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Abstract As the upward trend in extreme drought continues with climate change, terrestrial vegetation
growth is assumed to become largely reduced. We investigated anomalies of remote sensing vegetation indexes
under droughts across the upper Yangtze River (UYR) basin, characterized as humid but having experienced
frequent seasonal droughts from 2000. Then we compared global big river basins by focusing on the Nile and
Congo basins, which have similar characteristics to the UYR. The vegetation across the UYR was affected by
water stress in recent years but shows reduced sensitivity to drought. The compound effect of drought timing
and phenology largely drives the response. Results show that late‐season droughts generally have a greater
impact on vegetation growth compared to early season droughts, with alpine grasslands showing particularly
pronounced responses due to their ecological features such as shallow root depth and aggressive hydrological
behavior. The Nile basin, similar to the UYR basin, exhibits pronounced late‐season vegetation vulnerability,
highlighting shared patterns of drought impact across heterogeneous landscapes. In contrast, the tropical
rainforests in the Congo basin demonstrate greater resilience, supported by complex root systems, dense
canopies, and low cloud cover that reduces evaporation. This study underscores the importance of considering
regional ecological characteristics, drought timing, and phenological stages in assessing vegetation responses to
drought. These insights are critical for predicting and managing ecosystem resilience under changing climatic
conditions.

Plain Language Summary As climate change leads to more extreme droughts, plants are expected to
struggle with growth due to water shortages. Our study investigated how vegetation in the typically humid,
diverse ecosystems of the upper Yangtze River (UYR) basin responded to droughts since 2000. We found that
while UYR vegetation has been affected by water stress, it may be becoming less sensitive to drought over time.
Late‐season droughts have a stronger negative impact on plant growth than early season ones, particularly for
alpine grasslands, which are more vulnerable due to shallow roots and water use strategy. To contextualize these
findings globally, we compared the UYR basin with two other major river basins: the Nile and the Congo.
Similar to the UYR basin, the Nile basin exhibits significant late‐season vulnerability. In contrast, the Congo
basin, dominated by tropical rainforests, is more resilient to drought, buffered by complex root systems, dense
canopies, and low cloud cover, which reduces evaporation. Our results highlight the importance of
understanding the adaptive mechanisms that vegetation employs in response to water stress, as these
mechanisms can influence ecosystem services such as carbon storage, biodiversity, and water regulation.

1. Introduction
Changes in climate‐related extreme events have been observed since the 1950s, and future drought is expected to
increase in frequency, intensity and duration, aggravating ecosystem vulnerability to climate variability (IPCC
AR6 WGI, 2021). Evidence indicates a reduction in ecosystem resistance and resilience to drought, suggesting
decreasing ecosystem stability under climate change (Yao et al., 2024). As the climate warms, vegetation growth
tends to happen earlier in the season, while becoming more susceptible to water limitations at the end of the
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season (Pompa‐García et al., 2021). Drought‐induced water deficit limits vegetation growth by reducing soil
moisture and increasing evaporation demand (Aguirre et al., 2021). Simultaneously, extreme drought also in-
creases the risk of relevant disturbances such as heat stress, fire, insects and pathogens outbreaks (Anderegg
et al., 2020).

Responses of vegetation to droughts have been quantified by numerous studies; however, the effect of water
deficit on vegetation growth varies enormously due to the complicated scales (i.e., temporal and spatial) and
dimensions (i.e., duration, intensity, frequency and timing) of drought events (Jiao et al., 2022). Climate models
predict increasing drought intensity and frequency with important consequences on vegetation growth (Lewis
et al., 2011; Ma et al., 2012; Zhou et al., 2014). Vegetation sensitivity to drought has been shown to partly depend
on vegetation types and associated water‐regulation strategies, which are co‐controlled by local environmental
conditions (Anderegg, 2015; Vicente‐Serrano et al., 2010). In recent decades, seasonal drought has become more
frequent and intense (Song et al., 2019; Sun et al., 2016; L. Wang et al., 2015), even in regions previously
regarded as abundant in precipitation and water resources. The timing of droughts and plant phenology also affect
the responses of vegetation to drought (D’Orangeville et al., 2018; Foster et al., 2014; B. Xu et al., 2020),
especially in the case of seasonal droughts. A study in an eastern temperate forest suggests that tree growth is most
affected by early season droughts when radial growth rates are highest (D’Orangeville et al., 2018). Water
availability in spring is critical for the following vegetation growth, which is associated with the process of leaf
bud development and leaf unfolding (Bai et al., 2004; Zeiter et al., 2016). As long as the bud breaks, leaf
development is largely influenced by water availability due to cell expansion (Brando et al., 2010). In contrast,
experiments suggest that temperate grass resistance to spring drought is higher when plants are in reproductive
stages and their growth rates are highest (Hahn et al., 2021). As different growth forms have different hydraulics
and sensitivity and may respond differently to water availability, in general, if the plant sensitivity to drought
varies across phenological phases and how the timing of drought and phenology affect vegetation growth remain
unclear and understudied.

