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Introduction: Vegetation phenology serves as a sensitive indicator of terrestrial
ecosystem responses to climate change. Over the past few decades, research
on phenological changes, especially in forest ecosystems, has expanded
substantially.

Methods: This study conducts a systematic bibliometric analysis of global
literature on vegetation phenology and climate change from 1995 to 2024,
based on 599 publications retrieved from the Web of Science Core Collection
and Scopus. Using VOSviewer, CiteSpace, Bibliometrix (R package), and
SciMAT, we examined publication trends, geographic distribution, institutional
collaboration, author contributions, and thematic evolution.

Results: Results reveal a rapid rise in research since 2012, with peaks in 2022 and
2024. China leads in publication volume, whereas the United States dominates in
total and average citations, reflecting greater academic influence. The University
of the Chinese Academy of Sciences and Beijing Normal University emerge as
leading institutions. Collaboration networks highlight four major international
clusters, with China and the United States at the core. Keyword co-occurrence
analysis identifies central topics such as “climate change,” “spring phenology,”
“‘NDVI,” and “remote sensing,” while new themes emerging after 2017 include
“urban vegetation phenology,” “grassland ecosystems,” and “extreme climate
events.” Thematic evolution indicates a shift from foundational topics such as
“MODIS" and “plant growth” toward more integrated themes such as “climate
impacts,” “phenological modeling,” and “ecosystem responses.” Co-citation
analysis identifies 13 research clusters, including “temperate forest phenology,”
‘winter wheat,” and “urban spring vegetation phenology.” Recent clusters
emphasize high-resolution data sources and urbanization effects, reflecting a
transition toward finer-scale and application-oriented research.

Discussion: Influential works by Richardson, Piao, and others form the
intellectual foundation of the field and continue to shape its development.
Overall, this study provides a comprehensive overview of the evolution and
trajectory of vegetation phenology research under climate change. The findings
underscore the growing integration of interdisciplinary approaches, finer-scale
observations, and an increasing focus on climate-vegetation feedbacks, offering
guidance for future research and strategies to enhance ecosystem adaptation.
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1 Introduction

Vegetation, as one of the most important components of terrestrial
ecosystems, connects ecological elements such as hydrology, soil, and
atmosphere, and provides strong support for natural ecosystems and
human well-being (Foley et al., 2000; Zhang et al., 2013). Vegetation
phenology, which refers to the seasonal biological life stages driven by
environmental factors, is regarded as a sensitive and accurate indicator
of climate change (Menzel and Fabian, 1999; Piao et al, 2006).
Changes in vegetation phenology have significant impacts on land
surface and atmospheric processes and are key to understanding
terrestrial ecosystem responses and feedbacks to climate change (Shen
M. et al., 2024). In addition, phenological changes affect ecosystem
functioning and services, ecological and evolutionary interactions,
and regional and global cycles of carbon, water, nutrients, and energy,
with resulting social implications (Schwartz, 1998; Penuelas and
Filella, 2001; Barichivich et al., 2013; Richardson et al., 2018a, 2018b;
Zhou, 2022). The phenological phases of vegetation are highly
sensitive to climatic conditions, and studying their changes and
responses is crucial for clarifying the relationship between vegetation
and climate change (Piao et al., 2011; Richardson et al., 2013; Shen
etal,, 2018; Shen M. et al., 2022; Zhang Q. et al., 2017).

Climate change is profoundly altering the phenological processes
of forest vegetation, particularly by advancing the start of the growing
season in spring (SOS) and delaying its end in autumn (EOS), thereby
extending the length of the growing season (LOS). Numerous studies
have demonstrated that spring warming has resulted in earlier
phenological events across most regions worldwide. For example,
flowering time has advanced for 58.5% of species in the Southern
Hemisphere and 81.6% in the Northern Hemisphere, with SOS in
Northern Hemisphere forests advancing by 1.2-4.0 days and EOS being
delayed by 1.4-2.8 days per decade (Richardson et al., 2006; Piao et al,,
2007; Everingham et al., 2022). These phenological shifts directly affect
forest carbon cycling. On one hand, earlier SOS can expand the window
for photosynthesis and enhance carbon uptake. On the other hand,
delayed EOS, while extending the growing season, may increase
ecosystem respiration and thereby offset part of the carbon gain. In
high-latitude regions, late-season respiration has been found to
outweigh early-season photosynthetic carbon gains, resulting in net
carbon loss (Piao et al., 2008). Moreover, the advancement of SOS plays
a critical role in boosting carbon uptake in temperate and boreal forests,
as increases in photosynthesis often exceed those in respiration, thus
enhancing terrestrial carbon sinks overall (Wu et al., 2012; Richardson
et al., 2013). However, Responses to climate-induced phenological
changes vary significantly across vegetation types and regions. In
deciduous broadleaf forests, advanced SOS strongly correlates with
increased carbon sequestration and extended LOS. In contrast, in
northern coniferous forests, the carbon gain from longer LOS is often
offset by concurrent increases in ecosystem respiration (Dragoni et al.,
2011; Keenan et al.,, 2014b). In Europe, LOS extension by 1 day can
increase net ecosystem production (NEP) in mixed forests by
approximately 3.5 gC-m~2, while each one-day advancement in SOS can
enhance NEP by 2-4 gC-m™? (Richardson et al., 2010). Similar patterns
are observed in grassland ecosystems. For instance, studies in northern
China and the Tibetan Plateau suggest that net primary productivity
(NPP) is more sensitive to SOS than to EOS, and while delayed EOS can
slightly increase gross primary productivity (GPP), the effect is limited
(Wang et al., 2020; Cheng et al., 2021). In addition to forests, various
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other vegetation types have exhibited clear phenological responses to
climate change. For instance, in croplands, SOS and EOS advanced by
0.5 days and 1.38 days per year, respectively (Sisheber et al., 2023). In
temperate grasslands, the EOS showed a significant delay driven by
summer precipitation and autumn temperatures (Ma et al., 2022), while
in marsh ecosystems, preseason warming led to a delayed EOS at a rate
of 4.1 days per decade (Shen X. et al., 2024). These findings underscore
the diverse ways in which vegetation phenology is responding to
climatic changes across different ecosystems. Moreover, interannual
variations in spring and autumn phenology are also critical factors
influencing forest carbon sink dynamics (Piao et al., 2007). Although
there is broad consensus that climate warming drives phenological
changes and current findings remain inconsistent due to variations in
data sources, observation scales, study periods, and vegetation types.
Therefore, it is necessary to comprehensively and quantitatively analyze
the development of vegetation phenology as a concept, which would
help scholars to make effective decisions about future research. A
bibliometric analysis is ideal for a more wide-ranging review and to
fully grasp the current status of vegetation phenology research.

