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Highlights

What are the main findings?

e  Global shrub encroachment expanded continuously during 2002-2022, with a struc-
tural transition detected between 2010 and 2014, showing pronounced aridity gradient
dependence.

e  Shrub encroachment enhanced vegetation greenness and productivity, with concur-
rent LAI+GPP+ responses dominating (~70%), though decoupling persisted at high
latitudes and in humid regions.

What are the implications of the main findings?

e Moisture gradients fundamentally regulate the spatiotemporal dynamics and eco-
logical consequences of shrub encroachment, necessitating spatially differentiated
grassland management strategies.

e  The moisture-dependent enhancement of vegetation greenness and productivity under
shrub encroachment has important implications for grassland carbon sink assessment
and ecosystem management under increasing aridity.

Abstract

Shrub encroachment represents a widespread shift in vegetation structure, yet its influence
on the relationship between vegetation greening and ecosystem productivity across global
aridity gradients remains poorly understood. Focusing on global grasslands as the study
domain, we systematically examined shrub-encroached areas across diverse climatic zones
spanning aridity gradients from arid to humid regions. Here, we integrated multi-source
remote sensing datasets, including MODIS land cover, leaf area index (LAI), and gross
primary productivity (GPP), with a global aridity index to systematically detect shrub
encroachment. By combining trend analysis, Pettitt change-point detection, and a moving-
window pairwise comparison approach, we characterized the spatiotemporal dynamics of
encroachment and quantified its differential effects on vegetation dynamics. Our results
showed that the global extent of shrub encroachment expanded continuously from 2002
to 2022, with an abrupt change detected between 2010 and 2014. Relative to comparable
non-encroached coverage pixels (NSEC), comparable shrub-encroached coverage pixels
(CSEC) exhibited generally increasing trends in LAI, fractional vegetation cover (FVC),
and GPP, with enhancement magnitudes showing strong aridity gradient dependence,
peaking in semi-arid and dry sub-humid regions, indicating that shrub encroachment is
substantially regulated by water limitation. Furthermore, joint trend analysis revealed
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that the concurrent increase in both LAI and GPP (LAI+GPP+) was the dominant pattern,
observed in approximately 70% of encroached areas, although decoupling persisted at high
latitudes and in certain humid regions (LAI+GPP—). These findings demonstrate that shrub
encroachment is fundamentally regulated by moisture gradients and exhibits pronounced
spatial heterogeneity, providing new evidence for understanding carbon cycling dynamics
and informing grassland ecosystem management under increasing aridity.

Keywords: shrub encroachment; aridity gradient; gross primary productivity; leaf area
index; climate change

1. Introduction

Grassland ecosystems cover approximately 40% of the global terrestrial land surface
and play indispensable roles in maintaining biodiversity, regulating climate and sustain-
ing livestock-based livelihoods [1-3]. Over recent decades, the increasing frequency and
intensity of drought associated with global warming have driven profound changes in
the structure and function of grassland ecosystems [4-6]. Against this backdrop, shrub
encroachment, the expansion of woody plants into herbaceous-dominated landscapes,
has emerged as one of the most consequential mechanisms of ecosystem-level change [7].
Shrub encroachment refers to the expansion of shrubs within grassland and savanna ecosys-
tems, characterized by sustained increases in shrub abundance, biomass, cover, or density,
resulting in a transition in vegetation structure from herbaceous-dominated to woody-
dominated states [8,9]. This phenomenon is most prevalent in the western United States,
eastern Australia, southern Africa, the temperate grasslands of northern China, and other
temperate regions of the Northern Hemisphere [10-14]. The drivers of shrub encroachment
involve complex interactions between global and regional factors, whereby climate change,
including rising atmospheric CO, concentrations, increasing temperatures, and shifting
precipitation regimes, and anthropogenic disturbances, such as grazing intensity, fire fre-
quency, and land management practices, interact across multiple spatiotemporal scales to
collectively shape the spatial heterogeneity of shrub encroachment [11,15].

Shrub expansion not only alters vegetation structure but also exerts significant effects
on carbon cycling and ecosystem functioning. Structurally, shrub encroachment is generally
accompanied by increases in leaf area index, reflecting more complex canopy architecture
and a trend toward vegetation greening [16], a pattern that has been observed across diverse
climatic regions [17,18]. Its effects on carbon cycling, however, are more variable. In the
northern Chihuahuan Desert of the United States and the temperate semi-arid grasslands of
Inner Mongolia, shrub invasion can increase net ecosystem carbon exchange, indicating en-
hanced carbon sequestration, generally accompanied by higher gross primary productivity
and aboveground biomass [19-22]. Similarly, across the Arctic tundra, semi-arid grasslands,
and North American prairies, shrubification is often associated with increases in gross
primary productivity [16,17,23]. Nevertheless, despite gains in plant biomass and carbon
inputs, changes in organic matter quality and decomposition dynamics mean that soil
organic carbon stocks and stability do not necessarily rise in parallel, partially offsetting car-
bon sink effects [24]. At regional scales, for example, in the southern United States, woody
plant invasion can enhance primary productivity but also ecosystem respiration, leading to
a reduction in net ecosystem exchange [25]. Collectively, these findings indicate that the
carbon cycle responses to shrub encroachment are highly spatially heterogeneous, and the
lack of cross-scale integration and global assessments currently limits a comprehensive
understanding of its ecological and climatic consequences.
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The ecological effects of shrub encroachment are strongly dependent on climatic
context, exhibiting pronounced regional variability [26,27]. In the Arctic, shrubification
alters surface energy balance and soil thermal regimes, suppressing permafrost thaw
during summer while enhancing soil warming in winter, thereby exerting a seasonally
dual influence on permafrost stability [28]. In the temperate semi-arid regions of the
Northern Hemisphere, shrub encroachment is typically associated with increased bare
soil and reduced evapotranspiration, amplifying surface warming, whereas in relatively
mesic regions such as the southwestern United States, it can lower surface temperature
by increasing vegetation cover and evapotranspiration, producing a cooling effect [12].
Likewise, shrub encroachment promotes vegetation greening in semi-arid regions by
enhancing leaf area index and water use efficiency, but in arid regions, reductions in leaf
area index, gross primary productivity, and evapotranspiration result in negative effects on
greening [16]. Moreover, in Mediterranean semi-arid grasslands, shrub establishment can
mitigate land degradation, indicating a potential role in ecosystem recovery [29]. Taken
together, these observations highlight that the ecological effects of shrub encroachment
are highly context-dependent and spatially heterogeneous, varying with local climate, soil,
and vegetation conditions. However, its global distribution and responses along aridity
gradients remain poorly characterized, limiting a comprehensive understanding of its
ecosystem and climatic consequences.