Multiple big river basins around the world are facing the threat of drought, such as the Nile River (Nigatu
et al., 2024), the Amazon River (Brando et al., 2010; L. Xu et al., 2011), and rivers in the United States like the
Colorado River (Bedri & Piechota, 2022) and the Mississippi River (Jiang et al., 2019). The upper Yangtze River
(UYR) basin is a humid big river basin located in Southwest China, in a temperate climate zone with abundant
precipitation. Radiation and temperature were previously regarded as primary climatic constraints for vegetation
growth in Southwest China, rather than water availability (Nemani et al., 2003). However, recent increases in the
intensity and frequency of droughts could potentially lead to the long‐termwater deficit becoming a key limitation
on vegetation growth. Due to the large elevation gradients of more than 7,000 m across this basin, natural dif-
ferences in climate factors occur, resulting in a variety of vegetation types with different hydraulics and
phenology from low to high altitudes (Chuine, 2010; Cleland et al., 2007; Körner, 2007; Peñuelas et al., 2009;
Piao et al., 2019). Consequently, the response pattern to drought in the UYR is anticipated to be more complex
compared to other large river basins located in plains, such as the Amazon and Congo. In the face of such
complexities, effective ecosystemmanagement necessitates understanding the relative resistance and resilience of
these ecosystems to global change.

Investigating important drivers and how they affect vegetation responses to drought is critically important for
improving the understanding of the vegetation‐climate interplay and reducing uncertainty in earth system models
(Prentice et al., 2015). Here we test the role of drought timing and plant phenology on the response of vegetation
growth to drought in the UYR basin along with a global comparison of big rivers. We hypothesize that (a)
vegetation resistance to drought differs in their growing stages and plants are more sensitive to droughts when
they are in their rapid growing stages; (b) elevation‐induced differences in vegetation types and phenological
metrics across the basin will lead to a diverse response pattern to droughts.

2. Materials and Methods
2.1. Study Area

The UYR originates from glacier meltwater in the TanggulaMountains and descends to Yichang, Hubei province,
with a length of 4,511 km, accounting for about 70% of the total length of the Yangtze River (Figure 1a). The
Yangtze River spans an elevation gradient of 7,000 m, resulting in a sharp change in basin characteristics. Climate
characteristics exhibit obvious gradients along elevation, lower altitude area shows relatively higher precipitation,

Earth's Future 10.1029/2024EF005720

XIAO ET AL. 2 of 17

 23284277, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F005720 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [24/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



higher temperature, and lower solar radiation than higher altitude areas (Figure 1b). The low‐altitude areas are
classified as subtropical humid regions, while the high‐altitude areas are classified as temperate plateau regions.
Phenology metrics (start, end, and length of the growing season) are also spatially controlled by altitude due to
temperature gradients over the basin (Figure 1c). According to the distributions of main climate characteristics
(Figure S1 in Supporting Information S1), we split the basin into three altitude gradients: low and mid‐altitude
(<1,500 m, LMA); high altitude (1,500–3,500 m, HA); extremely high altitude (>3,500 m, EHA). Compared
to EHA, vegetation's growing season in LMA starts earlier and ends later about 1–2 months respectively,
therefore with a longer growing season than EHA (Figure 1c). Phenological metrics maps over 2000–2018 were
shown in Figure S2 in Supporting Information S1. Furthermore, climatic region differences result in changes in
vegetation types along the altitudinal gradient. Grasslands are almost the only vegetation present in EHA
(temperate plateau regions) with a correspondingly short growing season (Figures 1c and 2). The UYR basin
presents a typical forest‐grassland ecotone (Figure 2). For the global comparisons to the UYR basin, we selected
basins with similar characteristics to the UYR basin, known for water abundance but trending toward drying.
According to the observed long‐term trend of the aridity index (AI, the ratio of annual precipitation to potential
evapotranspiration) reported by Huang et al. (2016), the Congo and Nile River basins have experienced a
remarkable decrease in AI, similar to the UYR basin over the past few decades. Figure S3 in Supporting In-
formation S1 shows the standard precipitation evaporation index (SPEI) series of the Congo and Nile basins for
2000–2022, highlighting severe drought events that occurred.

Figure 1. The characteristics of the upper Yangtze River basin. (a) The digital elevation model (DEM) of the upper Yangtze River basin. (b) The climate characteristics
of the upper Yangtze River basin along elevational gradients (averaged over 2000–2018; spatial distributions see Figure S1 in Supporting Information S1). Dots are
randomly sampled pixels from the study area. Shaded areas indicate three altitude gradients. (c) The relationship between phenological metrics (averaged over 2000–
2018; spatial distributions see Figure S2 in Supporting Information S1) and elevations. Point density is indicated by colors. Dashed lines give the range of elevation
gradients.
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2.2. Data Collecting