Bibliometric analysis, as a quantitative research method
combining big data, statistical techniques, and computational tools,
has been widely applied across various academic fields, including
social sciences, biology, medicine, and environmental science
(Ranjbari et al., 2023; Tan et al., 2023; Zhao et al., 2023; Kumar, 2025).
Compared with traditional systematic reviews, bibliometric analysis
is particularly suitable for research topics with a limited number of
publications, offering valuable insights into research gaps and
assessing national and global scientific contributions (Moller and
Myles, 2016; Ellegaard and Wallin, 2015). In recent years, some studies
have applied this method to investigate the impact of climate change
on vegetation, focusing on factors such as high temperatures, drought,
and increased ozone concentrations across different spatial scales
(Verrall and Pickering, 2020; Jimenez-Montenegro et al., 2021; Idris
et al., 2022). However, comprehensive global bibliometric analyses
specifically evaluating the effects of climate change on vegetation
phenology remain scarce. Existing studies have explored vegetation
phenology responses to climate change through regional analyses or
reviews of research trends prior to 2013 (Yang et al., 2013; Chen et al,,
2023; Singh et al., 2024). Although many reviews exist, most are
region-specific, qualitative, or limited in temporal scope and they do
not provide a systematic global quantitative assessment. To address
this gap, we analyzes literature from 1995 to 2024 to examine the
global development of research on forest vegetation phenology under
climate change. Using four mainstream visualization tools-HistCite,
VOSviewer, CiteSpace, and the Bibliometrix package in R-this study
aims to: (1) map the development trajectory and evolving trends of
the field; (2) identify current research hotspots and key topics; and (3)
provide strategic guidance for future research and policy-making,
supporting more effective resource allocation and responses to
climate challenges.

2 Materials and methods
2.1 Research design

We adopted a bibliometric approach to quantitatively analyze
research output, collaboration patterns, and thematic evolution on
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climate change impacts on vegetation phenology from 1995 to 2024.
Bibliometrics combines statistical and network analyses to evaluate
publication trends, identify influential authors and institutions, and
map research hotspots (Ninkov et al., 2022). This study integrates
multiple visualization and analysis tools: CiteSpace (Chen, 2004),
VOSviewer (van Eck and Waltman, 2010), SciMAT (Cobo et al,,
2012), Scimago Graphica (Hassan-Montero et al., 2022), and the
Bibliometrix R package (Aria and Cuccurullo, 2017). Analyses
included: Annual publication trends and citation metrics;
International and institutional collaboration networks; Keyword
co-occurrence mapping; Thematic evolution across four time periods;
Co-citation and cluster analysis to reveal intellectual foundations.

2.2 Data collection

This study relies on Web of Science Core Collection (WoSCC) and
Scopus because they provide authoritative, high-quality, and
standardized bibliographic records that are widely recognized in
bibliometric research. In contrast, Google Scholar, though broader in
coverage, includes non-peer-reviewed materials and lacks
standardized metadata, which may compromise data reliability and
compatibility with bibliometric tools. While the exclusion of Google
Scholar may omit some relevant works, the combined use of WoSCC
and Scopus minimizes bias and ensures both data quality and
analytical robustness. WoSCC includes over 20,000 journals across
250 disciplines (Chen et al., 2024; Jing et al., 2024), while Scopus
covers 36,377 journals from 11,678 publishers, including 34,346 peer-
reviewed titles (Burnham, 2006). The study focuses on literature from
1995 to 2024, limited to English-language original articles and reviews.

» «

Search terms such as “vegetation phenology,” “climate change,” and
“impact” were used to construct search formulas. In WoSCC, subject,
title, and abstract searches yielded 723 records, narrowed to 456 after
excluding irrelevant fields. In Scopus, 496 records were retrieved, with
133 unrelated articles removed, resulting in 363. After removing
duplicates and incomplete records, a total of 599 valid articles (588
originals and 11 reviews) were included for analysis. The search
process is illustrated in Figure 1, and detailed formulas are provided
in Supplementary Tables S1, S2.

2.3 Bibliometric analysis

This study integrates bibliometric analysis, network analysis, and
data visualization techniques to systematically examine the knowledge
structure, research hotspots, and evolutionary trends in the field of
climate change impacts on forest vegetation phenology (Aratjo et al,
2020; Mora et al,, 2017). Bibliometric methods are effective for revealing
the frequency and network relationships among keywords, authors,
institutions, and countries (De las Heras et al., 2021), and are widely used
to assess research landscapes. Over 30 free tools have been developed for
bibliometric mapping and visualization (Li et al., 2020), among these,
VOSviewer-developed by van Eck and Waltman (2010), is one of the
most widely adopted. It supports five major modules: co-authorship,
co-occurrence, bibliographic coupling, citation, and co-citation analysis
(van Eck and Waltman, 2020), with its core algorithms and visualization
techniques well documented (Li et al., 2021). In this study, we employed
Bibliometrix, VOSviewer, Scimago Graphica, and CiteSpace to perform
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descriptive analyses of the retrieved literature, including annual
publication trends, citation frequencies, international collaborations, key
authors and institutions, and major journals, thereby outlining the
developmental trajectory and collaboration landscape of the field.
Keyword co-occurrence analysis was then conducted to extract high-
frequency terms and construct co-word networks and temporal keyword
maps, which helped identify key research themes and interdisciplinary
linkages. Building on this, thematic evolution analysis was performed
using SAIMAT (Gibbin et al., 2023), where co-occurrence matrices and
clustering algorithms were applied to generate strategic diagrams and
thematic networks, identifying evolving research hotspots across four
time periods: 1995-2012, 2013-2016, 2017-2020, and 2021-2024. Four
bibliometric tools were employed in this study to ensure a comprehensive
and robust analysis. Bibliometrix (R package, version 4.2.2) was used
with default parameters to generate descriptive statistics. VOSviewer
(version 1.6.20) was utilized to construct and visualize co-authorship,
co-occurrence, and citation networks; to minimize noise, thresholds
were set to a minimum of 5 occurrences for keywords and 10
publications for authors or institutions. CiteSpace (version 6.2. R7) was
applied to identify co-citation clusters, detect citation bursts, and analyze
thematic evolution, with the time slicing configured to one-year
intervals, node selection based on the G-index (k = 25), and pruning
conducted using the Pathfinder algorithm. Scimago Graphica (version
1.0.35) was employed to produce interactive and customizable
visualizations of international collaboration using default clustering and
layout settings. To enhance methodological transparency, all parameter
selections adhered to well-established practices in bibliometric research.
The G-index (k=25) was chosen to achieve a balance between
incorporating highly cited and emerging publications, thereby
improving the robustness and interpretability of the findings (Chen,
2004; Chen et al,, 2010). A betweenness centrality threshold of 0.1 was
applied to identify structurally pivotal nodes that connect distinct
research clusters, consistent with conventional co-citation analysis
protocols (Chen, 2004). The complementary integration of these tools-
encompassing statistical profiling, structural and dynamic network
mapping, and advanced visualization—ensured that the results were
both comprehensive and reliable. These intervals were selected based on
trends in publication volume, and the G-index, Jaccard index, and
Inclusion index were used to evaluate the influence and continuity of
research themes (Latorre Medina, 2025). Finally, co-citation and cluster
analyses were conducted using CiteSpace to identify the intellectual
foundations and emerging frontiers of the field. By constructing
co-citation cluster timelines and calculating SIGMA burst values,
we captured the temporal dynamics and scholarly influence of key
publications, offering a comprehensive overview of the knowledge
structure and research evolution in this domain (Chen et al., 2010).
Collectively, this integrated analytical framework provides valuable
visual insights and lays a solid foundation for guiding future research
directions and prioritizing thematic developments.

