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• Assessing the role of vegetation cover
changes in land surface phenology
analysis

• Changes in growing season length are
influenced by increasing tree cover
globally.

• The tree/short vegetation cover ratio af-
fects changes in growing season length.

• A re-evaluation of the sensitivity of LSP
estimates to climate change is desirable.
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Plant phenology provides information on the seasonal dynamics of plants, and changes herein are important for
understanding the impact of climate change and humanmanagement on the biosphere. Land surface phenology
is the study of plant phenology across large spatial scales estimated by satellite observations. However, satellite
observations (pixels) are often composed of amixture of vegetation types, likewoody vegetation and herbaceous
vegetation, having different phenological characteristics. Therefore, any changes in tree cover presumably impact
land surface phenology, as trees usually have a different seasonal cycle compared to herbaceous vegetation. On
the other hand, changes in land surface phenology are often interpreted as a result of climate change-induced im-
pacts on the photosynthetic activity of vegetation. Therefore, it is important to better understand the role of
changes in vegetation cover (here, the proportion between tree and short vegetation cover) in satellite-
derived land surface phenology analysis. We studied the impact of changes in tree cover on satellite observed
land surface phenology at a global scale over the past three decades. We found an extension of the growing sea-
son length in 36.6% of the areas where tree cover increased, whereas only 20.1% of the areas where tree cover
decreased showed an increase in growing season length. Furthermore, the ratio between tree cover and
short vegetation cover was found to affect changes in the length of the growing season, with the denser tree
cover showing a more pronounced extension of the growing season length (especially in boreal forests). These
results highlight the importance of changes in tree cover when analyzing the impact of climate change on
vegetation phenology. Our study thereby addresses a critical knowledge gap for an improved understanding of
changes in land surface phenology during recent decades in the context of climate and human-induced global
land cover change.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Plant phenology is the seasonal cycle of events in vegetation growth,
such as leafing, flowering and hibernation. This cycle is sensitive to
global climate change (Flynn and Wolkovich, 2018; Piao et al., 2015;
Wang et al., 2018), and changes in plant phenology impact the interac-
tion between the biosphere and atmosphere (Migliavacca et al., 2012;
Richardson et al., 2013), particularly the carbon cycle (Piao et al.,
2008) as well as water and energy fluxes (Ryu et al., 2008). Both field
studies and satellite observations indicate that the length of the growing
season (that is, the period in which a majority of the plants are photo-
synthetically active; LOS) has significantly increased during the last
three decades (Garonna et al., 2016; Park et al., 2018). This change in
LOS has been particularly pronounced in the temperate and cold areas
of the northern hemisphere, both due to an earlier start of season
(SOS) (Zhou et al., 2001) and a delayed end of season (EOS) (Jeong
and Medvigy, 2014).

Different from ground-based plant phenology, the term “land sur-
face phenology” (LSP) describes vegetation seasonality as observed by
satellite images, characterized by varying spatial resolutions and
therefore contain a mixture of signals from different vegetation cover
types (Chen et al., 2018). As such, LSP does not distinguish between veg-
etation types but instead monitors the start and end of the growing pe-
riod as an integrated measure, the mix of vegetation types being
dependent on the spatial resolution of the sensor system used. Changes
in land surface phenology can be attributed, on the one hand, to
extended (or shortened) growing seasons caused by a changing climate
(e.g. rainfall patterns, elevated CO2 or temperature) providing changed
growing conditions and photosynthetic activity, and on the other hand
directly to changes in vegetation cover. In the first situation, the
observed change in the growing period is solely driven by climatic
changes, while the overall structure of the vegetation cover (here, the
proportion between the tree and short vegetation cover) remains
unchanged. In the second situation, the structure of the vegetation has
changed to an extent that it asserts an impact on the length of the
satellite observed growing period. This could be the case as trees are
often photosynthetically active during a longer and or different period
of the year as compared to herbaceous vegetation, and an increase in
tree cover may thus prolong the satellite observed growing season.
Changes in tree cover can be driven by climate change and associated
changes in wildfires, but also human management including fires as
part of livelihood systems and herbivores (Helman, 2018).

Several scholars have attributed changes in land surface phenology
during recent three decades to climate change (Doi and Takahashi,
2008; Piao et al., 2019), focusing primarily on the changes in growing
seasons by studying shifts in start and endof the season as based on var-
ious vegetation indices (Cleland et al., 2007; Jeong et al., 2011; Joiner
et al., 2014). When determining the impact of climate change on LSP,
these studies implicitly assume an unchanged vegetation composition
that grows under changed climatic conditions and disregard the fact
that a change in the vegetation composition itself could have caused
the observed shifts in the land surface growing season (Helman,
2018). However, this possibility is important to consider, as a substan-
tial shift in the composition of vegetation cover has been observed
during the last three decades (Song et al., 2018), which presumably
affects satellite-derived vegetation indices.

In this paper, we address the question to which extent global
changes in land surface phenology are governed by changes in the over-
all composition of vegetation (changes between the tree and short veg-
etation cover, which can be caused by a multitude of different reasons
from complex human/climate interactions) or by climate change alone
(the latter assessed by studying LSP changes for areas of permanently
high tree cover). A plethora of studies have suggested that changes in
land surface phenology are controlled by climate change (Brown et al.,
2012; Cleland et al., 2007). As an alternative hypothesis, we study to
what extent global changes in land surface phenology are influenced
2

by direct changes in the composition of vegetation (changes in tree
cover) during recent decades. We evaluated the impact of tree cover
change on the length of growing season (LOS) by using NDVI (normal-
ized difference vegetation index) data (Pinzon and Tucker, 2014) and a
fractional vegetation cover dataset (Song et al., 2018) covering
1982–2015. Our research addresses the current research gap in our un-
derstanding of the impact of tree cover change on land surface phenol-
ogy, which in turn can further improve our understanding of changes in
land surface phenology in response to climate change and anthropo-
genic activities.

2. Materials and methods

2.1. Data

2.1.1. NDVI data
In this paper, we used the Advanced Very High Resolution Radi-

ometer (AVHRR) NDVI 3rd generation version 1 dataset (GIMMS3g)
(Pinzon and Tucker, 2014) to estimate the length of season, as this
dataset represents one of the longest continuous time series from
which vegetation indices can be derived (1981–2015). However,
several publications have shown different phenology trends
from this dataset as compared to other datasets such as MODIS
(Moderate Resolution Imaging Spectroradiometer) in many regions
(Buitenwerf et al., 2015; Garonna et al., 2016; Ye et al., 2021). This
suggests that some uncertainty exists to derive land surface phenol-
ogy from GIMMS3g v1. In order to identify areas of potential uncer-
tainty, we compared LOS (Section 2.2) from GIMMS3g v1 with
MODIS NDVI (available from 2000 onwards) and GIMMS 3g v0
(1981–2013) (Tucker et al., 2005). GIMMS3g v1 and v0 both have
a 15-day temporal and 1/12° spatial resolution, and use the highest
value every 14 days to reduce the impact of aerosols and clouds
(Holben, 1986). GIMMS 3g v1 recorded negative values of snow-
covered regions in Northern latitudes during winter, while these
areas were masked with zero values in v0; the introduction of neg-
ative values possibly creating artefacts in derived phenology param-
eters. The MOD13C1 collection 6 NDVI 16-day composite data
(MOD13A2) is provided as a Level 3 product projected into a 0.05°.
After comparing the result from GIMMS 3g v1, GIMMS 3g v0 and
MODIS, we excluded bioclimatic zones that showed obviously
diverging phenology trends in GIMMS 3g v1 as compared to
GIMMS 3g v0 and MODIS data (Fig. S2), and analyzed the GIMMS
3g v1 time series for areas that showed similar trends with the two
other datasets.