Climate data used for analysis in the UYR basin were obtained from the China Meteorological Forcing Data,
which offers a spatial resolution of 0.1°. This data set was chosen for its higher resolution compared to most global
data sets and covers the period from 1979 to 2018. For global comparisons among big river basins, climate data
were obtained from the CRU TSV4.05 data set due to the global availibility, available from the Climatic Research
Unit (University of East Anglia, https://crudata.uea.ac.uk/), with a spatial resolution of 0.5°. The soil moisture
data was derived from the ERA5‐Land data set. This data set provides 4 vertical layers of soil moisture (0–0.07 m,
0.07–0.28 m, 0.28–1.0 m, and 1.0–2.89 m). The sum of 0–1.0 m soil moisture was used to reflect the soil moisture
in forests with deep roots. The land cover map of the UYR basin is derived from the European Space Agency
(ESA) Climate Change Initiative (CCI) projects. A large area of urban and mixed irrigated and rainfed cropland
distributed at the low and mid‐altitude of the basin was excluded from this study because it is particularly affected
by human activities. We used Moderate resolution Imaging Spectroradiometer (MODIS) MOD09GA V006
surface reflectance data to classify types of vegetation and land use change. We included two vegetation indexes
data sets as the proxy of vegetation growth. The Normalized Difference Vegetation Index (NDVI) product
MOD13A3 V006 with a spatial resolution of 1 km. The Normalized Difference Vegetation Index (NDVI) derived
from Global Inventory Modeling and Mapping Studies‐3rd Generation V1.2 (GIMMS‐3G+) with a spatial
resolution of 1/12° degrees. MODIS NDVI was primarily used to extract the phenological metrics and quantify
vegetation responses to droughts during growing stages within the UYR basin due to its high resolution, while
GIMMS NDVI was used for temporal response calculation and global comparisons of major river basins. The
time coverage of all data used in this study aligns with the study duration, spanning from 2000 to 2018, during
which all data sets were readily available.

Figure 2. Vegetation types in the upper Yangtze River basin. The density plot indicates the distribution of basin vegetation along elevational gradients.
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2.3. Drought Detection

We used the 3‐month standard precipitation index (SPI), the standard precipitation evaporation index (SPEI) and
the z‐score of soil moisture (0–1.0 m) from its climatology (z = Xi − μ

σ , where Xi is the soil moisture for the month i,
μ, and σ are the mean and standard deviation of the month i from all the observation years) to identify the oc-
currences of seasonal droughts and their spatial distribution from 2000 to 2018. The calculation of SPEI is similar
to SPI but includes a water balance (the difference between precipitation and evapotranspiration) (Vicente‐
Serrano et al., 2010). Potential evapotranspiration (PET) was calculated using the Penman‐Monteith method
(Monteith, 1965), which is widely considered the most accurate way to estimate PET. For detailed calculations of
SPI, SPEI and PET see Supporting Information S1.

We defined droughts as periods when SPI and SPEI are below − 1. Drought levels are classified into moderate
drought (− 1.5 < SPI/SPEI < − 1), severe drought (− 2 < SPI/SPEI < − 1.5) and extreme drought (SPI/SPEI < − 2)
according to Mckee et al. (1993). Short‐term droughts (less than 2 months) were excluded due to the potential
time‐lag effect of vegetation physiological drought to meteorological drought. The impact of anomalously low
precipitation within 1 month may be hard to detect if soil water storage is available because vegetation can utilize
deeper soil water through drought periods, especially in humid regions (Anderegg et al., 2020). Thus, the z‐score
of soil moisture was used to quantify the anomalies of soil moisture from the historical mean condition. Detailed
calculation of the long‐term trends of drought frequency and vegetation responses see Supporting Information S1.

2.4. Types of Vegetation and Land Use Change

As the large‐scale vegetation restoration projects conducted over the UYR basin from 1999. To clarify vegetation
responses to drought under a background of vegetation recovery, we used a similar method as Tong et al. (2020) to
identify the main types of vegetation and land use change. They applied this method in almost the same study area
and time periods. All calculations were based on the platform Google Earth Engine (GEE). We first created
annual forest and grassland probability maps from MODIS MOD09GA V006 surface reflectance data. A total of
632 forests, 269 grasslands and 1066 non‐vegetated training points were manually selected by comparing with
Google images and annual ESA CCI land cover maps for 2000–2018 to train the Random Forest classifier and
generate annual forest and grassland probability maps. The probability is the output of the Random Forest
classification which ranges from 0 to 1 and represents the probability that the classification is correct. A prob-
ability of 0.5 is commonly used by the Random Forest classifier as a threshold to identify if a pixel belongs to a
class or not, thus we used the threshold of 0.5 to identify if a pixel belongs to forest, grassland or none of them and
investigate how it changed over time.

