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Abstract: Satellite remote sensing has witnessed a global widespread vegetation greening since the
1980s. However, reliable observation-based quantitative knowledge on global greening remains
obscure due to uncertainties in model simulations and the contribution of natural variability is
largely unknown. Here, we revisit the attribution of global vegetation changes using the Time
Series Segment and Residual Trend (TSS-RESTREND) method. Results showed global vegetation
significantly greening over 40.6% of the vegetated grids, whereas vegetation significantly browning
over 11.6% of the vegetated grids. The attribution results based on the TSS-RESTREND method
show that CO, fertilization (CO,) plays an influential role in vegetation changes over 61.4% of the
global vegetated areas, followed by land use (LU, 23.5%), climate change (CC, 7.3%), and climate
variability (CV, 1.5%). The vegetation greening can be largely attributed to CO; fertilization while the
vegetation browning is mainly caused by LU. Meanwhile, we also identify positive impacts of LU
and CC on vegetation change in arid regions but negative impacts in humid regions. Our findings
indicate spatial heterogeneity in causes behind global vegetation changes, providing more detailed
references for global vegetation modeling.

Keywords: vegetation dynamics; global greening; observation-based attribution; ecological modeling;
land use

1. Introduction

Vegetation plays a prominent role in the global hydrological and energy cycle via land-
atmosphere interaction [1,2]. Global greening, defined as significantly increased vegetation,
has been widely reported in recent years [3,4]. Vegetation change is a critical factor that
profoundly affects global land carbon sink, global warming, the water cycle, and water
resources [4]. In this context, a better quantitative understanding of the driving mechanism
of global greening is requisite to achieve sustainable ecological management.
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Currently, there is a widespread perception in the scientific literature and media cov-
erage that the globe is becoming greener. Finding an explanation for this greening has
attracted wide interest in recent years [4-6]. It has been theorized that anthropogenic cli-
mate change (CC) has profound impacts on vegetation greening over northern extratropical
latitudes [7]. Based on the ecosystem models, Zhu et al. [3] found that CO, fertilization
(CO,) had the most significant effects on the observed greenness. However, the model-
simulation based attributions in previous studies provided variable estimates, due to both
spatiotemporal inaccuracies in driving data and simplified descriptions of human land use
activities [4,8]. Chen et al. [5] pointed out that previous studies usually overestimate the
CO; fertilization effects and underestimate the direct influence of land use (LU) on vegeta-
tion greening. This limits our ability to develop a generic and unifying physically based
understanding of global greening and predicting future vegetation change. Specifically,
Song et al. [9] found that LU is the dominant factor of changes in the global woody and
herbaceous vegetation coverage. All these papers pointed out the greening trends of global
vegetation, yet the consensus has not been reached on the causes behind global greening.

Generally, vegetation changes can be affected by the complex interactions of atmo-
spheric CO; concentration, human LU, and climate [3,10]. However, due to the complex
and nonlinear interactions among these factors and the weaknesses of current vegetation
models, the fractional contribution of each factor to vegetation changes is still rather uncer-
tain and yet to be quantified in a robust manner. Especially, climate variability (CV) can
potentially drive vegetation changes [3,11]. Chen et al. [11] attributed interannual variabil-
ity of greenness over 45% of global vegetated areas to CV. Burrell et al. [10] found that CV
influenced vegetation greening over ~13% of global drylands areas. However, it is not well
understood yet to what extent the global greenness change can be attributed to CV. In this
case, we need more attempts to fully quantify the global greening drivers. Burrell et al. [12]
proposed an observation-based attribution method for dryland degradation, i.e., Time
Series Segment and Residual Trends (TSS-RESTREND). Observation-based attribution of
global greening is theoretically critical in the mechanistic understanding of vegetation
variations and ecological conservation in a changing climate. Different from model-based
approaches which regulated LU [3] and relevant uncertainties [8], the TSS-RESTREND
highlights the implications of CC and LU. Hence, this method has been widely used in attri-
bution analysis [13-15]. Here, we apply the modified TSS-RESTREND method to perform
an observation-based attribution of the vegetation greening across the globe. This research
deeply analyzes the indispensable role of LU on global greenness change, considers the
contribution of CV, and reveals fresh information about the potential drivers of vegetation
change. Besides, this study provides spatially more comprehensive information about the
regional difference in driving factors and the contribution of diverse land cover types on
global vegetation change, compared to previous similar studies (i.e., Burrell et al. [10])
which mainly focused on the global and/or continental scale.

