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Abstract

Phenological changes driven by global warming have already exerted significant
impacts on biodiversity and ecosystems. Research on subtropical phenology re-
mains relatively limited compared to that in temperate and frigid zones. Stud-
ies of autumn phenology are particularly scarce, and whether phenological re-
sponses to climate change differ among plant functional groups warrants further
investigation. To examine the responses of subtropical plant spring and autumn
phenology to climate change and the differences among functional groups, this
study utilized 20 years of phenological observation data for 25 woody plant
species from Changsha Botanical Garden. Based on the Akaike Information
Criterion (AIC), we first selected the optimal temperature and precipitation
models for each species, and subsequently employed Wilcoxon rank-sum tests
to analyze whether species from different functional groups exhibited consistent
responses to temperature. The results showed that: (1) Most species exhibited
significant phenological responses to temperature variation in both spring and
autumn, with advance rates of leaf unfolding and flowering being 3.76 d/°C and
6.53 d/°C, respectively, and delay rates of leaf coloration and leaf fall being
16.66 d/°C and 3.50 d/°C, respectively. (2) Only a portion of species showed
significant responses to precipitation in spring (leaf unfolding phenology: 60%,
flowering phenology: 35%) and autumn (leaf coloration phenology: 25%, leaf
fall phenology: 13%). (3) Except for leaf unfolding phenology among species
with different leaf habits (between evergreen and deciduous), which showed sig-
nificant differences in climatic responses, no significant differences were found in
climatic responses among other functional groups. These findings demonstrate
that spring phenology in subtropical regions has advanced significantly, while
autumn phenology has been delayed significantly, and that most species from
different functional groups in subtropical regions show no significant differences
in their temperature responses, suggesting that the impacts of climate change
on different functional groups in subtropical regions are largely convergent.
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Abstract

Phenological changes caused by global warming have already impacted global
biodiversity and ecosystems. Compared to temperate and boreal zones, sub-
tropical phenology has been studied relatively less. It remains largely unknown
how autumn phenology responds to climate change and how the responses vary
among different functional groups. In order to investigate the spring and au-
tumn phenological responses of subtropical plants to climate change and whether
the responses vary across different functional groups, we used a 20-year obser-
vational phenological dataset for 25 woody species from Changsha Botanical
Garden. Based on the Akaike Information Criterion (AIC), we first selected the
optimal temperature and precipitation models for each species, then applied
Wilcoxon rank-sum tests to analyze whether species’ responses to temperature
differed among functional groups. The results showed that: (1) Most species
exhibited significant responses in both spring and autumn phenology to temper-
ature changes, with leaf-out and flowering advancing at rates of 3.76 d/°C and
6.53 d/°C, respectively, while leaf-coloration and defoliation were delayed by
16.66 d/°C and 3.50 d/°C, respectively. (2) Only some species showed signifi-
cant responses of spring (leaf-out: 60%, flowering: 35%) and autumn phenology
(leaf-coloration: 25%, defoliation: 13%) to precipitation. (3) Except for signifi-
cant differences in climate responses of leaf-out phenology between species with
different deciduousness (evergreen vs. deciduous), no significant differences were
found among other functional groups. These results demonstrate that spring
phenology in subtropical plants has advanced significantly while autumn phe-
nology has been delayed, and that different functional groups in subtropical
regions mostly show convergent responses to temperature, indicating that cli-
mate change impacts are largely similar across functional groups.

Keywords: leaf-out, flowering, leaf-coloring, defoliation, functional groups,
global warming

Plant phenology is widely recognized as one of the most sensitive indicators
of ecosystem responses to climate change (Schwartz, 1999; Parmesan, 2006).
Phenological changes driven by global warming have profoundly impacted bio-
diversity and ecosystems worldwide (Jolly et al., 2004; Ahrends et al., 2009).
Subtropical regions harbor a substantial proportion of global biodiversity and
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maintain numerous critical ecological relationships and processes, representing
major components of the climate system and global water, carbon, and nutri-
ent cycles (Myers et al., 2000; Bonan, 2008). However, previous research has
predominantly focused on temperate plant phenological responses to climate
change (Root et al., 2003; Dai et al., 2013; Du et al., 2017), while studies on
climate impacts on subtropical plant phenology remain scarce. Understanding
phenological changes in subtropical regions is essential for filling critical gaps
in scientific knowledge and informing management practices related to climate
policy (Penuelas et al., 2009; Morellato et al., 2016; Du et al., 2019).

