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This study investigates the response mechanism of vegetation phenology to
climate change in the middle and lower reaches of the Yangtze River from 2001
to 2022, aiming to reveal the spatial and temporal evolution patterns of
vegetation SOS, EOS, and LOS and their driving factors, and to provide a
scientific basis for regional ecological management. Based on the EVI dataset,
climate parameters were extracted by S-G filtering and dynamic thresholding
method and combined with one-way linear regression, stability analysis, and
partial correlation analysis to assess the vegetation climate changes and their
responses to air temperature, precipitation, sunshine hours, and surface
temperature. The results showed that: (1) SOS advanced overall (0.29 d/a), EOS
delayed (0.26 d/a), and LOS prolonged (0.56 d/a). (2) Significant trends of SOS
advance and EOS postponement were observed in coniferous forests,
agricultural fields, and natural vegetation, and EOS advance was significant in
broadleaf forests. (3) In the future, SOS and EOS will continue to advance, and
LOS of cropland will continue to extend. (4) Air temperature, precipitation, and
sunshine hours have an advancing effect on SOS, surface temperature has a
postponing effect on EOS, and precipitation and surface temperature have an
extending effect on LOS. Vegetation climate change is affected by the complex
interaction of climate factors, and the results of the study reveal its spatial and
temporal evolution patterns and response mechanisms to climate change,
providing an important reference for regional ecological assessment
and management.

middle and lower reaches of the Yangtze River, vegetation phenology, spatial and
temporal analysis, climate change, growing season
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1 Introduction

Vegetation phenology pertains to the timing of periodic events
in the plant life cycle, such as germination, flowering, and
defoliation, and their interactions with environmental factors,
including temperature, precipitation, and light (White et al,
2002). As a fundamental component of ecosystems, vegetation
phenology serves as an indicator of plant adaptation to climate
change and plays a crucial role in regulating the global carbon cycle,
water cycle, and energy balance (Richardson et al., 2013; Yuke et al.,
2024). In recent years, the intensification of global warming has led
to its widespread application in studies assessing the impacts of
climate change on ecosystems, making it a focal area of research in
ecology (Ziang et al., 2023), climatology, and environmental science
(Piao et al., 2019).

The selection of study areas is critical in identifying the spatial
and temporal characteristics of vegetation phenology and its
response to climate change. In temperate and boreal regions, for
instance, climate change has a substantial impact, and alterations in
vegetation phenology can significantly influence ecosystem
structure and function (Menzel et al., 2006). However, due to the
spatial differences in climatic background, vegetation type and
intensity of human activities, the response mechanism of physical
climate shows significant regional specificity. This spatial
heterogeneity requires the selection of study areas to consider the
typicality and diversity to provide a differentiated strategy for
regional ecological management. Pirone et al. (Pirone et al,
2024). found that ignoring reservoir-channel dynamic interactions
overestimates flood control effectiveness. In Lama and Errico’s
study (Lama and Chirico, 2020; Errico et al, 2019), vegetation
phenology affected hydrodynamic modeling by changing stem
properties, which helped prioritize different management
strategies. The analysis can quantify the cascading effects of the
climate-climate-hydrology system, thus determining the thresholds
of influence of the critical period of vegetation phenology on the
system, affecting the design of flood control, wetland management,
and other practical applications. Furthermore, the response
mechanism of vegetation phenology varies spatially due to
differences in climatic conditions, vegetation types, and the
intensity of human activities across geographic regions (Cleland
et al, 2007). The study identified the mechanisms driving diurnal
temperature and precipitation differentiation and their elevation/
vegetation type dependence on phenology, providing a region-
specific basis for optimizing carbon cycle models and ecosystem
management (Ma et al., 2022; Shen et al,, 2023). Consequently,
selecting representative study areas facilitates an understanding of
general patterns in vegetation phenology and offers a scientific
foundation for regional ecosystem management and climate
adaptation strategies.

Research has shown that in the northern hemisphere at middle
and high latitudes, spring phenology generally occurs earlier, while
fall phenology is delayed, resulting in an extended growing season
(Gao et al., 2019). However, variations in regional and vegetation
type responses to climate change remain significant. For example, in
arid and semi-arid regions, vegetation phenology exhibits higher
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sensitivity to precipitation changes than to temperature variations
(Meng et al., 2020). Investigating the response mechanism of
vegetation phenology to climate change remains a central
research focus. Vegetation generally exhibits an asymmetric
response to key phenological periods such as leaf spreading,
flowering, and fruiting as temperatures rise, precipitation and
other patterns change. While spring warming typically advances
the growing season, fall cooling delays its end (Piao et al., 2006).
Temperate woody plants tend to diverge with warming in their
flowering and leaf-spreading intervals due to reduced winter
vernalization and increased cumulative temperature demand
(Guo et al, 2023). Additionally, other climatic factors, such as
precipitation and light, play crucial roles in vegetation phenology.
Drought stress, in particular, inhibits plant growth and influences
phenological shifts (Ren et al., 2017), a phenomenon that has been
exacerbated by global warming driven by increased greenhouse gas
emissions (Zhang et al,, 2024). In addition, urbanization further
disturbs phenological rhythms through the heat island effect and
land-use change. These changes not only affect species adaptations
but also have the potential to reshape ecosystem functioning
through a chain reaction of carbon cycling and water-heat
balance (Zhao and Wu, 2013).

Vegetation phenology directly affects the hydrological function
of vegetation through the beginning or end of the growing season
and seasonal changes in leaf area, and (Lama and Crimaldi, 2021)
showed that vegetation morphology parameters such as density,
height, and LAI significantly regulate the hydrodynamic processes
in the river channel and floodplain. Accurate monitoring of
vegetation phenology provides dynamic input parameters for
hydrological models, and the hydraulic model (Lama et al., 2020)
and flow resistance quantification method (Walter et al., 2021) in
the literature can improve the simulation ability of vegetation-flow
feedback mechanism, thus enhancing the prediction accuracy of the
hydrological and ecological processes in the middle and lower
reaches of the Yangtze River. Remote sensing technology
overcomes spatial constraints, enabling more effective monitoring
of vegetation phenology by providing phenology parameters at
various scales for detailed analysis. Studies utilizing remote
sensing datasets, such as MODIS and AVHRR, have
demonstrated a trend of an extended growing season in the
Northern Hemisphere, attributing this to the advancement of
spring phenology and the delay of fall phenology as primary
driving factors (Piao et al.,, 2015; Zhang et al., 2003).
Furthermore, integrating ground observation data with model
simulations has facilitated a deeper exploration of the intrinsic
relationship between vegetation phenology and climate variables,
including temperature and precipitation (Chen et al,, 2018).

Despite advancements in this field, certain limitations persist.
Compared to traditional climate monitoring methods, remote
sensing data, while covering extensive regions, possess limited
spatial and temporal resolution, making it difficult to detect
climate variations at finer scales (Tang et al., 2016). Additionally,
significant variations exist among vegetation types and geographic
regions, with most research focusing on temperate and boreal
zones, whereas tropical and subtropical regions remain relatively
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understudied (Gonsamo et al., 2021). Moreover, the influence of
human activities, such as land-use changes and urbanization, on
vegetation phenology has not been extensively investigated,
constraining a comprehensive understanding of phenology-
driving factors (Zhou et al.,, 2014).

The normalized difference vegetation index (NDVI) is
commonly employed for extracting vegetation phenology through
remote sensing by establishing temporal growth curves of
vegetation (Huete et al, 2002). However, once vegetation cover
reaches a certain threshold, NDVI tends to saturate, limiting its
effectiveness (Liu et al, 2018). Sunlight-induced chlorophyll
fluorescence has emerged as a novel approach for vegetation
phenology monitoring, yet its application at finer scales is
restricted by spatial resolution constraints (Guanter et al., 2012;
Joiner et al,, 2016). (Li et al., 2010) highlighted that the EVI2 index,
derived from two spectral bands, offers advantages such as an
extended time series, reduced interference from soil background
effects, and resistance to saturation, allowing for better monitoring
of vegetation changes in areas with dense vegetation cover (Jiang
et al.,, 2008). Lan et al. (2025) also found that the EVI data were
more accurate, which is slightly affected by the soil and the
atmosphere conditions.

This study utilized EVI data from 2001 to 2022 to extract
vegetation phenology parameters in the middle and lower reaches
of the Yangtze River through the dynamic threshold method. The
spatial and temporal distribution, as well as the trends of different
vegetation phenology parameters, were analyzed, along with their
relationship with meteorological factors. The middle and lower
reaches of the Yangtze River represent one of the most densely
populated and economically active watersheds in China,
experiencing significant environmental pressures (Xu et al., 2024).
Understanding the spatial and temporal characteristics of
vegetation phenology and its response to climate factors
provides a scientific foundation for regional ecosystem
management and conservation. The findings of this study offer
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valuable insights into mitigating the adverse effects of climate
change through adjustments in land-use practices and vegetation
management strategies within the framework of climate
change adaptation.

