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A B S T R A C T   

Changes in hydrothermal conditions have significant effects on vegetation, but there is still a lack of under
standing of how vegetation responds to land surface (surface temperature and soil moisture) and meteorological 
(temperature and precipitation) conditions in mountain regions. This study examined the trends of leaf area 
index (LAI) in the Yan Mountains over the last four decades using Global Land Surface Satellite (GLASS) data. 
The results showed a persistent increase of LAI (greening) over 20 % to 80 % of the study area in growing season, 
spring, summer and autumn. Anthropogenic activities caused the greening trend by crop management before 
2000 and afforestation after 2000. The increasing rate of LAI varied with elevation, and the most significant 
increase occurred in areas between 300 and 900 m, and the lowest increase occurred in areas below 300 m. 
Moreover, we found that LAI was negatively correlated with land surface temperature and soil moisture, but 
positively correlated with precipitation and air temperature. The time-lag effect was found between hydro
thermal factors and LAI in the past four decades. There was a time lag of 2–3 months between LAI changes and 
temperature/precipitation during the early and late stages of the growing season, and a time lag of 0–1 month 
during the middle stage. Specifically, there was no time lag in vegetation response to surface soil moisture, and a 
time lag of 2–3 months in vegetation response to land surface temperature from July to October. Our findings 
provide insights into how vegetation adapts to land surface and climatic hydrothermal conditions in mountain 
regions and can be used by governments to develop policies for ecological protection.   

1. Introduction 

Vegetation is a vital link between terrestrial ecosystems and the at
mosphere, connecting moisture, temperature, carbon and energy. It 
provides humans with essential resources, such as food, fuel and fiber 
(Pei et al., 2021; Piao et al., 2019). The variation in vegetation structure 
and function would affect the biodiversity and energy supply, and also 
provide important information about ecological feedback to climatic 
changes such as hydrothermal change and anthropogenic factors such as 
land-use change (Wang et al., 2020). Given the essential role of vege
tation in regulating climate change by absorbing carbon dioxide from 
the atmosphere (Tucker et al., 1986), it is significant to quantify the 
temporal and spatial changes in vegetation and analyze its drivers. 

Leaves are the primary plant organs responsible for photosynthesis. 

The leaf area index (LAI) is a measure of the one-sided area of green 
leaves per unit of horizontal ground area (Chen and Black, 1992; Yan 
et al., 2019). The LAI is important as it can reveal the magnitude of 
leaves, the structural characteristics of vegetation, the growth status of 
vegetation, and carbon cycling (Chen et al., 2019b). Satellite observa
tions are an effective measurement to monitor changes in terrestrial 
ecosystems because of their large area coverage and short revisit in
tervals (Piao et al., 2003; Piao et al., 2015). At present, the main long- 
term global LAI products include CYCLOPES LAI (Baret et al., 2007), 
MODIS LAI (Myneni et al., 2015), GIMMS3g (Zhu et al., 2013) and 
GLASS LAI (Xiao et al., 2014). Although some studies have used 
CYCLOPES LAI, GIMMS LAI and MODIS LAI in studying vegetation 
dynamics (Piao et al., 2015; Zhu et al., 2017), GLASS LAI has good 
quality pixels and smooth LAI profiles on rugged surfaces (Jin et al., 
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2017) and long time span (from 1981 to 2021), making it the preferred 
choice to study the greening trend of vegetation and its response to 
hydrothermal conditions in the Yan Mountains in the past 40 years. 

Monitoring the dynamics of LAI and its responses to climatic changes 
and human activities are of great importance for implementing effective 
strategies for vegetation rehabilitation. On the one hand, climatic fac
tors, especially temperature and precipitation patterns, drive changes in 
vegetation by altering land surface temperature and soil moisture con
ditions (A et al., 2016; Wang et al., 2020). That means land surface 
temperature and moisture have a more direct impact on vegetation than 
precipitation and air temperature (Wang et al., 2018). Several studies 
have shown that air temperature and precipitation had a significant 
impact on vegetation LAI (Afuye et al., 2022; Antala et al., 2022; Li et al., 
2014; Li et al., 2021’ Mao et al., 2012; Piao et al., 2006), but the in
fluence of land surface temperature and surface soil moisture on vege
tation LAI has not yet been systematically studied. Moreover, studies 
focused on the effects of simultaneous hydrothermal changes on vege
tation, with little attention on the time-lag effects (Wu et al., 2015). 
Therefore, the impact of air temperature, precipitation, land surface 
temperature and surface soil moisture on vegetation LAI and its time-lag 
effect needs to be further studied. 

