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Abstract: Global climate change profoundly influences the patterns of vegetation growth. However,
the disparities in vegetation responses induced by regional climate characteristics are generally weak-
ened in large-scale studies. Meanwhile, distinct climatic drivers of vegetation growth result in the
different reactions of different vegetation types to climate variability. Hence, it is an extraordinary chal-
lenge to detect and attribute vegetation growth changes. In this study, the spatiotemporal distribution
and dynamic characteristics of climate change effects on vegetation growth from 2000 to 2020 were
investigated by the normalized difference vegetation index (NDVI) dataset during the growing season
(April-October). Meanwhile, we further detected the climate-dominated factor between different veg-
etation types (i.e., forest, shrub, and grass) within the Chaohe watershed located in temperate northern
China. The results revealed a continuous greening trend over the entire study period, despite slowing
down since 2007 (p < 0.05). Growing-season precipitation (P) was identified as the dominant climatic
factor of the greening trend (p < 0.05), and approximately 34.83% of the vegetated area exhibited
a significant response to increasing P. However, continued warming-induced intensive evaporation
demand caused the vegetation growth to slow down. Hereinto, the areas with a significantly positive
response of forest growth to temperature decreased from 24.38% to 18.06% (p < 0.05). In addition, solar
radiation (SW) corresponds to the vegetation trend in the watershed (p < 0.05), and the significantly
positive SW-influenced areas increased from 9.24% and 2.64% to 11.78% and 3.37% in forests and
shrubland, respectively (p < 0.05). Our findings highlight the nonlinearity of long-term vegetation
growth trends with climate variation and the cause of this divergence, which provide vital insights
into forecasting vegetation responses to future climate change.

Keywords: vegetation greening; climate change; vegetation sensitivity; normalized difference
vegetation index

1. Introduction

Vegetation and climate system interactions are governed by complex biophysical
factors and processes, which pose significant challenges for natural resources managers.
For instance, terrestrial vegetation growth affects global carbon-water cycles, such as
reducing atmospheric CO, concentration via photosynthesis and regulating water flux
through transpiration in the soil-vegetation-atmosphere continuum [1]. In turn, climate
variabilities also induce rapid alterations in vegetation growth and regional carbon-water
coupling processes [2], which influence vegetation adaptation and ecosystem resilience [3,4].
Therefore, revealing the role of climate change in driving vegetation growth is particularly
significant in coping with and predicting potential climatic threats [5].

Vegetation has experienced a greening trend throughout the majority of vegetated
surfaces since the 1980s [6]. However, regional differences in climate characteristics trigger
the disparities in vegetation responses that are generally weakened at a large scale [7,8].
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For example, rising temperatures promote vegetation growth above 30°N [9]. However,
frequent droughts and nonlinear responses of photosynthesis to these temperatures has
limited vegetation growth in north temperate and arctic ecosystems [9-11]. In addition,
the global greening trend highlighted the heterogeneity of dominant climatic factors for
regional vegetation dynamics [12,13]. Previous studies found that ample precipitation con-
tributed to vegetation growth in water-stress regions, such as South Africa [14]. However,
excessive precipitation in extreme wet years also slowed down the vegetation growth in
central U.S.A [15]. Meanwhile, as one of the vital elements in vegetation growth, increased
vapor pressure deficit (VPD) potentially hastens atmospheric drought-induced mortality
via carbon starvation or hydraulic failure [16,17]. Therefore, associated with increasing
temperature, VPD influences vegetation growth and regional hydrological processes [18].
Moreover, as the critical energy source for vegetation growth, solar radiation variations also
affect vegetation greening trends. Recent studies revealed that solar dimming explained
80% of the decline in crop growth across North China [19]. Therefore, given the complex
response of vegetation to climate variations, how vegetation reacts to distinct regional
climatic characteristics is still a pendent issue [20,21].