2.1.2. VCF data
We used the Vegetation Continuous Fields V1 data product by

Song et al. (2018) to analyze changes in tree and short vegetation
cover. The VCF dataset was produced from the AVHRR Long Term
Data Record Version 4 (LTDR V4) data to produce yearly data from
1982 to 2016 at 0.05° spatial resolution. Data from 1994 and 2000
were not produced because of the lack of LTDR V4 data in these
two years. The dataset consists of three thematic layers: percent of
tree cover (TC), short vegetation cover (SVC), and bare ground
(BG), of which we focused here on TC (defined as trees taller than
5 m) and SVC. We resampled the VCF dataset into 1/12° resolution
by using nearest neighbor interpolation, to match the spatial resolu-
tion of the GIMMS 3g NDVI dataset.

2.1.3. GEnS data
The Global Environmental Stratification (GEnS) data was applied to

stratify our results into bioclimatic zones. The GEnS data were produced
by integrating ecological and environmental data (Metzger et al., 2013).
The dataset divides global land areas into 125 strata and 18 environ-
mental zones (Fig. S1) and is available from the GEO portal (http://
www.geoportal.org) at a 30 arcsec spatial resolution. We resampled

http://www.geoportal.org
http://www.geoportal.org


Z. Fang, M. Brandt, L. Wang et al. Science of the Total Environment 806 (2022) 151205
the GEnS data into 1/12° resolution by using nearest neighbor interpo-
lation to match the spatial resolution of the GIMMS 3g NDVI dataset.

2.2. Extraction of land surface phenology

The NDVI datasets were used to extract the length of season (LOS)
using themidpoint method (Garonna et al., 2016). This method defines
the start of season and end of season as the day of year when the NDVI
value reaches half of their annual amplitude before and after the peak of
the season, respectively. Then, the LOS was defined as the number of
days between the start and end of season. The Savitzky-Golay filter in
the TIMESAT software (Jönsson and Eklundh, 2004) was applied to
smooth theNDVI data.We set the followingparameters for the SGfilter:
spike method = 1, seasonality parameter = 1, no. of envelope itera-
tions = 1, adaptation strength = 2, window size for Sav-Gol = 4.

After comparing the phenological metrics from the different NDVI
datasets, we found a high consistency between GIMMS 3g v1, GIMMS
3g v0 and MODIS during the overlapping period between 2000 and
2011, but the results fromGIMMS 3g v1 differ substantially from the re-
sult of the other two datasets in the bioclimate zone “Extremely Cold
and Mesic” of the high latitudes after 2011 (Fig. S2). Therefore, we ex-
cluded results after 2011 for this zone.

We also excluded areas of no or very low seasonality (forwhich phe-
nology cannot be estimated accurately) from further analysis (tropical
evergreen forests and desert areas), based on several mask layers:
(1) annual mean NDVI < 0.1, (2) annual mean amplitude < 0.1,
(3) no growing season detected >3 years, and (4)more than one grow-
ing season (Fig. S3).

2.3. Analysis of the effect of tree cover/short vegetation cover change on LOS

Within a pixel, tree and short vegetation may be characterized by
different growing season lengths, which will cause mixed signals of
LSP (Helman, 2018; Piao et al., 2019). To study how changes in tree/
short vegetation cover impact on satellite observed LOS, we used a set
of reference pixels of permanent tree and permanent short vegetation
cover (that are areas with permanently high tree cover or short vegeta-
tion cover, see Section 2.3.2) as a baseline. For these pixels, changes in
LOS are assumed to be related to changes in climate (for permanent
tree cover) and/or land management (for permanent short vegetation
cover) without strong influence from changes in tree cover.

2.3.1. Extraction and comparison of trends of phenological metrics
Linear regression analysis of LOS against year was conducted at the

per-pixel level to extract the temporal trend. A statistical F-test was
used to determine pixels with significant increasing or decreasing
trend (significance level of p < 0.1 was applied to retain clear spatial
clusters/patterns of trends which emerge more clearly when relaxing
the p level from 0.05 to 0.1) for subsequent analysis. Based on the
slope and p-value, we reclassified the LOS trends into three types (sig-
nificantly increased (p < 0.1), significantly decreased (p < 0.1), and
no significant change (p > 0.1)) for further analysis.

2.3.2. Extraction of pixels of permanent tree cover and permanent short
vegetation

If the tree cover in a given pixel exceeded 60% in all years from1982 to
2015 and its temporal trendwas not found to be significant (p> 0.1), we
classified this pixel as a pixel of permanent tree cover (PT) (Fig. S4).
Similarly, based on the short vegetation cover data layer, a threshold of
70% was used to extract pixels of permanent short vegetation (PSV)
(Fig. S4). The selected thresholds were found by a “trial and error” ap-
proach as a compromise of retaining pixels characterized by stable condi-
tions of tree cover and short vegetation on the one hand, and allowing
these classes to be of a considerable size, on the other hand, to infer robust
statistical measures from these classes covering different biomes. A tree
cover threshold exceeding 70% was found to mainly identify the tropical
3

forest regions, thereby excluding permanent tree cover pixels in other re-
gions, otherwise known to be areas of natural forest in the boreal zone.

Only a small number of pixels was retained for the permanent tree
pixel type in the zones of cool temperate and xeric, warm temperate
and xeric, and extremely hot and xeric (Fig. S4), which may lead to re-
sults that are not statistically robust. Hence, we excluded the result of
the permanent tree class for these zones in the results presented.

2.3.3. Changes of tree cover and short vegetation cover
Similar to the trend analysis (Section 2.3.1), the trends in tree cover

(TC) and short vegetation cover (SVC) were also divided into three
types: significantly (p<0.1) increasing, significantly (p<0.1) decreasing,
and no significant (p > 0.1) change. Subsequently, we reclassified the
trends in tree cover/short vegetation cover into four types: (1) tree
cover significantly increasing and short vegetation cover significantly in-
creasing (abbreviated as T+ SV+), (2) tree cover significantly increasing
but short vegetation cover significantly decreasing (T + SV−), (3) tree
cover significantly decreasing but short vegetation cover significantly in-
creasing (T – SV+), and (4) tree cover significantly decreasing and short
vegetation cover significantly decreasing (T – SV−) (Fig. S4).

2.3.4. Impact of tree cover/short vegetation cover change on LOS
To study the impact of tree cover/short vegetation cover change on

LSP, we extracted the number of each change type of LOS (significantly
(p < 0.1) increasing, significantly (p < 0.1) decreasing, and no signifi-
cant (p> 0.1)) change for the different types of tree cover/short vegeta-
tion cover change: PT, PSV, T + SV+, T + SV−, T – SV+, and T – SV−.

2.4. Changes of LOS as a function of tree cover/short vegetation cover

Both changes in tree cover and short vegetation cover can lead to
changes in satellite-derived NDVI during the growing season, and such
changes are therefore likely causing shifts in the length of growing sea-
sons in LSP (Helman, 2018). The VCF dataset (Section 2.1.2) includes the
three thematic data layers (TC, SVC and BG) and the temporal changes
in tree cover and short vegetation cover are therefore not necessarily in-
versely related. Therefore, both changes in tree cover and short vegeta-
tion cover need to be consideredwhen estimating the impact of changes
in the structural composition of vegetation (that is, the relation between
tree cover and short vegetation cover) on satellite observed phenology.
Here, we designed a normalized index to calculate the ratio of tree cover
to short vegetation cover, and subsequently used this index to study the
impact on LOS. The normalized difference tree and short vegetation
index (abbreviated as NDTSI) is defined as:

NDTSI ¼ Tree cover− Short vegetation cover
Tree cover þ Short vegetation cover

ð1Þ

We calculated the annual mean NDTSI from 1982 to 2015, and clas-
sified it into four types:

Type A; −1 ≤ NDTSI < −1/3. Short vegetation cover exceeds tree
cover by more than a factor of two.
TypeB;−1/3 ≤NDTSI< 0.Mixed specieswithmore short vegetation
than trees.
Type C; 0 ≤ NDTSI < 1/3. Mixed species with more trees than short
vegetation.
Type D; 1/3 ≤ NDTSI ≤ 1. Tree cover exceeds short vegetation cover
by more than a factor of two.