On the other hand, human activities also play a role in vegetation 
changes (Jiang et al., 2020; Wang et al., 2021). Since 2001, the Chinese 
government has implemented a large number of vegetation restoration 
projects, such as the Three-Norths Shelter Forest Project, the Beijing- 
Tianjin Sand Source Restoration Project and the Grain to Green Proj
ect (Li, 2004; Wang et al., 2007). Although several studies have already 
identified these strategies significantly contributed to the greening trend 
as a whole in China (Chen et al., 2019a; Piao et al., 2019; Zhu et al., 
2016), the greening trend caused by these strategies implementation 
showed a significant spatial heterogeneity because of the large topog
raphy difference of China, particularly in mountainous regions. The air 
temperature, precipitation, land surface temperature and soil moisture 
conditions can greatly vary over small spatial scales in mountainous 
regions (Wang et al., 2021) due to the large terrain undulations. 
Therefore, considering the LAI variations of mountainous regions could 
provide references to formulate and implement optimal ecological 
protection policies in mountainous regions. 

In this context, the main aim of this study was to monitor the 
greening trend of vegetation in the Yan Mountains during the last four 
decades by GLASS LAI remote sensing data and quantify the response of 
vegetation LAI to variation/fluctuation in plant types, terrain, temper
ature and moisture. Specifically, we focused on four issues: (1) The 
spatial and temporal changes in LAI in the growing season, spring, 
summer, and autumn. (2) The impact of terrain on the vegetation 
greening trend and plant type fluctuation. (3) The response of LAI to air 
temperature, precipitation, land surface temperature and soil moisture. 
(4) The time lag between LAI and moisture and temperature at different 
seasons. 

2. Materials and methods 

2.1. Study area 

The study area is a part of the Yan Mountains, which is situated 
between 115◦02′E-122◦13′E and 39◦38′N-43◦15′N (Fig. 1), covering five 
provinces, such as Inner Mongolia, Hebei, Beijing, Tianjin, Liaoning. The 
altitude ranges from − 83 m to 2059 m. The Yan Mountains has a 
temperate continental monsoon climate. From 1981 to 2020, the 
average temperature and total precipitation during the growing season 
were 16–18 ℃ and 340–600 mm, respectively. Currently, forestland, 
cropland and grassland are the most dominant land cover types in the 
Yan Mountains, accounting for approximately 90 % of the total area. The 
Yan Mountains is located in semi-humid and semi-arid climatic zones, 
has a very fragile ecology, and its vegetation is extremely sensitive to 
hydrothermal changes, thus it can be utilized as an experimental area for 
monitoring the responses of mountain vegetation to hydrothermal 
changes. 

2.2. Data sources 

2.2.1. Leaf area index 
The GLASS LAI data (Xiao et al., 2014) used in this study were ac

quired from the National Earth System Science Data Center, China. In 
the past 40 years, there was no one LAI product that was produced from 
the constant satellite sensor and had the same spatial resolution spans 
from 1981 to 2020. In order to analyze the LAI dynamics around 2000, 
which is the year that vegetation restoration projects were implemented, 
we separated these 40 years into two stages: from 1981 to 2000 and from 
2001 to 2020. We selected the GLASS LAI product derived from AVHRR 
for the period 1981–2000, which had a spatial resolution of 0.05◦ and a 
temporal resolution of 8 days. The GLASS LAI product derived from 
MODIS, with a spatial resolution of 500 m and 8-day interval, was 
chosen to analyze the vegetation LAI dynamics for the period 
2001–2020. The finer spatial resolution of LAI data is beneficial for 
detecting the variations of vegetation in small areas because the mod
erate spatial resolution of LAI data may ignore the changes on a small 
scale and include a large spatial heterogeneity in mountain areas. 

We also created a monthly LAI dataset, using the maximum LAI value 
in each month. During 2001–2020, the monthly LAIs were aggregated to 
grid cells of 1 × 1 km using the spliced 500 m resolution data. We 
calculated the growing season LAI (LAIGS) by averaging the monthly LAI 
from April to October. Spring LAI was calculated by averaging the 
monthly LAI from April to May, while summer LAI was calculated by 
averaging the monthly LAI from June to August. Finally, autumn LAI 
was determined by averaging the monthly LAI from September to 
October. 

2.2.2. Climate data 
The hydrothermal data, including average air temperature and total 

Fig. 1. Location of the study area (a) and a digital elevation model for the region (b).  
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precipitation (Peng et al., 2019), were acquired from the Loess Plateau 
SubCenter at the National Earth System Science Data Center, National 
Science & Technology Infrastructure of China (https://loess.geodata. 
cn). The data has a monthly temporal resolution, and the spatial reso
lution is 1 km. To match the spatial resolution of the hydrothermal data 
and the LAI data, we employed the nearest resampling method to 
resample the temperature and precipitation data to a resolution of 0.05◦

between 1981 and 2000 and 1 km between 2001 and 2020. 