Numerous temperate phenology studies have documented earlier spring phenol-
ogy across the Northern Hemisphere (Morin et al., 2010; CaraDonna et al., 2014;
Everill et al., 2014). A meta-analysis of 542 European plant species found that
78% advanced their leaf-out and flowering times (Menzel et al., 2006). In con-
trast, phenological regulation mechanisms in subtropical regions remain largely
unknown (Du et al., 2019). In subtropical zones, temperatures rarely drop below
5 °C, which is considered necessary for fulfilling winter chilling requirements in
temperate plants (Zohner & Renner, 2014; Fu et al., 2015; Chuine et al., 2016;
Zohner et al., 2016). Consequently, subtropical plants are typically not exposed
to winter cold. Recent studies suggest that subtropical woody plants may not
be constrained by winter chilling (Qian et al., 2021; Song et al., 2021), and
warm autumn-winter temperatures may promote bud development, leading to
earlier flowering the following spring (Song et al., 2021).

Precipitation may also influence subtropical plant phenology. Research in the
Gutianshan subtropical evergreen broad-leaved forest in Zhejiang found that pre-
cipitation can promote spring flowering phenology (Hu et al., 2015). A study of
herbarium specimens spanning 116 years on the widespread perennial herb Spi-
ranthes sinensis revealed contrasting phenological responses to climate warming
between humid and non-humid regions, with flowering advancing in humid areas
but delaying in non-humid regions (Song et al., 2020).

Compared to spring phenology, autumn phenology (such as leaf senescence) has
received far less attention even in well-studied temperate and polar ecosystems.
This gap stems from multiple factors, including the complex drivers of autumn
phenology, its prolonged duration, and greater research interest in spring flow-
ering phenology (Gallinat et al., 2015). Nevertheless, autumn phenology holds
important ecological and evolutionary significance and represents a critical com-
ponent of climate warming impacts on ecosystems. In recent years, responses
of autumn phenology to climate change have become a research hotspot. Leaf
senescence has shown delayed trends with warming temperatures (Gallinat et
al., 2015), though the relationship between autumn leaf senescence and autumn
temperature appears weaker (Menzel et al., 2003). Drought accelerates leaf-
coloration and defoliation, while adequate water conditions delay leaf senescence
(Leuzinger et al., 2005). However, studies on subtropical autumn phenology in
relation to climate change remain rare (Song et al., 2021). The lack of un-
derstanding about environmental drivers of autumn leaf senescence leads to
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substantial uncertainty in estimating growing seasons in subtropical regions, re-
sulting in inaccurate regional and global carbon uptake and balance estimates
(Zani et al., 2020).

Phenological responses to climate change may differ among plant functional
groups, yet this aspect remains understudied. Flowering and leaf-out times
have been shown to correlate with several important functional traits, including
growth form (Molau et al., 2005; Panchen et al., 2014; Du et al., 2015), pol-
lination mode (Du et al., 2015), fruit type (Bolmgren & Lonnberg, 2005; Du
et al., 2015), deciduousness (Panchen et al., 2014), and seed dispersal mecha-
nisms (Sargent & Ackerly, 2008; Devaux et al., 2014). However, few studies
have reported on differences in phenological responses to climate change among
different functional groups.

Based on phenological data from 1963-2008 recorded at the Changsha station of
the Chinese Phenology Observation Network, this study addresses three scien-
tific questions: (1) Are subtropical plant spring phenology influenced by temper-
ature and precipitation? (2) Are subtropical plant autumn phenology influenced
by temperature and precipitation? (3) Do different functional groups show dif-
ferential phenological responses to climate change?

1.1.1 Study Area

The Changsha phenological monitoring station in Hunan Province (109.5°E,
24.2°N) is located in the central China plain region. The area has a mean
annual temperature of 17.41 °C, with the highest monthly temperature of 29.11
°C in July and the lowest of 5.15 °C in January. Mean annual precipitation is
1,320 mm, concentrated primarily in spring and summer (March-August). The
study site belongs to the mid-subtropical humid zone (Zheng et al., 2010).

1.1.2 Phenological Data

We selected phenological observation records from the Chinese Phenology Ob-
servation Network (CPON) based on long observation sequences and good con-
tinuity. The dataset includes observations of leaf-out onset, first flowering, leaf-
coloration, and defoliation periods from 1963-1965, 1973-1974, 1983-1991, and
2003-2007. To meet minimum sample size requirements for statistical analysis,
we excluded species with fewer than 8 years of data (Lessard-Therrien et al.,
2014; Song et al., 2021). Twenty-five species had sufficient leaf-out data, be-
longing to 16 families and 24 genera; 20 species had sufficient flowering data (14
families, 20 genera); 16 species had sufficient leaf-coloration data (11 families,
14 genera); and 15 species had sufficient defoliation data (11 families).