3 Result
3.1 Documents characteristic analysis
3.1.1 Analysis of article publication

From 1995 to 2024, a total of 599 articles on climate change
impacts on vegetation phenology were published. Output remained
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Identification of studies via databases
Records removed before screening:
Records identified from (1995-2024): 1.Duplicate records removed
Databases(n=1219): (n =220)
-WOS:723 EEE— 2.Records marked as ineligible
-Scopus:496 by automation tools(n=0)
3.Records removed for
otherreasons(n=0)
A
Records screened Records excluded
(n =999) (n=400)
A
Reports sought for retrieval Reports not retrieved
(n =599) (n =0)
A
Reports asses_ssegdgfor eligibility Reports excluded:
(n =599) > Not related to
vegetation phenology
and climate change
Y (n=400)

Studies included in review
(n=599)

FIGURE 1

PRISMA flowchart of literature retrieval and screening for bibliometric analysis of vegetation phenology and climate change (1995-2024).

below 10 papers annually before 2012, then increased steadily,
exceeding 70 papers per year by 2022. Peak output occurred in 2022
(91 papers) and 2024 (76 papers by October), suggesting sustained
research growth (Figure 2). The rapid growth of publications after
2012 may be attributed to the increasing availability of long-term and
high-resolution remote sensing products, the release of global climate
datasets, and the recognition of vegetation phenology as a key
indicator in global change research frameworks. These developments
provided both methodological tools and scientific motivation that
accelerated research outputs in this field. It should be noted that the
data for 2024 were collected up to October; therefore, publications
from November and December are not included. This may result in a
slight underestimation of the total output for 2024.

The top 10 most-cited articles from 1995 to 2024 are listed in
Table 1. The most influential is Richardson AD’s “Climate Change,
Phenology, and Phenological Control of Vegetation Feedbacks to the
Climate System” (1,635 citations), followed by Piao SLs “Variations in
Satellite-Derived Phenology in China’s Temperate Vegetation” (757
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citations) and Keenan TFs “Net Carbon Uptake Has Increased
Through Warming-Induced Changes in Temperate Forest Phenology”

(681 citations). Further details are provided in Table 1.

3.1.2 Analysis of countries, institutions, author
Four distinct collaboration clusters were identified. The different
colors represent clusters automatically identified by VOSviewer using
a modularity-based clustering algorithm. Countries shown in the
same color form a group with relatively stronger co-authorship
collaboration compared with countries in other clusters. The primary
clusters include the blue cluster comprising China, Australia, Japan,
Finland, and Brazil; the purple cluster consisting of the
United Kingdom, United States, and India; the orange cluster of
Canada, Spain, and South Africa; and the green cluster of Italy, South
Korea, and Germany (Figure 3a). Here, the intensity of national
collaborations is defined as the total number of co-authored
publications between a country and all other countries, with higher
values indicating stronger international research linkages. The
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FIGURE 2
Annual publications on vegetation phenology (1995-2024) from WoSCC and Scopus.

TABLE 1 Top 10 most-cited articles in the field (1995-2024).

Article DOI Total citations (TC) TC per Year
Richardson et al. (2013), Agr. For. Meterol. 10.1016/j.agrformet.2012.09.012 1,635 136.25
Piao et al. (2006), Global. Change Biol. 10.1111/j.1365-2486.2006.01123.x 757 39.84
Keenan et al. (2014b), Nat. Clim. Change 10.1038/NCLIMATE2253 681 61.91
Zhang et al. (2004), Global. Change Biol. 10.1111/j.1529-8817.2003.00784.x 456 21.71
Shrestha et al. (2012), PLoS One 10.1371/journal.pone.0036741 421 3238
Richardson et al. (2006), Global. Change Biol. 10.1111/j.1365-2486.2006.01164.x 369 19.42
Richardson et al. (2018a), Sci. Data 10.1038/sdata.2018.28 320 44.57
Reich (1995), Can. ]. Bot. 10.1139/b95-020 277 9.23
Keenan and Richardson (2015), Global. Change Biol. 10.1111/gcb.12890 260 26.00
Richardson et al. (2018b), Nature 10.1038/541586-018-0399-1 255 36.43

intensity of national collaborations, ranked in the following order:
China, the United States, Canada, and Australia (Figure 3b). China
leads in publication volume, followed by the United States and
Australia, while the top three countries in total citation count are the
United States, China, and Canada. Italy, Canada, and France rank
highest in terms of the average number of citations per article
(Table 2). The strong collaboration between China and the
United States may reflect both countriesleading roles in funding, data
resources, and global change programs, which have enabled them to
attract international partners and foster large-scale research networks.

Authors have formed four relatively stable collaborative networks,
such as the network led by the University of Chinese Academy of
Sciences and the network led by Beijing Normal University (Figure 4).
The top five institutions in terms of publication volume are the
University of Chinese Academy of Sciences, Beijing Normal
University, Peking University, Sun Yat-sen University, and Lanzhou
University. The top three institutions by total citation count are the
University of Chinese Academy of Sciences, Harvard University, and
Boston University. The top three institutions based on the average
number of citations per article are the University of Chinese Academy
of Sciences, Harvard University, and Peking University (Figure 4;
Table 3). Notably, Harvard University and Boston University recorded
the highest average citation rates (Table 3).

Frontiers in Forests and Global Change

Authors have established eight relatively stable collaborative
networks, including those led by Richardson, A. D., and Fried], M. A.,
as well as those led by Wu, C. Y., and Wang, X. Y. (Figure 5). The top
five authors in terms of publication output are Fu, Y. S. H., Wu, C. Y,,
Richardson, A. D., Wang, X. Y., and Zhang, X. Y. The five most-cited
authors are Richardson, A. D., Fried], M. A., Ciais, P., Hufkens, K., and
Zhang, X. Y. (Figure 5). The authors with the highest average citations
per article rank in the same order as those based on total citation
count. The institutions with the highest publication volumes in
vegetation phenology include Beijing Normal University, the
University of Chinese Academy Sciences, and Northern Arizona
University (Table 4).

3.1.3 Analysis of journal publication

Among the top 10 journals in the field, Remote Sensing leads in
publication volume with 92 articles, accumulating 1,332 citations, an
average of 14.48 citations per article, an h-index of 21, and an impact
factor of 4.2. Global Change Biology has the highest citation count
and average citations per article, with 21 articles, 2,579 citations, an
average of 122.81 citations per article, an h-index of 15, and an
impact factor of 10.8. Remote Sensing of Environment has the highest
h-index and impact factor, publishing 30 articles, garnering 2,395
citations, averaging 79.83 citations per article, with an h-index of 23
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TABLE 2 Top 10 countries with the most articles publication.

Country Documents Citations Average Citation Cooperation
Strength
1 China 363 8,366 23.05 243
2 USA 205 12,911 62.98 208
3 Canada 43 3,390 78.84 70
4 Australia 33 2068 62.67 64
5 France 30 2,192 73.07 59
6 Germany 29 1707 58.86 51
7 United kingdom 27 899 33.3 51
8 Belgium 25 948 37.92 53
9 Italy 22 2,511 114.14 31
10 Spain 21 712 33.9 46

and an impact factor of 11.1 (Figure 6a; Table 5). While Remote
Sensing has the highest number of publications, Global Change
Biology and Remote Sensing of Environment show much higher
average citations, indicating that journals with fewer papers may
exert stronger academic influence. The journal indicators reported in
this study correspond to values available in 2023, which was the most
recent year at the time of data retrieval. According to Bradford’s Law,
if journals in a specific field are ranked by publication volume in
descending order, the ratio of core journals to other journals follows
a pattern of 1: a: a’, dividing journals into core, related, and peripheral
zones, each containing an equal number of articles (Brookes, 1985).
Using this principle, Bibliometrix was applied to identify five core
journals in the field: Remote Sensing, Science of the Total
Environment, Remote Sensing of Environment, Agricultural and
Forest Meteorology, and Environmental Research Letters (Figure 6b).
The concentration of publications in a few core journals such as
Remote Sensing and Global Change Biology may be due to their
strong disciplinary relevance and high visibility in both ecological
and remote sensing communities. This pattern reflects the
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interdisciplinary nature of vegetation phenology research under
climate change, which often requires integration of ecological theory
with advanced observation technologies.