2.2.3. Land surface data 
Land surface thermal and moisture data used in this study include 

land surface temperature (LST) and surface soil moisture (SSM). LST was 
derived from MOD11A2, with a spatial resolution of 1 km and an 8-day 
interval from 2001 to 2020. LST was obtained from the Google Earth 
Engine (GEE) Cloud Platform (https://earthengine.google.com), which 
contains a wealth of remote sensing datasets and has powerful data 
processing capabilities. We preprocessed the data through GEE, 
including data stitching, resampling, and cropping. SSM was derived 
from the ERA5 monthly averaged data on single levels (https://cds.cl 
imate.copernicus.eu), which provides four layers of soil moisture. We 
obtained the volume of water (m3/m3) in the topsoil layer (0–7 cm) from 
2001 to 2020 because the main limitation of remote sensing techniques 
is that only the surface soil moisture (the top 5 cm of the soil column) 
can be estimated (Peng et al., 2017). The ERA5 soil moisture datasets 
have a monthly temporal resolution and spatial resolution of 0.1◦. To 
match the spatial resolution of LAI, we resampled the soil moisture data 
to a spatial resolution of 1 km using the bilinear interpolation method. 

2.2.4. Digital elevation model 
Digital elevation model (DEM) data were downloaded from the 

Resource and Environment Science and Data Center (https://www. 
resdc.cn), with a spatial resolution of 1 km. We used the DEM data to 
study the effects of altitude on the LAI trend. 

2.2.5. Land cover data 
A land cover map of the Yan Mountains was extracted from the 

Global 30-m land-cover dynamic monitoring products with fine classi
fication system from 1985 to 2020 (GLC_FCS30-1985–2020) (Zhang 
et al. (2021);, Zhang et al., 2021b), which was downloaded from 
CASEarth (https://data.casearth.cn). The map has a spatial resolution of 
30 m and a temporal resolution of 5-year. The vegetation types in the 
study area include cropland, broadleaved forest, needle-leaved forest, 
herbaceous cover, grassland, sparse vegetation and wetlands. The land 
cover data were resampled using the nearest neighbor method to match 
the spatial resolution of LAI. 

2.3. Data analysis 

The temporal changes in LAI during the growing season and across 
the three seasons (i.e., spring, summer, and autumn) were calculated 
using the least squares linear regression method. The slope of the 
regression indicates the rate of change in LAI over time (Li et al., 2020). 
If the slope value is greater than zero, it indicates an increasing trend 
(greening); if the slope value is less than zero, it indicates a decreasing 
trend (browning) (Zhu et al., 2016). To quantify the spatiotemporal 
patterns of LAI, we applied Sen’s slope trend analysis for the period 
1981–2020 (Gang et al., 2014; Ma and Frank, 2007). The significance 
level (z value) of LAI trends was calculated by Mann-Kendall (M− K) test, 
and the significance level of α = 0.05 (|z| ≥ 1.96) was selected to 
recognize the significance of LAI changes: significant increase (z >
1.96), insignificant increase (0 < z < 1.96), insignificant decrease (-1.96 
< z < 0), significant decrease (z < -1.96). Additionally, we calculated 
partial correlation coefficients between LAI and air temperature, pre
cipitation, land surface temperature, and surface soil moisture to test the 
responses of LAI to hydrothermal changes. We used t-tests to test the 
significance level of these partial correlations and the significance level 

of α = 0.05 (|t| ≥ 2.101) was selected to recognize the significance of 
partial correlations: significant positive (z > 2.101), insignificant posi
tive (0 < z < 2.101), insignificant negative (-2.101 < z < 0), significant 
negative (z < -2.101). To account for the hysteresis between LAI and 
hydrothermal factors, we determined the lag period between shifts in 
LAI and hydrothermal factors using the correlation coefficient method. 
We calculated the correlation coefficients between LAI and hydrother
mal factors for the current month and the previous 1–3 months to obtain 
the maximum correlation coefficients. The month with the highest 
correlation coefficient was used as the actual time lag for the respective 
LAI responses (Cai et al., 2021; Wu et al., 2015). 

3. Results 

3.1. Spatial patterns of LAI trend 

The spatial distribution of LAI in growing season, spring, summer 
and autumn showed an increasing trend in 1981–2000 and 2001–2020 
(Fig. 2), and the post-2000 greening trend was faster than the pre-2000 
trend without considering the difference in spatial resolution. During 
the growing season, the areas with the large greening trend (>0.02 yr− 1) 
generally appeared in the northeast Yan Mountains between 1981 and 
2000 (Fig. 2a). Meanwhile, the regions with a significant increase trend 
accounted for approximately 51 % (Fig. 2e) and only 1 % showed sig
nificant decrease trend. From 2001 to 2020 (Fig. 2f), the regions with a 
high greening rate (>0.02 yr− 1) were mainly distributed in the south
west Yan Mountains, and approximately 76 % of the land showed a 
significant increasing trend (Fig. 2j). 