3. Result

3.1. Impact of tree/short vegetation cover change on LOS

To estimate the impact of tree cover/short vegetation cover change
on land surface phenology, specifically the length of the growing period,



Fig. 1. Relationship between changes in tree cover/short vegetation cover and changes in LOS (1982–2015). The columns show proportions of different trends in LOS (significant increase
(Sig+, p< 0.1), non-significant (Non-sig, p> 0.1), and significant decrease (Sig−, p < 0.1)). The different columns represent different change types: the permanent classes of “PT” show
pixels of permanent tree cover and “PSV” pixels of permanent short vegetation cover. “T + SV+”: increased tree cover and increased short vegetation cover. “T + SV−”: increased tree
cover and decreased short vegetation cover. “T – SV+”: decreased tree cover and increased short vegetation cover. “T – SV−”: decreased tree cover and decreased short vegetation cover.
Numbers in the columns are the total number of pixels for each type of LOS trend. The blue line is the ratio between increased LOS and decreased LOS, and the dashed black line marks a
ratio of 1.0.
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we derived the annual LOS from bi-monthly GIMMS3g v1 NDVI times
series (1982–2015) and grouped the changes in LOS into significant
(p < 0.1) increase, significant (p < 0.1) decrease, and no significant
(p > 0.1) change. These groups were used to study the different types
of tree cover/short vegetation cover change during the period of analy-
sis (Fig. 1).

For areas of permanent tree cover, as well as for areas of positive
trends in tree cover, the positive trends in LOS far exceed negative
trends in LOS (Fig. 1). Contrastingly, for areas of negative trends in
tree cover, as well as for areas of permanent short vegetation cover,
the share of positive trends in LOS is nearly balanced by negative trends
in LOS. The ratio between pixels with increasing LOS and pixels with de-
creasing LOS (Fig. 1 blue line) is highest for the “PT” pixel class (23.52)
and drops considerably for the classes of a positive trend in tree cover
(“T + SV−” (3.07), “T + SV+” (2.85)). For the two classes with a neg-
ative trend in tree cover, the ratio approaches a value of one (positive
and negative trends being of equal size; Fig. 1 dashed black line); 1.53
for T – SV− and 0.96 for T – SV+, respectively. Furthermore, “T + SV
−” showed a slightly higher ratio than T + SV+ (larger proportion of
increased LOS and smaller proportion of decreased LOS), which indi-
cates that the LOS is likely to shorten as a function of increasing short
vegetation cover. Similarly, “T – SV+” showed a substantially higher
proportion of areas with decreasing LOS as compared to areas classified
as “T – SV−”, which confirms that in areas of increasing short vegeta-
tion, the LOS tends to decrease. These numbers show that both tree
cover and short vegetation cover can impact LOS, and that areas of in-
creased tree cover predominantly correspond with areas of satellite-
derived increases in LOS. “T + SV−” and “T – SV+” have a similar
tree/short vegetation cover (Table S1), but “T + SV−” has an apparent
larger proportion of pixels with increased LOS than “T – SV+”. Similarly,
“T + SV+” has a higher proportion of pixels with increased LOS than
“T – SV−” although they have a similar tree/short vegetation cover.
These findings further indicate that the length of growing season is
likely to increase (decrease), as a result of increasing (decreasing) tree
cover.

Spatially, at the global scale, areas classified as “PT” having the
highest proportion (47.9%) of increasing LOS aremainly located in trop-
ical and boreal forests (Fig. 2a). As these areas did not experience no-
ticeable changes in tree cover, this suggests that the extension of the
length of the growing season may be attributed to non-anthropogenic
Fig. 2. Spatial relationships between tree cover/short vegetation cover change and changes in
significant (Non-sig, p > 0.1), and significant decrease (Sig−, p < 0.1). Different tree cover (s
pixels of permanent tree cover and “PSV” pixels of permanent short vegetation cover. “T +
tree cover and decreased short vegetation cover. “T – SV+”: decreased tree cover and in
vegetation cover.

4

factors (climatic change and/or increased CO2). Additionally, the “PT”
pixels in boreal forests have a considerably higher proportion of
increasing LOS (68.4%) than those in the tropical forest (20.8%), which
shows that an extended growing season is widespread in boreal forests
as compared to tropical forests.

The two classes showing LOS trends for increasing tree cover are
mainly located in northern high latitudes, boreal forests, central
United States, eastern China and North Africa (Fig. 2b, c). Among these
areas, pixels with increasing tree cover in northern high latitudes of
Eurasia and central US mainly showed a decreasing LOS, whereas
other areas of increasing tree cover are mainly characterized by no
changes or increases in LOS (Fig. 2b, c). Furthermore, these areas with
increasing tree cover have a substantially larger number of pixels with
increasing LOS (Figs. 1 and 2b, c) than those with decreasing tree
cover (Fig. 2d, e), which indicates that tree cover impacts on LOS.
Areas with increasing short vegetation but decreasing tree cover
(T – SV+) show larger areas with decreasing LOS (21.1%) than those
of increasing LOS (20.2%), and are particularly observed in Southeast
Africa, in central and eastern South America and in northern high lati-
tudes of North America.

Areas classified as “PSV” are mainly located in the central part of
North America, Eastern Europe, Southern and Eastern Asia, and some
areas of Sub-Saharan Africa (Fig. 2f). While this class has an almost
equal share of pixels of decreasing LOS (19.6%) and of increasing LOS
(21.8%) (Fig. 1), there are some distinct patterns of different locations
of areas of decreasing and increasing LOS at the global scale. Notably,
the areas in Sub-Saharan Africa and eastern China showdistinct clusters
of increasing LOS. Here, climatic and anthropogenic (e.g. land manage-
ment) causes may be the driver of LOS changes, as no significant trends
in the overall composition of vegetation were detected.