Due to different climatic and other environmental adaptabilities of vegetation growth [22],
studies found the responses of different vegetation types to climate variability were
distinct [22-25]. To explain, more than 60% of the forests” and shrubs’ dynamics across
China could be explained by precipitation variability [26,27]. However, studies also revealed
a higher correlation between meadow dynamics and temperature than water supply [28]. This
divergence of results is due to the distinct climate sensitivity of different vegetation responses
more researches are needed for specific vegetation types and localities. Therefore, the primary
objectives of our study were: (1) to reveal the spatio-temporal distribution and dynamic
characteristics of climate change effects on vegetation growth during the growing season
(April-October) from 2000 to 2020; (2) to detect the dominate climate -factor between different
vegetation types (i.e., forest, shrub, and grass) within the Chaohe watershed (hereafter re-
ferred to as the CHW) located in temperate northern China. To this end, we firstly diagnosed
spatio-temporal evolution and abrupt changes in vegetation trends based on NDVI data of
the watershed, which is the prerequisite for revealing vegetation growth driving mechanisms.
Secondly, we analyzed the responses between vegetation growth and climatic factors and
revealed the determinant. Further, we gridded climate data for the forests, shrubs, and grasses
to identify the dominant climate factors for different vegetation type over the CHW, which is
the primary reservoir watershed for Beijing’s drinking water supply.

2. Methods
2.1. The Chaohe Watershed

The domain for our study (the Chaohe watershed) is the essential water source region
of Miyun Reservoir, and it provides more than 70% of the drinking water for the urban
population in Beijing [22]. This domain is located in northern China (116°08'-117°28'E,
40°34'-41°37'N, Figure 1a) with an elevation between 1592218 m above the sea level and
a drainage area of approximately 4.85 x 103 km? (Figure 1b).

The mean annual temperature (MAT) and precipitation (MAP) are 12.50°C and
503.01 mm (2000-2020), respectively. The East Asian summer monsoon transfers moisture
over the watershed, which accounts for above 80% of the annual precipitation.

The land cover is dominated by shrubland, forestland (evergreen needleleaf forests,
deciduous broadleaf forests, mixed forests), and grassland, which accounts for above 80%
of the watershed [29,30]. In addition, cropland, residential areas, and bare areas account
for a small percentage of the watershed [31]. Prior to this study, we ascertained the area
without vegetation types changing, according to the watershed’s land-use change during
the entire study period (Figure 1c).
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Figure 1. Geographic information of the study area: location of the Chaohe watershed and adjacent
provinces in China (a), digital elevation model (DEM) map and (b), areas of vegetation types without
changing during 2000-2019 (c).
2.2. Data and Sources
2.2.1. Meteorological and Satellite-Based Data
The monthly gridded meteorological data over the study period from 2000 to 2020,
including temperature (Ta), precipitation (P), vapor pressure deficit (VPD), wind speed
(Vs), and solar radiation (SW), were downloaded from the TerraClimate product (Table 1),
with 2.5 arc minutes of high spatial resolution [26].
Table 1. The climate factors used in this study.

Name Factors Description Units Average Value Range Area
Ta_min Minimum temperature °C 9.77 0.44-19.09
Ta_max Maximum temperature °C 21.38 12.02-30.74

P Monthly accumulated precipitation mm 63.29 2.78-123.80
VPD Vapor pressure deficit kPa 1.18 0.51-1.85

Vs Wind speed at 10m ms~! 2.86 1.52-4.20
SW Downward surface shortwave radiation Wm—2 207.41 129.79-285.03

TerraClimate product was interpolated by thin-plate splines in the Climatic Research
Unit (CRU) Time series version 4.0 based on station observations [32], and was validated
against the Global Historical Climatology Network (GHCN) database [32,33]. Meanwhile,
the TerraClimate dataset is also widely used in many studies [13,34,35].

Land cover information with 500 m of spatial resolution for the years 2000 and 2019
was derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) Land Cover
Type Version 6 (MCD12Q1) product [36]. All types of land cover over the watershed provided
by the product include evergreen needleleaf forests, deciduous broadleaf forests, mixed
forests, shrublands, grasslands, croplands, water bodies, urban land, and barren land [37].
Additionally, we reclassified them using the Geographic Information System for forestland
(merging evergreen needleleaf forests, deciduous broadleaf forests, mixed forests), shrubland,
grassland, croplands, water bodies, urban area, and barren land (Figure S1). Meanwhile,
we compared each land cover type between the year 2000 and the year 2019 to clarify the
area without change and used it for further analysis (Figure 1c). In this study, the vegetation
coverage mentioned mainly included forestland, shrubland, and grassland.
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2.2.2. Satellite-Derived Vegetation Index Datasets

NDVI datasets are frequently used for monitoring terrestrial vegetation growth at
regional and global scales [38]. In this study, we analyzed the characteristics of vegetation
growth, covering the study period from 2000 to 2020, as the product of MODIS 16-day NDVI
(500 m spatial resolution), which was extracted from the MOD13A1 Version 6 Vegetation
Index Product [39]. The product was validated in strong agreement across a global set
of biome types and applied successfully in many studies [40—43]. Firstly, pixels with
an average NDVI above 0.1 from April to October were extracted for the analyses. Then,
we applied the nearest neighbor interpolation method to match the raw climate datasets to
the NDVI data during the study period. Meanwhile, time series of the watershed annual
average NDVI from 2000 to 2020 were calculated via an area-weighted average of all the
pixels with NDVIL.