Then, we classified types of vegetation and land use change by applying Landsat‐based Detection of Trends in
Disturbance and Recovery (LandTrendr) to the maps of the annual probability of each classification. The
LandTrendr algorithm is used to fit the annual data into segments to identify vertices (breakpoints) separating
periods of durable change. The top‐ranked forest type was consistently broad‐leaved mixed forest, occupying the
majority of the forest area in the UYR basin (Y. Wang et al., 2023). Shrublands and grasslands are also prevalent
in certain areas, particularly regions with higher elevations and drier conditions. Considering the dominant
vegetation types in the UYR basin, we subsequently used the annual forest and grassland probability maps for
2000–2018 to generate three classes of vegetation. The forest classes included (a) persistent forests (forest
probability always ≥0.5) and (b) recovering forests (forest probability changes from non‐forest (<0.5) to forest
(≥0.5), without disturbances); the grassland class only includes persistent grassland (grassland probability always
≥0.5), excluding the area with snow and ice.

The geographic distribution of vegetation types over the basin is shown in Figure 2. Only a few pixels (less than
1%) changed from non‐forest to forest with disturbances were detected by LandTrendr, thus we excluded those
pixels from subsequent analysis. The type of recovering forest indicated a slow and gradual increase of tree cover
without any disturbances which is represented by the breakpoint (vertex) in the time series of annual forest
probability. Most of the restored forest areas were previously cropland or grassland, indicating the imple-
mentation of natural forest recovery or planting of slow‐growing species across the UYR basin.
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2.5. Vegetation Growing Dynamics

NDVI time‐series data is widely applied in phenology characterization at the landscape scale (Piao et al., 2019;
Zhang et al., 2003). Data smoothing is required for reducing noises such as cloud contamination, aerosols, sun‐
angle, sensor performance and other data errors. The extraction of phenology metrics was carried out by the
dynamic threshold method (White et al., 1997) that assumes the growing season started and ended when the

smoothed NDVI reaches a specific percentage of the annual amplitude (NDVIratio = NDVI − NDVImin
NDVImax ) . Here, we

defined the start and end of the season when the NDVIratio reached 0.25, which are most widely used in literature
and closest to field observations (Yu et al., 2010). The phenology analysis was calculated by R package
greenbrown. We used the function TSGFspline() to do gap‐filling and data smoothing of the time series.
Phenology metrics were detected by the function PhenoTrs(). To define the vegetation growth stages, we used a
similar method from Jiao et al. (2022). We divided the growing season into the early season for NDVI increasing
period, and the late season for NDVI decreasing period. Stages outside the growing season are referred to as “out
of season.” Then, the vegetation growth stages were divided in detail by percentage of NDVIratio.

The drought impact on vegetation growth is represented by the deviation from drought years relative to the mean
of the reference period (Wolf et al., 2016). Since the implementation of large‐scale vegetation restoration projects
over the UYR basin since 1999, vegetation cover has shown a general greening trend since 2000, which may
introduce confounding factors when calculating drought responses. Therefore, we used STL (Seasonal‐Trend
decomposition using LOESS) to decompose and remove the long‐term greenness trend starting from 2000
(Cleveland et al., 1990). STL is a robust and flexible method for time series decomposition, as it can effectively
separate seasonal, trend, and remainder components without requiring prior assumptions about the data's
structure:

NDVI(t) = T(t) + S(t) + R(t),

where

NDVI(t) is the original NDVI series,
T(t) is the trend component, representing long‐term changes,
S(t) is the seasonal component, capturing periodic patterns,
R(t) is the remainder (residual) component, which includes random variations and noise.

STL uses LOESS smoothing iteratively to estimate the trend and seasonal components. Its flexibility allows for
the adjustment of smoothing parameters to adapt to diverse time series structures, making it particularly effective
for handling complex patterns in data, such as vegetation indexes. Notably, STL can manage data containing
missing values and is resistant to distortions from outliers or abrupt changes. In our analysis, after decomposing
the time series, we extracted and removed the trend component T(t) to produce detrended data:

NDVIdetrended(t) = NDVI(t) − T(t)

The z‐score of the detrended NDVI was used to represent the anomaly in vegetation growth. Since NDVI exhibits
significant seasonality, calculating anomalies using the mean if all months would be affected by seasonal fluc-
tuations. To address this issue, we removed the seasonal component S(t) , specifically the mean of the same month
across all years, before calculating the anomalies:

NDVI Anomaly =
NDVIdetrended,deseasonalized(t) − μ

σ
,

where μ and σ are the mean and standard deviation of the detrended and deseasonalized NDVI series. This step
ensures that the calculated anomalies accurately reflect deviations independent of seasonal patterns.

The implementation was performed using the stl() function from the R package forecast. To ensure methodo-
logical consistency throughout the study, we applied this method uniformly to the NDVI anomaly calculations
across all basins, thereby enhancing the comparability of results among them.
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Additionally, only pixels that detected droughts (with SPI or SPEI falling below − 1) for at least 3 months were
included in the calculations to avoid confounding effects from non‐drought areas and short‐term droughts.

3. Results
3.1. Increased Drought Frequency Since 2000

By analyzing the drought frequency trend over the past four decades, we observed a marked increase in drought
occurrences around the year 2000 with a significant upward trend in the 10‐year moving average during 1980–
2020 (Figure 3a, Mann‐Kendall trend test: z = 3.85, p < 0.001). Consequently, we focus on the period after 2000,
as the UYR basin experienced a sudden rise in drought occurrences that remained elevated compared to earlier
periods.

