannual 
partial correlation between regionally averaged NDVI and growing season precipitation for each year, (e) and (f) vegetation type (>5% of pixels) RP between NDVI 
and growing season temperature and RP between NDVI and growing season precipitation, respectively, (ENF: evergreen needleleaf forests; EBF: evergreen broadleaf 
forests; MF: mixed forests; SVN: savannas; and, GRL: grasslands; **P < 0.01, *P < 0.05, t-test), (g) Spatial correlation between temporal trend of NDVI and sensitivity 
of NDVI to TGS (R = 0.77, P < 0.01), (h) dependence of trend in NDVI on its sensitivity to growing season temperature and its temporal trend. Different colors indicate 
average trends of NDVI in each cell. In (h), when the temporal trend of growing season temperature (TGS) was constrained in a small range (< 0.05 ◦C decade− 1), the 
positive trend of NDVI was larger (deeper blue) in the areas with greater sensitivity of greenness to TGS. 

Fig. 5. Temporal changes in summer maximum greenness and its 
response to temperature. Spatial patterns of the trends of summer (June- 
August) NDVImax from 2000 to 2021 (a), of partial correlation coefficient (RP) 
summer NDVImax and the mean temperature of one month before NDVImax 
(Tpres, b), and of partial correlation coefficient (RP) between NDVImax and the 
mean summer temperature (Tsummer, c). 
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Given the overall lower rates of warming across the Tibetan Plateau 
compared to the Arctic (Gao et al., 2019; You et al., 2021), our results of 
higher rates of NDVI increase suggest that evergreen vegetation in the 
Tibetan Plateau has higher sensitivity to rising temperatures (or other 
covariates). An area of fruitful study would be to more deeply compare 
and contrast differences in the drivers and responses of evergreen 
growth between Arctic regions and the Tibetan Plateau. 

Widespread greening of vegetation could substantially modify eco-
systems’ structure and function, with possible positive and negative 
effects. For example. the levels of greening revealed by our analyses may 
trigger increases in photosynthetic carbon absorption capacity of vege-
tation, leading to greater vegetation productivity and enhanced terres-
trial carbon storage (Piao et al., 2019). Likewise, woody species 
encroachment into alpine grasslands can lead to higher organic carbon 
content in the soil from greater litter input (Liu et al., 2021b). Thus, 
accounting for climate warming impacts on evergreen and deciduous 
vegetation in ecosystem models may reduce uncertainties of simulations 
of future carbon cycle scenarios (Anav et al., 2015; He et al., 2018). 

Conversely, expansion of woody evergreen species distributions can 
lead to decreases in the cover, density, and richness of many herbaceous 
species, including increased extinction of endemic meadow species 
(Wang et al., 2022a; Zhang et al., 2022). Woody evergreen species 
expansion can also increase soil erosion risk by decreasing plant com-
munity density, root biomass, and soil bulk density (Liu et al., 2023). 
Furthermore, greening can increase dry season water yields since 
vegetation stores more water in the wet season and releases it in dry 
season (Li et al., 2021). Greening can also influence land surface and 
land-atmosphere processes, due to changes in biophysical properties 
that impact climate feedbacks (Piao et al., 2019; Shen et al., 2015), such 
as enhanced warming (positive climate feedback) that results from 
lower albedo (Liu et al., 2020), although this may be partly offset by 
higher evapotranspiration (Liu et al., 2022), and shifts in the conver-
gence and divergence of the lower and upper atmospheres to influence 
summer rainfall (Zhang et al., 2011). For example, based on existing 
reanalysis data, CMIP6 models, and the surface energy balance equa-
tion, it has been found that decreased albedo, increased downward 
longwave radiation, reduced sensible heat flux, and rising CO2 con-
centrations can all lead to winter warming in the southern and south-
eastern regions of the Tibetan Plateau (Chen et al., 2022; Wu et al., 
2020). Among these factors, the decrease in albedo may be the primary 
reason for the winter warming (Chen et al., 2022). Our research results 
indicate that the increased winter evergreen vegetation greenness on the 
Tibetan Plateau due to climate warming could create positive feedback 
on the warming process by reducing the albedo. We suggest there is a 
need to enhance understanding of impacts of increasing greenness of 
evergreen vegetation on ecosystem, land surface, and atmospheric 
processes in order to improve process-based land surface model esti-
mates, as they tend to be vegetation-type specific (Sitch et al., 2015) and 
climate responses and impacts of evergreen vegetation across the Ti-
betan Plateau differ from those of deciduous forest and grassland 
vegetation. 