In this study, satellite-derived meteorological and vegetation index datasets were
extracted from the Google Earth Engine (GEE), which provided online access to archived
satellite image data. We analyzed and downloaded the satellite-based NDVI and meteoro-
logical data in the GEE environment via the programming code editor (namely GEE Code
Editor) using Python (https:/ /code.earthengine.google.com/, accessed on 6 April 2021).

The inter-annual meteorological and NDVI trajectory method was used to detect the
spatial distribution of climate variation and vegetation growth. After that, we superimposed
the results of the NDVI trend onto land use information to identify the dynamic of each
vegetation type. The raw NDVI data were detrended before analysis of the variability [7].

2.3. Change Characteristics Detection and Climatic Factors Analysis

Based on growing season NDVI and meteorological data series from 2000 to 2020,
we first diagnosed whether and when NDVI changed abruptly in the watershed using
the Breaks for Additive Seasonal and Trend (BFAST) algorithm [44]. This algorithm de-
composes the NDVI time series into seasonal, trend, and residual components [38]. The
BFAST package version 1.6.1 in R Studio version 1.4.1106 was applied to decompose the
meteorological and NDVI time series in this study [45]. This algorithm iteratively fits the
trend component by the piecewise linear model to the sections of the NDVI time series and
detects whether abrupt changes occur [46,47]. Further, the number and timing of abrupt
changes were determined via the Bayesian information criterion and by minimizing the
residual sum of squares, respectively [30,31,34]. Consequently, we had 294 observations of
16-day NDVI data for over 21 years of the growing season for the analysis. The general
form of this model is as follows:

Yi =T+ St + e (1)

where Y; is the observed data at time, ¢; T; is the trend component, S; is the seasonal
component, and ¢; is the remainder component [48]. We divided the entire study period
into before and after the abrupt change period, and further identified vegetation and
climate factors’ spatiotemporal patterns and trends. Hereinto, the linear regression analysis
was used to analyze the trends of the NDVI and climate factors on a pixel scale, respectively.
Due to the different order of magnitudes in the trend of NDVI and climate factors, we
unified all the units presented (per decade) in full text. The slope in the fitting regression
equation was calculated by the ordinary least squares method, namely the inter-annual
change [49]. Additionally, while a positive slope typically indicates (NDVI increased)
vegetation greening, it instead indicated vegetation browning (NDVI decreased). This
analysis and process were operated in MATLAB R2018a.

Meanwhile, the Hurst exponent (H,) was widely applied in climatology and vegetation
studies to assess the durability of changes in time series data over long periods [22,50,51].
Thus, we used the H, to evaluate the persistence of the NDVI time series (Figure 2). The
MATLAB R2018a function was applied to compute the Hurst exponent according to the
following procedure.
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Figure 2. Flow chart of this study. The green arrow and panel represent the time-varying analysis,
and the blue arrow and panel represent spatial analysis.

Firstly, define the NDVI time series [NDVI] (t=1, ..., n). Additionally, calculate the
average sequence of the NDVI time series,

NDVI, = ()}, ,NDVI)/t, T=1,2,3, -, n ©)

Secondly, calculate the accumulated deviation and create the range sequence,

Xpo =Y, (NDVL,—NDVI, 1 < t < t 3)
Rz = 1r£flgxrx(t'7) - 1gi£TX(t,T), t=1,2,3 -, n (4)

Thirdly, obtain the standard deviation (SD) sequence and further calculate the Hurst
exponent (H,),

SD(e) = /Xy (NDVIy = NDVI) /7, T=1,2,3, -, n ©)

(c1)™ =R(1)/SDy) (6)

The H, value was calculated by fitting a simple linear regression in Equation (7), which
is the slope of the resulting equation,

log = H,log(n) +logc (7)

where 7 is the number of years during 2000-2020; c is a constant.