Figure 3b examines the correlation between vegetation NDVI and SPEI since 2000, revealing a consistent
positive correlation that suggests vegetation growth is responsive to drought conditions, with drought exerting a
suppressive impact on vegetation growth. However, a downward trend in the vegetation‐drought correlation was
observed (Mann‐Kendall trend test: z= − 8.66, p < 0.001), indicating that vegetation is becoming less sensitive to
drought. This reduced sensitivity could be attributed to potential acclimation, the buffering effect of species
diversity in humid regions mitigated the increasing trend in sensitivity to water stress (Liu et al., 2025). Figure 4
provides further insight into drought variability since 2000, utilizing different drought indicators (SPEI and SPI).
Five drought events were captured by both SPEI and SPI, particularly with significant dry spells from 2009 to
2013. Figure 4c highlights soil moisture anomalies, showing changes in water availability at the 0–1 m layer that
align with the drought periods indicated in SPEI and SPI. Together, these indexes offer a comprehensive view of
drought variability in the UYR basin, with certain years marked by pronounced moisture deficits affecting both
precipitation levels and soil water content.

3.2. Seasonal Response Patterns of Vegetation Growth to Droughts

The drought events observed since 2000 generally last 1 to 2 seasons (Figure 4). To understand the temporal
responses of vegetation to drought, we divided the year into early and late growing seasons and out‐of‐growing
seasons based on vegetation phenology. The significant elevation differences across the UYR basin lead to
gradients in varying vegetation types and phenology (Figures 1 and 2), with alpine grasslands having a shorter 6‐
month growing season compared to the 8‐month growing season of forests, although both peak in NDVI in
August (Figures 5a and 5b).

Figure 3. Trends in drought frequency and vegetation growth‐drought correlation over time in the UYR Basin. (a) Drought frequency from 1980 with a 10‐year moving
average. (b) Spearman correlation between vegetation index (NDVI) and drought index (SPEI) from 2000 with a 10‐year moving average. Drought frequency indicates
the number of months in a 10‐year moving window with the SPEI below − 1.
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NDVI anomalies reflect how different vegetation types responded to drought, exhibiting distinct seasonal patterns
(Figures 5d and 5e). Persistent forests generally show more resilience to drought across the seasons, maintaining
relatively stable NDVI anomalies. Recovering forests, and particularly grasslands, exhibit pronounced declines
during drought periods. For instance, the late‐season drought of 2002 resulted in significant NDVI drops in alpine
grasslands. Moreover, vegetation in the UYR basin shows varying sensitivities to drought depending on the
timing within the growing season. Early season droughts, such as those in 2006 and 2011, had minimal impacts on
NDVI across vegetation types. Similarly, out‐of‐season droughts (e.g., 2003, 2012–2013) had no negative effect,
as most plants were dormant and less reliant on water availability. In contrast, late‐season droughts consistently
led to substantial declines. For example, during the 2006 drought, NDVI began to decrease as vegetation tran-
sitioned to the late growing season, recovering to normal conditions after the drought ended. A similar pattern was
observed during the 2011 drought, with a sudden decrease in NDVI during the late season. However, the 2009–
2010 drought, which spanned late 2009 and early 2010, caused NDVI declines in both growing seasons. This may
be due to the significant depletion of water by the late‐season drought in 2009, followed by a continued lack of
rainfall replenishment—unlike the 2002–2003 drought—resulting in lagged impacts on early season growth the
following year.

To further investigate how vegetation phenology and drought timing modulate drought impacts, we analyzed
vegetation responses across different growth stages for each vegetation type. Persistent forests were almost
unaffected by drought during the entire season (Figure 6a), while recovering forests were slightly impacted by
extreme drought during the early growing stage, reflected by an NDVI ratio of 20%–60% (Figure 6b). Compared
to forests, grasslands are more vulnerable to drought overall. Specifically, moderate impacts on grasslands were
observed during the early growing stage when NDVI ratios ranged from 20% to 80%. Pronounced negative
impacts on grasslands occurred during the late season, with NDVI ratios declining from 70% to 30% (Figure 6c).
Severe and extreme droughts had a greater impact on grasslands than moderate droughts, with mean negative
NDVI anomalies reaching as low as − 1.29 (Figure 6c). Additionally, droughts had no or minimal impacts when
either forests or grasslands were in their growing or peak photosynthetic periods.