2 Materials and methods

2.1 Study area

The middle and lower reaches of the Yangtze River extend from
the Three Gorges Reservoir area to the river'’s mouth, encompassing
multiple provinces in eastern and central China. This region spans 16
provinces and municipalities, covering a watershed area of about
743,600 square kilometers. Geographically, it is situated between
longitudes 106°12'58"-122°25" and latitudes 24°34'15"-34°11'37".
The terrain is primarily composed of hills and plains, with diverse
vegetation types. It serves as a significant agricultural and industrial hub
and is among the most densely populated areas in China (Figure 1).

2.2 Data sources

2.2.1 Study area data

The dataset utilized in this study consists of the 1:1 million
boundary data (2009) for the Middle and Lower Yangtze River
Basin. Data sources are detailed in Table 1. To ensure consistency in
data integration, the spatial projection coordinate system was
standardized to WGS_1984_UTM_Zone_49N, and all resolutions
were resampled to 250 m.

2.2.2 Remote sensing data

The Enhanced Vegetation Index (EVI) was selected as the
primary data source, featuring a spatial resolution of 250 m and a
temporal resolution of 16 days. All data processing and downloads
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(a) Representation of different colors in the legend to represent different vegetation types in the study area. (b) Representation of DEM in the middle

and lower reaches of the Yangtze River.
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TABLE 1 Sources and applications of data.

Data Duration
Enhanced Vegetation Index(EVI) 2001-2022
Study area boundary data 2009
temperatures(Temp) 2001-2020
precipitation(Prcp) 2001-2020
surface temperature(LST) 2001-2020
daylight hours(SD) 2001-2020
Land use data 2020

were conducted using the Google Earth Engine (GEE) platform. EVI,
a second vegetation index with higher sensitivity to areas of high
biomass, was employed in this study for vegetation monitoring.

2.2.3 Climate data

Climate data, including precipitation (Prcp) and surface
temperature (LST), were obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalysis dataset. These data have a spatial resolution of 0.1° and
cover the period from January 1950 to the present (ERA, 2017).
Additionally, air temperature (Temp) data were sourced from the
China 1 km-resolution annual mean air temperature dataset, with a
spatial resolution of 0.0083333° (~1 km) for the period 2001-2022.

2.2.4 Land use data

The MODIS land cover product, based on the International
Geosphere-Biosphere Program (IGBP) classification scheme, was
utilized (Hansen et al, 2000). This product categorizes global
vegetation into 17 types, from which eight were selected for this
study based on regional conditions. These include farmland and
natural vegetation mosaic, urban built-up areas, sparse grassland,
steppe, cropland, coniferous forest, broadleaf forest, and mixed
coniferous-broadleaf forest. Other land cover types, such as
shrublands, were not considered due to their limited spatial
extent. The dataset has a spatial resolution of 500 m and an
annual temporal resolution.

2.3 Research methodology

2.3.1 Phenological extraction

In this study, three climatic parameters—SOS (the start of the
growing season), EOS (the end of the growing season), and LOS
(the length of the growing season)—were selected to assess the
response of vegetation phenology to climate variations. Vegetation
phenology parameters were extracted using the dynamic threshold
method, while the EVI time series curves for the middle and lower
reaches of the Yangtze River from 2001 to 2022 were fitted using
TIMESAT 3.3 and the S-G filter in Matlab.
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Source Use

LP DAAC-MODI3QI Extraction of vegetation
phenology parameters

(http://www.geodata.cn) Definition of the extent of the study area

GRDC(www.gis5g.com) Monthly average temperature data

CHG/CHIRPS/DAILY Monthly average precipitation data

Monthly mean surface

ECMWF v5(ERA5
vt ) temperature extraction

. Average annual cumulative
GRDC(www.gis5g.com) & .
sunshine hours

LP DAAC-MCDI12Q1 Definition of different vegetation types

The thresholds for the onset and end of vegetation phenology
were set at 20%, and the primary extracted phenological parameters
included the vegetation greening period, yellowing period, and
growing season length. These parameters enabled the
characterization of vegetation phenology in the middle and lower
reaches of the Yangtze River over the study period from 2001 to 2022.
The MODIS-EVI dataset was derived through a series of
preprocessing steps, including cropping, de-clouding, reprojection,
and resampling, based on the GEE MODIS dataset (MOD13Q1.006).
The S-G filtering formula applied in the analysis was as follows
Equation 1:

i Cj Yj+1

* i
Y —<=Em 1
) 2n+1 M

In the formula, Yj+1 represents the j-th initial value of the
sliding window, corresponding to the smoothed EVI data. Cj
denotes the filter coefficient derived from the least squares fitting,
while 2n+1 represents the size of the sliding window.

2.3.2 Trend analysis

Linear regression analysis was employed to examine variations
in phenological indicators from 2001 to 2022, using the following
calculation formula Equation 2:

2?:1(1 X YI) - E?:IIE?ZIYI (2)
> - (2?:11)2

Here, i represents the year, n is set to 22, and SOSi, EOSi, and

Slope =

LOSi refer to the respective phenological parameters in year i. The
slope describes the temporal trend of these climatic parameters in
units of days per year (d/a). A negative slope indicates a shortening
trend in LOS, with SOS and EOS shifting earlier. The magnitude of
the slope determines the rate at which SOS and EOS advance or
delay and the extent of LOS changes over time.

2.3.3 Partial correlation analysis and T-test

The correlation between variables is typically represented by the
correlation coefficient R. When analyzing the relationship between
vegetation phenology and specific climatic variables, the influence
of other climatic factors—such as average temperature, average
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precipitation, sunshine hours, and surface temperature—must be
controlled. In order to eliminate the effects of covariates among
multiple influencing factors, this study utilized Pearson correlation
analysis to investigate the correlation between vegetation phenology
parameters and five factors, including climatic factors, at the metric
scale, following the formula Equation 3:

S0y
TS0 Sy -y

where, i represents the year, and n is set to 20. The variables denote

R

3)

temperature, precipitation, sunshine hours, and surface temperature, in
relation to vegetation phenology. The mean values of these variables
and vegetation phenology indicators are represented by X and Y,
respectively. The correlation coefficient R ranges from [-1,1], where a
negative R indicates an inverse correlation. This suggests that an
increase in meteorological factors leads to an advancement in SOS, a
delay in EOS, and an extension of LOS. Conversely, a positive R implies
the opposite effect. If P<0.05, the correlation is considered significant;
if P>0.05, the correlation is not statistically significant.

2.3.4 Stability analysis

The coefficient of variation (CV) was used to analyze changes in
phenological indicators at the pixel scale from 2001 to 2022. The
calculation method is as follows Equation 4:

CV =6/x (4)

Here, the standard deviation and mean of SOS, EOS, and LOS
are represented by ¢ and , respectively. When the mean value
approaches zero, the data exhibit unstable variations. Based on
observed conditions, CV was categorized into five levels: (1)
CV<0.2, low fluctuation; (2) 0.2 < CV< 0.4, relatively low
fluctuation; (3) 0.4 < CV< 0.6, moderate fluctuation; (4) 0.6 <
CV< 0.8, relatively high fluctuation; and (5) CV > 0.8,
high fluctuation.

2.3.5 Continuity analysis

The Hurst index (H) is a statistical indicator used for time series
analysis and is effective in predicting the stability of future trends.
The value of H ranges from 0 to 1, with its magnitude reflecting the
persistence strength of vegetation phenology. The classification of
H values follows three scenarios:

1. When H is between 0.5 and 1, vegetation phenology
parameters in the middle and lower reaches of the
Yangtze River exhibit positive persistence, indicating a
correlation between future development trends and
historical patterns.

. When H equals 0.5, the time-series changes in vegetation
phenology show no significant correlation between future
trends and past variations.

. When H falls between 0 and 0.5, vegetation phenology
exhibits negative persistence, suggesting that future trends
will develop in the opposite direction to past changes.
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Based on this classification, vegetation phenology parameters in the
study area were categorized into four types: strong damaging persistence
(0.15 < H< 0.35), weak damaging persistence (0.35 < H< 0.5),
weak positive persistence (0.5< H< 0.65), and strong positive
persistence (H > 0.65). To enhance understanding and prediction of
persistence in future trends, H values for the climatic time series were
further classified into nine categories to establish the relationship
between future vegetation cover development trends and historical
changes in the middle and lower reaches of the Yangtze River.