Although different climatic zones have quite different tree cover and
typical LOS (Table S2), the trends in LOS for different tree cover/short
vegetation cover change types within most of these zones are similar
to the global trends (Fig. 3), except for the zones of “Extremely Cold
and Mesic” and “Extremely Hot and Xeric”. Furthermore, in the zones
“Cold and Mesic”, “Cool Temperate and Dry”, “Cool Temperate and
Moist”, and “Warm Temperate and Mesic”, the ratio between the num-
ber of pixels of increased LOS and the number of pixels of decreased LOS
is larger than 1.0 for all types of tree cover change, which suggest more
pixels of increasing LOS than pixels of decreasing LOS for all tree cover
LOS. The different trends in LOS are as follows: significant increase (Sig+, p < 0.1), non-
hort vegetation cover) change types are as follows: the permanent classes of “PT” shows
SV+”: increased tree cover and increased short vegetation cover. “T + SV−”: increased
creased short vegetation cover. “T – SV−”: decreased tree cover and decreased short
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Fig. 3. Changes in the ratio between increasing/decreasing LOS for different tree cover/short vegetation cover change types for different bioclimatic zones. The tree cover/short vegetation
cover change types are the same as given in Fig. 1. Zones are abbreviated as follows: ECM, “Extremely Cold andMesic”; CM, “Cold andMesic”; CTD, “Cool Temperate and Dry”; CTX, “Cool
Temperate and Xeric”; CTM, “Cool Temperate and Moist”; WTM, “Warm Temperate and Mesic”; WTX, “Warm Temperate and Xeric”; HM, “Hot and Mesic”; HD, “Hot and Dry”; EHX,
“Extremely Hot and Xeric”; EHM, “Extremely Hot and Moist”.
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change types. On the contrary, for the zone “Extremely Cold andMesic”
in the high latitudes, only “PT” shows considerably larger areas of in-
creasing LOS than areas of decreasing LOS, and the majority of other
types (“T+ SV−”, “T+ SV+”, “T – SV+”, and PSV) shows a higher pro-
portion of decreasing LOS than increasing LOS. Areas classified as “PT” in
the “Cold and Mesic” zone show the highest ratio between the number
of increasing/decreasing LOS pixels, and this ratio shows the sharpest
decline from 59.5 (“PT”) to 2.3 (“PSV”) among all bioclimatic zones.
Fig. 4. Relationships between LOS and NDTSI. (a) Spatial distribution of mean NDTSI (A, short v
than trees. C, more trees than short vegetation. D, tree cover exceeds short vegetation by a fac
shaded areas show the standard deviation of the annual mean LOS. (c) Trend in LOS for diffe
column denotes a significant trend in LOS (p < 0.1). The error bars show the standard deviati
and mean NDTSI. The solid green curve is the relationships between LOS and NDTSI using po
polynomial curve.

6

3.2. Impact of tree/short vegetation cover on trends in LOS

The geographical extent of the four NDTSI classes (type A to D - from
short vegetation exceeding tree cover by at least a factor of two to tree
cover exceeding short vegetation cover by at least a factor of two) as
well as their corresponding LOS trends is shown in Fig. 4. On a global
scale, the trend in LOS during 1982–2015 increases as a function of in-
creasing NDTSI (from type A to type D) (Fig. 4b). Specifically, the LOS
egetation cover exceeds tree vegetation by a factor of two. B, more short vegetation cover
tor of two). (b) Trends in LOS for different tree/short vegetation cover change types. The
rent tree cover/short vegetation cover types in different bioclimatic zones. ‘*’ above the
on of the trend. The bioclimatic zones are the same as in Fig. 3. (d) Relation between LOS
lynomial curve fitting. The light green shaded areas show the standard deviation of the
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for areas of type D has increased rapidly from 1982 to 2015
(0.55 days year−1, p < 0.1). For type C (more trees than short vegeta-
tion), the LOS has increased slower than type D from 1982 to 2015
(0.25 days year−1, p < 0.1). For type B and A, the proportion of tree
cover is lower than short vegetation cover, and the length of growing
season of these two types has decreased 0.05 days year−1 (p > 0.1)
and 0.12 days year−1 (p < 0.1), respectively.

At the level of bioclimatic zones, the trends of LOS for the different
NDTSI types are generally comparable to the global trends: The length
of the growing season increases substantially from NDTSI type A to
type D (although the trends in type B and C are almost the same as
that of type D in the CTD, CTX, CTM, and WTX zones), except for the
zone “Extremely Hot and Xeric” showing an opposite trend (Fig. 4c).
This opposite trend in the EHX zone is likely due to high variability in
the extracted LSPmetrics (Garonna et al., 2016),whichmight not reflect
the actual land surface processes. For the zone “Extremely Cold and
Mesic”, only type D is characterized by a positive trend in LOS, whereas
trends of type A-C are all strongly negative.

Furthermore, we divided the NDTSI into 2000 bins (using 0.001 as the
interval) and used a polynomial curve fitting to analyze the relationships
between NDTSI and trends in LOS. The polynomial curve (Fig. 4d) con-
firms the differences found between NDTSI types A-D (Fig. 4b) and indi-
cates a clear non-linear positive relation (R2 = 0.92) between NDTSI
and LOS (with the overall tendency that, for increasing tree cover or a de-
crease in short vegetation cover, there is a substantially increasing trend
in LOS). Interestingly, there seems to be a different relationship for type
A as compared to type B to D. NDTSI values of type A showed a small
and negative change in LOS as a function ofmeanNDTSI (Fig. 4d) as com-
pared to types B-D all being characterized by an increase in LOS for an in-
creasing mean NDTSI. In different bioclimatic zones, the tree cover and
short vegetation cover are quite different (Table S2), but the temporal
trends in LOS for type A to type D within each zone are similar: (1) LOS
changes in areas of typeA are not significant (p>0.1) (Fig. 4c) for thema-
jority of the bioclimatic zones (only four zones showed significant
trends), which indicate that changes in NDTSI have a low impact on the
LOS in areas dominated by short vegetation. (2) Contrastingly, the other
three NDTSI types (B, C, andD) showed significant trends for themajority
of the bioclimatic zones (Fig. 4c). (3) Finally, higher NDTSI is more likely
to have a higher increasing rate of LOS (from type A to type D).

4. Discussion

4.1. Changes in tree cover and its impact on LOS

4.1.1. Global increases in tree cover
Our results suggest a global increase in tree cover over the past three

decades (1982–2015), in line with Song et al. (2018), who show an in-
crease of tree cover over 2.24 million km2 from 1982 to 2016 (Song
et al., 2018). The increasing woody vegetation cover is mainly observed
in northern high latitudes (Forbes et al., 2010; Tape et al., 2006), southern
China (C. Chen et al., 2019; Tong et al., 2018), eastern United States
(Hansen et al., 2013), and the savannas of Africa (Brandt et al., 2016;
Venter et al., 2018), and is caused by a complex interplay of human and
climatic factors (e.g. climate change in Africa and land management in
China). Importantly, the northern high latitudes and boreal areas showed
themostwidespread increase in tree cover (Song et al., 2018;Wang et al.,
2020), which can be related to shrub encroachment in the Arctic tundra
(Forbes et al., 2010; Tape et al., 2006) likely caused by global warming
(Myers-Smith et al., 2020; Raynolds et al., 2008; Sturm et al., 2001). On
the other hand, tree cover losses are mainly found in the tropical areas
of South America and Africa, caused by the expansion of human-
managed areas (Brandt et al., 2016; Gibbs et al., 2010).

4.1.2. The impact of tree cover increases on LOS
Our results indicate that changes in tree cover have a considerable im-

pact on land surface phenology as assessed from remote sensing satellite
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systems, both at the global scale and in particular for the bioclimatic zones
“Extremely cold andmesic” and “Cold andmesic”. As the tree cover is in-
creasing (decreasing) or short vegetation cover is decreasing (increasing),
the length of the growing season is likely to increase (decrease). These
findings are rooted in the different phenological behaviour of woody
plants as compared to grasses (Helman, 2018). Specifically, different to
plant phenology at the level of single plants, land surface phenology pro-
vides information about phenology at a coarse spatial resolution, which
alwaysmixes the growing season signal from different species. Therefore,
land surface phenology is likely to reflect the changes in species with an
earlier or longer growing season (Fu et al., 2014). Furthermore, woody
plants have a longer growing season and dominate long term vegetation
trends. Therefore, changes in land surface phenology are more likely
driven by the signal of trees having an earlier or longer growing season,
which will cause an extended growing season within mixed pixels. Our
findings are supported by a previous remote sensing-based study that
showed that increasing shrub density could result in a 10-day extension
of tundra growing season in high latitudes (Sweet et al., 2015). Two
other studies found that thewoodlands in Africa generally have an earlier
onset of the growing season than grasslands (Guan et al., 2014; Yan et al.,
2017), which may lead to a longer satellite-derived growing season with
increasing woody vegetation cover.