Overall, the scientific objectives of this study are to (1) estimate the trends of global
vegetation greenness from 1982 to 2015; (2) quantify the detailed roles of CO,, LU, CC,
and CV on greenness change; and (3) investigate the dominant factor controlling global
vegetation changes. Altogether, we expect our analysis to add significant value in the
ongoing discussion about the changing mechanisms of the terrestrial ecosystem and global
vegetation modeling because it provides novel results that heavily rely on observations.

2. Materials and Methods
2.1. GIMMSv3.1g NDVI Data

Here we used the Global Inventory Monitoring and Modeling System Version 3
(GIMMSv3.1g) Normalized Difference Vegetation Index (NDVI) dataset [16] to investigate
vegetation changes. NDVI is a widely used index to reflect vegetation change [17,18]. The
mean valid NDVI values were also used to aggregate the semi-monthly dataset into monthly
data. Moreover, we used the bilinear interpolation method to resample the NDVI dataset
from 1/12° to 0.5°, keeping consistent the resolution of temperature and precipitation
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data. Although several datasets such as Moderate Resolution Imaging Spectroradiometer
(MODIS) with shorter temporal but higher spatial resolution have advantages, the shorter
temporal record makes it perform poorer than GIMMS NDVI datasets in capturing climate
variability events [10]. As a result, we chose the GIMMS dataset for vegetation trend
detection and attribution.

2.2. Meteorological Data

The Climatic Research Unit (CRU) of the University of East Anglia (UEA) provides
global temperature (T), precipitation (P), and potential evapotranspiration (PET) datasets
covering a period of 1901-2017 [19]. Precipitation and temperature have hysteresis effects
on vegetation. Forest soil can delay the impacts of climate change since it can store large
amounts of water and be released over a long period [20]. Besides, no precipitation or less
precipitation for a long period would have a crucial influence on vegetation growth, for
example, large numbers of trees developed health problems due to less precipitation for
10 years in the Lower Murray region [21]. Therefore, following the previous studies, we
used two more years of meteorological data than that of NDVI to explain the vegetation
change. In this study, we used long-term mean P and PET from 1982 to 2015 to calculate
the aridity index (AL; P/PET) and obtained the spatial distribution of global dry and wet re-
gions (Figure S1). Following international uniform terminology, AI > 0.65, 0.5 < Al < 0.65,
0.2 <AI<0.5,0.05 < Al <0.2, and Al < 0.05 were used to identify humid, sub-humid,
semi-arid, arid, and hyper-arid regions, respectively [22]. Here, we excluded hyper-arid
regions from our current analyses. Besides, atmospheric CO, concentration data was taken
from the Intergovernmental Panel on Climate Change (IPCC) historical forcing data [23].

2.3. Global Land Cover Data

Here, we used the global land cover dataset presented by Song et al. [9], which is an
annual vegetation continuous fields (VCF) product including tree canopy (TC, >5 m in
height), short vegetation (S5V), and bare ground (BG) at 0.05° x 0.05° spatial resolution. The
time span of this dataset is from 1982 to 2015 [9]. Regional land cover area data, including
forest land area, agricultural land area, cropland, and arable land area, are sourced from the
FAOSTAT database [24]. To remove the grid cells without vegetation cover, we also used
a global land cover dataset from the Department of Geography, University of Maryland
(UMD) [25].

2.4. TSS-RESTREND Method

We performed the revised TSS-RESTREND v3.0 method to differentiate driving factors
behind vegetation changes, including CO,, LU, CC, and CV. The TSS-RESTREND method
includes two sections. The first used the complete NDVI time series to develop a list
of potential breakpoints and assess the significance of these breakpoints and the second
attributed the observed vegetation change. TSS-RESTREND can be sourced from an R
package of ‘TSS.RESTREND’ (Available online: https://cran.r-project.org/web/packages/
TSS.RESTREND/index.html accessed on 10 October 2020) [10]. The analysis procedure is
illustrated in Figure 1:
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Figure 1. Flowchart of TSS-RESTREND method.