3 Results

3.1 Spatial distribution of vegetation
phenology

The results presented in Figures 2, 3 indicate that the start of the
growing season (SOS) follows an earlier trend from northwest to
southeast, primarily occurring between 62 and 97 days. The SOS in the
northeastern region is significantly earlier compared to other areas.
Overall, the phenological return period of vegetation in the study area
exhibited an advancing trend, with the exception of certain localized
regions in the central, northwestern, and southern parts, where
vegetation growth showed a delayed trend. The end of the growing
season (EOS) is predominantly concentrated between 281 and 315
days, indicating that EOS generally occurs between mid-October and
mid-November. The spatial distribution of EOS follows a pattern of
higher values in the north and lower values in the south. Earlier EOS
occurrences were observed in the northwestern and northeastern parts
of the study area, while all other regions exhibited a delayed trend.

The length of the growing season (LOS) is generally distributed
between 206 and 243 days. The northwestern region exhibits a relatively
shorter LOS, whereas the northeastern and southwestern regions
experience longer LOS values. A general trend of LOS extension was
observed across the study area, except for the northwestern and central
regions, where a shortening trend was detected.

Unlike the distribution of changes in the EOS, variations in the
SOS and LOS were not uniform, and significant spatial heterogeneity
in vegetation phenology was observed. From 2001 to 2022, the
changes in vegetation phenology in the middle and lower reaches
of the Yangtze River aligned with the findings of Hong Xinxie et al
(Hong and Sun, 2023), demonstrating a trend of advancing SOS,
delaying EOS, and an overall lengthening of the growing season.

3.2 Spatial and temporal variation in
vegetation phenology

The temporal and spatial variations in vegetation phenology, as
illustrated in Figure 4, exhibit a distinct trend of change over time in
the middle and lower reaches of the Yangtze River.

The magnitude of SOS changes remained relatively uniform
(p>0.05), with an average advancement of 0.29 days per year. EOS
changes, however, demonstrated a significant delaying trend
(p<0.01), with an average postponement of 0.26 days per year.
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FIGURE 2

Distribution of vegetation phenology means in the middle and lower reaches of the Yangtze River. (a) Mean value distribution of sos. (b) Mean value
distribution of eos. (c) Mean value distribution of los.
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FIGURE 3
Trend analysis of vegetation phenology in the middle and lower reaches of the Yangtze River. (a) Trend analysis of sos. (b) Trend analysis of eos (c)
Trend analysis of los.
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FIGURE 4

Annual variation trend of vegetation phenology in the middle and lower reaches of the Yangtze River.

Since LOS is defined as the duration between SOS and EOS, the
advancing trend of SOS combined with the delayed EOS resulted in
an overall extension of LOS. The study findings indicate that from
2001 to 2022, LOS increased at an average rate of 0.56 days per year
(p<0.01). The maximum recorded variations were 27.82 days for
SOS, 24.89 days for EOS, and about 38.73 days for LOS. The latest
SOS and the shortest LOS were observed in 2021, while a relatively
extended LOS was recorded in 2018.

To examine the phenological changes among different vegetation
types in the middle and lower reaches of the Yangtze River, the average
phenological values were extracted for urban built-up areas, croplands,
grasslands, sparse grasslands, broad-leaved forests, coniferous forests,
mixed coniferous and broad-leaved forests, farmlands, and natural
vegetation mosaics. Based on an analysis of the long-term time-series
data from 2001 to 2022, the spatial and temporal evolution of
phenological parameters for various vegetation types in the study

area was systematically assessed. Through trend analysis and fitting,
a dynamic map depicting the 22-year vegetation phenology period
within the study area was generated, along with corresponding
quantitative fitting results (Table 2; Figure 5).

Data analysis indicated that the vegetation regrowth period in
the middle and lower reaches of the Yangtze River has undergone
significant changes over the past two decades. With the exception of
cropland ecosystems, which exhibited a delayed trend at a rate of
0.5553 d/a, all other vegetation types in the study area demonstrated
varying degrees of advancement in the start of the growing season.

Among the vegetation types, coniferous forest ecosystems
exhibited the most significant advancement in the start of the
growing season, with an average annual rate of change of —0.6561 d/
a and a cumulative advancement of 14.434 days over 22 years. This
trend may be attributed to the higher sensitivity of coniferous forests to
temperature increases. In contrast, grassland ecosystems displayed only

TABLE 2 Relationship between vegetation phenology and various vegetation types in the middle and lower reaches of the Yangtze River.

Simultaneous

Simultaneous

Vegetation type Parameters . R? Vegetation type Parameters . R2
equations equations
SOS y= -0.44x+944.2 0.25 SOS y=-0.38x+854.2 0.14
Urban built-up area EOS y=0.21x-128.2 0.11 Broadleavf forest EOS y=-0.3x+896.2 0.10
LOS y= 0.65x-1072.5 0.36 LOS y= 0.08x+61.99 0.01
SOS y= 0.56x-1035.2 0.19 SOS y= -0.65x+1399 0.12
Arable land EOS y=0.26x-241.1 0.20 Coniferou forest EOS y= -0.15x+603.9 0.01
LOS y=-0.29x+794.1 0.06 LOS y=0.51x-795.2 0.04
SOS y=-0.18x+449.3 0.05 SOS y=-0.51x+1098 0.14
grassland EOS y=0.21x-138.1 0.10 Mixed forests EOS y=-0.11x+523.3 0.01
LOS y= 0.39x-587.4 0.15 LOS y= 0.40x-575.2 0.05
SOS y=-0.56x+1207 0.18 SOS y=-0.43x+949.5 0.12
Sparse Grassland EOS y= 0.02x+258.2 0.01 Nii:i‘lf;:;;:ion EOS y= 0.35x-403.8 0.09
LOS y= 0.58x-949.1 0.11 LOS y=0.78x-1353.3 0.21
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Interannual variability of different vegetation phenology in the middle and lower reaches of the Yangtze River. (a, c, e) represents the interannual
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variations of sos, eos, and los in broad-leaved forests, coniferous forests, mixed forests, farmlands, and natural vegetation mosaics, respectively.

a weak advancement trend, with a rate of change of —0.1826 d/a. The
end of the growing season for broadleaf forests, coniferous forests, and
mixed coniferous-broadleaf forests showed an advancing trend, with
broadleaf forests experiencing the most pronounced advancement at a
rate of 0.2927 d/a. Conversely, EOS in urban built-up areas, croplands,
grasslands, sparse grasslands, and the mosaic of farmland and natural
vegetation exhibited a delaying trend. Among these, the most
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significant delay was observed in the mosaic of farmland and natural
vegetation, with an average annual delay rate of 0.35 d/a, resulting in a
cumulative delay of 7.7 days over 22 years.

Observations of the growth cycle across different vegetation
types indicate that, except for arable land, all vegetation types
exhibit a tendency toward an extended growing period. This
lengthening is primarily influenced by two key climatic factors:
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the advancement of the vegetation greening period and the delay in
the end of the growing season.

Arable land exhibited a distinct response pattern, with a slight
shortening of the growing season at a rate of 0.2937 d/a. In contrast,
vegetation LOS in urban built-up areas, agricultural land, and
vegetation mosaics displayed a significant lengthening trend, with
rates of 0.6502 d/a and 0.7836 d/a, respectively. Over the past 22
years, this trend resulted in an extension of the growing season by
about 14.3044 days in urban built-up areas and 17.2392 days in
vegetation mosaics. The observed variability among vegetation
types may be attributed to the specific management practices in
cropland ecosystems, such as tillage systems, irrigation methods,
and crop variety selection. Additionally, these differences highlight
the contrast between natural and human-managed ecosystems in
their responses to climate change.

3.3 Stability analysis

Using the coefficient of variation (CV) method, this study
systematically assessed the spatial and temporal fluctuation
characteristics of vegetation phenology parameters in the study
area from 2001 to 2022. The spatial distribution pattern of these
parameters is presented in Figures 6.

The average coefficient of variation (CV) for vegetation in the
study area was 0.32, exhibiting a trend of gradual stabilization from
southeast to northwest. Medium fluctuation accounted for 59.02%

10°E 115°E 120°E

(a) SOS

10.3389/fpls.2025.1589908

of the total area and was predominantly distributed in the southern
and eastern regions. Relatively high and high fluctuations were
observed mainly in farmland, comprising 4.53% and 0.82% of the
area, respectively. The average CV of vegetation EOS was 0.066,
indicating primarily low and relatively low fluctuation levels. The
proportions of these categories were about 29.85% and 62.33%,
respectively, suggesting that vegetation phenology has remained
highly stable over the past 22 years.