Furthermore, our results suggest that changes in the ratio between
tree cover and short vegetation cover have a low impact on the LOS
when most species are short vegetation (Fig. 4d). The main reason for
this finding may be that the timing of the growing season of short veg-
etation may be less affected by climate change as compared to woody
vegetation due to strong water limitations compounded withwarming,
especially in themiddle- and low-latitude drylands (L. Chen et al., 2019;
Fu et al., 2015; Primack et al., 2009). Therefore, when the composition of
vegetation changes, the length of the growing season will not be
strongly affected in these areas.

4.2. Changes in LOS for areas of permanent tree/short vegetation cover

In boreal forests, human landmanagement has little impact on both
permanent classes, so it is likely that climate change plays the most im-
portant role in the observed temporal changes in land surface phenol-
ogy. In boreal forests, we find large areas with unchanged tree cover
but an increasing growing season, which indicates that trees in these
areas possibly extend their growing season as a result of globalwarming
(L. Chen et al., 2019; Fu et al., 2015; Primack et al., 2009). In the tropics,
the length of the growing season in areas of permanent forests still in-
creases in more areas than areas where a decrease was found, but the
ratio between an increased growing season length and a decreasing
length (7.5) was substantially lower than it was the case for boreal for-
ests (59.5) (Figs. 2a; 3). Areas of permanent short vegetation are charac-
terized by cropland and grasslands with different levels of grazing.
Therefore, it is not possible from this analysis to infer whether changes
in LOS are driven by changes in human management practices or cli-
mate change or a combination of both. For areas of permanent short
vegetation cover, the proportion of areaswith a shortened growing sea-
son was larger than areas with an increased season length, particularly
in East Africa and the central parts of the United States.

The above findings suggest that both trees and short vegetation are
more likely to extend the growing season in boreal forests than in trop-
ical areas, supported by other publications (Buitenwerf et al., 2015;
Garonna et al., 2016). Overall, the boreal forest is a hotspot area related
to changing plant phenology, mainly caused by an increasing tempera-
ture (Piao et al., 2019; Richardson et al., 2013). On the other hand, for
the tropical areas, rainfall, radiation and human land management are
more likely to be the main drivers of changes in the growing season
(Brown et al., 2012; Guan et al., 2014).

Furthermore, the effect of CO2 fertilization is also an important factor
that, in combination with climate change, can alter vegetation growth in
both tropical areas and boreal forests. For example, Schimel et al. (2015)
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suggested that up to 60% of the present-day terrestrial carbon sink is
caused by increasing CO2, which is most pronounced in tropical areas,
but also northern boreal and middle latitudes forests benefit from
elevated atmospheric CO2. Tagesson et al. (2020) showed that boreal
forest increasingly contributes to the terrestrial carbon sink due to
increased vegetation growth. CO2 fertilization may affect the phenology
of plants, because elevated CO2 can mitigate the negative impact of
droughts and lack of nutrients (Fay et al., 2012). However, the
interactions between CO2 fertilization and other factors, like global
warming, in controlling phenology is still unclear (Piao et al., 2019).

4.3. Uncertainties

We found a significant decreasing trend in the length of the season in
high latitudes of the northern hemisphere (zone of “Extremely Cold and
Mesic”), which is consistent with Garonna et al. (2016) using the same
dataset (GIMMS3g v1). However, we found an overall extension of the
growing season by using theMODIS NDVI dataset, which is very different
from the result of the GIMMS3g v1 dataset, particularly for the years be-
tween 2012 and 2015, where GIMMS3. v1 derived length of seasons con-
siderably decreased (Fig. S2). Furthermore, Garonna et al. (2016)
reported a shortening of the growing season length from 1982 to 2012
in the northern high latitudes, which is consistent with our results from
GIMMS3g v1. Contrastingly, Buitenwerf et al. (2015) and Ye et al.
(2021) found an increasing season length in the Arctic regions and con-
trasting trends between GIMMS and MODIS NDVI datasets. These seem-
ingly diverging trends may be attributed to the effect of snow cover on
satellite datasets (Atzberger et al., 2013; Wang et al., 2013), which
needs to be addressed in future studies (Ye et al., 2021).

We used the VCF dataset that divides vegetation cover into tree
cover, short vegetation cover and bare ground (Song et al., 2018) to ex-
tract information about changes in woody vegetation cover. However,
tree cover within a pixel may comprise different types of trees, e.g. co-
niferous and broad-leaved trees, evergreen and deciduous trees.
Similarly, short vegetation cover may be a composition of different veg-
etation types, e.g. grasses, crops and shrubs. Especially the inclusion of
shrubs and small trees in the short vegetation class can add some uncer-
tainty to the current analysis, since woody (shrub) encroachment is an
ongoing phenomenon during recent decades that has been widely re-
ported for various parts of the globe (Forbes et al., 2010; Venter et al.,
2018). Specifically, in the VCF dataset, trees are defined as all vegetation
taller than 5m (Song et al., 2018), which typically does not include low-
statured shrubs. This might be the reason why our results showed a
negative trend in woody cover in the eastern and southern part of
Africa, otherwise known as hotspot areas of woody encroachment
(Stevens et al., 2017; Venter et al., 2018). For example, Venter et al.
(2018) used Landsat data and high spatial resolution images from
Google Earth to derive the woody cover in these areas and found large
areas with increasing woody cover. Therefore, such cases complicate
the interpretation of responses of changes in satellite-based growing
seasons to changes in the composition of vegetation as studied here
and, more generally, the impacts fromhumanmanagement and climate
change on land surface phenology (Helman, 2018). Hence, our research
mainly focuses on the impact of changes in the overall structure of the
vegetation cover (here, the proportion between the tree and short veg-
etation cover, without considering the role of shrubs or small trees) on
land surface phenology. Further studies are needed to evaluate the
effects of more subtle species-level woody vegetation changes on the
sensitivity of land surface phenology to climate change and human
land management. Yet, this is currently not possible to do at the global
scale from existing remote sensing technology.

4.4. Summary and outlook

The impact of changes in tree cover on the response of LSP to climate
change was estimated by analyzing the linkages between tree/short
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vegetation cover change types and trends in LOS. The results show
that satellite-derived LOS is more likely to increase, if also an increase
in tree cover is observed, be it from climate change and/or human activ-
ities. Our main finding that satellite-observed changes in LSP are di-
rectly linked to vegetation compositional (tree/short vegetation)
changes, caused by climate change and/or human land-use change
and management, suggests that previous global assessments of the
sensitivities of LSP responses to climate change might have overlooked
the climate change-induced influence on vegetation composition
impacting LSP as assessed from the satellite-derived signal. Studies on
LSP and climate change from remote sensing time series analysis have
assumed anunchanged vegetation composition and focused on the pos-
sible impact on the photosynthetic activity of vegetation, thereby ignor-
ing the obvious fact that a change in the vegetation composition itself
could have caused the observed shifts in LSP (Helman, 2018). Given
the central importance of LSP in indicating the responses and sensitivi-
ties of terrestrial ecosystems to accelerating climate change (White
et al., 2009) and in diagnosing the performance of Dynamic Global Veg-
etation Models and Earth System Models using remote sensing data
(Melaas et al., 2016; Renwick et al., 2019), a global-scale re-evaluation
of the real sensitivities of LSP to climate change is urgently needed
(Helman, 2018). Sentinel-2 and Landsat-8 based high spatial resolution
(10–30 m) mapping of global vegetation types and LSP, supported by
deep learning algorithms, are likely to make this previously impossible
task possible in the near future (Bolton et al., 2020), which will bring
us one step further in understanding the implications of changes in
vegetation composition on LSP at a spatial scale where also changes in
vegetation species within the tree and non-tree vegetation can be
factored in.