The H, (expanded from 0 to 1) equals 0.5, indicating the future NDVI is a stochastic
series. When the H, is less than 0.5, it forecasts that the future NDVI series will exhibit
the opposite tendency to the current trend. Conversely, when the H, is greater than 0.5, it
suggests a similar trend in the future NDVI [52].

Residual analysis was applied to differentiate the influence of climate factors and
anthropogenic disturbances on NDVI changes [53]. Based on the MATLAB R2018a, the pre-
dicted NDVI (NDV1,,;) in each pixel was computed by the multiple correlation regression
(MCR) which built the prime relationship with selected climatic factors [54], as follows:

NDVIpre = atem Miem + apreMpre =+ avdevpd + ays Mos + a5 Msw + do (8)
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where dien, Apre, Aopds Aos, Asw, and ag are the regression coefficients determined by the least
square method; Mten, My, Muypd, Mos, and Mg, are the climatic factors that impact the NDVL

According to Equation (9), NDVI residuals (NDVI,;) and differences between the
observed (NDVI,,;) and predicted NDVI were detected. Then, the potential impacts of
anthropogenic disturbances on growing season NDVI changes were isolated using the
residual trend analysis: if the residuals trend is insignificant (p-value exceeds 0.05), it
indicates that the NDVI changes could be explained by selected climatic factors. Other-
wise, a p-value below 0.05 indicates vegetation changes, also influenced by anthropogenic
disturbances, are not fully explained by climate factors [7].

NDVlpg = NDVIpps — NDV Ly )

Finally, we determined climatic determinants for vegetation growth, as mentioned in
previous studies, based on the loadings of the stepwise multiple linear regression [55]. The
collinearity was diagnosed before analysis using the variance inflation factor (VIF). The
climate factors were retained with a VIF of less than 10 [12,37].

3. Results
3.1. Spatiotemporal Changes in Vegetation Growth and Climate Factors
3.1.1. NDVI Trajectory and Spatial Variations

For the entire period of 2000-2020, the inter-annual variation of the April to October
growing season NDVI over the watershed indicated a significant greening trend, with
a breakpoint identified in 2007 (Figure 3a, p < 0.05). Based on the breakpoint, we divided
the entire study period into before and after the abrupt change periods, respectively.
Meanwhile, we further analyzed the linear trends in NDVI during the two periods and
found that the NDVI trend slowed down to 6.01 x 102 per decade after 2007 (Figure 3c,
p < 0.05), which was nearly half of that before (1.32 x 102 per decade, Figure 3b, p < 0.05).

S
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Figure 3. BFAST detected as a breakpoint (black dotted line). Y; is the raw NDVI data, S; is the
fitted seasonal cycle, T} is the trend component and ¢; is the BFAST residuals (a), the NDVI changes
during the growing season (April to October) over the period from 2000 to 2020 within the Chaohe
watershed: annual mean and monthly NDVI before (b) and after (c) the abrupt change in 2007 over
the CHW. Asterisks (**) denote significant differences between the NDVI value before and after the
abrupt change (p < 0.01).

We calculated the annual average growing season NDVI (ND V1) during the study
period from 2000 to 2020, and the spatial distribution of the ND VI, is depicted in Figure 4a.
In the CHW, NDVI,, increased gradually from the upstream to the southeast, with higher
NDVI values (peaked at 0.85) appearing over the forests in southern regions, while the
lower values (lowest value is 0.18) occurred in regions near the river network.
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Figure 4. NDVI changes during the growing season (April to October) from 2000 to 2020 within the
Chaohe watershed. Spatial distributions of annual average NDVI at the growth season scales during
2000-2020 (a), averaged annual NDVI changes before and after the abrupt change by three vegetation
types: forest (b), grass (c), and shrub (d), respectively; Spatial distribution of NDVI trend before (e)
and after (f) abrupt change. Asterisks (***) denote significant differences between the NDVI trend
before and after the abrupt change (p < 0.001).