1.1.3 Meteorological Data

We used monthly climate data including mean temperature and mean precipita-
tion from 1963-2008, obtained from the Climatic Research Unit 0.5°x0.5° grid-
ded dataset (CRU TS ver. 4.04, <www.cru.uea.ac.uk/>, Harris et al., 2020).
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2.1 Research Methods

Phenological observation data were converted to Julian days, transforming an-
nual phenological event dates into the actual number of days since January 1.
We performed regression analyses between phenological periods and monthly
temperature, 2-month mean temperature, and 3-month mean temperature us-
ing time series composed of the 11 months preceding the phenological event and
the event month to select the optimal temperature model. This approach fol-
lows previous research methods (Beaubien & Freeland, 2000; Miller-Rushing &
Primack, 2008; Cook et al., 2012; Mazer et al., 2013; Du et al., 2017). For pre-
cipitation, we performed regression analyses between phenological periods and
monthly precipitation, 2-month mean precipitation, and 3-month mean precip-
itation using time series composed of the 2 months preceding the phenological
event and the event month to select the optimal precipitation model. Based
on the Akaike Information Criterion (AIC), we selected the best models for
each species. The slope of the linear regression model between phenological pe-
riod and temperature was defined as the phenological sensitivity to temperature.
Sensitivity to precipitation was defined similarly. We used linear regression to
analyze the effects of precipitation and temperature on plant phenology, with
steeper slopes indicating stronger phenological responses to climate.

We classified study species into functional groups based on pollination mode
(wind vs. insect pollination), fruit type (fleshy vs. dry fruit), and deciduous-
ness (evergreen vs. deciduous). Pollination mode was determined from Flora of
China (http://frps.eflora.cn/) based on floral morphology: plants with showy
perianths were classified as insect-pollinated, while those with reduced or ab-
sent perianths, exposed stigmas, abundant pollen, and no nectar were classified
as wind-pollinated. Fruit types were divided into fleshy and non-fleshy cate-
gories. Non-fleshy fruits included capsules, legumes, nuts, and samaras with
dry flesh, while berries, pomes, hesperidia, drupes, and fleshy aggregate fruits
were classified as fleshy (Hu et al., 2017). Evergreen species maintain green
foliage year-round, whereas deciduous species shed all leaves in autumn-winter
or dry seasons. In this study, 18 species were wind-pollinated and 7 were insect-
pollinated; 8 species produced fleshy fruits and 13 produced dry fruits; 6 species
were evergreen and 19 were deciduous.

We used linear regression to test relationships between phenological event timing
and temperature, and Wilcoxon rank-sum tests to analyze whether species’ tem-
perature responses differed among functional groups. Because the proportion
of species sensitive to precipitation was small, we did not examine differences in
precipitation responses among functional groups. All statistical analyses were
conducted using R version 4.0.3 (R Core Team, 2020).

3.1 Phenological Patterns

Leaf-out events were concentrated in March and April, with 60% of species
leafing out in April. The mean leaf-out date across all species was April 4. The
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earliest leaf-out species was Eriobotrya japonica (March 5) and the latest was
Magnolia grandiflora (April 27).

Flowering occurred primarily in March (35% of species) and April (50%), with
some species flowering in February (15%). The earliest flowering species was
Sassafras tzumu (February 16) and the latest was Eriobotrya japonica (November
9).

Leaf-coloration was concentrated in September and October. The mean leaf-
coloration date for 16 species was October 2, with 37.5% changing color in
September and 62.5% in October. The earliest leaf-coloration species was Yu-
lania lliiflora (September 10) and the latest was Albizia julibrissin (October
30).

Defoliation occurred mainly in September, October, and November, with 13%
of species shedding leaves in September, 60% in October, and 27% in November.
The mean defoliation date for 15 species was October 21. The earliest defoliating
species was Cercis chinensis (September 22) and the latest was Ziziphus jujuba
(November 5).

Fig. 1 Phenological patterns. A. Leaf-out; B. Flowering; C. Leaf-coloring; D.
Foliage.