Although prior research has illuminated multiple facets of shrub encroachment, from
its proximate drivers to its functional consequences, critical knowledge gaps remain. Accu-
rate detection and quantification of the spatiotemporal dynamics of woody plant expansion
are fundamental to understanding its ecological consequences and formulating evidence-
based management strategies. High-spatial-resolution remote sensing offers fine-grained
characterization of shrub cover at local scales [30,31], but prohibitive data acquisition
costs, limited historical archives, and spatially fragmented coverage render this approach
ill-suited for long-term global monitoring [32]. By contrast, the MODIS land cover product
(MCD12Q1) provides global spatial consistency, a continuous time series since 2001, and
annual temporal resolution, offering a robust framework for tracking shrub encroachment
dynamics across regions and decades [11,12,16]. Nevertheless, existing studies have largely
focused on local or regional scales and lack a systematic assessment framework that spans
aridity gradients, limiting a comprehensive understanding of global shrub encroachment
patterns and their ecological consequences. In particular, few studies have systematically
linked aridity gradients, shrub encroachment dynamics, and the structural-functional
relationship between LAI and GPP. Consequently, the mechanisms by which shrub en-
croachment drives coordinated or decoupled responses in vegetation greening and carbon
accumulation across moisture regimes remain poorly characterized.

To address these gaps, this study examines global grasslands over the period 2002—
2022 by integrating MODIS land cover, LAIL and GPP data with a global aridity index
to construct a spatially explicit, aridity-stratified framework for detecting and evaluating
shrub encroachment dynamics. Our specific objectives are threefold: (1) to map and charac-
terize the spatiotemporal evolution of shrub-encroached areas in global grasslands from
2002 to 2022, and to quantify aridity-dependent expansion rates and structural change
points; (2) to compare LAI, FVC and GPP responses between CSEC and NSEC across
aridity gradients, and to quantify the moisture-dependent magnitudes of change; and (3) to
conduct joint LAI-GPP trend analysis to disentangle spatial patterns of LAI-GPP coordi-
nation and decoupling across encroached regions. This study reveals the spatiotemporal
expansion patterns of global shrub encroachment along aridity gradients and its differential
effects on vegetation structure and carbon cycling. It also provides a remote sensing-based
basis for grassland management, grazing regulation, and vegetation restoration in arid and
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semi-arid regions, while offering quantitative global-scale evidence for understanding the
co-evolution of grassland ecosystem structure and function under climate change.

2. Materials and Methods

2.1. Datasets and Processing
2.1.1. Land Use Data

Annual global land cover was characterized using the MODIS MCD12Q1 product
(Version 6.1) at 500 m spatial resolution, from which vegetation cover information was
extracted according to the 17-class International Geosphere-Biosphere Programme (IGBP)
classification scheme (Figure 1a). The product spanned 2001-2022 and offered globally
consistent, annually updated land cover designations, making it well suited for large-
scale vegetation dynamics monitoring. Within the IGBP framework, shrub encroachment
fundamentally reflects a progressive structural transition from herbaceous- to woody-
dominated vegetation. To systematically capture this transition, we focused on five land
cover types—Grasslands, Savannas, Woody Savannas, and Open Shrublands and Closed
Shrublands—and tracked their interannual dynamics to identify regions undergoing shrub
encroachment globally.

Land cover types

Ml Closed shrublands (0.85%) [ Savannas (21.23%) Aridity classes
M Open shrublands (21.68%) M Grasslands (39.73%) M Arid (16.75%) M Dry subhumid (8.28%)
Il Woody savannas (16.5%) Semi-arid (15.53%) M Humid (59.45%)

Figure 1. Global land cover distribution based on the IGBP classification scheme (a) and spatial
pattern of the global aridity index (b).

2.1.2. Vegetation Data

To characterize vegetation structure and ecosystem function in encroached and non-
encroached areas, we utilized a suite of MODIS products spanning 2001-2022. For veg-
etation structure, LAI was obtained from the MOD15A2H dataset (Version 6.1), which
employed an 8-day compositing algorithm to select optimal observations and provided
globally consistent canopy characterization at 500 m resolution. FVC was derived from
the normalized difference vegetation index (NDVI) obtained from the MOD13A1 product
(Version 6.1) at 500 m resolution using a pixel dichotomy model in conjunction with the
maximum and minimum NDVI values. To quantify the effect of shrub encroachment on
carbon fixation capacity, GPP was obtained from the MOD17A2H product (Version 6.1)
at 500 m resolution. LAI and NDVI were processed using maximum value compositing
to ensure robustness across the long time series. For GPP, we used the MOD17A2H prod-
uct (8-day composites). We first summed the 8-day values to obtain monthly totals and
then accumulated the 12 monthly totals to derive annual GPP (unit: g C m~2 yr~!). To
ensure spatial comparability among multi-source datasets, all variables were resampled to
a common 0.1° x 0.1° grid using bilinear interpolation. The MODIS products (MCD12Q1,
MOD15A2H, MOD13A1, and MOD17A2H) were obtained from the NASA Land Processes
Distributed Active Archive Center (LP DAAC).
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2.1.3. Aridity Index

Regional moisture conditions were characterized using the Global Aridity Index (AI)
dataset produced by the Food and Agriculture Organization of the United Nations (FAO).
This dataset, provided at 10 arc-minute spatial resolution, quantified surface water balance
as the ratio of mean annual precipitation to mean annual potential evapotranspiration (PET).
Following the classification framework established by the United Nations Environment
Programme (UNEP), the study area was stratified into four aridity zones: arid (Al < 0.20),
semi-arid (0.20 < Al < 0.50), dry subhumid (0.50 < AI < 0.65), and humid (AI > 0.65)
(Figure 1b). This four-tier classification served as the spatial analytical framework for the
study. Integration of this gridded dataset enabled assessment of how aridity gradients
modulated the rate of shrub encroachment and the associated responses of vegetation
indicators. The aridity index data were resampled to a spatial resolution of 0.1° x 0.1°
using bilinear interpolation. Detailed information for all datasets is presented in Table 1.
The Global Aridity Index dataset was provided by the Food and Agriculture Organization
of the United Nations (FAO), Rome, Italy.

Table 1. Summary of datasets.