Figure 4. Drought indexes from 2000 to 2018. (a) SPEI. (b) SPI. (c) Soil moisture anomaly. Shaded areas indicate the period of droughts.
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3.3. Comparisons With Other Humid Big River Basins Suffering Droughts

Given the unique characteristics of the UYR basin, including substantial elevation differences, a humid climate
with recurrent droughts, and large‐scale vegetation restoration efforts, we identified comparable basins that share
similar conditions—abundant water resources yet frequent drought events in recent years. Our analysis aims to
investigate whether these basins exhibit seasonal patterns of drought response similar to those observed in the
UYR basin. The Congo and Nile basins serve as vital reservoirs of freshwater resources for Africa. Although these
basins benefit from abundant rainfall, particularly in their equatorial regions, they have experienced up to 20
drought events in the past four decades, characterized by prolonged dry spells and erratic precipitation patterns
linked to climate change (Figure 7g and Figure S3 in Supporting Information S1). Figure 7 shows the GIMMS
NDVI responses to both early season and late‐season droughts in these basins. Late‐season droughts generally
have large negative impacts in the Nile basin, similar to those found in the UYR basin (Figures 7a–7d). In
contrast, this pattern was not observed in the Congo basin (Figures 7e and 7f). Both early‐ and late‐season
droughts in the Congo Basin showed no significant differences in their impacts, with both resulting in a mean
NDVI anomaly around 0 (Figure 7f), indicating no distinct vegetation response to drought.

Figure 5. Vegetation responses to detected drought events among persistent forest, recovering forest and grassland. (a, b) Annual Normalized Difference Vegetation
Index (NDVI) shows the growing curve of a forest and b grassland. Percentages indicate the NDVIratio. Red percentages indicate months out of the growing season
(NDVIratio < 25%). (c) Drought index for drought events. (d) Anomalies of MODIS NDVI. (e) Anomalies of GIMMS NDVI. Shaded areas indicate the period of
droughts. Bars below the x‐axis indicate the growing seasons of forest and grassland.
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4. Discussion
4.1. Heterogeneous Responses of Humid UYR Basin to Drought

In contrast to arid ecosystems, the understanding of drought impacts on humid ecosystems is very limited because
water deficits are not usually regarded as the main factors limiting vegetation growth. Humid ecosystems, such as
the UYR basin, play a critical role in carbon storage and biodiversity. However, this basin experienced a sharp
increase in drought frequency in 2000, leading to sustained water deficits in certain years (Figures 3 and 4). This
raises concerns about the potential vulnerability of humid biomes, as they are generally less adaptable to water
stress compared to arid biomes, which have evolved flexible physiological water‐use strategies (McDowell
et al., 2008). Such strategies include (a) increasing internal water content to avoid tissue damage (McDowell
et al., 2008) or (b) sustaining low internal water content to maintain growth during drought periods (Gupta
et al., 2020). Our study revealed that vegetation in the UYR basin has become less sensitive to increasing drought
stress, as evidenced by a declining trend in the vegetation‐drought correlation since 2000 (Figure 3b). Forests,
particularly persistent forests, displayed considerable resistance to drought (Figures 5 and 6). This resilience in
persistent forests may be attributable to the temporary depletion of moisture in the upper soil layers (0–1 m)
driven by seasonal droughts, which can quickly recover to normal levels once the drought subsides (Figure 4c).
Additionally, if sufficient subsoil water reserves exist, they can buffer vegetation growth against precipitation
variability, since meteorological droughts (e.g., SPI and SPEI anomalies) have limited direct effects on vegetation
under such conditions (Elliott et al., 2006).

Figure 6. Vegetation responses to drought along growing stages. Vegetation responses to drought along growing stages are indicated by the differences in NDVI
anomaly. (a) Persistent forest, (b) recovering forest and (c) grassland.
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Figure 7. Comparison of global humid big river basins prone to frequent droughts. Vegetation responses to early‐ and late‐
season drought in (a, b) the upper Yangtze River basin, (c, d) Nile basin and (e, f) Congo basin. (g) Map showing the
frequency of drought occurrences for 1980–2020 in the upper Yangtze River, Nile and Congo basins. Drought events were
identified as SPEI below − 1 continued for at least 3 months.
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In contrast, recovering forests are relatively more vulnerable, likely due to their less stable ecological structure
and reduced resilience to environmental stressors. This instability may arise from factors such as younger age,
lower biomass, or less developed root systems, which render them less equipped to withstand drought and other
adverse conditions (Anderson‐Teixeira et al., 2013). Despite this resilience, we observed that forest responses to
drought are subtle and vary across seasons (Figure 5). The visible effects of drought may not always be
immediately reflected in forest appearances, as indicated by remote sensing data (Mallick et al., 2016). None-
theless, physiological changes, such as surface conductance, are significant even if they are not detectable by
remote sensing, and these effects may become evident in growth and leaf area in the following year (Anderegg
et al., 2015; Hoek van Dijke et al., 2023; Senf & Seidl, 2021). For example, during the prolonged drought
spanning two growing seasons in 2009–2010, we observed that the effects of the late‐season drought in 2009
likely extended into the early season of 2010, resulting in a visible decline in forest NDVI (Figure 5). This decline
was not observed with early season droughts following non‐drought years, such as those in 2006 and 2011
(Figure 5).