In addition, there were distinct NDVI temporal and spatial characteristics for three
vegetation types. Specifically, the moderating upward trend was exhibited among three
vegetation types after an abrupt change in 2007 (Figure 4b—d). Hereinto, the greening trend
in forests was higher than that in grasses and shrubs with the slope of 1.38 x 1072 per
decade before the abrupt change (p < 0.05, Figure 4b), which slowed down to 7.52 x 103
per decade. Additionally, the variation trend in grasses and shrubs declined from a rate
of 1.21 x 1072 and 1.07 x 10~2 per decade to 6.02 x 1073 and 4.89 x 1073 per decade,
respectively (p < 0.05, Figure 4c,d).
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Spatially, around 39.38% of the vegetated area presented a significant greening trend
(p < 0.05, Figure 4e). Hereinto, 54.70% of forestland showed a significant trend in the
overall forestlands (p < 0.05). The areas with a significant greening trend in grassland and
shrubland were 48.37% and 47.28% of the overall grassland and shrubland, respectively
(p < 0.05). Meanwhile, the browning trend (i.e., the negative slope of the NDVI trend)
areas were interspersed in the central area of the watershed, which occupied approximately
1.42% of the total vegetated area before the abrupt change.

However, the significantly increased NDVI areas declined to 31.54% of the total
vegetated area after 2007 (p < 0.05, Figure 4f). Hereinto, 42.14% of forestland presented
a significant greening trend, followed by grassland (39.76% of the total grassland area), and
shrubland (35.96% of the total shrubland area), respectively.

The consistency of future vegetation dynamic trends is shown in Figure 5. There was
a distinct decrease in the H, of the annual average NDVI time series from high altitude to
low altitude in the CHW, with the spatial distribution of the H, ranging from 0.15 to 0.86
(Figure 5). Hereinto, 64.97% of the total vegetated areas had H, values exceeding 0.5, which
indicates the consistent change trend of NDVI after the entire study period. The forestlands,
grasslands, and shrublands account for 61.28%, 2.65%, and 1.04%, respectively. By contrast,
27.62% of the vegetated areas with H, values below 0.5 portended the inconsistency of
vegetation dynamic trends after the study period in the watershed. Hereinto, the forestlands
account for 22.74% followed by the grasslands (3.07%) and shrublands (1.81%). For the rest
of the areas mentioned above (i.e., H. ~ 0.5), primarily distributed near river networks and
water bodies, the future NDVI change trend would exhibit stochastic fluctuation.
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Figure 5. Spatial distribution of H, (the inset graph shows the area percentage of each vegetation type).

In addition, we superimposed the results of the NDVI trend with the H, results to
reveal the variation in trends and the consistency of the vegetation growth (Table 2). Overall,
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vegetation over the CHW will exhibit amelioration (positive NDVI trend) in the future.
Hereinto, up to 59.54% of the vegetation area exhibited consistency and amelioration and is
mainly distributed in forestlands, followed by grasslands and shrublands. Additionally, the
inconsistency and amelioration accounted for 5.43%. Moreover, 25.50% of the vegetation
area presented a consistent degradation trend (negative NDVI trend), mainly exhibited by
forestlands, followed by grasslands and shrublands. In addition, a portion of 2.12% of the
vegetation area will degrade in the future, although this trend is inconsistent.

Table 2. The contrast between the NDVI change trend and the Hurst exponent (He).

NDVI Change Trend H, Variation Types  Vegetation Types  Area (%)
) Forest 50.08
505 Cons1§tent.and Grass 6.53
amelioration Shrub 293
>0 ) Forest 25.34
<05 Incon51.sten’.c and Grass 0.73
amelioration Shrub 0.43
Consistent and Forest b
>0.5 degradation Grass e
Shrub 0.15
<0 Forest 1.06

<05 Inconsistent and Grass 0.92

degradation Shrub 0.14

3.1.2. Patterns of the Climatic Factors: Spatial vs. Temporal Characteristics

Spatial patterns of each climate factor (e.g., Ta, P, VPD, SW, and Vs) are depicted in
Figure 6. Overall, the average growing season Ta was 20.94 °C within the 19.37 to 22.04 °C
range during the study period. Significant warming patterns were presented across the entire
study period with a rate of 0.24 °C per decade (Figure 6a, p < 0.05). The Ta uptrend was
mainly exhibited in marginal areas in the northwest region and gradually weakened to the
southeast before the abrupt change (the left column in Figure 6b). Nevertheless, the distinct
Ta change trend had occurred since 2007, with a higher value in the northwest and southeast
of the watershed, and a gradual decline to the center area (the right column in Figure 6b).

Meanwhile, the annual average P during the same study period was 441.95 mm within
the 351.24 to 508.49 mm range. A significant upward trend was exhibited in annual P, at
a rate of 10.82 mm per decade (Figure 6c, p < 0.05). Additionally, high values appeared
in the center and in parts of the southeast regions (the left column in Figure 6d), before
gradually declining at the northwest and the west of the downstream watershed. A weak
increasing trend was found from 2007, with an average change rate of 6.67 mm per decade.