The citation relationships between journals reveal two prominent
citation pathways, both represented by blue paths. The upper blue
path illustrates citation flows from journals in the fields of ecology,
earth, and ocean sciences to journals in the domains of geophysics,
earth sciences, and geography. The lower blue path shows citation
flows from journals in ecology, earth, and ocean sciences to those in
plant science, ecology, and zoology (Figure 7).

3.2 Keyword analysis

256 keywords were extracted from 599 articles using a
co-occurrence frequency threshold of 5. Synonymous keywords were
merged, such as “climate-change” and “climate change” After merging
30 keywords, the analysis was rerun and visualized. In the
co-occurrence network, each node represents a keyword, with its size
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TABLE 3 Top 10 institutions by publication volume and citation metrics.

Institutions

Country

Articles Citations Average

citation

University of Chinese Academy Sciences China 154 3,801 24.68
Beijing Normal University China 59 1,626 27.56
Peking University China 31 1845 59.52
Sun Yat-Sen University China 25 930 37.20
Lanzhou University China 19 357 18.79
Boston University USA 18 2,317 128.72
Harvard University USA 14 2,688 192.00
South Dakota State University USA 14 354 25.29
Nanjing University China 13 335 25.77
University of Antwerp Belgium 13 324 24.92

proportional to frequency. The network formed three clusters: red,
green, and blue (Figure 8). The top 10 keywords in each cluster are:
Climate change, Phenology, NDVI, Remote sensing, China,
Vegetation, Forest, Ecosystem, Drought, Grassland (Red cluster);
Spring phenology, Temperature, Land-surface phenology, Growing
season, Responses, Plant phenology, Qinghai-Tibetan Plateau,
Precipitation, Green-up, Green-up date (Blue cluster); Vegetation
phenology, Time-series, MODIS, Climate-change impacts, Dynamics,
Vegetation growth, Trends, Satellite data, Variability, Model (Green
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cluster) (Table 6). Node color transitions from blue to yellow,
indicating keyword emergence during 2017-2021 (Figure 9).

3.3 Theme evolutionary analysis
3.3.1 The thematic overlapping map

The thematic evolution in this research field is shown from left to
right across four intervals: 1995-2012, 2013-2016, 2017-2020, and
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FIGURE 5
The co-authorship network of publication on vegetation phenology (1995-2024).

TABLE 4 Top 10 authors with the most articles publication on vegetation phenology (1995-2024).

Institution Documents Citations Average citation

Fu, Y. S. H. Beijing Normal University 18 741 41.17 6
University of Chinese

Wu, C. Y. 18 528 29.33 9
Academy Sciences
Northern Arizona

Richardson, A. D. 17 4,198 246.94 16
University

Wang, X. Y. Nanjing University 14 524 37.43 10
South Dakota State

Zhang, X. Y. 14 835 59.64 8
University

Shen, M. G. Beijing Normal University 11 523 47.55 7

Ciais, P. Université Paris-Saclay 9 1,121 124.56 8

Hufkens, K. University of Antwerp 9 1,049 116.56 8

Center for Ecological

Penuelas, J. Research and Forestry 9 388 43.11 8
Applications
Friedl, M. A. Boston University 8 1,466 183.25 11

2021-2024. From 1995 to 2012, 51 themes emerged, 14 of which faded, (81%) carried forward. During 2017-2020, 116 themes appeared, 48
yielding a retention rate of 73% (37 themes). In 2013-2016, 84 themes ~ were new, 22 dropped, and 94 (81%) continued. From 2021 to 2024, the
were identified, including 47 new and 16 obsolete ones, with 68 themes  total increased to 125 themes, with 31 newly introduced (Figure 10).
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TABLE 5 Top 10 journals with the most articles publication.

Journal Articles Citations Average citation h-index Impact factor
Remote Sens. 92 1,332 14.48 21 4.2
Sci. Total Environ. 41 928 22.63 18 8.2
Remote Sens. Environ. 30 2,395 79.83 23 11.1
Agr. For. Meteorol. 22 2,420 110.00 12 5.6
Environ. Res. Lett. 21 984 46.86 15 5.8
Forests 21 187 8.90 8 2.4
Global Change Biol. 21 2,579 122.81 15 10.8
J. Geophys. Res. Biogeo. 16 416 26.00 12 32
Ecol. Indic. 15 378 25.20 11 7.0
Int. J. Biometeorol. 12 202 16.83 8 3.0
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Co-occurrence keywords network visualization undertaking vegetation phenology research (1995-2024)

3.3.2 Thematic evolution map

The evolutionary paths of themes indicate that a significant
number of new thematic terms emerged in all four intervals. The
seven most prominent thematic evolution pathways are as follows: (1)

Frontiers in
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“Plant, MODIS, Energy Flux, Tree, Growth” — “NDV], Soil, Climate
Change Impacts, Climate” — “Climate = Change, Season,
Growth” = “Climate change”; (2) “Plant, Tree,
Growth” — “Soil” — “Color Indexes” — “Savanna”; (3) “Plant,
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TABLE 6 Top 10 keywords with the most articles publication.

Red cluster (Frequency/Year)

Blue cluster (Frequency/Year)

10.3389/ffgc.2025.1688384

Green cluster (Frequency/Year)

1 Climate change (408/2019) Spring phenology (161/2020) Vegetation phenology (226/2020)
2 Phenology (240/2018) Temperature (148/2020) Time-series (106/2020)

3 NDVI (108/2018) Land-surface phenology (117/2020) MODIS (101/2018)

4 Remote sensing (103/2019) Growing-season (110/2019) Climate-change impacts (90/2020)
5 China (101/2020) Responses (109/2020) Dynamics (59/2020)

6 Vegetation (97/2018) Plant phenology (92/2020) Vegetation growth (54/2020)

7 Forest (61/2019) Qinghai-Tibetan plateau (85/2021) Trends (52/2018)

8 Ecosystems (60/2020) Precipitation (65/2020) Satellite data (49/2018)

9 Drought (41/2019) Green-up (45/2020) Variability (43/2018)

10 Grassland (40/2020) Green-up date (44/2020) Model (42/2018)

MODIS, Energy Flux, Tree, Growth” — “Soil, Radiometers,
Environmental Factor” — “Grassland, Watersheds, Extreme Event,
End of Growing Season” — “Grassland”; (4) “Plant, MODIS, Energy
Flux, Growth” — “NDVI, Climate Change Impacts” — “Climate
Change” — “Vegetation Green-Up”; (5) “Plant, Tree, Growth” — “Soil,
Radiometers” — “Grassland” — “Global Warming”; (6) “Plant,
MODIS, Energy Flux” — “NDVI, Climate Change Impacts,
Climate” — “Growth, Boreal Regions” — “Patterns”; (7) “Plant,
Factors” — “Extreme

Energy Flux” — “Environmental

Event” — "Environmental Factor” (Figure 11).

3.3.3 Strategic coordinate diagram

From 1995-2012, key topics were “Plant” and “MODIS,” with
“Growth” and “Trees” emerging. In 2013-2016, “Soil,” “NDVI,” and
“Radiometers” led, while “Climate Change Impacts” showed potential.
Between 2017 and 2020, “Watersheds,” “Grassland,” “Extreme Event,”
and “Climate Change” were central themes, with “Season,” “Growth,”
and “Region” emerging. From 2021-2024, “Savanna,” “Grassland,” and
“Climate Change” remained dominant themes, and “Global Warming”
emerged as a promising topic (Figure 12). The results show that

driving and emerging topics vary by period.