Regarding the three seasons, the regions with a high increasing rate 
(>0.02 yr− 1) of LAI in summer (Fig. 2c, h) accounted for the most (48 % 
for 1981–2000 and 62 % for 2001–2020), followed by spring and 
autumn. The significance level of LAI trend is different between 1981 
and 2000 and 2001–2020. The summer LAI had the most areas with a 
significant increase (48 %) from 1981 to 2000 (Fig. 2e), followed by 
autumn (35 %) and spring (20 %). From 2001 to 2020, the regions with 
significant increase accounted for the most land in spring (81 %), fol
lowed by autumn (76 %) and summer (63 %) (Fig. 2j). 

3.2. Changes in growing season LAI of different vegetation types 

All seven vegetation types showed an upward trend in LAI from 1981 
to 2020 (Fig. 3a). The difference in LAI among vegetation types from 
1981 to 2020 was as follows: broadleaved forest (0.024 yr− 1) > cropland 
(0.014 yr− 1) > needle-leaved forest (0.01 m yr− 1) > grassland (0.009 
yr− 1) > herbaceous cover (0.0086 yr− 1) > sparse vegetation (0.005 
yr− 1) > wetlands (-0.004 yr− 1). The rate of increase in LAI before and 
after 2000 varied among vegetation types. Cropland had the highest 
increase rate (0.019 yr− 1) before 2000, while broadleaved forest had the 
largest increase rate (0.053 yr− 1) after 2000. 

The overall increase in LAI in the Yan Mountains can be attributed to 
changes in the coverage of vegetation types, largely due to human land- 
use management (Fig. 3b). Specifically, there was a conversion of about 
12565 km2 from other vegetation types (e.g., grassland, sparse vegeta
tion, and cropland) to the forest, leading to an increasing area of 
broadleaved forest from 14.6 % in 1985 to 18.3 % in 2020. Meanwhile, 
the total area of needle-leaved forest rose from 1.28 % in 1985 to 5.25 % 
in 2020, an increase of about 5208 km2. On the other hand, there was a 
conversion of 3124 km2 from forest to other vegetation types from 1985 
to 2020 (Fig. 3b). The area of grassland decreased from 41.1 % in 1985 
to 30.3 % in 2020, a decrease of about 14139 km2. Additionally, her
baceous cover and sparse vegetation decreased by 2.6 % and 1.8 %, 
respectively. 

3.3. The impact of terrain on LAI 

The Yan Mountains were divided into five units at 300 m intervals to 
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study the effect of altitude on LAI. The results showed that the LAI 
generally increased with increasing altitude (Fig. 4a). The highest 
average LAI value was found in the area above 1200 m, with an LAI 
value of 1.58, followed by the area between 900 and 1200 m (1.47), and 
the lowest was the area below 300 m (1.19). The temporal change in LAI 
varied at different altitudes (Fig. 4b). From 1981 to 2020, the regions 

with the fastest increasing rate of LAI were located between 300 and 
900 m, where cropland, grassland and broadleaved forest were the main 
vegetation types (Fig. S1b, c). The area with the lowest growth rate of 
LAI was below 300 m, primarily covered by herbaceous cover (Fig. S1a). 

The increase of LAI with varied altitudes was also analyzed in Yan 
Mountains. In areas below 300 m, the increasing rate of LAI was 0.007 

Fig. 2. Spatial distribution of the LAI trend and the proportion of the significance level (z value) in (a, e) growing season (GS), (b, f) spring (Spr), (c, g) summer 
(Sum), and (d, h) autumn (Aut) for 1981–2000 and 2001–2020. The significance level (z value) of LAI trends was calculated by Mann-Kendall (M− K) test, and the 
significance level of α = 0.05 (|z| ≥ 1.96) was selected to recognize the significance of LAI changes: significant increase (z > 1.96), insignificant increase (0 < z <
1.96), insignificant decrease (-1.96 < z < 0), significant decrease (z < -1.96). 

Fig. 3. (a) Inter-annual changes in LAI of different vegetation types from 1981 to 2020, and (b) shifts in the proportional coverage of different vegetation types at 5- 
year intervals from 1985 to 2020. 