Temporal Spatial
Name Year Resolution Resolution Data Source
https:/ /www.earthdata.nasa.gov/data/catalog/
MODI5AZH LAI 2001-2022 8d 500 m Ipcloud-mod15a2h-061 (20 September 2025)
https:/ /www.earthdata.nasa.gov/data/catalog/
MODI3AL NDVI 2001-2022 16d S00m Ipcloud-mod13al1-061 (15 October 2025)
. https:/ /www.earthdata.nasa.gov/data/catalog/
MODI17A2H GPP 2001-2022 8d 500 m Ipcloud-mod17a2h-006 (18 November 2025)
https://data.apps.fao.org/catalog/dataset/2210
Aridity Index / / 10 arc-minute 72ae-2090-48al-be6f-5a88f061431a

MCD12Q1 Land use

2001-2022 yearly 500 m

(11 December 2025)
https:/ /www.earthdata.nasa.gov/data/catalog/
Ipcloud-mcd12q1-061 (27 December 2025)

2.2. Methods
2.2.1. Identification of Shrub Encroachment

Shrub encroachment was defined as the progressive transition from herbaceous-
dominated to woody-dominated vegetation, characterized by an increase in woody plant
cover. Using the MODIS MCD12Q1 land cover product and five IGBP land cover classes as-
sociated with grassland ecosystems, namely closed shrublands (L6), open shrublands (L7),
woody savannas (L8), savannas (L9), and grasslands (L10), we constructed a herbaceous-to-
woody vegetation structural gradient. These five classes collectively represent a continuum
from herbaceous to woody dominance, providing a unified classification basis for the
identification and quantitative assessment of shrub encroachment at the global scale.

Encroachment was identified when a pixel transitioned toward a higher woody-
dominance class along this gradient during the study period. Using 2001 as the reference
year, land cover transitions were recorded annually from 2002 to 2022. Specific encroach-
ment transitions included: grasslands (L10) to savannas (L9); grasslands (L10) or savannas
(L9) to woody savannas (L8); grasslands (L10), savannas (L9), or woody savannas (L8)
to open shrublands (L7); and grasslands (L10), savannas (L9), woody savannas (L8), or
open shrublands (L7) to closed shrublands (L6). All such transitions were considered to
indicate a directional shift toward greater woody dominance and were therefore classified
as encroachment pixels and assigned a value of 1; all remaining pixels were assigned
a value of 0. To identify grassland pixels that remained unencroached throughout the
study period, pixels from 2001 were used as the initial sample. Pixels that exhibited no
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transition toward a higher woody-dominance class and maintained a stable land cover type
throughout the study period—including grasslands (L10), savannas (L9), woody savannas
(L8), and open shrublands (L7)—were designated as non-encroachment pixels (value = 1),
while all other pixels were assigned a value of 0 [16,33].

To reduce the influence of single-pixel classification errors inherent in 500 m resolution
data and improve consistency with the spatial scale of climate and ecological variables, the
binary encroachment results were aggregated to a 0.1° spatial resolution. Within each 0.1°
grid cell, the proportions of encroachment and non-encroachment pixels were calculated
to characterize the spatial extent of structural transition. Given that annual land cover
products are subject to classification uncertainty and interannual variability, the 22 annual
layers spanning 2001-2022 were overlaid and summarized at the 0.1° scale to reduce the
influence of short-term algorithmic noise.

2.2.2. Moving Window Analysis and Paired Comparison Strategy

To quantitatively assess the effects of shrub encroachment on vegetation dynamics,
three indicators were extracted: LAI, GPP, and FVC. LAl served as an indicator of canopy
greenness, GPP reflected ecosystem productivity, and FVC characterized the extent of vege-
tation cover. Given the substantial variation in climatic conditions, topographic settings,
and ecological environments across regions, a moving-window-based paired compari-
son approach was employed to contrast these indicators between shrub-encroached and
non-encroached grasslands. Pixels were classified into two categories based on the fol-
lowing criteria: a 0.1° pixel was designated as a comparable shrub-encroached coverage
pixel (CSEC) if the shrub-encroached fraction exceeded 10% and the combined fraction of
shrub-encroached and non-encroached grassland exceeded 50%. Conversely, a pixel was
designated as a comparable non-encroached coverage pixel (NSEC) if the non-encroached
grassland fraction exceeded 90% of the total grassland fraction. Furthermore, an 11 X
11 pixel window centered on each CSEC pixel was constructed to ensure environmental
similarity while maintaining an adequate sample size [16]. A minimum of 10 NSEC pixels
was required within each window to ensure data reliability. This design balanced local
environmental comparability with sample robustness.

Based on these criteria, all globally identified shrub encroachment pixels were tra-
versed pixel by pixel to construct a paired dataset of shrub-encroached and non-encroached
grasslands. For each moving window, annual mean values of LAI, GPP, and FVC were
calculated separately for encroachment and non-encroachment pixels. Differences between
the two pixel types were then quantified to characterize the ecological effects of shrub
encroachment relative to unencroached grasslands. Furthermore, vegetation structural
and carbon fixation attributes of encroached and non-encroached grasslands were synthe-
sized across multiple years and along aridity gradients, providing a quantitative basis for
evaluating the moisture-dependency of encroachment-driven ecological effects.

2.2.3. Calculation of FVC

FVC was derived from NDVI using the dimidiate pixel model. The calculation formula

is as follows:
NDVI— NDVI,;

FVC =
NDVlyeg — NDVIyy;

1)

where NDVI,,; and NDVI,, represent the NDVI values of bare soil and full vegetation
cover, respectively. To reduce the influence of extreme values and interannual variability,
NDVlI,,; and NDVI,e, were dynamically determined using the 5th and 95th percentiles
of the annual NDVI distribution, respectively. This percentile-based approach ensures
that the thresholds reflect the actual range of vegetation and bare soil conditions in each
given year, thereby avoiding the systematic biases introduced by globally or temporally
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fixed threshold values and improving the accuracy of FVC estimation across different
years and land surface conditions [34]. To quantify the effect of shrub encroachment on
carbon fixation capacity, annual GPP was obtained by summing all 8-day GPP retrievals
within each year from the MOD17A2H product (Version 6.1) at 500 m spatial resolution. To
ensure spatial comparability among multi-source datasets, all variables were resampled to
a common 0.1° x 0.1° grid using bilinear interpolation.

2.2.4. Trend Analysis

To characterize the long-term trends of shrub encroachment and vegetation indices,
this study applied ordinary least squares (OLS) linear regression at the pixel level. OLS
regression is a classical statistical technique that estimates the linear relationship between
a dependent variable and one or more independent variables by minimizing the sum of
squared residuals between observed values and model-fitted values. In the context of
time-series remote sensing analysis, pixel-level linear regression treats each year as an
independent observation, with time serving as the explanatory variable and the target
variable (e.g., shrub encroachment coverage or vegetation index) as the response variable.
For each pixel, the regression slope was computed using the following formula:

nox Yy ix o — (g ) (D7 )

Slope =
§ X T 2 — (T 1)

()

where Slope denotes the regression slope representing the average annual rate of change;
n is the total number of years in the study period; x; is the value of shrub encroachment
coverage (or vegetation index) in year i; and i represents the corresponding year sequence
number within the study period (i=1, 2, ..., n). A positive Slope indicates an increasing
trend, while a negative Slope indicates a decreasing trend. The statistical significance of
each trend was evaluated using an F-test, which assesses whether the linear regression
model explains a statistically meaningful proportion of the total variance in the time series.
The F-statistic was calculated as follows:

F=ux"2 (5 2 3)
U=Yyr -9 @
Q=YY" (vi—-9) (5)

where U represents the regression sum of squares; Q denotes the residual sum of squares; n
is the total number of years; 7 is the fitted value in the i-th year derived from the regression
model; ¥ is the multi-year mean of the variable; and y; is the observed value in the i-
th year. Based on the computed Slope and the corresponding p-value from the F-test,
the direction and magnitude of change at each pixel were classified into six categories:
extremely significant decrease (ESD, Slope < 0, p < 0.01); significant decrease (SD, Slope < 0,
0.01 < p < 0.05); non-significant decrease (NSD, Slope < 0, p > 0.05); non-significant increase
(NSI, Slope > 0, p > 0.05); significant increase (SI, Slope > 0, 0.01 < p < 0.05); and extremely
significant increase (ESI, Slope > 0, p < 0.01). This six-tier classification scheme allows for a
nuanced, spatially explicit characterization of temporal dynamics. During the computation,
the regression was conducted independently for each pixel across the entire study area
using annual time-series data spanning the full study period. The resulting slope maps
and significance maps were subsequently used for spatial pattern analysis.
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2.2.5. Pettitt Test

To account for potential nonlinear characteristics in shrub encroachment and its asso-
ciated ecological effects, we further employed the Pettitt non-parametric test to identify
abrupt change points within the time series. This method requires no assumptions regard-
ing the data distribution, making it particularly well-suited for detecting structural breaks
in ecological time series. A change point was considered statistically significant when
the corresponding significance level reached p < 0.05. The relevant statistics are defined

as follows:
Uin = U1 N + Z?:l sgn(xe —x;),t=2,3,...,n (6)
Kin = max|Uyn|, (1 <t < N) @)
P = 2exp{—6K, o/ (N° + N?) } (8)

where sgn(-) denotes the sign function, t represents the candidate change year, and x;
and x; are the respective time series values. U,y and P are the test statistics, and K; y is
the maximum absolute value of the U; N sequence. When the p-value of the Pettitt test
falls below the significance threshold (p < 0.05), the time series is considered to exhibit a
statistically significant abrupt change point.

2.2.6. Coefficient of Variation

To characterize the interannual variability of shrub encroachment coverage over the
study period, we calculated its coefficient of variation (CV). The CV is a dimensionless,
normalized measure of dispersion defined as the ratio of the standard deviation to the mean
of a dataset. By expressing variability (standard deviation) as a proportion of the mean,
the CV eliminates the influence of data units and mean magnitude, making it particularly
suitable for comparing the degree of fluctuation across datasets with different locations,
time periods, or scales. In the context of land cover and ecological monitoring, the CV is
widely used to quantify temporal stability. The CV for each pixel is calculated using the

[Llymn _7)?
oV — i (x; — %) ©)

X

following formula:

where CV is the coefficient of variation; x; is the shrub encroachment coverage value in the i-
th year; ¥ is the mean shrub encroachment coverage over the entire study period, calculated
asx = %Z?:l x;; and n is the total number of years. The numerator of Equation (9) is the
population standard deviation of the annual coverage values, which quantifies the average
magnitude of deviation from the long-term mean. Dividing by ¥ normalizes this dispersion
relative to the mean level of coverage, yielding a unitless ratio that facilitates direct spatial
comparison across pixels regardless of their absolute coverage magnitude. The magnitude
of CV provides a direct measure of the temporal stability of shrub encroachment coverage:
a higher CV indicates greater interannual variability and lower system stability, whereas a
lower CV suggests a more stable shrub encroachment coverage state.

2.2.7. Temporal Persistence Threshold

To ensure that the analyzed pixels represent sustained shrub encroachment rather than
transient or sporadic transitions, we applied a temporal persistence threshold. Specifically,
shrub-encroached pixels were retained for analysis only if encroachment was detected
for at least a certain proportion of the study period (2002-2022). Three thresholds were
defined: approximately one-third (>7 years), two-thirds (>14 years), and the full period
(>21 years) of the study duration [35,36]. These three thresholds were applied separately
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to examine the consistency of the observed LAI and GPP coupling patterns across different
encroachment durations.

2.2.8. Analysis of Divergent Vegetation Trends

This study constructed a multidimensional assessment framework by analyzing the
interannual trends of LAI and GPP from 2001 to 2022, with the aim of identifying co-
evolutionary patterns between vegetation greening and productivity changes at the global
scale. Based on pixel-wise trend analysis and the directional consistency between LAI and
GPP, global shrub encroachment pixels were classified into four dominant types. Specifi-
cally, the LAI+GPP+ pattern represented concurrent increases in vegetation greening and
ecosystem productivity; the LAI+GPP- pattern reflected a decoupling between enhanced
greening and declining productivity; the LAI-GPP+ pattern indicated that ecosystem
productivity continued to increase under browning conditions; whereas the LAI-GPP-
pattern characterized simultaneous declines in both greening and productivity. By disen-
tangling the synergies and trade-offs between vegetation LAI and GPP, this framework
provides observational evidence for understanding ecosystem state transitions under global
shrub encroachment. All data processing and calculations were performed in RStudio
(R version 4.2.2).

3. Results

3.1. Spatial Distribution and Area Dynamics of Global Shrub Encroachment
3.1.1. Cumulative Occurrence Frequency of Shrub Encroachment

Analysis based on 21 years of remote sensing data from 2002 to 2022 revealed that
global shrub encroachment exhibited pronounced spatial accumulation and temporal
persistence (Figure 2). A cumulative occurrence frequency series was constructed by
overlaying annual encroachment results year by year, and encroachment was subsequently
classified into discrete frequency categories to characterize its global spatial accumulation
patterns and persistence.
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Figure 2. Spatial distribution of cumulative shrub encroachment occurrence years and its variation
across aridity gradients during 2002-2022. (a-d) Spatial distribution of shrub encroachment with
cumulative occurrences of >1, >7, >14, and >21 years, respectively; (e) Number of shrub encroach-
ment pixels across different aridity zones by cumulative occurrence years; (f) Relative proportional
changes in shrub encroachment pixel counts across different aridity zones. AR, SAR, DSH and HU
represent arid, semi-arid, dry subhumid, and humid regions, respectively.