The characterization of the spatial and temporal variability of
the length of the growing season (LOS) in the study area indicated
that the average coefficient of variation was 0.15, suggesting a
relatively stable overall change. In terms of spatial distribution,
low fluctuation areas accounted for 25.44%, while relatively low
fluctuation areas comprised 59.02%, collectively covering 84.46% of
the study area. This distribution pattern further confirmed the high
temporal stability of vegetation growing season length. However, in
the central part of the region, vegetation phenology parameters
exhibited moderate fluctuation characteristics in 10.49% of the area
and relatively high fluctuation in 3.42%. The remaining regions
were primarily characterized by low and relatively low fluctuation,
indicating a stable vegetation growing season length.

3.4 Continuity analysis

In this study, the Hurst index of vegetation phenology
parameters in the middle and lower reaches of the Yangtze River
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FIGURE 6

Spatial stability analysis of vegetation phenology in the middle and lower reaches of the Yangtze River. (a) Stability analysis of sos. (b) Stability analysis

of eos. (c) Stability analysis of los.
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was systematically calculated at an image-by-image metric scale
from 2001 to 2022 using R/S analysis to evaluate the persistence
characteristics of future vegetation phenology trends. The trend
analysis results revealed the spatial and temporal evolution of
vegetation phenology in the study area, including its current
status, future trends, and historical change processes. The specific
spatial distribution pattern is presented in Figures 7. The analysis
indicated that the Hurst index values for the start of the growing
season (SOS), the end of the growing season (EOS), and the length
of the growing season (LOS) ranged from 0.35 to 0.5. Their
respective spatial distribution ratios were 58.06%, 63.15%, and
63.82%, covering the entire study area. These quantitative results
suggest that the changes in vegetation climatic parameters exhibit
significant anti-continuity, meaning that future trends are likely to
develop in the opposite direction of historical changes. This implies
a potential delay in the start of the growing season and an
advancement in its end, ultimately leading to a shortened growing
season. Such synergistic variations in climatic parameters may exert
a significant influence on the regional ecosystem’s carbon cycle.
The proportion of image elements with Hurst index values
between 0.5 and 0.65 was 24.56% for SOS, 16.48% for EOS, and
20.25% for LOS. The spatial distribution of vegetation SOS and LOS
was primarily concentrated in the southeastern part of the study
area, while EOS was mainly distributed in the southern region, with
all exhibiting a more dispersed pattern. This suggests that these
areas are likely to maintain the historical trends of vegetation
phenology parameters, with SOS advancing, EOS delaying, and

10°E 115°E 120°E
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LOS prolonging, as indicated by the overlay analysis of Sen’s Slope
and the Hurst index. As shown in Figures 8, the future evolution
trends of vegetation phenology remain consistent with past
patterns, with 75.28% of the study area expected to experience
continued advancement of the greening period (SOS), 82.15%
expected to show further delays in the yellowing period (EOS),
and 59.16% expected to exhibit an extended growing season
length (LOS).

Table 3 indicates that the future vegetation rejuvenation period
(SOS) in the middle and lower reaches of the Yangtze River is
expected to continue advancing, with 19.53% of the region
exhibiting this trend. In terms of spatial distribution, the west-
central and southern parts of the Yangtze River, predominantly
covered by grasslands, demonstrate a consistent advancement at the
start of the growing season. This pattern may be attributed to the
higher sensitivity of grassland ecosystems to climate change and
highlights the substantial differences in the response of various
vegetation types to climate warming. Areas exhibiting a continuous
delay in SOS are primarily cultivated land. Additionally, regions
that previously experienced a delayed SOS but are projected to
advance in the future are also concentrated in the south-central part
of the study area, predominantly within grassland ecosystems.

The region exhibiting a continuous delay in vegetation EOS
accounted for 5.73% of the study area and was primarily distributed
in the southeastern and northwestern regions, which were
predominantly woodlands. In contrast, areas showing a
continuous advancement of EOS covered 8.37% of the region,
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Spatial distribution of vegetation phenology Hurst index in the middle and lower reaches of the Yangtze River. (a) Spatial distribution of H values of
sos. (b) Spatial distribution of H values for eos. (c) Spatial distribution of H values of los.
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Spatial distribution of sustainability of vegetation phenology changes in the middle and lower reaches of the Yangtze River from 2001 to 2020. (a)
Future trend analysis of sos. (b) Future trend analysis of eos. (c) Future trend analysis of los.

TABLE 3 Future trends of vegetation phenological parameters in the middle and lower reaches of the Yangtze River.

Percentage(%) Future trends
Growing trend
Eos Eos
1 3.20 0.03 0.04 Strong persistent degradation
: advance defer lengthen
) 339 0.95 166 Weak pers%stent
degradation
Anti-Strength
3 0.97 1.45 3.87 Sustainability
Improvement Past ahead but The past is The Past is
future delaved delayed but the lengthening but the
Anti-Weakness 4 future is ahead future is shortening
4 3.08 5.27 17.73 Sustainability
Improvement

Antiweak persistent
5 10.37 3.69 5.96

degradation The past is The past is shorter
Past ahead but
. delayed but the but the future

Anti-strong R is ahead future delayed s 1
6 2.37 1.06 1.91 persistent uture is ahea 18 longer

degradation

Weak persistent

7 1.20 1.59 6.11 .

improvement

defer advance curtail
Strong Continuous

8 0.06 0.06 0.14

Improvement
9 75.28 82.15 59.16 unchanged unchanged unchanged unchanged
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mainly concentrated in the north-central and southwestern areas,
where cropland was the dominant vegetation type. Vegetation LOS
was primarily characterized by a persistent shortening trend,
affecting 27.85% of the study area. Among these, reverse
persistence was the most prevalent, comprising 21.60%, with
17.73% classified as reverse weak persistence and 3.87% as reverse
strong persistence. However, cultivated land exhibited a trend of
persistent LOS extension (Figure 8).

The primary trends of future vegetation phenology evolution in
the middle and lower reaches of the Yangtze River include the
persistent advancement of SOS and EOS, with the most pronounced
changes observed in SOS. Additionally, the trend of EOS advancing
persistently, along with a shift from previous advancements to
future delays, is becoming increasingly evident.

3.5 Response of vegetation phenology to
climate change

3.5.1 Spatial distribution of climate change

The study examines the multi-year spatial variations of key
climate factors, including temperature, precipitation, surface
temperature, and average annual cumulative sunshine hours, in
the middle and lower reaches of the Yangtze River. As shown in
Figures 9, an analysis based on meteorological data from 2001 to
2020 reveals distinct climate gradient characteristics in the study

10.3389/fpls.2025.1589908

area. The annual mean temperature varies between 0.75°C and
20.39°C, following a clear latitudinal zonation pattern, where
temperature increases as latitude decreases. Precipitation exhibits
significant spatial variability, ranging from 185.33 mm to 779.44
mm, with a distribution pattern characterized by a decline from
southeast to northwest. The annual average surface temperature is
slightly higher than the annual average air temperature, ranging
from 4.8°C to 29.27°C, and shows a decreasing trend with
increasing latitude. The annual average cumulative sunshine
hours range from 1035.2 to 2042.3 h, with a general tendency for
sunshine duration to increase as latitude increases.

3.5.2 Response of vegetation return period (SOS)
to climatic factors

The image-by-image meta-analysis of SOS during vegetation
regrowth in the middle and lower reaches of the Yangtze River was
conducted using Pearson correlation analysis. The spatial
distribution of correlation coefficients that passed the significance
test (P<0.05) is presented in Figure 10.

Correlation analysis with air temperature (Figure 10a) revealed
that in the northwestern region, a significant delay effect was
observed between temperature increases and the vegetation
rejuvenation period, which may be attributed to the unique
temperature threshold effect in high-altitude areas. In terms of
quantitative characteristics, spatial units exhibiting a negative
correlation accounted for 55.16% of the study area, with the
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Correlation between sos and climate factors in the middle and lower reaches of the Yangtze River. (a) Correlation analysis between sos and mean air
temperature. (b) Correlation analysis between sos and average precipitation. (c) Correlation analysis between sos and mean accumulated solar
insolation hours. (d) Correlation analysis between sos and average surface temperature.

eastern region displaying a particularly significant negative
correlation at a proportion of 10.21%. This spatial distribution
pattern suggests that in the eastern region, the vegetation
rejuvenation period tends to advance as temperature increases.
This response pattern is likely associated with the lower altitude
and higher cumulative temperature conditions in the eastern part of
the study area.