In summary, using satellite NDVI and gridded climate data, we 
showed substantial and widespread increases in greenness of evergreen 
vegetation on the Tibetan Plateau between 2000 and 2021. The greening 
was likely caused by climate warming; however, spatial patterns of the 
greening were related to temperature sensitivity of greenness rather 
than warming magnitude, where higher levels of greening were recor-
ded for areas with greater temperature sensitivity. Furthermore, the 
greening of evergreen vegetation suggests there were upward shifts in 
alpine treelines and shrublines during the study period 2000–2021 and 
encroachment of woody evergreen species into the areas previously 
dominated by winter deciduous alpine grasslands. Interestingly, our 
finding that the magnitude of evergreen vegetation greening was greater 
in the Tibetan Plateau than across the Arctic that has experienced 
greater magnitudes of warming implies higher levels of temperature 
sensitivity of evergreen vegetation greenness on the Tibetan Plateau. 

Likely impacts of these increases in evergreen vegetation cover on 
ecosystem function, biophysical properties, and land-atmosphere in-
teractions will provide important information for understanding and 
projecting these changes into the future. 
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Pongratz, J., Rödenbeck, C., Sitch, S., Tramontana, G., Walker, A., Weber, U., 
Reichstein, M., 2020. Scaling carbon fluxes from eddy covariance sites to globe: 
synthesis and evaluation of the FLUXCOM approach. Biogeosciences 17, 1343–1365. 

Kennedy, R.E., Yang, Z., Cohen, W.B., 2010. Detecting trends in forest disturbance and 
recovery using yearly Landsat time series: 1. LandTrendr — Temporal segmentation 
algorithms. Remote Sens. Environ. 114, 2897–2910. 

Keyimu, M., Li, Z., Zhang, G., Fan, Z., Wang, X., Fu, B., 2020. Tree ring–based minimum 
temperature reconstruction in the central Hengduan Mountains, China. Theor. Appl. 
Climatol. 141, 359–370. 

Körner, C., (2012). Alpine treelines: functional ecology of the global high elevation tree 
limits. Springer Science & Business Media. 

Körner, C., 2021. The cold range limit of trees. Trends Ecol. Evol. 36, 979–989. 
Li, H., Liu, L., Koppa, A., Shan, B., Liu, X., Li, X., Niu, Q., Cheng, L., Miralles, D., 2021. 

Vegetation greening concurs with increases in dry season water yield over the Upper 
Brahmaputra River basin. J. Hydrol. 603, 126981. 

Li, J., Liu, D., Wang, T., Li, Y., Wang, S., Yang, Y., Wang, X., Guo, H., Peng, S., Ding, J., 
Shen, M., Wang, L., 2017. Grassland restoration reduces water yield in the 
headstream region of Yangtze River. Sci. Rep. 7, 2162. 

Li, L., Li, N., Lu, D., Chen, Y., 2019. Mapping Moso bamboo forest and its on-year and off- 
year distribution in a subtropical region using time-series Sentinel-2 and Landsat 8 
data. Remote Sens. Environ. 231, 111265. 

Li, L., Zhang, Y., Liu, L., Wu, J., Wang, Z., Li, S., Zhang, H., Zu, J., Ding, M., Paudel, B., 
2018. Spatiotemporal patterns of vegetation greenness change and associated 
climatic and anthropogenic drivers on the Tibetan Plateau during 2000–2015. 
Remote Sens. 10, 1525. 

Li, P., Hu, Z., Liu, Y., 2020a. Shift in the trend of browning in Southwestern Tibetan 
Plateau in the past two decades. Agric. For. Meteorol. 287, 107950. 