2.4.1. The procedures of the TSS-RESTREND

The specific processing details of the method are summarized as follows:

Calculating the per-pixel optimal accumulated precipitation and temperature to elimi-
nate the influence of precipitation and temperature from NDVI. They are obtained
based on the optimal combination of the accumulation period (1-12 months) and off-
set period (0—4 months) with the annual peak growing season NDVI (NDVIyax) [12].
In general, the peak growing season NDVI is equal to the annual max NDVI. The
offset period describes the time between the end of the precipitation accumulation
period and the occurrence of the NDVIpax [26]. In this study, we defined the max
accumulation period and offset period as 12 and 4 months, respectively.

Evaluating the vegetation-precipitation relationship (VPR) by calculating a pixel-based
Ordinary Least Squares Regression between NDVI .« and the optimal accumulated
precipitation and temperature [27]. The VPR-Residuals were defined as the difference
between the observed NDVI and NDVI predicted by the VPR at each period [12].
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2.4.2. Breaks for Additive Seasonal and Trend and the Chow Test

Apply the Breaks for Additive Seasonal and Trend (BFAST) to the complete time-series
VPR-Residuals to identify potential breakpoints [12,28]. The BFAST method is a widely
used method for assessing variable trends in time series data in ecosystem assessment,
which detects the phenological cycles that vegetation skipped without influencing eco-
logical health as breakpoints [29]. A Chow test was used to check the breakpoints in
VPR and residual trends, and then to assess whether these breakpoints have a significant
impact [12,30]. The Chow test was applied to test the equality between coefficients in two
linear regressions [30]. The null hypothesis of the Chow test is that no change exists in the
regression coefficients across potential breakpoints. When the F-statistic reaches the critical
threshold (x = 0.05), the null hypothesis is rejected [12].

2.4.3. Total Change and Attribution

If a significant breakpoint was detected in the VPR-Residuals, we then recalculate
the VPR on all sides of the breakpoints and reapply a Chow test to assess the significance
of these breakpoints in the VPR. Then, the total change (TC) of a pixel was calculated by
adding the significant VPR break height to the residual change (rc) [12]. If no significant
breakpoint was detected, the total change of vegetation was calculated by multiplying the
observed trend by the length of the study period, and the magnitude of the trend was
identified as significant when the p-value is less than 0.05.

Both precipitation and temperature data were used to attribute the observed vegetation
change when using the TSSRattribution function in the R package of ‘TSS.RESTREND’,
which requires both temperature and precipitation data to work. The observed vegetation
change can be attributed to CO,, LU, CC, and CV. To differentiate the impacts of each
contributor, we applied a 10-year moving window. We applied the method grid-by-grid at
the global scale, and then visualized the results.

3. Results
3.1. Global Greenness Changes from 1982-2015

The results of breakpoint detection indicate that there is no breakpoint in the global
NDVI changes (Figures S4 and S5). Hence, we do not consider the breakpoint but calculate
the vegetation dynamics using Sen’s slope estimator directly. The spatial pattern of trends
in global annual NDVI from 1982 to 2015 indicates that 67.9% of global vegetated areas have
seen an increase in annual NDVI since the 1980s (Figure 2), suggesting that widespread
vegetation greening occurs globally. Overall, a significant increase in vegetation greenness
is observed over 40.6% of the global vegetated grid cells. However, vegetation greenness
changes vary considerably between regions. South Asia, Europe, East Asia, Sahel, and
Australia are the regions with the most significant greening trends. In contrast, only 11.6%
of the vegetated grid cells show significant decreasing trends (i.e., vegetation browning).
The key places where vegetation is browning are central Asia, northern North America,
southern South America, and central Africa. To figure out the regional vegetation change,
we further examined the anomalies in NDVI for different dry and wet regions over the
globe (Figure 3). NDVI anomalies represent the deviation of annual NDVI data from the
multi-year average for each region. In general, NDVI values show an increasing trend
during 1982-2015, but the interannual distribution of NDVI varied among different climatic
zones. Specifically, the NDVI changes in arid, semi-arid, and dry sub-humid regions are
relatively small, whereas NDVI changes in humid regions are noticeable with several
mutation points (Figure 3a). In addition, we calculated the percentage of grids with a
substantial change in NDVI to the total grids for each region (Figure 3b). Specifically, we
notice that the regions with a high interannual variation in NDVI, such as in humid regions,
do not necessarily have a significant upward trend. In other regions, however, the pattern
was characterized by lower interannual variance but an upward trend in mean NDVIL. We
also found that the semi-arid regions are dominated by the most significant increase.
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Figure 2. Trends in annual GIMMS NDVI during 1982-2015. The grey color represents the barren
areas. Antarctica and Greenland have been removed from the data. The inset histogram shows the
percentages of grids showing significant decrease (SD), decrease (D), increase (I), and significant
increase (SI).
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Figure 3. Vegetation changes for different dry-wet regions. (a) The interannual variations and

(b) the percentage of grids showing significant changes in NDVI for different dry and wet regions
during 1982-2015.