Fig. 4. Distribution of LAI at different altitude ranges (a), and interannual variation of LAI at different altitudes (b).  
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yr− 1 before 2000, and it was 0.014 yr− 1 after 2000. In the area between 
300 and 600 m, the LAI increasing rate was 0.014 yr− 1 before 2000 and 
0.027 yr− 1 after 2000. The increase of cropland and broadleaved forest 
area largely contributed to the faster-increasing trend of LAI in this 
altitude range. In the area between 900 and 1200 m, the increasing rate 
of LAI was 0.013 yr− 1 before 2000 and 0.035 yr− 1 after 2000. This fast 
increase in LAI after 2000 was related to the increasing area of forests. 
Before 2000, needle-leaved forests accounted for 3.82 % of the total 
area, and it increased to 9.94 % after 2000 (Fig. S1d). In the areas above 
1200 m, the growth rate of LAI was 0.01 yr− 1 before 2000 and 0.028 
yr− 1 after 2000. The increase of both broadleaved forests and needle- 
leaved forests after 2000 largely contributed to the fast-growing LAI 
(Fig. S1e). 

3.4. The influence of precipitation and air temperature on LAI 

The influence of climatic conditions on LAI in the Yan Mountains 
showed significant differences around the year 2000. From 1981 to 
2000, the inter-annual changes of LAIGS were positively correlated with 
precipitation across most parts of the Yan Mountains (Fig. 5a), especially 
in the northern parts where the partial correlation coefficients were 
larger than 0.6 (Fig. S2a). From 2001 to 2020, LAI showed a positive 
correlation with precipitation in 96 % of the region, with almost 60 % of 
the area having a significant positive correlation (Fig. 5e). LAI changes 
in spring were not significantly influenced by precipitation from 1981 to 
2020 (Fig. 5b, f). The inter-annual variability of LAI in summer was most 
strongly affected by precipitation, with 15.40 % of the areas showing a 
significant positive correlation before 2000 and 33.26 % of the areas 
showing a significant positive correlation after 2000, mainly located in 
the north, east and southwest Yan Mountains. Autumn LAI and precip
itation showed an insignificant correlation in most regions, with only 
3.38 % and 8.44 % of the regions showing a significant positive corre
lation in 1981–2000 and 2001–2020, respectively. Overall, precipita
tion has the greatest impact on LAI in summer, followed by autumn, and 
LAI in spring was the least affected. 

The relationships between LAI and air temperature were spatially 
heterogeneous. In the growing season, the regions where the correlation 
coefficient between LAI and air temperature greater than 0.6 (Fig. S3a) 
were 1.77 % of the total area from 1981 to 2000 but only 0.56 % from 
2001 to 2020 (Fig. S3b). In general, LAI and air temperature in the 
growing season showed a positive correlation. From 1981 to 2000, 
72.51 % of the regions showed a positive correlation, and 8.15 % of the 
regions showed a significant positive correlation (Fig. 6a). From 2001 to 
2020, 69.26 % of the regions showed a positive correlation, with 3.90 % 
of the regions showing a significant positive correlation (Fig. 6e). 

The relationship between spring LAI and air temperature was also 
different between 1981 and 2000 and 2001–2020. Before 2000, 1.88 % 
of regions showed a significant positive correlation between LAI and air 
temperature (Fig. 6b). After 2000, 42.53 % of regions showed a positive 
correlation (Fig. 6f), indicating that the change in LAI from 2000 to 2020 
was more affected by temperature than from 1981 to 2000. The response 
of summer LAI to air temperature changed from positive to negative 
before and after 2000. Before 2000, 65.54 % of regions showed a posi
tive correlation between LAI and air temperature, with 13.37 % showing 
a significant positive correlation, mainly in the northern part of the Yan 
Mountains (Fig. 6c). After 2000, 58.97 % of regions showed a negative 
correlation, with 3.08 % of areas showing a significant negative corre
lation, mainly in the northwest and east (Fig. 6g). In autumn, most areas 
showed no significant correlation between LAI and air temperature. 
During 1981–2000, 54.18 % of regions showed an insignificant positive 
correlation, and 45.09 % showed an insignificant negative correlation. 
During 2001–2020, 79.83 % of regions showed an insignificant positive 
correlation. 

3.5. The influence of land surface temperature and surface soil moisture 
on LAI 

We analyzed the response of LAI to LST and SSM from 2001 to 2020 
due to the difficulty in obtaining long-term LST and SSM data. LAI was 
found to have a negative correlation with LST and SSM during the 
growing season. Approximately 63 % of the areas showed a negative 
correlation between LAIGS and SSM (Fig. 7a) and 92.57 % of the area 
showed a negative correlation between LAIGS and LST (Fig. 7b). For the 
spring, 52.39 % and 69.14 % of the area showed a positive correlation 
between LAI and SSM (Fig. 7b) and LST (Fig. 7f), respectively. During 
the summer, LAI and SSM (Fig. 7c) showed an insignificant correlation 
(13.29 % of the whole area). The correlation between summer LAI and 
LST was primarily negative, accounting for 71.40 % of the entire study 
area (Fig. 7g). In autumn, the relationship between LAI with LST and 
SSM was predominantly negative (Fig. 7d, h). Overall, the relationship 
between LAI with LST and SSM was positively correlated in spring and 
negative in summer and autumn. 