While forests show varying degrees of resilience to drought, grasslands—particularly those in high‐altitude areas
—exhibit distinct patterns of drought response. Grasslands demonstrate greater negative responses to drought in
terms of their temporal responses (Figure 5) and anomalies across growing stages (Figure 6). Compared to trees,
which adopt conservative strategies to minimize water loss by regulating stomatal conductance and reducing the
risk of aboveground biomass loss (Wolf et al., 2013), grasses sustain high photosynthesis and transpiration rates
with less strict stomatal control, leading to wilting and a decline in green biomass during droughts (Zha
et al., 2010). Moreover, alpine grasslands are more significantly affected by drought due to low annual precip-
itation and recover more slowly than lowland grasslands because of shorter growing seasons and the challenges of
seed establishment in these harsh conditions (De Boeck et al., 2018).

4.2. Seasonal Dynamics of Vegetation Responses to Drought in the UYR Basin

The timing of drought significantly influences its impact on vegetation in the UYR basin, as reflected in NDVI
anomaly patterns across growing seasons and stages (Figures 5 and 6). During the humid season, the abundance of
precipitation generally sustains vegetation growth, although grasslands in high‐altitude areas remain more sus-
ceptible to drought. Data from the Pingshan hydrological station indicate that the bulk of precipitation in the UYR
basin occurs between June and September, with a mean monthly rainfall exceeding 100 mm (Gemmer
et al., 2008). During this humid season, sufficient absolute soil moisture remains available for vegetation, despite
the detection of relative drought. The peak rainfall period coincides with the peak growth of forests, which exhibit
the most abundant foliage (Figure 5a; NDVIratio of 90%–100%–95%), coinciding with the majority of the
grassland growing season (Figure 5b; NDVIratio of 66%–100%–84%). During the humid season, forests remained
unaffected, while grasslands experienced only minor impacts (Figure 6). This pattern can be explained by the
location of grasslands in high‐altitude areas, which naturally receive less rainfall compared to lowland forested
regions (Figure 1; Figure S1 in Supporting Information S1). Consequently, even droughts occurring during the
humid season can lead to soil water scarcity in alpine grasslands. Although the humid season supports vegetation
growth, the effects of drought outside this period vary significantly based on timing and vegetation type.

Droughts occurring outside the humid season exhibit contrasting impacts on vegetation, with late‐season droughts
generally causing more severe declines in NDVI than early season droughts (Figure 5). The limited impact of
early season droughts may be due to high drought resistance during the active growth phase, as well as rapid
growth rates that compensate for short‐term water deficits. Previous studies have identified contrasting NDVI
anomalies between early and late seasons, indicating a seasonal compensation effect from warm springs (Angert
et al., 2005; Bastos et al., 2020; Buermann et al., 2018; Smith et al., 2020; S. Wang et al., 2020; Wolf et al., 2016),
and enhanced vegetation activity and carbon uptake by high temperatures (Keenan et al., 2014). As vegetation
transitions from peak growth to the late season, growth rates decline, and the combined negative impacts of water
and temperature stresses can rapidly lead to a reduction in NDVI (De Boeck et al., 2010). In the UYR basin, the
peak growing stage coincides with the highest temperatures of the year. Upon entering the late season, high
temperatures continue to accelerate soil water depletion through increased evaporative demand (McDowell
et al., 2008). Humid biomes are considered more sensitive to atmospheric evaporative demand because they
reduce stomatal conductance when water availability in the soil and atmosphere is limited in order to maintain leaf
water potentials despite drought (McDowell et al., 2008). Hence, increased evaporative demand can lead to
stomatal closure, resulting in diminished carbon assimilation rates and lower reserves of non‐structural
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carbohydrates (Arnone et al., 2008). Furthermore, carbon starvation occurs when reserves of carbohydrates are
higher in the early season for growth, and the overconsumption of resources extends the effects of drought from
early to later in the season. The negative impacts of late‐season droughts are exacerbated by the depletion of
stored soil water for growth during earlier seasons (Lian et al., 2020). Therefore, the cumulative effects of both
early and late‐season droughts on plant cover exceed those of individual treatments (Bates et al., 2006).

Specifically, grasslands, which are most affected by late‐season droughts, exhibit aggressive water‐use behaviour
and shallow root systems. This leads to rapid depletion of surface soil moisture, even under limited rainfall
conditions, prioritizing high evapotranspiration over aboveground biomass (Hoek van Dijke et al., 2023). Unlike
spring droughts (Mar toMay), late summer droughts (Aug to Oct) have a more pronounced effect on soil moisture
depletion and a greater reduction in the number of reproductive shoots of grasses (Zeiter et al., 2016). The adverse
impacts of late summer droughts diminish with increased rooting depth, particularly for shallow‐rooted grami-
noids, which consistently display high vulnerability to late summer drought (Zeiter et al., 2016). A reduction in
grassland coverage during late‐season droughts may contribute to diminished soil seed reserves in subsequent
years (Dudney et al., 2017; Zeiter et al., 2016), potentially influencing plant abundance despite forthcoming
precipitation. In addition, grasslands in the source region of the Yangtze River have experienced permafrost
degradation as a result of climate change (Immerzeel et al., 2010). The increased duration of soil thaw may have
disrupted the stability of permafrost in this region, which, in turn, adversely affects vegetation growth by
exacerbating water stress throughout the growing season (T. Wang et al., 2022). Permafrost degradation can
enhance water infiltration and lead to dryness in the surface soil, leaving shallow‐rooted plateau vegetation
without sufficient moisture (M. Yang et al., 2010). Consequently, surface soil desiccation caused by permafrost
degradation, along with persistent water deficits that intensify from early to late season, significantly impacts
shallow‐rooted plateau grasses in a changing climate.