3.4 Co-citation and cluster analysis

3.4.1 Citing articles and cited references

This study set the G-index at k = 25 to ensure a balance between
including highly cited references and capturing emerging but less-
cited works, following common practice in bibliometric studies. Based
on this standard, 25,028 citations were extracted from 599 papers,
identifying 13 major clusters with 870 nodes. The network modularity
(Q =0.7254) and average Silhouette score (S = 0.8845) indicate strong
and coherent clustering. Clusters 0 (vegetation phenology), 1
(temperate forest phenology), and 2 (winter wheat) show high internal
consistency and importance. Clusters 1 and 5 (urban spring vegetation
phenology) are relatively recent, emerging around 2019, while clusters
4 (deciduous broadleaf forest) and 10 (digital photography) appeared
earlier (Figure 13; Table 7).

Clusters 4, 6, 7, and 8 emerged earlier in the timeline. Cluster 1
has the longest duration, spanning from 2005 to 2023. Clusters 0, 1, 2,
3, and 5 have relatively long duration and have remained active in
recent years (Figure 14). These clusters also contain papers with high
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citation counts, suggesting that the articles within these clusters
represent recent research hotspots.

Citing Articles represent the research frontiers, Coverage shows
how many references from the cluster are cited by an article, Cited
References indicate the cluster’s foundational literature, and Cites
reflect how often a paper is cited. For the five most active clusters in
recent years (Clusters #0, #1, #2, #3, and #5), the top five results for
both Citing Articles and Cited References are as follows:

Cluster #0, “vegetation phenology,” is the largest cluster in this
research domain. The most closely related studies to this cluster
include works by Piao et al. (2019), Zeng et al. (2020), Shen et al.
(2018), Wuetal. (2021), and Wang L. et al. (2022), which are the most
frequently cited and represent the foundational research in this field.
The top five citing authors in this area, who represent the current
research frontier, include Shen X. et al. (2022), Zhang J. et al. (2022),
Yin et al. (2024), Yang and Zhao (2023), and Peng et al. (2024)
(Table 8).

Cluster #1, “temperate forest phenology, is the longest-lasting
cluster in the field of research. Among the most closely related
literature to this cluster, the works of Richardson et al. (2013), Shen
et al. (2014), Jeong et al. (2011), White et al. (2009), and Sonnentag
et al. (2012) have the highest citation frequencies and represent the
foundational research in this field. The top five Citing Articles in this
cluster, which represent the current research frontier, are those by
Cong, et al., (2017), Forkel et al. (2014), Keenan et al. (2014b), Yang
etal. (2012), and Keenan et al. (2014a) (Table 9).

Cluster #2, “winter wheat,” is one of the most prominent clusters
in recent years within the field of research. Among the literature most
closely associated with this cluster, the works of Liu et al. (2016a), Piao
et al. (2015), Fu et al. (2015), and Keenan et al. (2014a) have the
highest citation frequencies and represent the foundational research
in this area. The top five Citing Articles for this cluster, which reflect
the current research frontier, are those by Cong, et al., (2017), Yang
etal. (2017), Yuan et al. (2020), Caparros-Santiago et al. (2021), and
Wu et al. (2018) (Table 10).

Cluster #3, “eddy covariance data,” is a highly active and emerging
research cluster in recent years within this field. The most closely
related studies to this cluster, including works by Richardson et al.
(2018a), Bolton et al. (2020), Bornez et al. (2020), Klosterman et al.
(2018), and Zhang X. et al. (2017), are the most frequently cited and
represent the foundational research in this area. The top five citing
authors, who are at the forefront of this field, include Richardson et al.
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FIGURE 10

37(73%)

63(81%)

2017-2020

94(81%)

2021-2024

The thematic overlapping map. The downward arrows mark emerging topics for this period, while upward arrows highlight declining topics. Horizontal

topics for each period are shown in parentheses.

arrows indicate topics persisting from one stage to the next, with accompanying numbers. The proportions of retained topics relative to the total

(2018b), Caparros-Santiago et al. (2021), Gray and Ewers (2021),
Zhang et al. (2022), and Uphus et al. (2021) (Table 11).

Cluster #4, “urban spring vegetation phenology,” has emerged as
a highly active research cluster in recent years within this field. The
most frequently cited studies closely associated with this cluster
include works by Meng et al. (2020), Fu et al. (2020), Jia et al. (2021),
Lietal (2017), and Wang M. et al. (2022), which represent the
foundational research in this area. The top five citing authors, at the
forefront of this research, are Yin et al. (2024), Dang et al. (2023a), Li
etal. (2024), and Ji et al. (2023) (Table 12).
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3.4.2 Betweenness centrality and highly cited
articles

The most cited paper is by Piao, S. L. (2019) published in
Global Change Biology, with 112 citations (Figure 15a; Table 13).
A threshold of 0.1 for betweenness centrality is commonly used
in bibliometric studies to identify publications that act as bridges
across different clusters. Values above 0.1 indicate articles with
relatively high structural importance in the knowledge network,
highlighting their role in connecting research fronts (Chen, 2004;
Chen et al., 2010). Nine papers exceed a centrality score of 0.1,
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including works by Cleland et al. (2007), Badeck et al. (2004),
Schwartz and Reiter (2000), Fitzjarrald et al. (2001), Shen et al.
(2014), Piao et al. (2019), Polgar and Primack (2011), Fisher et al.
(2007), and Keenan et al. (2014a) (Figure 15b; Table 14). These
works represent major contributions to research on climate
impacts on vegetation phenology.

3.4.3 Citation bursts

Citation bursts indicate a sharp rise in a paper’s co-citations over
a period, signaling its emergence as a research hotspot. Table 15 lists
the top 10 papers with the highest burst values; 8 occurred between
2014 and 2020, and 2 after 2020. The strongest burst was observed for
Richardson et al. (2013).

Frontiers in Forests and Global Change

4 Discussion

4.1 Global trends and collaboration in
vegetation phenology research

Climate change has a significant impact on the efficiency of
ecosystems, and vegetation phenology is highly sensitive to these
changes. The rapid progression of global climate change has rekindled
scientific interest in vegetation phenology. Globally, climate change
poses major threats to the environment, economies, and human well-
being (McElwee et al,, 2023). Against this backdrop, the study of
vegetation phenology has increasingly established its scientific value and
research significance over the past few decades (De Beurs and Henebry,
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FIGURE 12
Strategic coordinate diagrams generated by SciMAT. (a) 1995-2012; (b) 2013-2016; (c) 2017-2020; (d) 2021-2024. Nodes represent research topics,
with larger nodes indicating higher research activity. The horizontal axis shows topic relevance, while the vertical axis reflects maturity. The upper-left
quadrant includes mature but isolated topics, the lower-left shows emerging or declining ones, the upper-right highlights core and influential topics,
and the lower-right indicates underdeveloped areas with potential for future research.