3.2. Drivers of Global Greening

We quantified the fractional contribution of CO,, LU, CC, and CV to the observed
greening trends based on the TSS-RESTREND method (Figure 4).

CO; positively impacts vegetation change (Figures 4a and 5a), resulting in a 0.035 in-
crease in global NDVI since the 1980s (Figure S6). Furthermore, CO; has the largest absolute
contribution to global vegetation greenness change in 61.4% of vegetated lands, followed
by LU (23.5%), CC (7.3%), and then CV (1.5%) (Figure 6). To better understand the regional
differences in the causes of vegetation change, we further investigated the impacts of four
key driving factors on observed NDVI changes (ANDVI) in distinct dry and wet regions
(Figures 7 and S1). CO; contributes most to the observed NDVI change in all regions, and
its influence grows as humidity rises (Figure 7). In humid regions, CO, fertilization has the
smallest relative impact to observed NDVI change with a contribution of 68.1% (Figure 8).
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Figure 4. Driving factors of global vegetation change. The NDVI changes during 1982-2015 were
attributed to (a) CO, fertilization (CO,), (b) land use (LU), (c) climate change (CC), and (d) climate

variability (CV).
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Figure 8. The relative contribution rate of (a) CO, fertilization (CO5), (b) land use (LU), (c) climate
change (CC), and (d) climate variability (CV) to the observed NDVI changes in different dry and wet
regions during 1982-2015.

LU negatively influenced global greening during 1982-2015, causing the global vege-
tation to change by —0.005 (Figure S6). The negative effects of LU can be found in 66.8%
of global vegetated areas (Figure 5b). Hotspots, where LU has a negative impact, are Eu-
rope, northern Asia, central Africa, northern North America, and southern South America
(Figure 4b). Furthermore, the impacts of LU have distinct dry-wet differences. Generally,
LU reduces the vegetation greenness over dry sub-humid and humid regions by 11.6%
and 24.1%, respectively (Figures 7b and 8b). On the contrary, LU enhances the vegetation
greenness in arid and semi-arid regions by an increase of 7.1% and 7.6%, respectively
(Figures 7b and 8b).

CC is thought to be an important driver of global greening. Overall, CC influences
vegetation change across 7.3% of the global vegetated lands. Specifically, CC contributes
the most to the vegetation greening across 2.8% of vegetated lands, whereas it dominates
vegetation browning in 4.5% of vegetated lands (Figure 6). Besides, CC has significant
positive impacts on vegetation greenness change across 27.3% of global vegetated areas,
while the significant negative effects of CC on vegetation change are detected over 47.4% of
the global vegetated areas (Figure 5c). The CC-related impacts on vegetation greenness are
subject to evident regional heterogeneity, specifically, positive impacts in arid and semi-arid
regions but negative impacts in dry sub-humid and humid regions. (Figures 7c and 8c).
Particularly, CC has distinct impacts on greenness change across humid areas, resulting in
a 7% reduction in vegetation change in humid regions during 1982-2015 (Figure 8c).

Furthermore, the contribution of CV to global greenness change is also spatially het-
erogeneous. Specifically, CV has a fractional contribution of 12.1% and 10.0% to greenness
in arid and semi-arid regions, respectively. However, its impacts are limited in the dry
sub-humid and humid regions, which contribute just 1.2% and —0.8% to greenness change,
respectively (Figures 7d and 8d).