CRediT authorship contribution statement

Zhongxiang Fang: Conceptualization, Methodology, Software,
Writing – original draft. Martin Brandt: Supervision, Writing – review
& editing. Lanhui Wang: Conceptualization, Methodology, Writing –
review & editing. Rasmus Fensholt: Conceptualization, Supervision,
Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgement

ZF is funded by the China Scholarship Council (CSC) (Grant Number:
201906410082). MB was financed by a DFF Sapere Aude grant (Grant
Number: 9064-00049B). LW is funded by S.C. Van Fonden (Grant
Number: 1798). RF acknowledge support by the Villum Foundation
through the project ‘Deep Learning and Remote Sensing for Unlocking
Global Ecosystem Resource Dynamics’ (DeReEco) (Project Number:
34306).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151205.

References

Atzberger, C., Klisch, A., Mattiuzzi, M., Vuolo, F., 2013. Phenological metrics derived over
the European continent from NDVI3g data and MODIS time series. Remote Sens. 6
(1), 257–284. https://doi.org/10.3390/rs6010257.

Bolton, D.K., Gray, J.M., Melaas, E.K., Moon, M., Eklundh, L., Friedl, M.A., 2020. Continental-
scale land surface phenology from harmonized landsat 8 and Sentinel-2 imagery.
Remote Sens. Environ. 240, 111685. https://doi.org/10.1016/j.rse.2020.111685.

https://doi.org/10.1016/j.scitotenv.2021.151205
https://doi.org/10.1016/j.scitotenv.2021.151205
https://doi.org/10.3390/rs6010257
https://doi.org/10.1016/j.rse.2020.111685


Z. Fang, M. Brandt, L. Wang et al. Science of the Total Environment 806 (2022) 151205
Brandt, M., Hiernaux, P., Rasmussen, K., Mbow, C., Kergoat, L., Tagesson, T., et al., 2016.
Assessing woody vegetation trends in Sahelian drylands using MODIS based seasonal
metrics. Remote Sens. Environ. 183, 215–225. https://doi.org/10.1016/j.rse.2016.05.027.

Brown, M.E., de Beurs, K.M., Marshall, M., 2012. Global phenological response to climate
change in crop areas using satellite remote sensing of vegetation, humidity and tem-
perature over 26years. Remote Sens. Environ. 126, 174–183. https://doi.org/10.1016/
j.rse.2012.08.009.

Buitenwerf, R., Rose, L., Higgins, S.I., 2015. Three decades of multi-dimensional change in
global leaf phenology. Nat. Clim. Chang. 5 (4), 364–368. https://doi.org/10.1038/
nclimate2533.

Chen, X., Wang, D., Chen, J., Wang, C., Shen, M., 2018. The mixed pixel effect in land sur-
face phenology: a simulation study. Remote Sens. Environ. 211, 338–344. https://doi.
org/10.1016/j.rse.2018.04.030.

Chen, C., Park, T., Wang, X., Piao, S., Xu, B., Chaturvedi, R.K., et al., 2019. China and India
lead in greening of the world through land-use management. Nat. Sustain. 2,
122–129. https://doi.org/10.1038/s41893-019-0220-7.

Chen, L., Huang, J.G., Ma, Q., Hanninen, H., Tremblay, F., Bergeron, Y., 2019. Long-term
changes in the impacts of global warming on leaf phenology of four temperate tree
species. Glob. Chang. Biol. 25 (3), 997–1004. https://doi.org/10.1111/gcb.14496.

Cleland, E.E., Chuine, I., Menzel, A., Mooney, H.A., Schwartz, M.D., 2007. Shifting plant phe-
nology in response to global change. Trends Ecol. Evol. 22 (7), 357–365. https://doi.
org/10.1016/j.tree.2007.04.003.

Doi, H., Takahashi, M., 2008. Latitudinal patterns in the phenological responses of leaf
colouring and leaf fall to climate change in Japan. Glob. Ecol. Biogeogr. 17 (4),
556–561. https://doi.org/10.1111/j.1466-8238.2008.00398.x.

Fay, P.A., Jin, V.L., Way, D.A., Potter, K.N., Gill, R.A., Jackson, R.B., et al., 2012. Soil-mediated
effects of subambient to increased carbon dioxide on grassland productivity. Nat.
Clim. Chang. 2 (10), 742–746. https://doi.org/10.1038/nclimate1573.

Flynn, D.F.B., Wolkovich, E.M., 2018. Temperature and photoperiod drive spring phenol-
ogy across all species in a temperate forest community. New Phytol. 219 (4),
1353–1362. https://doi.org/10.1111/nph.15232.

Forbes, B.C., Fauria, M.M., Zetterberg, P., 2010. Russian Arctic warming and ‘greening’ are
closely tracked by tundra shrub willows. Glob. Chang. Biol. 16 (5), 1542–1554.
https://doi.org/10.1111/j.1365-2486.2009.02047.x.

Fu, Y., Piao, S., Op de Beeck, M., Cong, N., Zhao, H., Zhang, Y., et al., 2014. Recent spring
phenology shifts in western Central Europe based on multiscale observations. Glob.
Ecol. Biogeogr. 23 (11), 1255–1263. https://doi.org/10.1111/geb.12210.

Fu, Y., Zhao, H., Piao, S., Peaucelle, M., Peng, S., Zhou, G., et al., 2015. Declining global
warming effects on the phenology of spring leaf unfolding. Nature 526 (7571),
104–107. https://doi.org/10.1038/nature15402.

Garonna, I., de Jong, R., Schaepman, M.E., 2016. Variability and evolution of global land
surface phenology over the past three decades (1982–2012). Glob. Chang. Biol. 22
(4), 1456–1468. https://doi.org/10.1111/gcb.13168.

Gibbs, H.K., Ruesch, A.S., Achard, F., Clayton, M.K., Holmgren, P., Ramankutty, N., et al.,
2010. Tropical forests were the primary sources of new agricultural land in the
1980s and 1990s. Proc. Natl. Acad. Sci. 107 (38), 16732–16737. https://doi.org/10.
1073/pnas.0910275107.

Guan, K., Wood, E.F., Medvigy, D., Kimball, J., Pan, M., Caylor, K.K., et al., 2014. Terrestrial
hydrological controls on land surface phenology of African savannas and woodlands.
J.Geophys.Res.Biogeosci. 119 (8), 1652–1669. https://doi.org/10.1002/2013JG002572.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A., et al.,
2013. High-resolution global maps of 21st-century forest cover change. Science 342
(6160), 850–853.

Helman, D., 2018. Land surface phenology: what do we really 'see' from space? Sci. Total
Environ. 618, 665–673. https://doi.org/10.1016/j.scitotenv.2017.07.237.

Holben, B.N., 1986. Characteristics of maximum-value composite images from temporal
AVHRR data. Int. J. Remote Sens. 7 (11), 1417–1434. https://doi.org/10.1080/
01431168608948945.

Jeong, S.-J., Medvigy, D., 2014. Macroscale prediction of autumn leaf coloration through-
out the continental United States. Glob. Ecol. Biogeogr. 23 (11), 1245–1254. https://
doi.org/10.1111/geb.12206.