In terms of spatial distribution, areas with the highest cumulative occurrence fre-
quencies were predominantly located in western North America, southern South America,
southern Africa, northern Australia, and the mid-to-high-latitudes of Eurasia (Figure 2a—d).
With increasing cumulative encroachment years, the proportional contribution of shrub en-
croachment across different aridity zones showed marked divergence (Figure 2e,f). Humid
regions consistently maintained the highest proportion of shrub encroachment throughout
all cumulative occurrence periods, accounting for approximately 61.2% of total encroach-
ment pixels with 1 year of cumulative occurrence and increasing to 65.1% among pixels
with 21 years of cumulative occurrence. In contrast, arid regions exhibited a gradual in-
crease in proportional contribution, from 8.8% to 12.0%, indicating that sustained shrub
encroachment became increasingly concentrated in arid environments over time. Semi-arid
regions showed an overall declining trend, with their proportional contribution decreasing
from 18.7% in pixels with 1 year of cumulative occurrence to 15.1% in pixels with 21 years
of cumulative occurrence. Similarly, dry subhumid regions declined from 11.4% to 7.9%.

3.1.2. Trends in Global Shrub Encroachment Area

During 2002-2022, the extent and trajectory of shrub encroachment varied markedly
across aridity gradients (Figure 3). In arid regions, shrub encroachment area ranged
from approximately 40-70 x 10* km?, with a relatively low expansion rate. Semi-arid
regions exhibited shrub encroachment extents of approximately 80-120 x 10* km?, with
expansion rates substantially exceeding those of arid regions. Despite comparatively fa-
vorable moisture conditions, dry subhumid regions showed shrub encroachment extents
of approximately 30-50 x 10* km?, with expansion rates lower than those in semi-arid
regions. Humid regions recorded the largest shrub encroachment extents, reaching approx-
imately 150-350 x 10* km?, along with the highest expansion rate (5.70 x 10* km? yr~!,
p <0.001). At the global scale, total shrub encroachment area ranged from approximately
300-350 x 10* km?, exhibiting a significant increasing trend at a rate of 9.46 x 10% km? yr—!
(p < 0.001).
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Figure 3. Temporal dynamics of shrub encroachment area across different aridity gradients from
2002 to 2022. (a) Arid regions; (b) Semi-arid regions; (¢) Dry subhumid regions; (d) Humid regions;
(e) Global scale. The solid line represents the annual shrub encroachment area, the dashed line
indicates the linear trend, the shaded area denotes the 95% confidence interval, and the vertical
dashed line marks the breakpoint identified by the Pettitt test. Before and After refer to the linear
trends before and after the breakpoint, respectively, and Total represents the trend across the entire
study period.

Segmented trend analysis based on the Pettitt test revealed a significant abrupt change
in shrub encroachment during 2010-2014. Following the breakpoint, expansion rates de-
creased across all aridity zones, declining from 1.64 x 10* km? yr~! to 0.77 x 10* km? yr—!
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in arid regions, from 2.33 x 10* km? yr~! to 1.09 x 10* km? yr~! in semi-arid regions,
from 1.80 x 10* km? yr~! to 0.22 x 10* km? yr~! in dry subhumid regions, and from
11.40 x 10* km? yr~! to 1.26 x 10* km? yr~! in humid regions. At the global scale, the
expansion rate decreased from 17.70 x 10* km? yr’1 t0 3.63 x 10* km? yr’l. Overall, these
results indicate a widespread decline in expansion rates of shrub encroachment across
all aridity gradients since the early 2010s, with more pronounced reductions observed in
regions with relatively higher moisture availability.

3.2. Spatial Patterns of Shrub Encroachment Coverage Across Aridity Gradients
3.2.1. Spatial Pattern and Latitudinal Distribution of Shrub Encroachment Coverage

The spatial pattern of global shrub encroachment coverage exhibited pronounced
regional heterogeneity (Figure 4). During 2002-2022, the spatial distribution of shrub en-
croachment cover showed distinct regional clustering characteristics. High-cover areas were
predominantly concentrated in western North America, southern South America, southern
Africa, northern Australia, and the mid-to-high-latitude zones of Eurasia (Figure 4a).
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Figure 4. Spatial pattern and latitudinal distribution of shrub encroachment coverage across global
grasslands. (a) Spatial distribution of shrub encroachment coverage; (b—f) Latitudinal distribution
of shrub encroachment coverage globally and across aridity gradients. The solid line represents the
mean shrub encroachment coverage, the dashed line indicates the overall latitudinal mean of shrub
encroachment coverage, and the shaded area denotes the mean =+ 1 standard deviation. AR, SAR,
DSH and HU represent arid, semi-arid, dry subhumid, and humid regions, respectively.

Latitudinal gradient analysis revealed that mid-latitude regions of the Southern Hemi-
sphere (30°5-45°S) exhibited relatively high shrub encroachment coverage, while high-
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latitude regions of the Northern Hemisphere (60-65°N) likewise displayed elevated en-
croachment levels (Figure 4b). Across aridity gradients, the latitudinal distribution of shrub
encroachment cover differed substantially. In arid regions, encroachment levels were higher
in the Southern Hemisphere than in the Northern Hemisphere, with concentrations primar-
ily between 30 and 60°S (Figure 4c). This pattern was more pronounced in semi-arid regions,
where Southern Hemisphere peak cover values reached up to 35%, and Northern Hemi-
sphere high-latitude zones (60-65°N) also exhibited cover exceeding 20% (Figure 4d). In
contrast, dry subhumid regions showed comparatively weak latitudinal variation in shrub
encroachment cover, with values generally maintained at approximately 5-10% (Figure 4e).
In humid regions, high-latitude areas of the Northern Hemisphere exhibited substantially
greater shrub encroachment cover than their Southern Hemisphere counterparts, with
notable high-value concentrations also occurring at 60-65°N (Figure 4f). Regarding the
latitudinal mean of shrub encroachment coverage, semi-arid regions recorded the highest
value (9.46%), followed by arid regions (8.50%). Collectively, these results indicated that
shrub encroachment coverage was not only characterized by significant spatial clustering
but was also jointly regulated by latitude and aridity gradient, manifesting in a marked
north-south hemispheric asymmetry in its distributional pattern.

3.2.2. Stability and Trend of Shrub Encroachment Coverage

The temporal stability of shrub encroachment coverage varied markedly across aridity
gradients (Figure 5). CV analysis revealed that pixels in arid and semi-arid regions were
predominantly concentrated in the low-variability interval (CV < 0.6), accounting for 78%
and 80% of total pixels, respectively, indicating relatively stable shrub encroachment cover-
age in these zones. By contrast, the proportion of high-variability pixels (CV > 0.6) increased
markedly in semi-arid and dry subhumid regions, reaching 32% and 36%, respectively,
suggesting pronounced interannual fluctuation in shrub encroachment coverage across the
arid-to-humid transitional zone.