2013). The objective of this study is to define the research scope and trace
the developmental trajectory of vegetation phenology patterns under the
influence of climate change. Using analytical tools such as VOSviewer
and Bibliometrix, a bibliometric analysis was conducted on 599 articles
retrieved from the Scopus database. It is widely acknowledged that
fluctuations in publication volume serve as an important indicator of
overall research trends in a given field (Peng et al.,, 2020). Prior to 2012,
studies on vegetation phenological responses to climate change
progressed slowly, with low annual publication rates. Since 2013,
research activity has gradually increased, and after 2018, the number of
publications per year exceeded 17, with an overall annual growth rate of
13.90%, indicating a marked rise in scholarly interest in this field. A total

Frontiers in Forests and Global Change

of 599 publications from 1995 to 2024 were included in this study,
covering 21 countries, illustrating that the impact of climate change on
vegetation phenology has drawn global academic attention. Among the
top two contributing countries-China and the United States-more than
500 publications were produced, accounting for over 94% of the total.
Six of the top 10 most prolific research institutions are based in China,
highlighting Chinese scholars strong engagement with this issue. While
China ranks first in publication volume, the United States leads in total
citations, indicating its dominant influence in the field. In terms of
international collaboration, China and the United States play leading
roles. Economically advanced countries, with their technological
capacity, human resources, and financial support, are better equipped to
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Co-citation clusters in vegetation phenology research (1995-2024).
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help other nations respond to climate change (Adenle et al, 2015). This
may explain the strong international partnerships formed by these
nations, which are able to attract global researchers and provide stable
infrastructure and funding for scientific research. Bibliometric evidence
further confirms that China and the United States not only have the
highest publication output in climate change research globally, but also
participate extensively in international collaborations (Klingelhofer
et al, 2020). It is noteworthy that the contribution of developing
countries to vegetation phenology research remains limited. This may
be explained by constraints such as insufficient research funding, limited
access to high-resolution remote sensing data, and weaker international
collaboration networks. Previous studies have also highlighted regional
disparities in climate change and ecological research capacity,
particularly between developed and developing countries (Haunschild
etal, 2016; Bornmann et al,, 2016). Addressing these disparities will
require enhanced data-sharing initiatives, targeted funding programs,
and stronger capacity-building efforts to integrate developing countries
into the global research landscape.

4.2 Thematic shifts and emerging trends in
vegetation phenology research

The keyword co-occurrence analysis reveals the intellectual

structure and thematic evolution of vegetation phenology research in
the context of climate change. Based on the analysis of 599 articles, a
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total of 256 keywords (with a minimum co-occurrence frequency of
five) were identified, forming three major thematic clusters. First,
keywords such as “climate change,” “NDVI,” “remote sensing,” and
“China” reflect a strong emphasis on remote sensing applications and
regional studies, particularly in East Asia. Second, keywords like

» «,

“spring phenology;

» .

temperature;” “growing season,” and “Qinghai-
Tibetan Plateau” highlight the growing research interest in high-
altitude environments and temperature-driven phenological changes.
satellite data,” and

“model” indicate the increasing sophistication of data-driven

» «

Lastly, terms such as “MODIS,” “time-series,

approaches and modeling techniques. According to the temporal
visualization, the color transition of keywords from blue to yellow
between 2017 and 2021 (Figure 9) suggests that topics such as
vegetation responses, climate change impacts, and phenological
modeling have become emerging research hotspots in recent years.
Overall, the clustering patterns and temporal trends jointly
demonstrate that this field is not only advancing in technological
capacity but also diversifying in its ecological focus.

The thematic evolution analysis provides valuable insights
into the dynamic development of vegetation phenology research
under the influence of climate change. According to shifts in
research themes revealed by thematic analysis, together with
noticeable changes in publication trends, the research timeline
was divided four distinct periods (1995-2012, 2013-2016, 2017~
2020, and 2021-2024), the analysis shows a clear trajectory of
thematic diversification and consolidation. Early research
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TABLE 7 The size, silhouette and label of 13 co-citation clusters in vegetation phenology research (1995-2024).

Cluster ID Size Silhouette Mean(Year) Label

0 156 0.833 2019 vegetation phenology

1 128 0.835 2011 temperate forest phenology

2 104 0.857 2015 winter wheat

3 84 0.771 2017 eddy covariance data

4 54 0.984 1999 deciduous broad-leaf forest

5 44 0.934 2019 urban spring vegetation phenology
6 41 0.965 2001 MODIS data

7 34 0.998 2006 tropical rainforest

8 32 0.969 2004 digital photography

9 31 0.943 2012 tibetan plateau

10 23 1.000 1992 tropical forest

11 18 1.000 2004 northern hardwood forest canopy
12 13 1.000 2004 semi-arid steppe ecosystem

13 12 1.000 2007 phenological characterization

(1995-2012) was dominated by foundational topics such as
“Plant,” “MODIS,” and “Growth,” highlighting an initial focus on
vegetation monitoring through satellite data and basic
phenological observations. The retention rate of 73% (Figure 10)
from this period suggests a relatively stable but narrowly defined
field. In subsequent years, particularly from 2013 onward, there
was a marked emergence of new themes such as “NDVI,” “Soil,”
and “Climate Change Impacts,” reflecting a shift toward integrative
approaches that link vegetation dynamics with biophysical and
climatic drivers-a trend echoed in studies like De Beurs and
Henebry (2008), who emphasized the growing role of earth
observation data in long-term vegetation monitoring. During the
2017-2020 period, themes like “Watersheds,” “Extreme Events,”
and “Grassland” gained prominence, signifying an increased
interest in ecosystem-level responses to climatic variability and
disturbances. The emergence of “extreme events” as a research
hotspot reflects growing concerns about the impacts of climate
extremes such as heatwaves, droughts, and late frosts on vegetation
phenology, which are increasingly recognized as critical drivers of
ecosystem vulnerability and resilience (Anderegg et al., 2020). The
thematic evolution map further illustrates how earlier core themes
such as “Plant” and “Energy Flux” transitioned into more specific
ecological and climatic concerns like “Vegetation Green-Up,”
“Boreal Regions,” and “Patterns,” suggesting growing specialization
and regional differentiation. This aligns with recent findings by
Piao et al. (2019), who highlighted the sensitivity of high-latitude
and high-altitude ecosystems to warming. The strategic diagram
for 2021-2024 shows “Savanna,” “Grassland,” and “Climate
Change” as central and mature research areas, while the emergence
of “Global Warming” as a developing topic suggests renewed
attention to large-scale climatic processes. The co-occurrence of
“Extreme Events” and “Environmental Factors” also reflects a
paradigm shift from steady-state phenological responses to more
event-based and threshold-driven dynamics, a concept supported
by Jentsch et al. (2007) in their work on ecological responses to
climatic extremes. Overall, the thematic evolution analysis
demonstrates that the field of vegetation phenology is moving
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beyond descriptive studies to encompass mechanistic, modeling-
based, and ecosystem-specific research. The increasing number of
newly introduced themes across each period, coupled with high
retention rates (over 80% after 2013), indicates both intellectual
continuity and thematic innovation. These findings not only map
the conceptual landscape of the field but also highlight potential
directions for future research, including integrative modeling,
regional vulnerability assessments, and the role of extreme
climatic events in shaping phenological processes.