In terms of spatial distribution, the correlation between the start
of the growing season (SOS) and precipitation (Figure 10b) exhibited
a significant negative correlation in 58.45% of the study area. Positive
correlation areas, accounting for 41.55%, were primarily concentrated
in the northwestern, northeastern, and southeastern regions, where
increased precipitation was associated with a delayed vegetation
rejuvenation period. Notably, in the northwestern region, the
vegetation rejuvenation period showed a significant positive
correlation (5.66%) with temperature. In contrast, the southwestern
and north-central parts of the study area displayed a strong negative
correlation with precipitation, with about 10% of the pixels exhibiting
a significant negative correlation. These variations suggest that
changes in climatic factors in these regions follow an opposite
trend to the vegetation greening period, indicating the presence of
distinct phenological response mechanisms.

Correlation analysis with sunshine hours (Figure 10c¢) indicated
a weak negative correlation between vegetation SOS and sunshine
duration, with a relatively uniform spatial distribution. Positive

Frontiers in Plant Science

13

correlation areas accounted for 47.47% of the study region and were
scattered, with a distinct concentration in the northeastern part,
covering 4.23% of the area. In contrast, negative correlation areas
comprised 51.53% and were primarily distributed in the western
region of the central part of the study area.

The correlation analysis with surface temperature (Figure 10d)
indicated that vegetation SOS exhibited a predominantly positive
correlation in the southern region, accounting for 64.44% of the
study area. This suggests that in this region, the start of the growing
season tended to be delayed with increasing surface temperature. In
contrast, a negative correlation was observed in the northern region,
covering 35.56% of the area, indicating that SOS gradually advanced
with rising surface temperature. Both correlations passed the
significance test, with 4.11% of the positive correlation and 6.88%
of the negative correlation being statistically significant.

It can be concluded that vegetation SOS generally exhibited a
negative correlation with air temperature, precipitation, sunshine
hours, and surface temperature.

3.5.3 Response of vegetation obsolescence (EOS)
to climatic factors

Regarding temperature, the analysis results presented in
Figure 11a indicate that vegetation EOS and air temperature in
the study area predominantly displayed a negative correlation, with
58.61% of the area showing this trend. Among these, 11.79% of the
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Correlation between eos and climate factors in the middle and lower reaches of the Yangtze River. (a) Correlation analysis between eos and mean
air temperature. (b) Correlation analysis between eos and mean precipitation. (c) Correlation analysis between eos and mean cumulative sunshine
hours. (d) Correlation analysis between eos and mean surface temperature.

image elements passed the significance test, primarily concentrated
in the northwestern and southern regions, where vegetation EOS
tended to advance with increasing air temperature.

Correlation analysis with precipitation (Figure 11b) revealed a
significant negative correlation between vegetation EOS and
precipitation in the northwest and southeast regions, with
negatively correlated areas accounting for 61.13% of the total
study area. Among these, 9.48% of the regions exhibited a
statistically significant negative correlation. In contrast, positively
correlated regions comprised 38.87% of the area. The spatial
distribution pattern showed that positive correlation areas were
mainly located in the northeast and southwest regions, suggesting
that increased precipitation may contribute to a delayed end of
vegetation growth.

The correlation between vegetation EOS and sunshine hours
(Figure 11c) was primarily observed in the southern, northwestern,
and northeastern regions, exhibiting a weak negative correlation
with a likelihood ratio of 55.30%. In the northwestern region, the
negative correlation coefficient was more pronounced, with a
likelihood ratio of 5.5%. Conversely, the positive correlation areas
were mainly distributed in the north-central and southwestern
regions, accounting for 44.70% of the study area. In the
southwestern region, a stronger positive correlation was detected,
indicating that an increase in sunshine hours contributed to the
delayed trend of vegetation EOS in this region.
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Correlation analysis with surface temperature (Figure 11d)
revealed that vegetation EOS exhibited a significant positive
correlation with surface temperature. The proportion of positively
correlated areas was 73.36%, with 8.05% of these regions passing the
significance test. This suggests that rising surface temperature was
associated with a notable delay in vegetation EOS across the study area.

These findings indicate that vegetation EOS demonstrated a
strong positive correlation with surface temperature. The influence
of surface temperature on vegetation EOS contrasts with the effects
of air temperature, precipitation, and sunshine hours. Specifically,
an increase in surface temperature leads to a delayed EOS, whereas
increases in air temperature, precipitation, and sunshine hours tend
to advance EOS.

3.5.4 Vegetation growing season length (LOS)
response to climate factors

The correlation coefficients between vegetation growing season
length (LOS) and climate factors (Figure 12) indicate that the
correlation between LOS and temperature exhibited a weak
negative trend, with negatively correlated pixels accounting for
51.58% of the study area. The proportion of positively correlated
pixels was 48.42%, with both distributions being spatially dispersed.
The positive correlation between LOS and temperature was more
pronounced in the southeast and northwest regions, covering 8.73%
of the pixels. Conversely, a significant negative correlation was
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observed in the central region, also covering 8.73% of the pixels,
suggesting that increased temperature contributed to a shortened
LOS in these areas.

Correlation analysis with precipitation (Figure 12b) revealed an
overall weak positive correlation between LOS and precipitation, with
positively correlated pixels comprising 50.15% and negatively
correlated pixels 49.85%. The positive correlation was primarily
concentrated in the southwestern region, where LOS lengthened with
increased precipitation, with the most significant positive correlation
observed in 5.76% of the pixels. The negative correlation area was
mainly located in the northwestern region, where 7.31% of the pixels
exhibited a significant negative correlation, indicating that increased
precipitation contributed to a reduction in LOS.

The results of correlation analysis with sunshine hours
(Figure 12¢) showed a slight difference between the positive and
negative correlations, accounting for 48.43% and 51.57% of the total
image elements, respectively, indicating an overall weak negative
correlation between LOS and sunshine hours.

The correlation with surface temperature (Figure 12d)
demonstrated that LOS was predominantly positively correlated
with surface temperature, meaning that LOS tended to increase as
surface temperature rose. The proportion of positively correlated
pixels was 72.16%, with an even spatial distribution across the study
area. A significant positive correlation was detected in the
northeastern and northwestern regions, where 10.14% of the
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pixels showed a strong relationship between increasing surface
temperature and prolonged LOS.

The correlations between vegetation LOS (the length of the
growing season) and temperature, precipitation, and sunshine
hours were relatively balanced between positive and negative
values. In the central region, a significant negative correlation was
observed between LOS and air temperature, whereas in the
southwestern region, LOS exhibited a strong positive correlation
with precipitation. In the northeastern region, LOS showed a
significant negative correlation with sunshine hours. Across most
of the study area, LOS displayed a positive correlation with surface
temperature, indicating that an increase in surface temperature
contributed to the lengthening of the vegetation growing season.

4 Discussion

4.1 Characteristics of changes in
vegetation phenology

On the temporal scale, vegetation phenology in the middle and
lower reaches of the Yangtze River exhibited a clear trend of
advancement in the start of the growing season (SOS) and a delay
in the end of the growing season (EOS), aligning with findings from
previous studies (Cui Hongjing, 2024; Han et al., 2024; Yang et al.,
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2022, Yang et al,, 2024; Zhu et al., 2024). The results consistently
indicated an advancing trend for SOS and a delaying trend for EOS.
Since 2019, SOS has shown a delayed pattern, peaking in 2021,
which resulted in the shortest growing season length that year. The
temperature increase in 2019 may have contributed to the
advancement of vegetation rejuvenation, while the subsequent rise
in precipitation from 2019 onward was also significantly correlated
with these changes.

On the spatial scale, vegetation phenology was found to be
highly sensitive to environmental changes, particularly near urban
fringes, where intensive human activities led to environmental
modifications that significantly impacted vegetation phenology
(Yuan et al, 2023). The SOS of farmland and natural vegetation
mosaic areas differed from that of urban built-up areas by 2.64 d/a,
with the most pronounced difference observed in EOS, reaching 7.7
d/a, which was consistent with the findings of Haiyong Ding (Ding
et al, 2020). Within urban built-up areas, surface temperature
exhibited a significant increasing trend, leading to notable
changes in the phenology of farmland, while other vegetation
types experienced relatively minor phenological shifts.

Observations indicate that the primary driver of SOS
advancement and EOS delay over the past 22 years has been the
increase in surface temperature, which has emerged as a key factor
contributing to phenological variations. The response of vegetation
phenology to climate change exhibits significant spatial heterogeneity,
influenced by interactions among multiple environmental factors.