Furthermore, the annual average VPD ranged from 0.87 to 1.30 kPa (with an average
value of 1.11 kPa). A significantly increased rate of 0.04 kPa per decade after the abrupt
change (accounted for approximately 39.20% of the watershed, p < 0.05, Figure 6e), which
mainly occurred in the south of the watershed (the right column in Figure 6f).

SW exhibited an inconsistent change trend before and after the abrupt change (Figure 6g).
Specifically, SW significantly declined at a rate of 10.7 W m? per decade in the northwestern
regions of the watershed from 2007 to 2020 (the right column in Figure 6h, p < 0.05).
However, an upward trend was detected from 2000 to 2007 (p < 0.05, the left column in
Figure 6h).

The annual average wind speed was 2.29 m s! within the 2.13 to 2.61 m s™! range. Due
to there being no significant variations in Vs across the whole research period (Figure 6i,
p = 0.56), no additional analysis for it is provided.
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Figure 6. Temporal-spatial changes of climate factors during April and October from 2000 to 2020 in
the Chaohe watershed. Temporal changes of Ta (a), P (c), VPD (e), SW (g), and Vs (i). Spatial changes
of Ta (b), P (d), VPD (f), SW (h), and Vs (j). Asterisks are significant at different levels: *** p < 0.001
and * p < 0.05. NS. indicates the insignificant differences between the climate factors trend before and
after the abrupt change.

3.2. Response Patterns of the Vegetation Growth to Climatic Factors

To isolate the potential anthropogenic disturbances to NDVI changes, the growing
season NDVI residuals trend was analyzed by using MCR, with the selected climatic
factors referring to Ta, P, VPD, and SW from 2000 to 2020. Further, the residual trend was
analyzed and classified into significant and insignificant trends (Figure 7a). Approximately
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95.50 percent of the vegetation areas exhibited an insignificant residual trend, which
indicated NDVI changes could be explained by the selected climatic factors (the dark
green and dark gray regions in Figure 7a). In addition, pixels of a light green and dark
blue color showed significant trends (p < 0.05, Figure 7b,c), and indicated that vegetation
changes in these areas were well explained by the MCR model fitted by Ta, P, VPD, and SW.
Additionally, these areas might be slightly influenced by anthropogenic disturbances.
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Figure 7. The significance of the NDVI residuals (a), the spatial distributions of multiple regression
equation significance before (b) and after the abrupt change (c) over the Chaohe watershed.

We explored the driving mechanisms of the NDVI spatiotemporal responses and found
that P dominated vegetation growth throughout the watershed (Figure 8). Approximately
34.83% of the vegetated areas exhibited a significantly positive relationship between P
and NDVI before the abrupt change, mostly in the central and northern regions (p < 0.05,
Figure 8c). Additionally, a fraction of vegetated areas presented a negative response to P,
primarily in the southeastern regions (not significant, Figure 8d).

Ta also had a positive driving influence on vegetation growth (Figure 8a,b). A sig-
nificantly positive influence of Ta on vegetation growth was exhibited in 25.94% of the
total vegetated area before 2007, primarily in the northwest fringe parts and a portion
in the central and lower areas. However, a small portion of the north area (i.e., around
4.07%) demonstrated a significantly negative response to Ta (Figure 8a). In addition, with
continued climate warming, the beneficial influence of Ta weakened gradually over the
northwest regions (Figure 8b,i), and the negative sensitivity of NDVI to Ta grew to 8.52% of
the total vegetated area after the abrupt change (Figure 8b).

Generally, negative correlations of VPD with NDVI were exhibited (Figure 8e,f). Prior
to 2007, 16.25% of the vegetated area reacted considerably, with the majority of the response
occurring in the southeast, and a fraction in the marginal areas in the northwest (p < 0.05,
Figure 8e k). Additionally, with continuously increasing VPD, the vegetated area exhibited
a significantly negative response to VPD, which increased to 19.27% between 2007 and
2020. (p < 0.05, Figure 8f k).