3.6. Time-lag of LAI to hydrothermal conditions 

An imbalance in time lag across different regions in the Yan Moun
tains was revealed by correlation coefficients of hydrothermal factors 
with LAI, as shown in Fig. 8. The lag period of LAI to hydrothermal 
conditions varied during different vegetation growth stages. Regarding 
the effects of precipitation on LAI, the vegetation growth in August had 

Fig. 5. Spatial patterns of the significant level (t-test) between LAI and precipitation in (a, e) growing season, (b, f) spring, (c, g) summer and (d, h) autumn during 
the periods 1981–2000 (the upper row of panels) and 2001–2020 (the lower row of panels). 
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an immediate response to the simultaneous precipitation, with the 
proportion of pixels with a lag period of 0 months was 71.66 %. In other 
months of the growing season, there was a lag period of 1–3 months, 
with the longest lag in May, accounting for about 54 % of the total area, 
primarily located in the northwest of the Yan Mountains. 

When considering the effects of air temperature on LAI, LAI had the 
greatest correlation with simultaneous air temperature in April and July, 
accounting for 51.34 % and 62.77 % of the total area, respectively. 
There was a lag period of over one month in other months of the growing 
season, with the longest lag period in June, which accounted for 55.73 % 
of the total area. 

The LAI response to SSM showed the greatest response in May, 
August and September with no apparent time lag. In other months of the 
growing season, there was a lag period of over one month, with the 
largest lag period in April, accounting for 47.86 % of the total area, 
primarily located in the southwest Yan Mountains. Regarding the effects 
of LST on LAI, LAI had the greatest correlation with simultaneous LST in 
April, accounting for 84.59 % of the total area. There was a lag of over 
one month from May to October; the longest time lag (3 months) was 
found in July and October. 

Different vegetation types exhibited varying levels of hysteresis in 
response to the same hydrothermal factors and to diverse climatic fac
tors (Fig. 8). In particular, cropland, broadleaved forest, grassland, and 

sparse vegetation were found to have the longest lag period in response 
to precipitation in May, lasting up to three months, and covering over 
50 % of the total study area. However, most of the forest ecosystems, 
broadleaved and needle-leaved forests, did not show significant lag ef
fects during July and August, with more than 64 % of the total grids 
showing no time-lag effects. Moreover, most of the vegetation types 
showed an immediate response to precipitation in August, with a ratio of 
over 63 %. Only wetlands exhibited a lagging response to precipitation, 
lasting more than one month and covering almost 60 % of the total area. 

Most vegetation types had no lag to air temperature in April and 
July. However, cropland and herbaceous cover showed a lagging 
response to temperature in April, with a lag period of 1-month in most 
regions and covering 45.06 % and 48.60 % of the total area, respec
tively. In July, more than 56 % of the pixels showed no hysteresis effect 
for all vegetation types. All vegetation types were found to have a time 
lag to air temperature in May-June and August-October. Among them, 
broadleaved forest, needle-leaved forest, and grassland had the longest 
lag period in June, lasting three months and covering over 50 % of the 
total area. On the other hand, cropland, broadleaved forest, herbaceous 
cover, grassland, and sparse vegetation had the shortest lag period in 
August, lasting one month. 

Regarding the effects of SSM on LAI, most vegetation types had no 
lag effect in May, August and September. Only broadleaved forest had a 

Fig. 6. Spatial patterns of the significant level (t-test) between LAI and temperature in (a, e) growing season, (b, f) spring, (c, g) summer and (d, h) autumn during the 
periods 1981–2000 (the upper row of panels) and 2001–2020 (the lower row of panels). 

Fig. 7. Spatial patterns of the significant level between LAI and surface soil moisture (SSM) in (a) growing season, (b) spring, (c) summer and (d) autumn during the 
periods 2001–2020. Spatial patterns of the significant level between LAI and land surface temperature (LST) in (e) growing season, (f) spring, (g) summer and (h) 
autumn during the periods 2001–2020. 
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1-month lag to SSM in May, covering 56.13 % of the total area. Most 
vegetation types showed a significant lag to SSM in April, June, July and 
October. Among them, broadleaved forests, needle-leaved forests, and 
wetlands had a lag period of 3 months to SSM in April, covering over 50 
% of the total area. The lag periods of cropland, broadleaved forest, 
herbaceous cover and grassland to SSM in June and October were mostly 
rather short. 

Finally, we found none of the vegetation types had any hysteresis to 
LST in April but showed obvious hysteresis from May to October. The lag 
period of all vegetation types was one month in May, two months in 
June, and three months from July to October. 