Trend analysis revealed clear differentiation in the direction and magnitude of shrub
encroachment cover change across aridity gradients (Figure 5). Increasing trends dominated
across aridity gradients, indicating that global shrub encroachment maintained an overall
expanding trajectory throughout the study period. Among these, the slow increase category
(0-0.003% yr~!) accounted for the largest proportion in each zone, reaching 45.25% and
45.92% in arid and humid regions, respectively, and 36.00% and 38.66% in semi-arid and dry
subhumid regions, respectively, confirming that slow expansion represented the dominant
mode of change in global shrub encroachment. Significance testing further revealed that
the proportion of significantly increasing pixels varied along the aridity gradient, being
highest in humid regions (47.45%), followed by arid (42.50%), dry subhumid (40.02%), and
semi-arid regions (34.37%).

Notably, the extremely significant increase category accounted for the largest pro-
portion across all aridity gradients, reaching 37.22% in humid regions and substantially
exceeding those of the other zones, consistent with a facilitating role of humid conditions on
shrub encroachment expansion. The proportion of significantly decreasing pixels remained
low across all aridity zones, being highest in semi-arid regions (29.24%) and lowest in
humid regions (21.19%). Overall, the proportion of significantly increasing pixels followed
an increasing gradient from semi-arid to humid regions.
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Figure 5. Spatial distribution and aridity-gradient differentiation of the coefficient of variation, trend
magnitude, and trend significance of global shrub encroachment cover during 2002-2022. (a) Spatial
distribution of the CV; (b) Proportional area of CV intervals across aridity gradients; (c) Spatial
distribution of trend magnitude; (d) Proportional area of trend magnitude intervals across aridity
gradients; (e) Spatial distribution of trend significance; (f) Proportional area of significance categories
across aridity gradients. Pie charts in (a,c,e) show the overall percentage of each category. AR,
SAR, DSH, and HU represent arid, semi-arid, dry subhumid, and humid regions, respectively. ESD:
Extremely Significant Decrease; SD: Significant Decrease; NSD: Not Significant Decrease; NSI: Not
Significant Increase; SI: Significant Increase; ESI: Extremely Significant Increase.
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3.3. Effects of Shrub Encroachment on Vegetation Indicators Across Aridity Gradients

During 2002-2022, LAI, FVC, and GPP in both CSEC and NSEC areas showed sig-
nificant overall upward trends globally (p < 0.01) (Figure 6). The rates of change in GPP,
FVC, and LAI were consistently greater in CSEC than in NSEC areas, indicating that shrub
encroachment substantially enhanced vegetation GPP, FVC, and LAI The magnitude of
these effects varied markedly across aridity gradients. With respect to GPP, NSEC areas in
arid and semi-arid regions averaged approximately 300 and 580 gC m~2 yr~!, respectively,
exceeding the corresponding values of 280 and 450 gC m 2 yr~! in NSEC areas.

500 1 F70 700 1 200
5400 0\600 I
Lm) L 50 Qm) 500 - F 150
©v2300 Lao > £ >
400 A
22200 1 55300+ “U
v\ L 20 v\
rEj 100 Slope =3.76 , p <0.01 VL\szOO_ - 50
S Slope =233, p<0.01 10 6 100 4
Slope=1.43, p <0.01
01 0 0- n
2002 2006 2010 2014 2018 2022 AR SAR DSH HU
Year Zone
0.51 F0.03 F0.08
Q C. o 054 d.
2 04- 2
o ol 041 r0.06
703 (002 20,
Z . % Z . F0.04 %
O S 9021 5
=021 o >" Lo.02 ©
= 0.0l = :
9 o 017
0 0.1 1 Slope =0.0016, p <0.01 23 I L 0.00
8 Slope = 6e-04 , p <0.01 &5 0.01 :
Slope =0.001, p <0.01 I
0 0 -0.1- -0.02
2002 2006 2010 2014 2018 2022 AR SAR DSH HU .
Year Zone
0.5 r0.10 0.9 -0.25
< =081 f
0.4 F0.08 — L 0.20
[ 10.7 1 :
%J) %J) 0.6 1
203 F0.06,, @ -0.15 >
E [; E 0.5 [;
< J L = < 1 =
502 0.04 _]‘0-4 £0.10
9 © 037
f-‘j 0.1 Slope=0.0051, p <0.01 -0.02 f—‘f-l 0.2 .05
O Slope =0.0022 , p<0.01 O
0 Slope=0.0028, p<0.01 | 0.11
T T T T T T 0.0- -0.00
2002 2006 2010 2014 2018 2022 AR SAR DSH HU
Year Zone

Figure 6. Temporal trends of greening (LAI), vegetation coverage (FVC), and productivity (GPP) in
SEC and NSEC, and their differences across aridity gradients. Panels (a,b) show GPP, (¢,d) show FVC,
and (e,f) show LAL Panels (a,c,e) present interannual trends with dashed lines indicating linear fits,
while panels (b,d,f) show mean values across aridity gradients. A indicates the difference between
SEC and NSEC. AR, SAR, DSH, and HU represent arid, semi-arid, dry subhumid, and humid regions,
respectively. GPP (g C m—2 yr‘l); LAI (m? m~2); FVC (dimensionless).

Along the transition from arid to dry sub-humid regions, the GPP difference between
CSEC and NSEC widened progressively, peaking in dry subhumid regions before dimin-
ishing in humid regions (Figure 6b). The response pattern of LAI closely mirrored that of
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GPP, with the divergence between CSEC and NSEC progressively intensifying from arid
to dry subhumid regions (Figure 6f). The influence of shrub encroachment on FVC also
exhibited clear aridity gradient dependence: across arid to dry subhumid regions, FVC was
markedly higher in CSEC than in NSEC, with the difference expanding as moisture avail-
ability improved. However, in humid regions, this difference reversed to negative, meaning
that CSEC exhibited lower FVC than NSEC (Figure 6d). Overall, shrub encroachment
significantly enhanced grassland vegetation greenness, fractional cover, and productivity,
with this effect being most pronounced in semi-arid and dry sub-humid regions.

3.4. Divergent Trends in Greening and Productivity of Shrub Encroachment

Based on the combined long-term trends of LAI and GPP in shrub encroachment,
four trend combination types were constructed (Figure 7). Across three persistence du-
ration thresholds (>7, >14, and >21 years), the LAI+GPP+ type consistently dominated,
accounting for 69.7%, 70.3%, and 71.7% of pixels, respectively, indicating that concur-
rent improvements in vegetation greenness and productivity represent the prevailing
response across different stages of shrub encroachment. The LAI+GPP—, LAI-GPP+, and
LAI-GPP— types each accounted for relatively low and broadly consistent proportions
across all thresholds (Figure 7a,c,e).

Spatially, the LAI+GPP+ type was widely distributed across most shrub encroachment
regions globally, whereas the LAI+GPP— type exhibited pronounced regional clustering,
predominantly in high-latitude regions of the Northern Hemisphere, northern Australia,
southern North America, eastern South America, and northern Amazonia, where increas-
ing LAI trends were accompanied by declining GPP. By contrast, the LAI-GPP+ and
LAI-GPP— types were spatially fragmented, occurring primarily in localized arid or
transitional zones.