4.3. Comparison With Global Big River Basins

To provide a broader context for understanding the findings of this study, we extended our analysis to global river
basins with varying topography and vegetation compositions. The Congo and Nile basins were specifically
selected for comparison, as they represent humid regions that have experienced frequent droughts (Figure S3 in
Supporting Information S1; Figure 7g). A similar seasonal pattern of vegetation response was observed in the Nile
basin but was absent in the Congo basin. In the Nile basin, vegetation cover exhibits a greater extent and more
severe reduction during late‐season droughts (Figures 7c and 7d). However, in the Congo basin, both early and
late‐season droughts did not lead to remarkable negative impacts (Figures 7e and 7f). These contrasting responses
can be attributed to differences in climatology, topography, and vegetation composition between the two basins.

The Nile basin spans diverse landscapes and climates, supporting a rich variety of vegetation types. In the up-
stream region of Ethiopia, where rainfall is relatively abundant, lush forests and woodlands dominate. However,
as the river flows northward through Sudan and Egypt into arid zones, vegetation shifts to drought‐tolerant shrubs
and grasses adapted to semi‐arid and desert conditions. Similar to the UYR basin, this topographical and climatic
heterogeneity creates a gradient of vegetation compositions. In the Nile basin, species in the northern regions are
particularly vulnerable to water stress during late‐season droughts due to their reliance on shallow root systems
and high water‐use strategies (Hahn et al., 2021; Nogueira et al., 2017; Zeiter et al., 2016), mirroring the UYR's
pattern of vegetation vulnerability shaped by its environmental gradients.

In contrast, the predominantly lowland plains in the central Congo basin are covered by tropical rainforests with
dense canopies of semi‐evergreen trees and exceptionally high species diversity. The impact of drought in the
central Congo basin is mitigated by the ability of the rainforest to buffer water stress through its complex root
systems and canopy structures, providing greater tolerance to short‐term reductions in rainfall (Asefi‐Najafabady
& Saatchi, 2013; Malhi & Wright, 2004). Frequent low cloud cover in this region reduces solar radiation and
potential evapotranspiration, further buffering the impact of drought (Malhi & Wright, 2004). Previous research
suggests that forests on low‐lying alluvial terraces are largely unaffected by drought, whereas forests on slopes
and plateaus experience more pronounced impacts (Silva et al., 2013). Only fragmented northern Congo Basin
landscapes exhibited widespread canopy disturbances during extreme droughts, and these effects were confined
to the duration of the water deficit (Asefi‐Najafabady & Saatchi, 2013).

The different responses of the Nile and Congo basins underscore the critical roles of vegetation composition,
topography, and climatology in shaping ecosystem resilience to seasonal droughts. While the Nile basin exhibits
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varying vulnerability levels across regions, the relatively uniform tropical rainforest cover of the Congo basin
provides greater stability, even under water deficit conditions.

5. Conclusions
Contrary to the common belief that humid ecosystems are well‐protected from drought stress, our study highlights
a sharp increase in drought frequency in the UYR basin around 2000, significantly deviating from previously
established norms. Vegetation in the UYR basin has become less sensitive to escalating drought conditions, as
evidenced by a declining correlation between vegetation growth and drought from 2000 to 2018. Specifically,
persistent forests demonstrated considerable resistance to drought throughout the growing season, while recov-
ering forests and grasslands, particularly alpine grasslands, were more vulnerable due to unstable ecological
structures and shallow root systems. The timing of drought within the growing season plays a critical role, with
late‐season droughts leading to more pronounced declines in NDVI due to compounded water deficits.
Furthermore, a comparative analysis with other documented humid river basins, such as the Congo and Nile
basins, reveals distinct patterns: unlike the Congo's tropical rainforests, which maintain stability even during
drought, the ecosystems of the UYR basin exhibit clear susceptibility, warranting urgent conservation measures
as climate change progresses.

Ultimately, our research underscores that as we confront a future with more frequent and intense droughts,
characteristics once deemed protective in humid ecosystems may no longer suffice. Understanding the nuanced
responses of various ecosystem types to drought will be of prime importance for maintaining biodiversity and
essential ecosystem services. The implications of our findings extend beyond the UYR basin, advocating for a
reevaluation of ecological resilience in the face of climate extremes and calling for urgent action to safeguard
vulnerable ecosystems globally.
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