4. Discussion 

4.1. Temporal trends of LAI 

Analysis of GLASS LAI data showed that the Yan Mountains had a 
greening trend as a whole from 1981 to 2020. This finding is in line with 
previous studies that reported the greening trend in China using three 
LAI datasets(GIMMS, GLOBMAP, and GLASS) from 1982 to 2009 (Piao 
et al., 2015). Our results are also consistent with studies on vegetation 
dynamics in northern China, including parts of the Yan Mountains (Niu 
et al., 2019; Wang et al., 2020). However, the increasing trend of LAI in 
our study is larger than the results reported by Niu et al. (2019), prob
ably because of differences in spatial extent. Although LAI showed an 

Fig. 8. Spatial distribution of the time lag of the LAI response to the precipitation (Prec), temperature (Tem), surface soil moisture (SSM) and land surface tem
perature (LST). 
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increasing trend throughout the growing season, the fluctuations of LAI 
in different seasons were significantly different (Fig. S4). Vegetation in 
summer was always at the peak of LAI from 1981 to 2020. Autumn LAI 
was larger than spring LAI except for 2009 and 2014, which may be 
caused by the extremely low precipitation in summer (Fig. S5). 

Our study also found that the area of forests has increased signifi
cantly from 1981 to 2020, with about 12562 km2 of land changing from 
other vegetation types, such as grassland, sparse vegetation, herbaceous 
cover, and cropland, to forests. This greening trend has been attributed 
to afforestation (Chen et al., 2020; Lin et al., 2020; Piao et al., 2019) and 
may be linked to China’s national ecological protection policy (Winkler 
et al., 2021). Since 2000, the Chinese government has implemented 
several ecological restoration projects, such as the Three-Norths Shelter 
Forest Project and Beijing-Tianjin Sandstormcontrol Program, to restore 
the degraded environment caused by deforestation and soil loss (Ouyang 
et al., 2016; Pei et al., 2021; Wang et al., 2020). 

The spatial heterogeneity of LAI change trends in the Yan Mountains 
is evident. The areas displaying a greening trend were primarily located 
in the northeast before 2000 and in the southwest after 2000. Before 
2000, the air temperature and precipitation showed no significant in
crease in the northeast, indicating that hydrothermal conditions were 
not the cause of the observed increase in LAI in these areas. This increase 
may instead be attributed to human management practices, such as 
fertilization and irrigation of farmland (Zhu et al., 2016). After 2000, 
there was no significant increase in air temperature and precipitation in 
the southwest Yan Mountains. Therefore, these factors cannot explain 
the observed increase in LAI in these regions. This increase may be 
related to national policies and human factors, such as reforestation. 

4.2. The effects of topography and land cover change on LAI 

Variations in topography and land use cover can affect the temporal 
change in LAI. Topographic variation results in micro-environment and 
biological gradients, which in turn affect the spatial distribution and 
patterns of vegetation (Li et al., 2021). In the Yan mountains, vegetation 
LAI generally increased with increasing altitude, which aligns with the 
findings of Zhang et al., (2021a). The change rate in LAI at different 
altitudes was also different, with the area located between 300 and 900 
m experiencing a more significant increase than the areas below 300 m 
and above 900 m. This may caused by the increasing area of forests and 
crop and the decreasing of grassland in these regions (Fig. S1 b, c). Land 
cover change is also a crucial factor that influences the temporal changes 
in LAI (Niu et al., 2019; Piao et al., 2019). According to Winkler et al. 
(2021), global land cover changes are four times greater than previously 
estimated. The Yan Mountains have also experienced significant land 
cover changes, especially after the Chinese government implemented 
various ecological protection policies (Chen et al., 2019a; Chen et al., 
2020). The forest area has increased significantly, with about 12562 km2 

of land changing from other vegetation types to forest. As a result, the 
forest LAI showed the most significant increase among all vegetation 
types in Yan Mountains over the past four decades. 

4.3. The relationship between the greening trend and hydrothermal 
conditions 

Vegetation variety is affected by both climatic and anthropogenic 
factors (Guo et al., 2021; Yin et al., 2022). Climatic factors, particularly 
temperature and precipitation, play a direct or indirect role in deter
mining the greenness of vegetation. Furthermore, land surface temper
ature and soil moisture are impacted not only by changes in 
precipitation but also by temperature and radiation (Li et al., 2015). 
Therefore, climatic and land surface hydrothermal conditions are closely 
tied to terrestrial vegetation ecosystems. 