Li, P., Zhu, D., Wang, Y., Liu, D., 2020b. Elevation dependence of drought legacy effects 
on vegetation greenness over the Tibetan Plateau. Agric. For. Meteorol. 295, 
108190. 

Li, X., Zhang, K., Li, X., 2022. Responses of vegetation growth to climate change over the 
Tibetan Plateau from 1982 to 2018. Environ. Res. Commun. 4, 045007. 

Liang, E., Wang, Y., Eckstein, D., Luo, T., 2011. Little change in the fir tree-line position 
on the southeastern Tibetan Plateau after 200 years of warming. New Phytol. 190, 
760–769. 

Liang, E., Leuschner, C., Dulamsuren, C., Wagner, B., Hauck, M., 2016a. Global warming- 
related tree growth decline and mortality on the north-eastern Tibetan plateau. Clim. 
Change 134, 163–176. 

Liang, E., Lu, X., Ren, P., Li, X., Zhu, L., Eckstein, D., 2012. Annual increments of juniper 
dwarf shrubs above the tree line on the central Tibetan Plateau: a useful climatic 
proxy. Ann. Bot. 109, 721–728. 

J. Lv et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref2
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref2
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref2
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref2
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref3
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref3
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref3
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref4
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref4
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref5
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref5
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref5
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref5
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref6
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref6
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref6
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref6
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref7
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref7
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref7
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref8
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref8
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref9
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref9
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref9
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref9
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref10
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref10
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref10
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref11
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref12
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref12
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref12
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref13
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref13
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref13
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref14
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref14
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref14
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref14
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref15
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref15
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref15
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref16
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref16
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref16
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref17
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref17
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref17
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref18
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref18
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref18
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref19
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref20
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref20
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref20
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref21
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref21
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref21
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref22
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref22
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref23
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref23
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref23
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref23
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref24
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref24
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref24
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref25
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref25
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref25
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref26
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref26
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref26
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref27
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref27
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref28
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref28
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref28
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref28
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref29
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref29
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref29
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref30
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref30
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref30
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref30
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref31
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref31
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref31
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref32
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref32
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref33
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref33
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref33
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref34
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref34
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref34
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref34
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref35
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref35
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref35
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref36
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref36
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref36
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref37
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref37
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref38
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref38
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref39
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref39
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref39
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref40
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref41
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref41
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref41
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref42
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref42
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref42
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref43
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref44
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref44
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref44
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref45
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref45
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref45
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref46
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref46
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref46
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref47
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref47
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref47
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref47
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref48
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref48
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref49
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref49
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref49
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref50
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref50
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref51
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref51
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref51
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref52
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref52
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref52
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref53
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref53
http://refhub.elsevier.com/S0378-1127(24)00108-7/sbref53


Forest Ecology and Management 558 (2024) 121796

11

Liang, E., Wang, Y., Piao, S., Lu, X., Camarero, J.J., Zhu, H., Zhu, L., Ellison, A.M., 
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Schwab, N., Kaczka, R., Janecka, K., Böhner, J., Chaudhary, R., Scholten, T., 
Schickhoff, U., 2018. Climate change-induced shift of tree growth sensitivity at a 
central himalayan treeline ecotone. Forests 9, 267. 

Shabanov, N.V., Marshall, G.J., Rees, W.G., Bartalev, S.A., Tutubalina, O.V., Golubeva, E. 
I., 2021. Climate-driven phenological changes in the Russian Arctic derived from 
MODIS LAI time series 2000–2019. Environ. Research Lett. 16, 084009. 

Shen, M., Sun, Z., Wang, S., Zhang, G., Kong, W., Chen, A., Piao, S., 2013. No evidence of 
continuously advanced green-up dates in the Tibetan Plateau over the last decade. 
Proc. Natl. Acade. Sci. U.S.A. 110. E2329.  