Along the aridity gradient, the four trend combination types showed marked di-
vergence (Figure 7b,d,f). Under all threshold conditions, the proportion of LAI+GPP+
increased with rising moisture availability, reaching its maximum in humid regions and
its minimum in arid regions. The proportion of LAI+GPP— similarly increased toward
more humid conditions, with relatively higher values in humid regions. In contrast, the
LAI-GPP+ and LAI-GPP— types both exhibited a decreasing gradient from arid to hu-
mid regions, with the lowest proportions recorded in humid zones. The LAI-GPP+ type
was disproportionately concentrated in arid and semi-arid regions, suggesting that this
decoupling pattern is more prevalent under water-limited conditions.
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Figure 7. Spatial distribution and aridity gradient characteristics of joint trends in greening (LAI) and
productivity (GPP) in shrub-encroached grasslands under different duration thresholds. Four trend
combinations (LAI+GPP+, LAI+GPP—, LAI-GPP+, LAI-GPP—) are shown spatially, with pie charts
indicating overall proportions and bar charts showing area proportions across aridity gradients.
Three duration thresholds correspond to shrub encroachment persisting for >7, >14, and >21 years.
AR, SAR, DSH, and HU represent arid, semi-arid, dry subhumid, and humid regions, respectively.
(a,c,e) Spatial distribution of joint LAI-GPP trend combinations under duration thresholds of >7,
>14, and >21 years, respectively. (b,d,f) Area proportions of the four trend combinations across
aridity gradients corresponding to >7, >14, and >21 years, respectively.

4. Discussion
4.1. Spatiotemporal Heterogeneity of Shrub Encroachment Across Regions

This study identified significant shrub encroachment expansion at the global scale,
revealing pronounced regional heterogeneity and stage-dependent dynamics. Shrub en-
croachment area increased continuously from 2002 to 2022, yet with marked differentiation
across aridity gradients. A significant abrupt change in expansion rates was detected
around 2010-2014 (Figure 3), suggesting that this period may represent a critical transition
in global grassland vegetation structure. Spatially, high-coverage shrub encroachment was
predominantly concentrated in western North America, southern South America, southern
Africa, northern Australia, and the mid-to-high-latitudes of Eurasia (Figure 4), patterns that
likely reflect the combined influence of climatic moisture variability and herbaceous-woody
plant competition [10,37].

Shrub encroachment was also widespread in humid grasslands, where both total
encroachment area and expansion rates were the highest, followed by semi-arid regions
(Figure 3). This indicates that humid grasslands are equally susceptible to woody plant
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invasion and should not be overlooked in global encroachment assessments. Furthermore,
shrub encroachment coverage exhibited a clear hemispheric asymmetry, with the Southern
Hemisphere generally exceeding the Northern Hemisphere. This divergence was most
pronounced in semi-arid regions, where coverage in the semi-arid regions of the Southern
Hemisphere reached up to 35%, while Northern Hemisphere high-latitude zones (60-65°N)
also recorded values exceeding 20% (Figure 4), suggesting that the underlying drivers of
encroachment differ substantially across climatic zones.

In high-latitude permafrost regions, climate warming may facilitate woody plant
expansion by extending the growing season and promoting permafrost thaw, whereas
in savanna ecosystems, increased precipitation tends to favor shrub establishment [38].
The most pronounced increases in woody plant cover were observed in savanna systems,
with a notable concentration of high encroachment values at 60-65°N in the Northern
Hemisphere [33], a pattern likely associated with warming-induced growing season ex-
tension and permafrost degradation. In semi-arid regions, woody plant expansion was
particularly prominent, which can be attributed to the proximity of these environments to
the critical moisture threshold governing herbaceous-woody competition—a transitional
zone where even modest shifts in water availability can tip competitive dynamics in favor
of woody plants [15,16]. In particular, deep-rooted woody plants are able to access deep soil
water reserves and thereby progressively displace shallow-rooted grasses under drought
conditions [9].

CV analysis further revealed that interannual variability in shrub encroachment cover-
age was most pronounced in the semi-arid to dry sub-humid transitional zone (Figure 5),
indicating heightened sensitivity of herbaceous-woody competition to moisture fluctua-
tions in climatic transition zones where water availability is inherently variable. By contrast,
interannual variability was comparatively subdued in regions with more consistently arid
or humid conditions. These patterns are consistent with previous findings that vegeta-
tion structural dynamics in semi-arid grassland ecosystems respond strongly to climate
variability [12,16], and that vegetation dynamics in arid-to-humid transitional zones are
particularly sensitive to precipitation variability [31]. Collectively, these results demonstrate
that the spatiotemporal evolution of global shrub encroachment is fundamentally regulated
by moisture gradients and regional climate, manifesting in substantial differentiation across
climatic zones.

4.2. Effects of Shrub Encroachment on Vegetation LAI and GPP

Shrub encroachment consistently enhanced LAI, FVC, and GPP in encroached grass-
lands relative to non-encroached counterparts, with greater rates of increase observed
across all aridity zones (Figure 6). Critically, the magnitude of these effects was strongly
moisture-dependent, peaking in semi-arid and dry subhumid regions and diminishing
progressively toward humid zones. This aridity gradient dependence represents a key
finding of this study, demonstrating that the ecological consequences of shrub encroach-
ment are not spatially uniform but are fundamentally regulated by water availability. The
divergence between CSEC and NSEC in both LAI and GPP widened progressively from
arid to dry subhumid regions before narrowing in humid zones, with FVC differences even
reversing to negative in the most humid environments.

The pronounced enhancement of LAI and GPP in semi-arid and dry subhumid regions
may be attributed to the physiological advantages of woody plants under water-limited
conditions. Deep-rooted shrubs are capable of accessing subsoil moisture reserves inacces-
sible to shallow-rooted grasses, enabling sustained photosynthetic activity and higher LAI
maintenance during drought periods [16,39]. In mid-to-high-latitude ecosystems, woody
plant expansion has similarly been shown to enhance GPP and evapotranspiration through
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both direct and indirect climatic pathways [40], further corroborating the generality of
encroachment-driven productivity enhancement across climatic contexts. Furthermore,
semi-arid and dry sub-humid regions lie near the critical moisture threshold governing
herbaceous—-woody competition, where even modest increases in woody cover can sub-
stantially alter canopy structure and water use efficiency, thereby enhancing the positive
effect of shrub encroachment on GPP [15,16]. In humid regions, by contrast, herbaceous
vegetation already maintains high intrinsic productivity, leaving limited room for shrub en-
croachment to further enhance GPP, and the competitive suppression of grasses by shrubs
may instead reduce overall fractional cover [39].