Although research has revealed the roles of air temperature,
precipitation, surface temperature, and hours of sunshine in vegetation
phenology, how these factors work together remains understudied.
Environmental factors, such as photoperiod, albedo,
evapotranspiration, and water availability, influence vegetation
phenology. On the Tibetan Plateau, vegetation greening attenuates
surface warming by increasing evapotranspiration (ET). In the tropics
and subtropics, the evaporative cooling effect of increased vegetation
activity on surface temperature is usually more significant than the
evaporative warming effect. Enhanced vegetation activity (e.g, earlier or
longer growing seasons) may reduce surface albedo (e.g., reduced snow
cover or increased vegetation cover), resulting in more solar radiation
being absorbed and higher surface temperatures, which can further
promote vegetation growth. Studies have shown that enhanced
vegetation activity in temperate grasslands significantly increases
spring and fall temperatures through albedo reduction (Shen et al., 2022).

4.2 Influence of vegetation cover type on
phenology

From 2001 to 2022, vegetation SOS, except for cultivated land,
exhibited an advancing trend, with varying magnitudes of change.
Qiu Tong stated that different land cover types exhibit distinct
phenological characteristics (Qiu et al., 2017), which aligns with the
findings of this study. Variations in vegetation cover types influence
the temporal changes in phenology, as they determine the
magnitude of SOS and EOS values at different time points.
Vegetation cover in urban built-up areas is heavily affected by
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human activities, with LOS extending at a rate of 0.65 d/a. Some
studies have indicated that land cover changes have a more
substantial impact on the physical climate than climatic factors
alone. Urban expansion, land conversion, and ecological policies
such as farmland reforestation have significantly altered the
vegetation growth environment, indirectly contributing to
interannual variations in the physical climate. However, since
these land cover changes represent a relatively small portion of
the overall study area, the results remain representative of regional
climatic variations. It is important to acknowledge that a broader
range of vegetation cover types exists beyond the eight categories
examined in this study. For instance, shrubland, which occupies a
relatively small area, was not considered in the analysis.

Zhu et al. elucidated the dynamic reflection of urbanization in
phenology in their experiments, revealing the complex impacts of
urbanization on vegetation phenology. Yang analyzed the
characteristics of phenology changes in the Yangtze River Delta from
three latitudes: time, planar space and elevation. Therefore, most of the
previous studies chose urban agglomerations to explore the effects of
urbanization on the spatial and temporal changes of vegetation
phenology. In this paper, we focus on the middle and lower reaches
of the Yangtze River, as a key ecological transition zone in China, to
explore the response of its vegetation phenology to climate change,
which makes up for the lack of regional specificity in previous Northern
Hemisphere-scale studies. Richardson et al. (Richardson et al., 2013)
proposed that fall phenology is mainly regulated by air temperature and
photoperiod, but they did not incorporate the influence of land surface
temperature (LST). Their modeling framework emphasized the driving
role of atmospheric temperature on vegetation senescence but did not
consider the independent effect of surface energy exchange. The study
(Yuan et al, 2024) found that nighttime temperature had a more
substantial impact on the advance of the greening stage than daytime
temperature and that regulating the senescence stage by precipitation
and solar radiation was time-scale dependent. Piao pointed out that
vegetation growth in arid zones was subject to the antagonistic effects of
air temperature and soil moisture but did not explore the contrast
between LST and air temperature. Therefore, the study in this paper
found the opposite effects of LST and air temperature on EOS, which
may extend the scope of antagonistic mechanisms.

4.3 Uncertainty analysis

This study examines the response of vegetation phenology to air
temperature, precipitation, surface temperature, and insolation. The
findings indicate that increasing surface temperature results in the
advancement of SOS, the postponement of EOS, and the lengthening
of LOS, which differs from the effects of air temperature and other
climatic factors. Climatic change is a prolonged and complex process
influenced by multiple environmental conditions. In addition to the
climatic factors selected for the experiment, light radiation,
cumulative temperature, and carbon dioxide also significantly affect
phenology (Xiang et al., 2024). During urbanization, alterations in
vegetation cover types may influence vegetation phenology (Zhang
et al,, 2020), while various pollution factors, including light and air
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TABLE 4 Comparison of the optimal phenological dataset in this study with previous findings.

Study area ey Extraction method SOs EOS e
Yangtze River 2001-2019 curvature change extremum method -0.17d/a 0.48d/a MCD12Q2
Delta [Yang et al.] 2001-2020 Maximum rate of change method -0.41d/a 0.16d/a MOD13Q1
Yangtze River 1990-2020 Dynamic thresholding -0.30d/a 0.80d/a MOD13Q1
Delta [Zhu et al.] 2002-2020 dynamic thresholding -0.58d/a 0.08d/a MOD13Q1
Three gorges reservoir area [Cui et al.] 2001-2019 dynamic thresholding -0.12d/a 0.16d/a MOD13A2
pollution, can impact vegetation phenology by affecting 1. From 2001 to 2022, the study areas, the start of the growing
photosynthesis (Xia et al., 2017). season (SOS) advanced at a rate of 0.29 days per year,
Additionally, research has indicated that the influence of primarily occurring between the 62nd and 97th days. The
human activities on vegetation and climate has become end of the growing season (EOS) was delayed by 0.26 days per
increasingly evident. In agricultural areas, drought- and flood- year, mainly concentrated between the 281st and 315th days.
tolerant seeds or crops are selectively bred to enhance yields. In The length of the growing season (LOS) increased by 0.56 days
urban environments, resilient trees or shrubs are chosen for street per year, with values generally ranging between the 206th and
planting, with maintenance practices such as pruning and watering 243rd days, exhibiting noticeable interannual fluctuations.
conducted periodically. To extend the growth cycle of plants, 2. Among different vegetation types, cultivated land showed the
specific artificial methods are employed to modify environmental most significant SOS delay and LOS shortening, with rates of
conditions, thereby affecting the vegetation climate (Hu et al., 2024). 0.5553 d/a and 0.2937 d/a, respectively. The LOS in urban
The data and methods used in this study introduce certain built-up areas, farmland, and vegetation mosaics showed a
uncertainties. Due to the lack of direct observational data, the pronounced lengthening trend, extending by 14.3044 days and
extracted phenology results were validated using indirect verification 172392 days over 22 years. Broadleaf forests exhibited the
methods. As shown in Table 4, the results for the middle and lower most notable EOS advancement, with a rate of 0.2927 d/a.
reaches of the Yangtze River align with findings from previous studies. 3. The average coefficient of variation (CV) for vegetation
However, variations in values may arise due to differences in study SOS in the middle and lower reaches of the Yangtze River
areas and methodological approaches. The Enhanced Vegetation Index was 0.32, indicating an overall stable trend. The average CV
(EVI) dataset was utilized to analyze vegetation phenology, but its for EOS was 0.066, reflecting high stability over the past 22
temporal resolution is limited. While the MOD13Q1 dataset used in years. The average CV for LOS was 0.15, showing relative
this study offers a spatial resolution of 250 m, its 16-day temporal stability except for higher fluctuations observed in some
resolution may present challenges in accurately capturing vegetation arable land and farmland areas.
phenology dynamics over shorter periods. 4. The Hurst index analysis of SOS, EOS, and LOS suggested
Future research will incorporate high-resolution temporal and that the overall trend of vegetation change in the middle and
spatial imagery to enhance the analysis. Given the significant impact lower reaches of the Yangtze River is expected to be opposite
of human activities on vegetation phenology, subsequent studies to the patterns observed over the past 22 years, indicating a
could focus on urban areas to explore their role in modifying weak tendency toward delayed SOS, advanced EOS, and
phenological patterns. Additionally, this study did not account for shortened LOS. In contrast, in the southern part of the study
annual changes in vegetation cover types, nor did it consider other area, SOS, EOS, and LOS are projected to show trends of
influential factors such as light radiation, cumulative temperature, advancement, delay, and lengthening, respectively.
and carbon dioxide. Future research will address these gaps to 5. Air temperature, precipitation, surface temperature, and
further refine and improve the methodology. sunshine hours in the middle and lower reaches of the

Yangtze River were all correlated with vegetation SOS. A
negative correlation was observed between SOS and air
5 Conclusions temperature, precipitation, sunshine hours, and surface
temperature. EOS exhibited a significant negative correlation

To advance phenology and enhance the understanding of global with air temperature, precipitation, and sunshine hours, while
ecological responses, we extracted vegetation phenology, including it showed an opposite trend with surface temperature.
the start of the growing season, the end of the growing season, and Additionally, LOS demonstrated weak negative correlations
the length of the growing season, based on the Enhanced Vegetation with air temperature, precipitation, and sunshine hours,
Index evi, and explored its spatial and temporal variability in the whereas it was positively correlated with surface temperature
middle and lower reaches of the Yangtze River and its relationship in most areas, suggesting that an increase in surface
with climate. The findings indicate that: temperature contributes to the prolongation of LOS.