Jeong, S.-J., Ho, C.-H., Gim, H.-J., Brown, M.E., 2011. Phenology shifts at start vs. end of
growing season in temperate vegetation over the Northern Hemisphere for the pe-
riod 1982–2008. Glob. Chang. Biol. 17 (7), 2385–2399. https://doi.org/10.1111/j.
1365-2486.2011.02397.x.

Joiner, J., Yoshida, Y., Vasilkov, A.P., Schaefer, K., Jung, M., Guanter, L., et al., 2014. The sea-
sonal cycle of satellite chlorophyll fluorescence observations and its relationship to
vegetation phenology and ecosystem atmosphere carbon exchange. Remote Sens.
Environ. 152, 375–391. https://doi.org/10.1016/j.rse.2014.06.022.

Jönsson, P., Eklundh, L., 2004. TIMESAT—a program for analyzing time-series of satellite
sensor data. Comput. Geosci. 30 (8), 833–845. https://doi.org/10.1016/j.cageo.2004.
05.006.

Melaas, E.K., Friedl, M.A., Richardson, A.D., 2016. Multiscale modeling of spring phenology
across deciduous forests in the Eastern United States. Glob. Chang. Biol. 22 (2),
792–805. https://doi.org/10.1111/gcb.13122.

Metzger, M.J., Bunce, R.G.H., Jongman, R.H.G., Sayre, R., Trabucco, A., Zomer, R., et al., 2013.
A high-resolution bioclimate map of the world: a unifying framework for global bio-
diversity research and monitoring. Glob. Ecol. Biogeogr. 22 (5), 630–638. https://doi.
org/10.1111/geb.12022.

Migliavacca, M., Sonnentag, O., Keenan, T.F., Cescatti, A., O'Keefe, J., Richardson, A.D., 2012.
On the uncertainty of phenological responses to climate change, and implications for
a terrestrial biosphere model. Biogeosciences 9 (6), 2063–2083. https://doi.org/10.
5194/bg-9-2063-2012.

Myers-Smith, I.H., Kerby, J.T., Phoenix, G.K., Bjerke, J.W., Epstein, H.E., Assmann, J.J., et al.,
2020. Complexity revealed in the greening of the Arctic. Nat. Clim. Chang. 10 (2),
106–117. https://doi.org/10.1038/s41558-019-0688-1.
9

Park, H., Jeong, S.-J., Ho, C.-H., Park, C.-E., Kim, J., 2018. Slowdown of spring green-up ad-
vancements in boreal forests. Remote Sens. Environ. 217, 191–202. https://doi.org/
10.1016/j.rse.2018.08.012.

Piao, S., Ciais, P., Friedlingstein, P., Peylin, P., Reichstein, M., Luyssaert, S., et al., 2008. Net
carbon dioxide losses of northern ecosystems in response to autumn warming. Na-
ture 451 (7174), 49–52. https://doi.org/10.1038/nature06444.

Piao, S., Tan, J., Chen, A., Fu, Y.H., Ciais, P., Liu, Q., et al., 2015. Leaf onset in the northern
hemisphere triggered by daytime temperature. Nat. Commun. 6, 6911. https://doi.
org/10.1038/ncomms7911.

Piao, S., Liu, Q., Chen, A., Janssens, I.A., Fu, Y., Dai, J., et al., 2019. Plant phenology and global
climate change: current progresses and challenges. Glob. Chang. Biol. 25 (6),
1922–1940. https://doi.org/10.1111/gcb.14619.

Pinzon, J., Tucker, C., 2014. A non-stationary 1981–2012 AVHRR NDVI3g time series. Re-
mote Sens. 6 (8), 6929–6960. https://doi.org/10.3390/rs6086929.

Primack, R.B., Ibáñez, I., Higuchi, H., Lee, S.D., Miller-Rushing, A.J., Wilson, A.M., et al., 2009.
Spatial and interspecific variability in phenological responses to warming temperatures.
Biol. Conserv. 142 (11), 2569–2577. https://doi.org/10.1016/j.biocon.2009.06.003.

Raynolds, M., Comiso, J., Walker, D., Verbyla, D., 2008. Relationship between satellite-
derived land surface temperatures, arctic vegetation types, and NDVI. Remote Sens.
Environ. 112 (4), 1884–1894. https://doi.org/10.1016/j.rse.2007.09.008.

Renwick, K.M., Fellows, A., Flerchinger, G.N., Lohse, K.A., Clark, P.E., Smith, W.K., et al.,
2019. Modeling phenological controls on carbon dynamics in dryland sagebrush eco-
systems. Agric. For. Meteorol. 274, 85–94. https://doi.org/10.1016/j.agrformet.2019.
04.003.

Richardson, A.D., Keenan, T.F., Migliavacca, M., Ryu, Y., Sonnentag, O., Toomey, M., 2013.
Climate change, phenology, and phenological control of vegetation feedbacks to the
climate system. Agric. For. Meteorol. 169, 156–173. https://doi.org/10.1016/j.
agrformet.2012.09.012.

Ryu, Y., Baldocchi, D.D., Ma, S., Hehn, T., 2008. Interannual variability of evapotranspira-
tion and energy exchange over an annual grassland in California. J. Geophys. Res.
113 (D9). https://doi.org/10.1029/2007jd009263.

Schimel, D., Stephens, B.B., Fisher, J.B., 2015. Effect of increasing CO2 on the terrestrial car-
bon cycle. Proc. Natl. Acad. Sci. 112 (2), 436–441. https://doi.org/10.1073/pnas.
1407302112.

Song, X.P., Hansen, M.C., Stehman, S.V., Potapov, P.V., Tyukavina, A., Vermote, E.F., et al.,
2018. Global land change from 1982 to 2016. Nature 560 (7720), 639–643. https://
doi.org/10.1038/s41586-018-0411-9.

Stevens, N., Lehmann, C.E., Murphy, B.P., Durigan, G., 2017. Savanna woody encroachment
is widespread across three continents. Glob. Chang. Biol. 23 (1), 235–244. https://doi.
org/10.1111/gcb.13409.

Sturm, M., Racine, C., Tape, K., 2001. Increasing shrub abundance in the Arctic. Nature 411
(6837), 546–547. https://doi.org/10.1038/35079180.

Sweet, S.K., Griffin, K.L., Steltzer, H., Gough, L., Boelman, N.T., 2015. Greater deciduous
shrub abundance extends tundra peak season and increases modeled net CO2 up-
take. Glob. Chang. Biol. 21 (6), 2394–2409. https://doi.org/10.1111/gcb.12852.

Tagesson, T., Schurgers, G., Horion, S., Ciais, P., Tian, F., Brandt, M., et al., 2020. Recent di-
vergence in the contributions of tropical and boreal forests to the terrestrial carbon
sink. Nat. Ecol. Evol. 4 (2), 202–209. https://doi.org/10.1038/s41559-019-1090-0.

Tape, K.E.N., Sturm, M., Racine, C., 2006. The evidence for shrub expansion in Northern
Alaska and the Pan-Arctic. Glob. Chang. Biol. 12 (4), 686–702. https://doi.org/10.
1111/j.1365-2486.2006.01128.x.

Tong, X., Brandt, M., Yue, Y., Horion, S., Wang, K., Keersmaecker, W.D., et al., 2018. In-
creased vegetation growth and carbon stock in China karst via ecological engineering.
Nat. Sustain. 1 (1), 44–50. https://doi.org/10.1038/s41893-017-0004-x.

Tucker, C.J., Pinzon, J.E., Brown,M.E., Slayback, D.A., Pak, E.W., Mahoney, R., et al., 2005. An
extended AVHRR 8-km NDVI dataset compatible with MODIS and SPOT vegetation
NDVI data. Int. J. Remote Sens. 26 (20), 4485–4498. https://doi.org/10.1080/
01431160500168686.