2.2 Spring Phenology Responses to Climate Change

For leaf-out phenology, 20 of 25 species (80%) showed significant temperature
sensitivity. Only Firmiana simplex and Toona sinensis exhibited significant
positive correlations between leaf-out timing and temperature, while 18 species
showed significant negative correlations. The mean temperature sensitivity of
leaf-out timing was -3.76 d/°C, ranging from -17.03 d/°C (Magnolia grandiflora)
to 15.95 d/°C (Broussonetia papyrifera). Most species (80%) showed high corre-
lations with January-April temperatures. Fourteen species (60%) showed signif-
icant sensitivity to precipitation, all exhibiting significant positive correlations.
The mean precipitation sensitivity of leaf-out timing was 0.21 d/mm, ranging
from -0.04 d/mm (Camellia oleifera) to 0.48 d/mm (Cunninghamia lanceolata),
with all species showing correlations with January-April precipitation. Sixty
percent of species showed sensitivity to the interaction between temperature
and precipitation.

For flowering phenology, 17 species (85%) were significantly sensitive to tem-
perature, all showing negative correlations. The mean temperature sensitivity
of flowering timing was -6.53 d/°C, ranging from -21.15 d/°C (Cunninghamia
lanceolata) to 13.38 d/°C (Sassafras tzumu), with most species (75%) showing
high sensitivity to February-May temperatures. Only 7 species (35%) showed
precipitation sensitivity in flowering phenology, and except for Albizia julibrissin,
all exhibited positive correlations with precipitation. The mean precipitation
sensitivity of flowering timing was 0.10 d/mm, ranging from -0.13 d/mm (Sas-
safras tzumu) to 0.51 d/mm (Cunninghamia lanceolata), with 75% of species
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showing correlations with January-April precipitation. Only 35% of species
showed sensitivity to temperature-precipitation interactions: Castanea mollis-
sima, Melia azedarach, Choerospondias azillaris, Cunninghamia lanceolata, Yu-
lania denudata, Cinnamomum camphora, and Cercis chinensis.

2.3 Autumn Phenology Responses to Climate Change

For leaf-coloration phenology, 12 of 16 species (75%) showed significant
temperature sensitivity. Only Yulania denudata exhibited a significant negative
correlation with temperature, while other species showed significant positive
correlations. The mean temperature sensitivity of leaf-coloration timing was
19.90 d/°C, ranging from -11.58 d/°C (Yulania denudata) to 37.47 d/°C
(Melia azedarach). The mean precipitation sensitivity was -0.08 d/mm, with
only 4 species (25%) showing significant precipitation sensitivity: Pterocarya
stenoptera, Choerospondias azillaris, Triadica sebifera, and Metasequoia glyp-
tostroboides. Two species (Pterocarya stenoptera and Yulania liliiflora) showed
sensitivity to temperature-precipitation interactions.

For defoliation phenology, 11 of 15 species (73%) showed significant temperature
sensitivity. Five species exhibited significant negative correlations with temper-
ature, while six showed significant positive correlations. The mean temperature
sensitivity of defoliation timing was 4.56 d/°C. Only two species (13%) showed
precipitation sensitivity in defoliation phenology. Forty-seven percent of species
showed sensitivity to temperature-precipitation interactions.

Table 1 Basic information of leaf-out phenology and flowering phenology and
parameter estimation of regression model

Table 2 Basic information of leaf-coloring phenology and defoliation phenology
and parameter estimation of regression model

2.4 Differences in Phenological Responses Among Functional Groups

No significant relationships were found between leaf-out timing, fruit type, or
pollination mode and temperature responses, but species with different decidu-
ousness showed significant differences in temperature responses (Fig. 2). Flow-
ering timing, fruit type, pollination mode, and deciduousness had no significant
effects on temperature responses of flowering phenology (Fig. 3). Neither leaf-
coloration timing nor defoliation timing showed significant relationships with
temperature responses (Fig. 4A, B).

Fig. 2 Response of leaf-out phenology to temperature across different functional
groups. A. Earliness of leaf-out date; B. Fruit type; C. Pollination mode; D.
Deciduousness.

Fig. 3 Response of flowering phenology to temperature across different func-
tional groups. A. Earliness of flowering date; B. Fruit type; C. Pollination mode;
D. Deciduousness.
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Fig. 4 Relationship between response of autumn phenology to temperature
and earliness of autumn phenology. A. Leaf-coloring phenology; B. Foliage
phenology.