Frontiers in Plant Science 17 frontiersin.org


https://doi.org/10.3389/fpls.2025.1589908
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shikang et al.

Data availability statement

The datasets presented in this article are not readily available
because the data that support the findings of this study are not publicly
available due to reason, e.g., confidentiality agreements, privacy
restrictions, or proprietary concerns. However, summary statistics
and processed data are available upon reasonable request. Requests
to access the datasets should be directed to ZS,13085505060@163.com.

Author contributions

7S: Writing - original draft, Writing - review & editing. ZW:
Funding acquisition, Supervision, Writing — review & editing. LX:
Investigation, Writing - original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded by
Huaiyuan County Territorial Space Master Plan (no. 881283).

References

Chen, L., Huang, J. G., Ma, Q., Hanninen, H., Rossi, S., Piao, S., et al. (2018). Spring
phenology at different altitudes is becoming more uniform under global warming in
Europe. Global Change Biol. 24, 3969-3975. doi: 10.1111/gcb.2018.24.issue-9

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

Cui Hongjing, C. L. (2024). Spatio-temporal patterns of vegetation phenology and
their evolutionary mechanisms in the Three Gorges Reservoir Area from 1990 to 2020.
Acta Ecologica Sin. 44, 3775-3790.

Ding, H,, Xu, L, Elmore, A. J., and Shi, Y. (2020). Vegetation phenology influenced by rapid
urbanization of the Yangtze Delta region. Rermote Sens. 12, 1783. doi: 10.3390/rs12111783

ERA C. (2017). Fifth generation of ECMWF atmospheric reanalyses of the global
climate. Copernicus Climate Change Service Climate Data Store (CDS). Available online
at: https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5.

Errico, A., Lama, G. F. C,, Francalanci, S., Chirico, G. B., Solari, L., and Preti, F.
(2019). “Validation of global flow resistance models in two experimental drainage
channels covered by Phragmites australis (common reed),” in Proceedings of the 38th
TIAHR world congress-water connecting the world (Paseo Bajo Virgen del Puerto 3,
Madrid, Spain: International Association for Hydro—Environment Engineering &
Research (IAHR)), 1313-1321.

Gao, M, Piao, S., Chen, A, Yang, H,, Liu, Q,, Fu, Y. H,, et al. (2019). Divergent
changes in the elevational gradient of vegetation activities over the last 30 years. Nat.
Commun. 10, 2970. doi: 10.1038/s41467-019-11035-w

Gonsamo, A., Ciais, P., Miralles, D. G., Sitch, S., Dorigo, W., Lombardozzi, D., et al.
(2021). Greening drylands despite warming consistent with carbon dioxide fertilization
effect. Global Change Biol. 27, 3336-3349. doi: 10.1111/gcb.v27.14

Guanter, L, Frankenberg, C,, Dudhia, A., Lewis, P. E,, Gomez-Dans, J., Kuze, A,, et al.
(2012). Retrieval and global assessment of terrestrial chlorophyll fluorescence from GOSAT
space measurements. Remote Sens. Environ. 121, 236-251. doi: 10.1016/j.rse.2012.02.006

Guo, L, Liu, X,, Alatalo, J. M., Peng, C., Dai, J., and Luedeling, E. (2023). Climatic
drivers and ecological implications of variation in the time interval between leaf-out
and flowering. Curr. Biol. 33, 3338 -3349.¢3. doi: 10.1016/j.cub.2023.06.064

Han, S., Zhai, J., Ma, M., Zhao, Y., Li, X,, Li, L, et al. (2024). A study on the
differences in vegetation phenological characteristics and their effects on water—carbon
coupling in the huang-huai-hai and yangtze river basins, China. Sustainability 16, 6245.
doi: 10.3390/su16146245

Hansen, M. C,, DeFries, R. S., Townshend, J. R., and Sohlberg, R. (2000). Global land
cover classification at 1 km spatial resolution using a classification tree approach. Int. J.
Remote Sens. 21, 1331-1364. doi: 10.1080/014311600210209

Frontiers in Plant Science

10.3389/fpls.2025.1589908

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Hong, X., and Sun, T. (2023). Dynamic changes and driving factors of land surface
phenology under the background of urbanization. Chin. J. Appl. Ecol. 34, 2436-2444.

Hu, M,, Li, X,, Xu, Y., Huang, Z,, Chen, C,, Chen, J, et al. (2024). Remote sensing
monitoring of the spatiotemporal dynamics of urban forest phenology and its response to
climate and urbanization. Urban Climate 53, 101810. doi: 10.1016/j.uclim.2024.101810

Huete, A., Didan, K., Miura, T., Rodriguez, E. P., Gao, X., and Ferreira, L. G.
(2002). Overview of the radiometric and biophysical performance of the MODIS
vegetation indices. Remote Sens. Environ. 83, 195-213. doi: 10.1016/S0034-4257(02)
00096-2

Jiang, Z., Huete, A. R,, Didan, K., and Miura, T. (2008). Development of a two-band
enhanced vegetation index without a blue band. Remote Sens. Environ. 112, 3833-3845.
doi: 10.1016/j.rse.2008.06.006

Joiner, J., Yoshida, Y., Guanter, L., and Middleton, E. M. (2016). New methods for the
retrieval of chlorophyll red fluorescence from hyperspectral satellite instruments:
simulations and application to GOME-2 and SCIAMACHY. Atmospheric
Measurement Techniques 9, 3939-3967. doi: 10.5194/amt-9-3939-2016

Lama, G. F. C,, and Chirico, G. B. (2020). “Effects of reed beds management on
the hydrodynamic behaviour of vegetated open channels,” in Proceedings of the 2020
IEEE international workshop on metrology for agriculture and forestry (MetroAgriFor)
(Piscataway, New Jersey: IEEE), 149-154.

Lama, G. F. C, and Crimaldi, M. (2021). “Assessing the role of Gap Fraction on the Leaf
Area Index (LAI) estimations of riparian vegetation based on Fisheye lenses,” in 29th
european biomass conference and exhibition (Basel, Switzerland: MDPI), 1172-1176.

Lama, G. F. C, Errico, A., Francalanci, S., Solari, L., Chirico, G. B., and Preti, F. (2020).
“Hydraulic modeling of field experiments in a drainage channel under different riparian
vegetation scenarios,” in Innovative biosystems engineering for sustainable agriculture, forestry
and food production (Cham, Switzerland: Springer International Publishing), 69-77.

Lan, C,, Guo, L, Tian, W., Huang, P, Li, S., and Ma, M. (2025). Grassland canopy
height retrieval using remote sensing vegetation indicescNDHD, NDVI, and EVI) in
xilin gol. Chin. J. Grassland 47, 31-44.

Li, W, Qin, Z,, Li, W., and Yang, Q. (2010). Comparison and analysis of MODIS
NDVI and MODIS EVI. Remote Sens. Inf. 6, 73-78.

Liu, X,, Zhou, L., Shi, H., Wang, S., and Chi, Y. (2018). Phenological characteristics of
temperate coniferous and broad-leaved mixed forests based on multiple remote sensing
vegetation indices, chlorophyll fluorescence and CO2 flux data. Acta Ecologica Sin. 38,
3484494.

Ma, R, Shen, X., Zhang, J., Xia, C., Liu, L., and Wu, L. (2022). Variation of vegetation
autumn phenology and its climatic drivers in temperate grasslands of China. Int. J.
Appl. Earth Observation Geoinformation 114, 103064. doi: 10.1016/j.jag.2022.103064

frontiersin.org


https://doi.org/10.1111/gcb.2018.24.issue-9
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.3390/rs12111783
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://doi.org/10.1038/s41467-019-11035-w
https://doi.org/10.1111/gcb.v27.14
https://doi.org/10.1016/j.rse.2012.02.006
https://doi.org/10.1016/j.cub.2023.06.064
https://doi.org/10.3390/su16146245
https://doi.org/10.1080/014311600210209
https://doi.org/10.1016/j.uclim.2024.101810
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1016/j.rse.2008.06.006
https://doi.org/10.5194/amt-9-3939-2016
https://doi.org/10.1016/j.jag.2022.103064
https://doi.org/10.3389/fpls.2025.1589908
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Shikang et al.

Meng, L., Zhou, Y., Li, X,, Asrar, G. R., Mao, J., Wanamaker, A. D.]Jr., et al. (2020).
Divergent responses of spring phenology to daytime and nighttime warming. Agric.
For. Meteorology 281, 107832.

Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R,, et al. (2006).
European phenological response to climate change matches the warming pattern.
Global Change Biol. 12, 1969-1976. doi: 10.1111/j.1365-2486.2006.01193.x

Piao, S., Fang, J., Zhou, L., Ciais, P., and Zhu, B. (2006). Variations in satellite-derived
phenology in China’s temperate vegetation. Global Change Biol. 12, 67785.
doi: 10.1111/j.1365-2486.2006.01123.x

Piao, S., Liu, Q., Chen, A,, Janssens, I. A., Fu, Y., Dai, J,, et al. (2019). Plant phenology
and global climate change: Current progresses and challenges. Global Change Biol. 25,
1922940. doi: 10.1111/gcb.2019.25.issue-6

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

Pirone, D., Cimorelli, L., and Pianese, D. (2024). The effect of flood-mitigation
reservoir configuration on peak-discharge reduction during preliminary design. J.
Hydrology: Regional Stud. 52, 101676.

Qiu, T., Song, C,, and Li, J. (2017). Impacts of urbanization on vegetation phenology over
the past three decades in Shanghai, China. Remote Sens. 9, 970. doi: 10.3390/rs9090970

Ren, S., Yi, S., Peichl, M., and Wang, X. (2017). Diverse responses of vegetation
phenology to climate change in different grasslands in Inner Mongolia during 2000—
2016. Remote Sens. 10, 17.

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

Shen, X,, Jiang, M., and Lu, X. (2023). Diverse impacts of day and night temperature
on spring phenology in freshwater marshes of the Tibetan Plateau. Limnology
Oceanography Letters. 8, 323-329. doi: 10.1002/1012.10285

Shen, X, Lei, W., Ming, J., and Xianguo, L. (2022). Vegetation greening, extended
growing seasons, and temperature feedbacks in warming temperate grasslands of
China. J. Climate. 35, 5103-5117. doi: 10.1175/JCLI-D-21-0325.1

Tang, J., Korner, C., Muraoka, H., Piao, S., Shen, M., Thackeray, S. J., et al. (2016).
Emerging opportunities and challenges in phenology: a review. Ecosphere 7, e01436.
doi: 10.1002/ecs2.1436

Walter, B., Jarvela, J., and Vastila, K. (2021). Flow resistance of floodplain vegetation
mixtures for modelling river flows. J. Hydrology 601, 126593.

‘White, M. A., Nemani, R. R, Thornton, P. E,, and Running, S. W. (2002). Satellite evidence
of phenological differences between urbanized and rural areas of the eastern United States
deciduous broadleaf forest. Ecosystems 5, 260-273. doi: 10.1007/s10021-001-0070-8

Xia, J., Zhang, Y., Xiong, L., He, S., Wang, L., and Yu, Z. (2017). Opportunities and
challenges of the Sponge City construction related to urban water issues in China. Sci.
China Earth Sci. 60, 65758. doi: 10.1007/s11430-016-0111-8

Frontiers in Plant Science

19

10.3389/fpls.2025.1589908

Xiang, K., Guo, Q., Zhang, B., Wang, J., Jin, N., Wang, Z., et al. (2024). Impact of
preseason climate factors on vegetation photosynthetic phenology in mid-high
latitudes of the northern hemisphere. Plants 13, 1254. doi: 10.3390/
plants13091254

Xu, Y., Gao, M., and Zhang, Z. (2024). Land use change and its impact on habitat
quality in the middle and lower reaches of the Yangtze River based on InVEST model.
Res. Soil Water Conserv. 31, 355-364.

Yang, C,, Deng, K., Peng, D, Jiang, L., Zhao, M,, Liu, J,, et al. (2022). Spatiotemporal
characteristics and heterogeneity of vegetation phenology in the Yangtze River Delta.
Remote Sens. 14, 2984. doi: 10.3390/rs14132984

Yang, Y., Yao, L., Fu, X,, Shen, R, Wang, X,, and Liu, Y. (2024). Spatial and
temporal variations of vegetation phenology and its response to land surface
temperature in the Yangtze River Delta Urban Agglomeration. Forests 15, 1363.
doi: 10.3390/f15081363

Yuan, H., Yan, J,, Zang, J., Wang, Z., Xu, W., and Zhang, H. (2023). Influences of
climate change and human activities on vegetation phenology of Shanghai. Acta Ecol.
Sin. 43, 8803-8815.

Yuan, M., Wen, Z., He, L., Li, X,, and Zhao, L. (2024). Response of temperate

grassland phenology to climate change and its contribution to gross primary
productivity in China 44, 354-376.

Yuke, Z., ZHANG, R., Wenbin, S., and ZHANG, S. (2024). Spatiotemporal
characteristics of vegetation phenology in northeast China based on solar-induced
chlorophyll fluorescence and response to climate. Remote Sens. Technol. Appl. 39,
185-197.

Zhang, M., Du, H., Mao, F., Zhou, G,, Li, X., Dong, L., et al. (2020). Spatiotemporal
evolution of urban expansion using Landsat time series data and assessment of its
influences on forests. ISPRS Int. J. Geo-Information 9, 64. doi: 10.3390/ijgi9020064

Zhang, X., Friedl, M. A., Schaaf, C. B., Strahler, A. H., Hodges, ]. C., Gao, F,, et al.
(2003). Monitoring vegetation phenology using MODIS. Remote Sens. Environ. 84,
471-475. doi: 10.1016/S0034-4257(02)00135-9

Zhang, Q., Zhang, J., Xinyao, H., and Zhang, Y. (2024). Monitoring farmland
phenology changes of northeast China and their response to climate in early 21 st
century. Remote Sens. Technol. Appl. 39, 350-361.

Zhao, D., and Wu, S. (2013). Responses of vegetation distribution to climate change
in China. Theor. Appl. Climatology 117, 15-28. doi: 10.1007/s00704-013-0971-4

Zhou, D., Zhao, S., Liu, S., and Zhang, L. (2014). Spatiotemporal trends of terrestrial
vegetation activity along the urban development intensity gradient in China’s 32 major
cities. Sci. total Environ. 488, 136-145. doi: 10.1016/j.scitotenv.2014.04.080

Zhu, E,, Fang, D., Chen, L., Qu, Y., and Liu, T. (2024). The impact of urbanization on
spatial-temporal variation in vegetation phenology: a case study of the yangtze river
delta, China. Remote Sens. 16, 914. doi: 10.3390/rs16050914

Ziang, X., ZHANG, C., Shaoyuan, F., ZHANG, F., Huanjie, C., Min, T, et al. (2023).
Reviews of methods for vegetation phenology monitoring from remote sensing data.
Remote Sens. Technol. Appl. 38, 1-14.

frontiersin.org


https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1111/j.1365-2486.2006.01123.x
https://doi.org/10.1111/gcb.2019.25.issue-6
https://doi.org/10.1038/ncomms7911
https://doi.org/10.3390/rs9090970
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1002/lol2.10285
https://doi.org/10.1175/JCLI-D-21-0325.1
https://doi.org/10.1002/ecs2.1436
https://doi.org/10.1007/s10021-001-0070-8
https://doi.org/10.1007/s11430-016-0111-8
https://doi.org/10.3390/plants13091254
https://doi.org/10.3390/plants13091254
https://doi.org/10.3390/rs14132984
https://doi.org/10.3390/f15081363
https://doi.org/10.3390/ijgi9020064
https://doi.org/10.1016/S0034-4257(02)00135-9
https://doi.org/10.1007/s00704-013-0971-4
https://doi.org/10.1016/j.scitotenv.2014.04.080
https://doi.org/10.3390/rs16050914
https://doi.org/10.3389/fpls.2025.1589908
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Spatial and temporal characteristics of vegetation phenology in the middle and lower reaches of the Yangtze River and its response to climate
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data sources
	2.2.1 Study area data
	2.2.2 Remote sensing data
	2.2.3 Climate data
	2.2.4 Land use data

	2.3 Research methodology
	2.3.1 Phenological extraction
	2.3.2 Trend analysis
	2.3.3 Partial correlation analysis and T-test
	2.3.4 Stability analysis
	2.3.5 Continuity analysis


	3 Results
	3.1 Spatial distribution of vegetation phenology
	3.2 Spatial and temporal variation in vegetation phenology
	3.3 Stability analysis
	3.4 Continuity analysis
	3.5 Response of vegetation phenology to climate change
	3.5.1 Spatial distribution of climate change
	3.5.2 Response of vegetation return period (SOS) to climatic factors
	3.5.3 Response of vegetation obsolescence (EOS) to climatic factors
	3.5.4 Vegetation growing season length (LOS) response to climate factors


	4 Discussion
	4.1 Characteristics of changes in vegetation phenology
	4.2 Influence of vegetation cover type on phenology
	4.3 Uncertainty analysis

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