Regarding the relationships with hydrothermal conditions, vegeta
tion in the Yan Mountains was more relative to precipitation than to air 
temperature (Figs. 5, 6), which is consistent with findings from other 

studies in northern China (Sun et al., 2021; Sun et al., 2015). During the 
period 1981–2020, there were more regions with a positive correlation 
between LAIGS and precipitation compared to regions with a positive 
correlation between LAIGS and temperature, which suggests that the 
vegetation growth was largely driven by precipitation (Chu et al., 2019; 
Xu et al., 2017). On a seasonal scale, LAI and air temperature in spring 
showed a noticeable positive correlation after 2000 (Fig. S3f). This in
dicates that an increase in spring temperature could promote the 
greening of vegetation (Guo et al., 2021). During the summer months, 
LAI and air temperature showed a negative correlation from 2001 to 
2020 (Fig. S3g), probably because high temperatures caused vegetation 
transpiration and land surface evapotranspiration (Chu et al., 2019). 
However, from 1981 to 2000, summer LAI and air temperature showed a 
positive correlation in Tongliao City (Fig. S3c), which may be due to the 
significant increase in precipitation in this area. Abundant precipitation 
and moderate increases in temperature can facilitate plant photosyn
thesis and leaf growth. 

Further, regarding the land surface hydrothermal conditions, the 
correlation between vegetation LAI with soil moisture and surface 
temperature was negative during the growing season in most regions. 
This negative was probably due to soil moisture of decreased precipi
tation and increased evaporative water demand caused by rising air 
temperature and land surface temperature (Li et al., 2022). From 2001 
to 2020, the trend of vegetation greenness (LAI) was upward, while 
surface soil moisture (SSM) showed a downward trend, potentially as a 
result of afforestation and climate changes. Several studies have indi
cated that afforestation can lead to a decrease in soil moisture (Jia and 
Shao, 2014; Jian et al., 2015). On a seasonal scale, the correlation be
tween LAI and surface temperature was stronger in spring than with soil 
moisture, and an increase in surface temperature was beneficial for 
vegetation growth. In contrast, during summer and autumn, vegetation 
greenness was negatively correlated with land surface temperature. An 
increase in land surface temperature would increase plant transpiration 
and surface evaporation, reducing available water for vegetation. 

4.4. The time-lag effects between LAI and climatic factors 

The relationship between vegetation growth and climate is complex, 
with a delay in responses when climate changes are beyond the toler
ance of vegetation (Zhao et al., 2020). This phenomenon is known as 
hysteresis. We found that the hysteresis period between vegetation 
growth and hydrothermal conditions varies across different growth 
stages of vegetation. During the early (April to June) and late (October) 
stages of the growing season, there was a time lag of 2–3 months in 
vegetation response to changes in air temperature and precipitation, 
which differed in findings at the Loess Plateau (Zhao et al., 2020). This 
discrepancy may be due to the different climatic conditions in the study 
area, as the Yan Mountains are in a semi-humid region, while the Loess 
Plateau is a semi-arid region. In the mid-growing season (July and 
September), there was a 0–1 month lag in the response of vegetation to 
changes in air temperature and precipitation. Notably, there was no 
delayed response of vegetation to precipitation in August and to air 
temperature in July. 

As a result of ongoing climate change, the surface soil moisture and 
land surface temperature are also constantly changing, which directly 
influences vegetation growth (Li et al., 2022; Wang et al., 2018). We 
found that the hysteresis period of vegetation in response to SSM and 
LST differs from that in response to air temperature and precipitation. 
During the growing season, the time lag of LAI in response to SSM was 
shorter than that in response to precipitation, and the time lag of LAI in 
response to LST was longer than that in response to air temperature. In 
April, vegetation showed a time lag of three months in response to SSM, 
while there was no time lag between LAI and LST. Hence, the increased 
temperature was found to be more significant than moisture in the early 
stage of vegetation growth. 
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5. Conclusion 

In this study, we analyzed the spatial and temporal variability of LAI 
in the Yan Mountains between 1981 and 2020 using the GLASS LAI 
dataset and evaluated the effects of meteorological and land surface 
hydrothermal conditions on LAI. Our results showed an overall greening 
trend of vegetation in the Yan Mountains, characterized by an increase 
in LAI. The trend of vegetation was more pronounced after the year 2000 
and varied between different vegetation types and altitudes. Our study 
illustrates that it is crucial to consider both the impact of hydrothermal 
changes and human activities when studying changes in LAI. Our results 
indicate that surface thermal and moisture conditions have a negative 
impact on LAI, while climatic conditions have a mostly positive effect. 
Additionally, the time lag of vegetation response to changes in surface 
hydrothermal conditions is typically shorter than vegetation response to 
air temperature and precipitation. Our study provides valuable insights 
into how vegetation dynamics in the Yan Mountains have changed in 
response to hydrothermal conditions over the past several decades. This 
information can support the Chinese government in developing more 
effective and ecology-based vegetation protection policies. 
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