4.3 Research foundations and hotspots in
vegetation phenology research

Co-citation and cluster analysis provide a comprehensive
picture of the intellectual structure and emerging trends in
vegetation phenology research under the background of climate
change. The clustering results show high modularity (Q = 0.7254)
and silhouette coefficient (S =0.8845), indicating a clearly
structured field with distinct thematic divisions (Table 7).
Thirteen co-citation clusters were identified, among which
“vegetation phenology” (Cluster 0), “temperate forest phenology”
(Cluster 1), and “winter wheat” (Cluster 2) emerged as the most
robust and frequently cited. These clusters encompass
foundational studies such as Piao et al. (2019) and Richardson
et al. (2013), which play a key role in revealing the relationships
between phenological changes and climate factors across different
ecological zones. For instance, Piao et al. (2019) emphasize the
regional heterogeneity of phenological responses and the
challenges in modeling these changes at large scales-a theme also
reflected in studies like Shen M. et al. (2022) and Zhang X. et al.
(2017), which focus on the Qinghai-Tibetan Plateau and broader
patterns in China. Cluster 1 spans the longest period (2005-2023),
reflecting continued academic interest in the carbon sink function
of forest ecosystems. Key studies such as Richardson et al. (2013)
and Jeong et al. (2011) support in-depth modeling of phenology
in temperate forests, especially regarding temperature sensitivity
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FIGURE 14
The timelines of co-citation clusters in vegetation phenology research (1995-2024). The size of the nodes represents the number of citations of the
papers, and the edges indicate the co-citation relationships between the papers.

and phenocam image validation (Forkel et al., 2016; Keenan et al.,
2014a). Recent clusters reflect shifting research frontiers,
particularly in the fields of “urban spring vegetation phenology”
(Cluster 5) and “eddy covariance data” (Cluster 3). Cluster 5
appeared after 2019 and shows strong citation activity, indicating
increasing concern with the effects of human activity on
phenological cycles in urban environments, especially the
significant disturbances in vegetation timing caused by
asymmetric warming patterns in cities (Liang et al., 2024). This
aligns with broader discussions on urban-rural phenological
divergence (Ji et al., 2023; Ren et al., 2018). Cluster 3 highlights
the application of eddy covariance techniques in vegetation
phenology research, demonstrating the capability of this method
to observe real-time, ecosystem-scale carbon cycle dynamics
(Hadley et al., 2009). These tools serve as a bridge between
satellite observations and plant and vegetation physiological
processes, driving a methodological shift in phenological research
paradigms (Tian et al., 2021).

Analyses of betweenness centrality and citation bursts reveal
key publications that act as intellectual bridges and accelerators of
knowledge. Central works such as Cleland et al. (2007) and
Badeck et al. (2004) reflect foundational efforts to conceptualize
phenological responses at multiple scales. Meanwhile, Richardson
et al. (2013) stands out with the strongest citation burst,
underscoring its role in framing vegetation-climate feedback
theory. Notably, the ongoing burst of Piao et al. (2019) since 2022
suggests its continuing influence in shaping current research
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directions. The observed thematic maturity and diversification
across clusters further underscore the transition from early studies
focused on specific ecosystems (e.g., deciduous and tropical
forests) to more integrative and application-oriented research,
including modeling, remote sensing data analysis, and human-
environment interaction studies. In summary, co-citation and
cluster analysis not only uncover the historical foundations of
vegetation phenology research but also presents an expanding and
increasingly dynamic scholarly landscape. The field is increasingly
integrating complex modeling techniques, multi-source data, and
socio-ecological contexts. The sustained attention to core topics,
along with the emergence of new research frontiers such as urban
ecology and eddy covariance, indicates a transition from
observational research to predictive, system-level studies-offering
crucial scientific support for climate resilience planning.

5 Conclusion

This bibliometric study provides a comprehensive overview of
the evolution and current state of research on the vegetation
phenology responses to climate change from 1995 to 2024. Our
findings show a significant increase in research output,
particularly after 2012, with China emerging as the leading
contributor. The field has gradually shifted from broad conceptual
explorations to highly specialized themes such as remote sensing
applications, and urban-rural

phenological asymmetries,
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TABLE 8 Cited references and citing articles of Cluster #0 vegetation phenology.

Cluster #0 vegetation phenology

Cited References

Author, Year, Journal,

Citing Articles

Cites Coverage (%)  Author (Year) Title
Volume, Page
112 Piao etal. (2019), Global Change
35 Shen et al. (2022) Plant phenology changes and drivers on the Qinghai-Tibetan plateau.
Biol,, 25, 1922
43 Zeng et al. (2020), Remote Sens. Zhang et al. (2022) Review ofvegetation phenology trends in china in a changing
32
Environ., 237, 111,511 climate.
21 Shen etal. (2018), Agr. Forest " Yin et al. (2024) Asymmetrical impact of daytime and nighttime warming on the
Meteorol., 259, 240 interannual variation of urban spring vegetation phenology.
21 Wu et al. (2021), Sci. Total Environ., Yang and Zhao (2023) A stronger advance of urban spring vegetation phenology
796, 149,055 18 narrows vegetation productivity difference between urban settings and natural
environments.
21 Wang et al. (2022), Global Ecol. 7 Peng et al. (2024) Divergent contributions of spring and autumn photosynthetic
Biogeogr., 10, 2,281 phenology to seasonal carbon uptake of subtropical vegetation in china.

TABLE 9 Cited references and citing articles of Cluster #1 temperate forest phenology.

Cluster #1 temperate forest phenology

Cited references

Citing articles

Cites Author, Year, Journal, Volume, Page = Coverage (%) Author (Year) Title
45 Richardson et al. (2013), Agr, Forest Meteorol., 169, 3 Cong et al. (2016) Spatial variations in responses of vegetation autumn
156 phenology to climate change on the tibetan plateau.
» Shen et al. (2014), Agr, Forest Meteorol., 189, 71 19 Forkel et al. (2014) Identifying environmental controls on vegetation
greenness phenology through model-data integration.
6 Jeong et al. (2011), Global Change Biol.,17, 2,385 18 Keenan et al. (2014b) Tracking forest phenology and seasonal physiology
using digital repeat photography: a critical assessment.
0 White et al. (2009), Global Change Biol,, 15, 2,335 s Yang et al. (2012) Regional-scale phenology modeling based on
meteorological records and remote sensing observations.
o Sonnentag et al. (2012), Agr, Forest Meteorol., 152, s Keenan et al. (2014a) Net carbon uptake has increased through warming-
159 induced changes in temperate forest phenology.

TABLE 10 Cited references and citing articles of Cluster #2 winter wheat.

Cluster #2winter wheat

Cited References

Citing Articles

Cites Author, Year, Journal, Volume, Page Coverage (%) Author (Year) Title
31 Liu et al. (2016a), Global Change Biol., 22, 644 30 Cong et al. (2016) Spatial variations in responses of vegetation
autumn phenology to climate change on the Tibetan plateau.
28 Liu et al. (2016b), Global Change Biol,, 22, 3,702 Vang et al. (2017) Asymmetric responses of the end of growing
23 season to daily maximum and minimum temperatures on the
Tibetan plateau.
28 Piao et al. (2015), Nat. Commun., 6, 6,911 Yuan et al. (2020) Evidence for satellite observed changes in the
17 relative influence of climate indicators on autumn phenology over
the Northern hemisphere.
25 Fuetal. (2015), Nature, 526, 104 . Caparros-Santiago et al. (2021) Land surface phenology as indicator
of global terrestrial ecosystem dynamics: a systematic review.
23 Keenan et al. (2014b), Nat. Clim. Change, 4, 598 16 Wu et al. (2018) Contrasting responses of autumn-leaf senescence to
daytime and night-time warming.
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TABLE 11 Cited references and citing articles of Cluster #3 eddy covariance data.