Shen, M., Wang, S., Jiang, N., Sun, J., Cao, R., Ling, X., Fang, B., Zhang, L., Zhang, L., 
Xu, X., Lv, W., Li, B., Sun, Q., Meng, F., Jiang, Y., Dorji, T., Fu, Y., Iler, A., Vitasse, Y., 
Steltzer, H., Ji, Z., Zhao, W., Piao, S., Fu, B., 2022a. Plant phenology changes and 
drivers on the Qinghai–Tibetan Plateau. Nat. Rev. Earth Environ. 3, 633–651. 

Shen, M.G., Li, B.Q., Yang, Q.Z., Bai, Y., Wang, Y., Zhu, S.C., Zhao, B., Li, T.Q., Hu, Y.B., 
2019. A modified phase-field three-dimensional model for droplet impact with 
solidification. Int. J. Multiph. Flow 116, 51–66. 

Shen, M.G., Piao, S.L., Jeong, S.J., Zhou, L.M., Zeng, Z.Z., Ciais, P., Chen, D.L., Huang, M. 
T., Jin, C.S., Li, L.Z.X., Li, Y., Myneni, R.B., Yang, K., Zhang, G.X., Zhang, Y.J., 
Yao, T.D., 2015. Evaporative cooling over the Tibetan Plateau induced by vegetation 
growth. Proc. Natl. Acad. Sci. U.S.A. 112, 9299–9304. 

Shen, W., Zhang, L., Luo, T., 2022b. Causes for the increase of early-season freezing 
events under a warmer climate at alpine Treelines in southeast Tibet. Agric. For. 
Meteorol. 316, 108863. 

Shen, W., Zhang, L., Liu, X., Luo, T., 2014. Seed-based treeline seedlings are vulnerable 
to freezing events in the early growing season under a warmer climate: Evidence 
from a reciprocal transplant experiment in the Sergyemla Mountains, southeast 
Tibet. Agric. For. Meteorol. 187, 83–92. 

Shen, W., Zhang, L., Guo, Y., Luo, T., 2018. Causes for treeline stability under climate 
warming: evidence from seed and seedling transplant experiments in southeast 
Tibet. For. Ecol. Manag. 408, 45–53. 

Shi, C., Schneider, L., Hu, Y., Shen, M., Sun, C., Xia, J., Forbes, B.C., Shi, P., Zhang, Y., 
Ciais, P., 2020. Warming-induced unprecedented high-elevation forest growth over 
the monsoonal Tibetan Plateau. Environ. Res. Lett. 15, 054011. 

Shi, C., Shen, M., Wu, X., Cheng, X., Li, X., Fan, T., Li, Z., Zhang, Y., Fan, Z., Shi, F., 
Wu, G., 2019. Growth response of alpine treeline forests to a warmer and drier 
climate on the southeastern Tibetan Plateau. Agric. For. Meteorol. 264, 73–79. 

Sigdel, S.R., Dawadi, B., Camarero, J.J., Liang, E., Leavitt, S.W., 2018a. Moisture-Limited 
Tree Growth for a Subtropical Himalayan Conifer Forest in Western Nepal. Forests 9, 
340. 

Sigdel, S.R., Wang, Y., Camarero, J.J., Zhu, H., Liang, E., Peñuelas, J., 2018b. Moisture- 
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warming even for subnival vegetation in the central Himalayas. Sci. Bull. 66, 
1825–1829. 

Sitch, S., Friedlingstein, P., Gruber, N., Jones, S.D., Murray-Tortarolo, G., Ahlström, A., 
Doney, S.C., Graven, H., Heinze, C., Huntingford, C., Levis, S., Levy, P.E., Lomas, M., 
Poulter, B., Viovy, N., Zaehle, S., Zeng, N., Arneth, A., Bonan, G., Bopp, L., 
Canadell, J.G., Chevallier, F., Ciais, P., Ellis, R., Gloor, M., Peylin, P., Piao, S.L., Le 
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