To investigate the effect of solar radiation on vegetation growth, we also investi-
gated partial correlations of NDVI with SW interannual fluctuations (Figure 8g,h,1). These
correlations with radiation are generally weaker than those found for temperature and
precipitation. Hereinto, increasing SW promoted the vegetation growth with the highest
sensitivity region located in the western part of the upper reach. Vegetation growth reacted
favorably to increased SW, with 13.25% of these areas exhibiting a substantial reaction
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before the abrupt change (p < 0.05, Figure 8g). Subsequently, the areas with a significantly
positive correlation fell to 11.83% of the total vegetated area, primarily in the southern
regions (p < 0.05, Figure 8h,l).
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Figure 8. Temporal-spatial variations in vegetation-climate sensitivity change during April and
October from 2000 to 2020 within the Chaohe watershed. Spatial changes of Ta before (a) and after the
abrupt change (b); P before (c) and after the abrupt change (d); VPD before (e) and after the abrupt
change (f); SW before (g) and after the abrupt change (h); sensitivity’s temporal changes of Ta (i); P
(j); VPD (k) and SW (1).

3.3. Climate Sensitivity between Different Vegetation Types

Distinct vegetation responses to climate factors among different vegetation types are
depicted in Figure 9. Specifically, significant differences were observed in the response of
forests and grasses to Ta and P before and after the abrupt change (p < 0.001, Figure 9a,b).
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The areas with a positive Ta influence decreased from 2007 to 2020, compared with the first
period. Significant responses of plant growth to warming accounted for 24.38% of forests
initially, and then fell to 18.06% as Ta continued to climb.
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Vegetation Types

Figure 9. Sensitivity’s temporal changes among three vegetation types: Ta (a), P (b), VPD (c), and SW
(d). Asterisks (***) denote significant differences between the sensitivity before and after the abrupt
change (p < 0.001). NS. indicates the insignificant differences between the sensitivity before and after
the abrupt change.

Additionally, three vegetation types exhibited significant differences in VPD sensitivity
before and after the abrupt change (p < 0.001), and slowed growth under ever-rising VPD
(Figure 9c). Responses of forests, shrubs, and grasses to raised VPD increased significantly
vegetated areas up to 13.49%, 3.85%, and 1.93%, respectively. Meanwhile, significant
differences were also observed in the response of forests and shrubs to SW between the
two study periods (p < 0.001, Figure 9d). Specifically, positive SW-influenced areas increased
from 9.24% and 2.64% for forests and shrubs to 11.78% and 3.37%, respectively.

4. Discussions
4.1. Responses of Vegetation Growth to Climate Change

Vegetation growth reflects the synthetic influences of various climatic factors in the
long term [38]. A continued increase in NDVI was illustrated in the Chaohe watershed
during the entire study period (from 2000 to 2020). Nevertheless, the upward trend was
moderated from 2007 (6.01 x 10~3 per decade, p < 0.05), which is approximately half of the
rate before the abrupt change (1.32 x 1072 per decade, p < 0.05).

We further investigated the vegetation responses to climate change and revealed
that P was the critical factor in vegetation growth in most areas and posed a positive
influence. The slowed NDVI upward trend was found in northern regions with the
increased P. As consistent with previous studies, the Chaohe watershed growing season
average P was 528.69 mm from 2000 to 2020, surpassing the unimodal P responses peak
at 475-500 mm [56]. Thus, a nonlinear vegetation response (i.e., concave down pattern) to
P change was observed, in which the saturating responses of vegetation growth emerge
under wet precipitation anomalies [15,57].

Meanwhile, ample evidence indicates enhanced vegetation growth in the temperate
Northern Hemisphere is the response to elevated Ta [25,58,59], which promotes photosyn-
thesis and prolongs the growing season [60,61]. Nevertheless, recent studies suggested the
moderated positive influence of ongoing climate warming on vegetation growth [62,63],
which was also revealed in the Chaohe watershed. Specifically, the change in the partial
correlation coefficient between NDVI and Ta was analyzed to remove the effects of other
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controlling climatic variables. Additionally, we found that the weakened sensitivity of the
growing season NDVI variability on the ongoing increase of Ta, after the abrupt change
from 2007 to 2020, underlined a recent decrease in strength of the natural vegetation growth
to climate warming in the CHW.

As a critical regulator of plant reactions to climate warming, the optimal Ta for pho-
tosynthesis could explain why vegetation greenness slowed [64]. According to previous
studies, the worldwide Ta optimal for vegetation growth was approximately 23 °C [41].
As for the CHW, Ta from June to September reached 24.56 °C-26.42 °C from 2007 to 2020,
and the surpassed-threshold temperature gradually slowed the vegetation growth rate,
although NDVI remains on an upward trend. Similar responses were also verified in the
higher latitudes of the Northern Hemisphere [65]. In addition, ongoing climate warming
also caused VPD to elevate, which further led to stomatal closure and photosynthetic rates
mitigation [66,67], which was identical to previous studies [18,68].