Joint trend analysis of LAI and GPP revealed a globally dominant pattern of con-
current LAI and GPP enhancement (LAI+GPP+), accounting for approximately 70% of
encroached pixels, with its prevalence increasing progressively with moisture availability
(Figure 7). This finding demonstrates that shrub encroachment broadly promotes coor-
dinated improvements in vegetation greening and carbon fixation, particularly under
favorable moisture conditions, consistent with evidence that adequate water supply is a
prerequisite for coordinated improvements in LAI and GPP [16,41]. However, a spatially
coherent decoupling pattern (LAI+GPP—) persisted in high-latitude regions of the North-
ern Hemisphere and parts of humid zones, where increasing LAI trends were accompanied
by declining GPP, consistent with findings from both local and regional studies [42,43].
Previous studies have noted that vegetation greening is most pronounced in humid re-
gions [35,44], whereas productivity peaks tend to occur in arid regions [45], reflecting the
fact that enhanced greening does not necessarily translate into a corresponding increase in
productivity [42,43]. The mechanistic basis for this divergence likely lies in the differen-
tial sensitivity of LAl and GPP to environmental constraints: while shrub expansion can
rapidly increase LAI and vegetation cover, GPP gains are simultaneously limited by soil
moisture, nutrient availability, and soil respiration [22,24]. In water-limited environments,
soil moisture and nitrogen availability have been identified as the dominant controls on
GPP variability, with LAI playing a comparatively secondary role, implying that even
substantial increases in LAI may fail to generate proportional gains in GPP under moisture
stress [46]. These results collectively highlight that the relationship between LAI and GPP
under shrub encroachment is inherently context-dependent, varying systematically across
aridity gradients in ways that cannot be captured by globally uniform assessments.

4.3. Limitations and Future Research Directions

This study systematically revealed the spatiotemporal expansion of shrub encroach-
ment and its effects on vegetation structure and ecosystem function at the global scale,
providing new remote sensing evidence for understanding grassland ecosystem transitions
under global change. Nevertheless, several limitations warrant consideration.

First, shrub encroachment was identified based on the MODIS land cover product
(MCD12Q1, 500 m spatial resolution), which offers good temporal continuity and global
consistency [16,47]. However, this product retains uncertainties in mixed herbaceous—
woody areas, particularly in the detection of low-cover shrubs [48]. It should be noted
that the spatial resampling from 500 m resolution to a 0.1° grid, while necessary for
computational consistency, may introduce a smoothing effect that obscures fine-scale spatial
heterogeneity. The aggregation process may homogenize mixed land surface conditions
within individual grid cells, potentially attenuating the detection of localized vegetation
dynamics in transitional zones. Future studies could integrate higher-resolution, multi-
scale and multi-sensor remote sensing data to develop a cross-scale shrub encroachment
monitoring framework that maintains global spatiotemporal continuity while improving
local detection accuracy, and cross-validation with high-spatial-resolution imagery and
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existing woody cover dynamic products would further enhance the credibility of global
shrub encroachment mapping.

Second, this study did not quantitatively assess the role of anthropogenic disturbances,
including grazing, fire, and land use change. Disentangling climatic from anthropogenic
drivers of shrub encroachment at the global scale remains a substantial challenge [9,26].
Future research could incorporate global grazing intensity datasets, satellite-derived fire
frequency products, and land use data to establish a quantitative attribution framework for
the drivers of shrub encroachment.

Third, the NSEC reference group, as defined in this study, may include stable semi-
woody systems such as woody savannas and open shrublands, rather than consisting
exclusively of herbaceous grasslands. This compositional heterogeneity could intro-
duce uncertainty into the interpretation of paired comparison results, and future stud-
ies should consider applying stricter filtering criteria to restrict the reference group to
purely herbaceous pixels to enable more unambiguous attribution of ecological changes to
shrub encroachment.

Overall, the ecological effects of shrub encroachment on carbon cycling are strongly
regulated by moisture gradients, implying that management strategies should be adapted
to local hydroclimatic conditions across aridity zones. In arid and semi-arid grasslands,
differentiated management practices such as targeted grazing and prescribed burning may
help mitigate excessive shrub expansion while sustaining ecosystem carbon storage and
productivity. Regarding targeted grazing, intensively managed rotational grazing with
short stocking cycles and resting periods has been shown to suppress early woody plant
establishment by maintaining sufficient herbaceous biomass to outcompete shrub recruits,
while avoiding overgrazing-induced bare ground expansion that would otherwise facilitate
shrub colonization [49]. Regarding prescribed burning, fire return intervals of 2-3 years
effectively control shrub cover by top-killing juvenile woody plants before they develop
fire-resistant bark, whereas intervals exceeding 5 years allow shrub density to increase sub-
stantially [50]. Notably, optimal burning frequency varies with moisture availability, with
shorter intervals required in humid regions to counteract rapid shrub regrowth and longer
intervals sufficient in semi-arid regions [51]. This moisture-gradient dependence demon-
strates that the ecological consequences of shrub encroachment vary systematically across
aridity zones, reinforcing the need for spatially differentiated management prescriptions.

5. Conclusions

This study focused on global grasslands across aridity gradients, systematically char-
acterizing the spatiotemporal dynamics of shrub encroachment during 2002-2022 and
quantifying its differentiated effects on vegetation structure (LAI and FVC) and ecosystem
productivity (GPP) using multi-source remote sensing data in conjunction with pixel-level
trend analysis, breakpoint detection, and LAI-GPP coupling assessment. Global shrub
encroachment expanded continuously over the study period, with a total extent of approxi-
mately 300-350 x 10* km?, and a significant structural transition was detected between 2010
and 2014, after which expansion rates declined across all aridity zones while the overall tra-
jectory remained one of persistent growth, with both extent and rate showing pronounced
aridity gradient dependence and the highest expansion rates recorded in humid regions.
LAI, FVC, and GPP in continuously shrub-encroached cells were consistently higher than
in non-encroached cells, with greater rates of increase, indicating that shrub encroach-
ment broadly promoted vegetation greening and productivity enhancement at the global
scale, though this positive effect was most pronounced in semi-arid and dry subhumid
regions and weakened in humid regions where FVC differences even reversed to negative.
Joint trend analysis revealed that concurrent enhancement of vegetation greenness and
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productivity (LAI+GPP+) was the dominant pattern, accounting for approximately 70%
of shrub-encroached pixels, while a non-negligible decoupling (LAI+GPP-) persisted in
high-latitude regions of the Northern Hemisphere and parts of humid zones. Collectively,
these findings demonstrate that the spatiotemporal dynamics and ecological consequences
of global shrub encroachment are fundamentally regulated by moisture gradients and
exhibit pronounced spatial heterogeneity, providing global-scale quantitative evidence
linking shrub encroachment to coordinated shifts in ecosystem structure and function and
offering a remote sensing foundation for adaptive grassland management and carbon sink
assessment under increasing aridity.
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