Venter, Z.S., Cramer, M.D., Hawkins, H.J., 2018. Drivers of woody plant encroachment over
Africa. Nat. Commun. 9 (1), 2272. https://doi.org/10.1038/s41467-018-04616-8.

Wang, T., Peng, S., Lin, X., Chang, J., 2013. Declining snow cover may affect spring pheno-
logical trend on the Tibetan plateau. Proc. Natl. Acad. Sci. U. S. A. 110 (31),
E2854–E2855. https://doi.org/10.1073/pnas.1306157110.

Wang, L., Tian, F., Wang, Y., Wu, Z., Schurgers, G., Fensholt, R., 2018. Acceleration of global
vegetation greenup from combined effects of climate change and human land man-
agement. Glob. Chang. Biol. 24 (11), 5484–5499. https://doi.org/10.1111/gcb.14369.

Wang, L., Tian, F., Huang, K., Wang, Y., Wu, Z., Fensholt, R., 2020. Asymmetric patterns and
temporal changes in phenology-based seasonal gross carbon uptake of global terres-
trial ecosystems. Glob. Ecol. Biogeogr. 29 (6), 1020–1033. https://doi.org/10.1111/
geb.13084.

White, M.A., de Beurs, K.M., Didan, K., Inouye, D.W., Richardson, A.D., Jensen, O.P., et al.,
2009. Intercomparison, interpretation, and assessment of spring phenology in
North America estimated from remote sensing for 1982–2006. Glob. Chang. Biol. 15
(10), 2335–2359. https://doi.org/10.1111/j.1365-2486.2009.01910.x.

Yan, D., Zhang, X., Yu, Y., Guo, W., 2017. Characterizing land cover impacts on the re-
sponses of land surface phenology to the rainy season in the Congo Basin. Remote
Sens. 9 (5), 461. https://doi.org/10.3390/rs9050461.

Ye,W., van Dijk, A.I.J.M., Huete, A., Yebra, M., 2021. Global trends in vegetation seasonality
in the GIMMS NDVI3g and their robustness. Int. J. Appl. Earth Obs. Geoinf. 94, 102238.
https://doi.org/10.1016/j.jag.2020.102238.

Zhou, L., Tucker, C.J., Kaufmann, R.K., Slayback, D., Shabanov, N.V., Myneni, R.B., 2001. Var-
iations in northern vegetation activity inferred from satellite data of vegetation index
during 1981 to 1999. J.Geophys.Res.Atmos. 106 (D17), 20069–20083. https://doi.org/
10.1029/2000jd000115.

https://doi.org/10.1016/j.rse.2016.05.027
https://doi.org/10.1016/j.rse.2012.08.009
https://doi.org/10.1016/j.rse.2012.08.009
https://doi.org/10.1038/nclimate2533
https://doi.org/10.1038/nclimate2533
https://doi.org/10.1016/j.rse.2018.04.030
https://doi.org/10.1016/j.rse.2018.04.030
https://doi.org/10.1038/s41893-019-0220-7
https://doi.org/10.1111/gcb.14496
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1111/j.1466-8238.2008.00398.x
https://doi.org/10.1038/nclimate1573
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/j.1365-2486.2009.02047.x
https://doi.org/10.1111/geb.12210
https://doi.org/10.1038/nature15402
https://doi.org/10.1111/gcb.13168
https://doi.org/10.1073/pnas.0910275107
https://doi.org/10.1073/pnas.0910275107
https://doi.org/10.1002/2013JG002572
http://refhub.elsevier.com/S0048-9697(21)06283-5/rf202110232119040955
http://refhub.elsevier.com/S0048-9697(21)06283-5/rf202110232119040955
https://doi.org/10.1016/j.scitotenv.2017.07.237
https://doi.org/10.1080/01431168608948945
https://doi.org/10.1080/01431168608948945
https://doi.org/10.1111/geb.12206
https://doi.org/10.1111/geb.12206
https://doi.org/10.1111/j.1365-2486.2011.02397.x
https://doi.org/10.1111/j.1365-2486.2011.02397.x
https://doi.org/10.1016/j.rse.2014.06.022
https://doi.org/10.1016/j.cageo.2004.05.006
https://doi.org/10.1016/j.cageo.2004.05.006
https://doi.org/10.1111/gcb.13122
https://doi.org/10.1111/geb.12022
https://doi.org/10.1111/geb.12022
https://doi.org/10.5194/bg-9-2063-2012
https://doi.org/10.5194/bg-9-2063-2012
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1016/j.rse.2018.08.012
https://doi.org/10.1016/j.rse.2018.08.012
https://doi.org/10.1038/nature06444
https://doi.org/10.1038/ncomms7911
https://doi.org/10.1038/ncomms7911
https://doi.org/10.1111/gcb.14619
https://doi.org/10.3390/rs6086929
https://doi.org/10.1016/j.biocon.2009.06.003
https://doi.org/10.1016/j.rse.2007.09.008
https://doi.org/10.1016/j.agrformet.2019.04.003
https://doi.org/10.1016/j.agrformet.2019.04.003
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1029/2007jd009263
https://doi.org/10.1073/pnas.1407302112
https://doi.org/10.1073/pnas.1407302112
https://doi.org/10.1038/s41586-018-0411-9
https://doi.org/10.1038/s41586-018-0411-9
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1111/gcb.13409
https://doi.org/10.1038/35079180
https://doi.org/10.1111/gcb.12852
https://doi.org/10.1038/s41559-019-1090-0
https://doi.org/10.1111/j.1365-2486.2006.01128.x
https://doi.org/10.1111/j.1365-2486.2006.01128.x
https://doi.org/10.1038/s41893-017-0004-x
https://doi.org/10.1080/01431160500168686
https://doi.org/10.1080/01431160500168686
https://doi.org/10.1038/s41467-018-04616-8
https://doi.org/10.1073/pnas.1306157110
https://doi.org/10.1111/gcb.14369
https://doi.org/10.1111/geb.13084
https://doi.org/10.1111/geb.13084
https://doi.org/10.1111/j.1365-2486.2009.01910.x
https://doi.org/10.3390/rs9050461
https://doi.org/10.1016/j.jag.2020.102238
https://doi.org/10.1029/2000jd000115
https://doi.org/10.1029/2000jd000115

	A global increase in tree cover extends the growing season length as observed from satellite records
	1. Introduction
	2. Materials and methods
	2.1. Data
	2.1.1. NDVI data
	2.1.2. VCF data
	2.1.3. GEnS data

	2.2. Extraction of land surface phenology
	2.3. Analysis of the effect of tree cover/short vegetation cover change on LOS
	2.3.1. Extraction and comparison of trends of phenological metrics
	2.3.2. Extraction of pixels of permanent tree cover and permanent short vegetation
	2.3.3. Changes of tree cover and short vegetation cover
	2.3.4. Impact of tree cover/short vegetation cover change on LOS

	2.4. Changes of LOS as a function of tree cover/short vegetation cover

	3. Result
	3.1. Impact of tree/short vegetation cover change on LOS
	3.2. Impact of tree/short vegetation cover on trends in LOS

	4. Discussion
	4.1. Changes in tree cover and its impact on LOS
	4.1.1. Global increases in tree cover
	4.1.2. The impact of tree cover increases on LOS

	4.2. Changes in LOS for areas of permanent tree/short vegetation cover
	4.3. Uncertainties
	4.4. Summary and outlook

	CRediT authorship contribution statement
	Declaration of competing interest
	section26
	Acknowledgement
	Appendix A. Supplementary data
	References