Meanwhile, we also found the positive influence of SW on vegetation growth during the
entire study period, and the sensitivity of NDVI on SW is spatially heterogeneous. Hereinto,
the significantly positive responses between NDVI and SW implied the positive radiation
variation could promote photosynthesis, reflected by vegetation growth, although the correla-
tion was weaker than that in Ta and P. Moreover, the SW variation exhibited an inconsistent
trend before and after the abrupt change, which underwent the ‘brightening to dimming’
period from 2000 to 2020. Specifically, SW significantly declined at a rate of 10.7 W m? per
decade in the northwestern regions of the watershed from 2007 to 2020 (p < 0.05). Such an SW
variation is expected to promote vegetation growth [69,70]. Relative studies indicated the
solar dimming explanation, surpassing 80% of the slowed vegetation growth across the North
China Plain [19]. Other studies also verified the ‘solar dimming’ theory as the potential cause
for the moderation of plant growth on hemispheric to global scales [65].

4.2. Distinct Responses of Vegetation Types to Climate Factors

Different climate sensitivities were indicated among three vegetation types, and one
of the underlying mechanisms was the different adaptive water-use strategies among
them. In the water-limited CHW, Ta variability influences eco-physiological processes and
water availability within soil-vegetation-atmosphere systems, and further regulates the Ta
sensitivity of vegetation growth. Consistent with previous studies, we found a decrease
in the Ta sensitivity of growth to the ongoing warming for three vegetation types [26,62].
Darcy’s law indicated forests are more vulnerable to the increase in temperature-modulated
VPD and resultant negative influences on vegetation growth in water-limited areas [62].
Hence, to survive under a warmer climate, vegetation needs to decrease the leaf area or
modify the potential differences in soil-leaf water to adapt to the severe environment. In
addition, different optimal Ta for vegetation growth in three vegetation types also caused
the decrease in Ta sensitivity of vegetation growth [59]. Furthermore, there is evidence to
verify a severe water deficit was the vital cause of the declined climate sensitivity [68]. Ad-
ditionally, our findings also support the hypothesis that an increase in temperature-stressed
VPD increases transpiration and leads to slow vegetation growth in all vegetation types,
consistent with previous studies [17,71,72]. In addition, due to the shading provided by the
woody and shrubby vegetation, slight vegetation sensitivity and insignificant differences
to solar radiation were observed in the grass before and after the abrupt change.

5. Conclusions

A significant greening trend during the past two decades in the Chaohe watershed (p < 0.05)
was observed, although such a trend slowed down to 6.01 x 103 per decade since the abrupt
change point in 2007, which was nearly half of that before 2007 (1.32 x 10~2 per decade).

We found that precipitation was the dominant climatic factor in promoting vegeta-
tion growth throughout the watershed. Hereinto, NDVI in 34.83% of the vegetated area
exhibited a significant response to increasing precipitation (p < 0.05). On the other hand,
intensive evaporation demand driven by continued rising temperatures contributed to the
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vegetation growth slowdown. Meanwhile, significant positive responses to forest growth
decreased from 24.38% to 18.06% to ongoing warming (p < 0.05). Additionally, distinct
differences in the response of forests and shrubs to solar radiation in significantly positive
solar-radiation-influenced areas increased from 9.24% and 2.64% to 11.78% and 3.37%,
respectively (p < 0.05).

We found the nonlinearity of long-time vegetation growth trends. More importantly,
our findings explained the cause of vegetation growing out of line with climate warming,
which promotes the pressing need to exert effective climatic coping strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs14174198/s1, Figure S1. The types of land cover provided by
MODIS product over the Chaohe watershed; Figure S2. BFAST detects as a breakpoint (black dotted
line). Y; is the raw NDVI data, S; is the fitted seasonal cycle, T is the trend component and et is
the BFAST residuals (a), and NDVI turning point spatial distribution (b) over the CHW; Figure S3.
Spatial distributions of annual mean NDVI at the growth season scales during 2000-2020; Figure S4.
The significance of the NDVI residuals (a), the spatial distributions of multiple regression equation
significance before (b) and after the abrupt change (c).
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