3.3. Impacts of Land Use Changes on Global Greening

LU, which has been continually modified by human activities, is intrinsically linked
to the confluence of tree canopy (TC), short vegetation (SV), and bare ground (BG). We
intercompared relative changes of global vegetated lands in eight sample regions with
greening trends (Table 1). LU triggered increased greenness across densely-inhabited re-
gions that underwent substantial LU activities during 1982-2015 (Figure 4b), such as the
United States, Australia, China, and India. The increase of TC and the decrease of SV in the
USA is a specific example (Figure 9a,b). In China, we observed obvious TC gain and SV
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loss (Figure 9a,b). We also found that cropland areas, agricultural land areas, and forest
land areas in China have risen dramatically (Table 1). The greening of Australia can be
partly attributed to human farming practices as cropland areas increased the most. In India,
we saw considerable SV increase and BG loss (Figure 9b,c). The above-mentioned case
studies imply that LU has discernable positive effects on observed greening. In recent years,
we’ve also noticed vegetation browning over tropical regions (Figure 2). Specifically, the
largest areas with net forest land loss are Brazil, Middle Africa, and Southern Africa during
1982-2015 (Table 1). Browning tendencies were discovered in Congo rainforests and South
America, which can be attributed to LU (Figure 4b). Decreased TC cover is statistically
significant over Congo rainforests. South America, being dominated by apparent TC loss,
is characterized by a negative greening trend (Figure 9a). Simultaneously, some areas with
decreasing SV show an increase in BG probably due to land degradation, resource exploita-
tion, and urban sprawl [9]. The aforementioned results indicate constrained vegetation
greening due to unsustainable LU activities.

Table 1. Global land-cover area changes during 1982-2015. Limited by the observation, the forest
land change is calculated by using the data covering 1990-2015.

Regions Forest Land Agricultural Cropland Arable Land
& (x10° ha) Land (x10 ha) (x10° ha) (x10° ha)
The globe —147,724 (—3.5%) 87,933 (1.9%) 118,397 (8.3%) 50,145 (3.8%)
Australia —788 (—0.6%) —142,653 (—29.1%) 11,784 (60.1%) 11,648 (59.9%)
Brazil —85,013 (—14.4%) —872 (—0.4%) 3051 (5.1%) 4978 (10.0%)
China 53,154 (33.8%) 85,215 (19.2%) 29,900 (28.2%) 17,143 (16.7%)
European Union 28,335 (21.3%) —16,077 (—8.1%) —7727 (—6.1%) —6343 (—5.6%)
India 6890 (10.8%) —1097 (—0.6%) 670 (0.4%) —6830 (—4.2%)
Middle Africa —34,001 (—10.3%) 4319 (2.7%) 10,940 (44.7%) 10,200 (47.7%)
Northern America 6487 (1.0%) —29,900 (—6.1%) —32,864 (—142%) —33,617 (—14.7%)
Southern Africa —5612 (—12.1%) 2183 (1.3%) —254 (—1.8%) —382 (—2.8%)
(a) Global tree canopy cover change 15
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(c) Global bare ground cover change
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Figure 9. The trends in global land cover change for (a) tree canopy (TC), (b) short vegetation (SV),
and (c) bare ground (BG) during 1982-2015.

Further highlighting the role of LU necessitates intercomparison between the pro-
portion of areas with significant decrease, decrease, increase, and significant increase in
different land cover types for the regions showing significant positive and negative impacts
of LU on vegetation change (Figure 10). By increasing/decreasing the TC/BG cover, Posi-
tive LU (afforestation, irrigation, forestry, etc.) significantly affects the vegetation patterns.
Specifically, for the regions with significant positive impacts of LU on vegetation change,
32.5% of regions show significant increasing trends of TC cover, while only 6.8% have
significant growing trends of BG cover (Figure 10d—f). In contrast, we noticed that 13.5% of
regions of BG cover show significant increasing trends when LU has significant negative
impacts on regional vegetation change (Figure 10a—c).
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Figure 10. The roles of special land cover types in the effects of land use (LU) on vegetation change.
The percentage of areas with significant decrease (SD), decrease (D), increase (I), and significant
increase (SI) in different land cover types for the regions showing significant (a—c) negative and
(d—f) positive impacts of land use on vegetation change. TC, SV, and BG represent the areas covered
by tree canopy, short vegetation, and bare ground, respectively.
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4. Discussion

The dynamics of global vegetation have been experiencing substantial alterations
due to ongoing climate change and human activities [3]. According to the findings of this
study, a significant increase in global vegetation greenness was observed in 40.6% of the
vegetated grid cells during 1982-2015, which is consistent with previous investigations [3,4].
Nevertheless, a study reported that global greenness change has been stagnating since 2000,
because of the increased atmospheric vapor pressure deficit [31]. Contrary to this finding,
a recent satellite data-based study found that around 33% of the global vegetated lands
experienced greening while 5% experienced browning during 2000-2017 [5]. It’s possible
that the reason why some previous studies reported the world stopped greening about
20 years ago may be an artifact of sensor degradation [32].