Cited references

Author, Year, Journal, Volume,
Page

Coverage %

Cluster #3 eddy covariance data

Citing articles

Author (Year) Title

19 Richardson et al. (2018a), Sci. Data, 5, 180,028 53 Richardson et al. (2018a), Tracking vegetation phenology across diverse
North American biomes using phenocam imagery.
15 Bolton et al. (2020), Remote Sens. Environ., Caparros-Santiago et al. (2021) Land surface phenology as indicator of
11
240, 111,685 global terrestrial ecosystem dynamics: a systematic review.
13 Bornez et al. (2020), Remote sens., 84, 3,077 11 Gray and Ewers (2021) Monitoring forest phenology in a changing world.
13 Klosterman et al. (2018), Biogeoscienes, 11, 0 Zhang et al. (2022) Review of vegetation phenology trends in china in a
4,305 changing climate.
13 Zhang et al. (2017), Remote Sens. Environ., Uphus et al. (2021) Climate effects on vertical forest phenology of Fagus
190, 318 9 sylvatica L., sensed by sentinel-2, time lapse camera, and visual ground
observations.

TABLE 12 Cited references and citing articles of Cluster #4 urban spring vegetation phenology.

Cited references

Author, Year, Journal, Volume,

Coverage %

Cluster #4 urban spring vegetation phenology

Citing articles

Author (Year) Title

Page

. Meng et al. (2020), P. Natl. Acad. Sci. USA, 117, "
7
4,228

Yin et al. (2024) Asymmetrical impact of daytime and nighttime warming on

the interannual variation of urban spring vegetation phenology.

Fuetal. (2020), Sci. China Earth Sci., 63, 1,237
13 11

Dang et al. (2023b) Vegetation greenness and photosynthetic phenology in

response to climatic determinants.

" Jia etal. (2021), Global Change Biol,, 27, 2,895 1

Lietal (2024) Asymmetric effect of daytime and nighttime temperature on

spring phenology in central plains urban agglomeration, China.

0 Lietal. (2017), Global Change Biol., 23, 2,818 0
1 1

Dang et al. (2023a) Different urbanization levels lead to divergent responses

of spring phenology.

Wang et al. (2022), Sci. Total Environ., 834, 155,154
10 9

Jietal. (2023) Urban-rural gradient in vegetation phenology changes of over

1,500 cities across china jointly regulated by urbanization and climate

change.

» «

differences. “climate change,” “spring phenology,” and “NDVI”
have been central keywords, indicating a persistent focus on
temperature-driven phenological changes and the application of
satellite data. The results highlight the field’s increasing
complexity, the emergence of interdisciplinary approaches, and
the need for enhanced international collaboration. This study not
only maps the intellectual landscape of vegetation phenology
responses to climate change research but also provides valuable
guidance for scholars and policymakers aiming to support
adaptive and

vegetation ecosystem management in a

warming world.

6 Future opportunities and
limitations

Future research on forest vegetation phenology under climate

change presents several promising directions. Integrating
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multidisciplinary approaches-including remote sensing, ground-
based observations, and ecological modeling-offers opportunities
to better understand complex, nonlinear relationships between
phenological shifts and ecosystem carbon dynamics. Urbanization
effects, especially the influence of human-induced changes such as
urban heat islands, deserve increased attention as urban areas
become critical zones for studying anthropogenic impacts on
vegetation phenology. The rise of “urbanization” is linked to the
expanding urban heat island effect, altered land cover, and the
societal need to understand phenological changes in urban green
spaces that directly affect biodiversity, ecosystem services, and
human well-being (Buyantuyev and Wu, 2010; Qiu et al., 2017).
Additionally, there is a pressing need to explore phenological
responses in ecologically vulnerable and understudied regions like
tropical forests, arid zones, and high-altitude plateaus, which may
hold key insights into global vegetation dynamics. Forecasting
phenological trends under future climate scenarios, including the
role of extreme events, will be vital for informing adaptive
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(a) Highly cited articles visualization; (b) centrality visualization.

ecosystem management strategies. However, this study also faces
several limitations. It is based solely on English-language
publications from Web of Science and Scopus, which may exclude
significant non-English or regional research, and Google Scholar,
which covers a wider range of topics. Citation lag introduces

temporal bias, as newer studies may not yet reflect their full
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scholarly impact. Moreover, current bibliometric tools, while
powerful, have limitations in processing interdisciplinary or
heterogeneous data, and thematic clustering may involve subjective
interpretation. Lastly, the study’s scope is focused on forest
vegetation, limiting generalizability to other important vegetation
types such as crops, grasslands, and agricultural ecosystems.
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TABLE 13 The frequencies of 10 cited papers in vegetation phenology research (1995-2024).

Frequency Author/Year Source Vol Page
112 Piao et al. (2019) Global Change Biol. 25 1922
45 Richardson et al. (2013) Agr. Forest Meteorol. 169 156
43 Zeng et al. (2020) Remote Sens. Environ. 237 0
31 Liu et al. (2016a) Global Change Biol. 22 644
28 Liu et al. (2016b) Global Change Biol. 22 3,702
28 Piao et al. (2015) Nat. Commun. 6 0
25 Fu et al. (2015) Nature 526 104
24 Shen et al. (2014) Agr. Forest Meteorol. 189 71
23 Keenan and Richardson (2015) Nat. Clim. Change 4 598
22 Wu et al. (2018) Nat. Clim. Change 8 1,092

TABLE 14 Structurally and temporally significant references. (Betweenness Centrality > 0.1).

Centrality Author/Year Source Vol Page
0.22 Cleland et al. (2007) Trends Ecol. Evol. 22 357
0.20 Badeck et al. (2004) New Phytol. 162 295
0.17 Schwartz and Reiter (2000) Int. J. Climatal. 20 929
0.14 Fitzjarrald et al. (2001) J. Climate 14 598
0.13 Shen et al. (2014) Agr. Forests Meteorol. 189 71
0.12 Piao et al. (2019) Global Change Biol. 25 1922
0.11 Polgar and Primack (2011) New Phytol. 191 926
0.11 Fisher et al. (2007) Global Change Biol. 13 707
0.10 Keenan and Richardson (2015) Global Change Biol. 21 2,634

TABLE 15 Top 10 references with the strongest citation bursts in vegetation phenology research (1995-2024).

References Title Burst Duration
Richardson et al.
(2013) Climate change, phenology, and phenological control of vegetation feedbacks to the climate system 21.18 2014-2018
Piao et al. (2019) Plant phenology and global climate change: Current progresses and challenges 20.86 2022-2024
Liu et al. (2016a) Temperature, precipitation, and insolation effects on autumn vegetation phenology in temperate China 10.38 2018-2021
Shen et al. (2014) Increasing altitudinal gradient of spring vegetation phenology during the last decade on the Qinghai-Tibetan Plateau 10.19 2015-2019
Keenan et al. (2014b) Net carbon uptake has increased through warming-induced changes in temperate forest phenology 10.15 2016-2019
Fu et al. (2015) Declining global warming effects on the phenology of spring leaf unfolding 10.09 2017-2020
Piao et al. (2015) Leaf onset in the northern hemisphere triggered by daytime temperature 9.93 2016-2020
Liu et al. (2016b) Delayed autumn phenology in the Northern Hemisphere is related to change in both climate and spring phenology 9.53 2019-2021
Zeng et al. (2020) A review of vegetation phenological metrics extraction using time-series, multispectral satellite data 9.32 2021-2024
Phenology shifts at start vs. end of growing season in temperate vegetation over the Northern Hemisphere for the
Jeong et al. (2011) 8.94 2012-2016
period 1982-2008
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