While model simulations almost show an increased global greening trend [3,4], there
are, however, studies showing that some uncertainties actually exist in climate models
in vegetation change detection [5]. We used the observation-based TSS-RESTREND v3.0
method to revisit the contribution of CO,, LU, CC, and CV on global vegetation change to
further clarify this discussion on the dominant drivers of global greening. The analytical
TSS-RESTREND method utilized herein has important implications for assessing and
attributing changes in greenness caused by climate and land cover changes. Our findings
revealed that CO, fertilization was the dominant factor controlling vegetation changes,
accounting for 61.4% of the global greening. Rising CO; concentration in the atmosphere
can enhance photosynthesis by accelerating the carboxylation rate [4,33]. Furthermore,
increasing CO, concentration can also strengthen the greenness of vegetation through
processes including partially closing the leaf stomata [34]. We also found that CO, was a
key driver of the observed greening in arid and semi-arid areas, probably because CO, has
an impact on plant water savings and soil water increase [35].

Changes in LU markedly change the earth’s biogeochemical cycles, and further affect
land surface properties [36]. A critical issue we concluded here was the strong relationship
between vegetation browning and LU since LU has the largest absolute contribution to
vegetation greenness decrease. Specifically, ecosystems that experience drought are more
susceptible to showing a browning trend from LU, which is consistent with Webb et al. [37].
The browning of Congo rainforests, for instance, may relate to the deforestation caused
by commodity crop cultivation [38]. The tropical deforestation caused by the expansion
of the agricultural frontier probability results in the vegetation browning trend in South
America [9]. According to a recent study, among the top ten countries/regions of the global
largest karst ecosystems, Brazil was the only one exhibiting a larger extent of browning
than greening, which nearly two-thirds can be ascribed to deforestation [39]. Chen et al. [5]
reported the leading and impressive changes in agricultural production in Brazil with 25.6%
of vegetated lands showing greening and 11.6% showing browning. However, the greening
from croplands and pastures is nearly offset by the browning of forests [5,39]. Furthermore,
the results showed that LU had a significant positive effect across 12% of global vegetated
areas, especially in the United States of America, China, India, and Australia. The greening
of the USA can be explained as forests recovering from historical interferences due to
strengthened forestry management [40]. The implementation of afforestation initiatives was
critical to the greening of northern and central China [5,10]. Changes in groundwater policy
and improved irrigation practices leading to agricultural intensification may contribute
to India’s increasing greenness [5]. The greening of Australia was driven by positive
LU management, including agricultural intensification, and ecosystem recovery after the
release of a viral biological control that killed 95% of Australia’s feral rabbits [12,41]. Overall,
our findings provide agreements for a greater role of the human in global greening than
previously thought.

The CC-induced greening may be largely related to the warming temperature since
it can strengthen photosynthesis [3]. However, it should be pointed out that the positive
impacts of CC on northern vegetation greenness change seem to be weak in recent years,
which probably implies a saturation of future greenness change as the result of rising
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temperatures [42]. In water-limited ecosystems, precipitation change dominates the green-
ness change [43], as seen in the Sahel and southern Africa. Especially, we also noticed
that the CC had significant negative impacts on vegetation change in South America. The
CC-induced browning in South America can be explained as warming over these regions
induced increased preseason precipitation and decreased growing season precipitation,
and therefore led to drought stress [44]. Drought stress, in turn, counteracts early spring
carbon assimilation and increases vegetation mortality [45].

The contribution of CV, which was not considered in previous studies, was found
to have distinct impacts on the vegetated lands of arid regions, such as Sahel, India, and
southern Africa. This phenomenon can be explained as vegetation in arid zones was more
vulnerable to interferences from the external environment [11]. Our study highlights the
indispensable role of CV on global greenness change. CV affects plant distribution as well
as other plant characteristics, such as leaf transpiration, LAI, phenology, and net primary
productivity (NPP) [46]. Because of the nonlinear interaction between climate systems and
ecosystems, the mechanism of CV’s effects on plants is relatively complex, and is not fully
understood. In the next step, we need to design a more reasonable experimental scheme,
combined with the observation data, to do more in-depth research on the influence of CV on
vegetation and its causes. In conclusion, these findings contribute to a better understanding
of the underlying mechanisms of global greenness change and have important implications
for vegetation change assessment and management.

Many studies have examined recent changes in vegetation growth and the associated
climatic drivers, which revealed a global greening trend during the recent decades [3,4].
However, limited by modeling uncertainties [47], Chen et al. [5] pointed out that the
models used in previous attribution analyses may underestimate the direct impacts of
human activities on greening. Therefore, an observation-based attribution of the causes
of the recent greening requires further investigation. A key benefit of this study is the
opportunity to further investigate the role of human land use on global vegetation change
by analyzing the trends in global land cover change for tree canopy, short vegetation,
and bare ground. Furthermore, we intercompared relative changes of global vegetated
lands in eight sample regions. In general, our observation-based results can improve our
understanding of the underlying drivers of recent changes in global terrestrial vegetation
activity. Besides, this study differs from the previous studies by making an extra step to
examine the response of global vegetation change to the terms of internal climate variability.
Furthermore, even though some studies reported the greening pattern at a global scale [3,4],
the spatial patterns and temporal dynamics of vegetation greenness at the regional scale,
as well as the reasons behind this, have rarely been investigated in the literature. The
global vegetation-climate relationship is complex and has firm spatial heterogeneity [48].
Our regional assessment indicated that the impacts of LU and CC have distinct spatial
heterogeneity, with positive impacts in arid regions but negative impacts in humid regions.
Estimating the greening trend in dry-wet regions could help us understand the baseline
vegetation dynamics under the ongoing climate changes, improving the reliability of future
projected changes in vegetation [49].

Nonetheless, there are certain constraints ahead of us. Firstly, there exist some un-
certainties in most products from satellite remote sensing, including but not limited to
NDVLI. For instance, the uncertainties of NDVI data are mainly derived from the loss of
sensor calibration and orbital drift of satellites [4]. Secondly, the nonlinear relationship
between vegetation changes and LU-related activities makes it difficult to separate the
effect of specific LU activities on global vegetation change. We did not further quantify
the contribution of specific LU activities on global greening in this study since long-term,
large-scale observations of these factors are still lacking. Therefore, greater research into the
precise role of LU is needed in the future to acquire a more comprehensive understanding
of global greenness variations in a changing climate. Another limitation of our study is that
we do not provide multiple tests of greenness detecting. A recent study reanalyzed global
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greening trends and advocated that part of the tested greening trends were false positives
just because of the statistical testing mechanism [50].

5. Conclusions

Quantifying the causes of global greenness change has great significance to under-
stand the process of vegetation dynamics and is the key for the prediction and management
of global forest resources. Considering the critical shortcomings in previous model-based
global assessments, this study performed an observation-based attribution of vegetation
change across the globe. The global assessment shows a significant increase of vegetation
greenness over 40.6% of the vegetated grid cells. However, only 11.6% of the vegetated
grid cells show significant decreasing trends. Overall, global greening is mainly controlled
by CO; (61.4%), followed by LU (23.5%), CC (7.3%), and CV (1.5%).

The impacts of LU and CC have distinct spatial heterogeneity, that is, LU and CC have
mainly positive impacts in arid and semi-arid regions while weakening the greenness in
dry sub-humid and humid regions. The regions experiencing substantial LU activities, such
as southeastern America, southeastern China, and India, show an increasing greening trend
during 1982-2015. Positive LU practices affect the vegetation patterns by increasing the TC
cover and decreasing the BG cover. We found that the tropical vegetation tended to undergo
browning in recent years. The CV, an important driver ignored by previous research, was
found to have a crucial impact on the vegetation change in arid and semi-arid regions,
whereas it is limited in the dry sub-humid and humid regions. These results emphasize the
indispensable impact of LU and CV in shaping the global vegetation change patterns.

Overall, our first observation-based attribution of vegetation change has important
implications for understating the mechanism of global greening and supporting reliable
future projections of vegetation changes. Continuing global vegetation change and the
increasingly important role of LU and CC in modifying greenness patterns warrants
continued and thorough investigation.
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