3.1 Spring Phenology Responses to Climate Change

Our study found that over 80% of species showed leaf-out and flowering peri-
ods regulated by spring temperature, consistent with temperate region studies
across Asia (Dai et al., 2014; Chen et al., 2015; Ge et al., 2015), Europe (Menzel
et al., 2006; Vitasse et al., 2011; Fu et al., 2014), and North America (Abu-Asab
et al., 2001; Miller-Rushing & Primack, 2008; Calinger et al., 2013). The mean
flowering response rate in Changsha (-6.53 d/°C) was greater than that in Xi’ an
at higher latitude (5.99 d/°C) (Dai et al., 2013), contradicting previous under-
standing that phenological responses are stronger at higher latitudes with more
seasonal variation (Jones et al., 2012). Recent studies have found stronger spring
phenology response trends in low-latitude woody plants in China compared to
high-latitude regions (Chen & Xu, 2012; Dai et al., 2014; Ge et al., 2015), and
that phenological responses to climate change weaken with increasing latitude
in the widespread herb Spiranthes sinensis (Song et al., 2020), supporting our
findings.

Our results show that most species’ leaf-out and flowering are sensitive to tem-
peratures in the months preceding phenological events, consistent with temper-
ate studies (Menzel et al., 2006; Du et al., 2017; Calinger et al., 2013) and
subtropical research (Park & Schwartz, 2015; Wang et al., 2015). This con-
firms that temperatures in the months preceding phenological events are better
predictors than temperatures during the event month (Fitter & Fitter, 2002;
Miller-Rushing & Primack, 2008).

We found significant relationships between leaf-out timing and precipitation 1-3
months before the event, consistent with studies in Xi’ an showing correlations
between leaf-out timing and precipitation one month prior (Bai et al., 2010).
However, only one-third of species showed precipitation sensitivity in flowering
timing, matching previous findings (Abu-Asab et al., 2001; Sparks et al., 2006).
The relationship between phenology and pre-event temperature and precipita-
tion suggests that some species are primarily temperature-driven while others
are precipitation-driven, with spring phenology ultimately advancing or delay-
ing depending on whether temperature and precipitation act synergistically or
antagonistically (Gordo & Sanz, 2009; Morin et al., 2010).

Our study indicates that most species’ leaf-out periods are sensitive to
temperature-precipitation interactions, while fewer species show such sensitiv-
ity in flowering periods. Temperate studies have found no significant effects
of temperature-winter precipitation interactions on leaf-out and flowering
phenology (Du et al., 2017). The different response mechanisms between
subtropical and temperate plants may explain these discrepancies. Deeper
understanding of how temperature-precipitation interactions affect phenology is
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needed for more effective modeling and prediction, particularly in understudied
subtropical ecosystems.

3.2 Autumn Phenology Responses to Climate Change

Over 70% of species showed significant correlations between leaf-coloration/defoliation
periods and temperature, with most species exhibiting delayed autumn phe-
nology with warming. Previous studies have documented delayed autumn
leaf senescence with temperature increases (Menzel et al., 2006; Piao et al.,
2006; Ge et al., 2015), consistent with our results. Precipitation is considered
another important factor affecting autumn phenology (Munne-Bosch & Alegre,
2004; Estrella & Menzel, 2006; Anderegg et al., 2013; Dreesen et al., 2014), but
our results diverge, showing minimal precipitation effects on leaf senescence
phenology in subtropical regions, which appears primarily temperature-driven.

Temperate studies have found that autumn phenology is influenced by combined
temperature and precipitation effects (Deng, 2017; Wang & Sang, 2020). We
found only a few species showed combined temperature-precipitation effects on
leaf-coloration and defoliation, suggesting that environmental drivers may differ
in subtropical regions. Our results significantly contribute to understanding
relationships between subtropical plant phenology and global climate change.

3.3 Phenological Responses of Different Functional Groups to Climate
Change

The relationship between phenological sensitivity to climate and fruit type
has rarely been tested. Our study of subtropical species with different fruit
types found similar temperature responses between fleshy-fruited and dry-
fruited species, though the mechanisms underlying this pattern require further
investigation.

This study is the first to examine differences in phenology-temperature sensitiv-
ity between insect- and wind-pollinated plants in subtropical regions. Previous
studies found that early-flowering species are more sensitive to climate warming
(Fitter & Fitter, 2002; Menzel et al., 2006; Calinger et al., 2013), and that wind-
pollinated plants typically flower earlier than insect-pollinated plants (Faegri &
Pijl, 1979; Du et al., 2015). However, we did not find greater responses in wind-
pollinated plants, possibly because pollinator insects experience less extreme
low temperatures under climate change, and insect-pollinated plants may have
evolved to advance flowering quickly to match pollinator activity and reduce
abortion rates (Waser, 1979; Kudo, 2008; Rafferty & Ives, 2011).

Evergreen and deciduous species showed significant differences in leaf-out phe-
nology responses to climate, but no significant differences in flowering phenology
responses. In temperate regions, deciduous species leaf out significantly earlier
than evergreens (Panchen et al., 2014). In subtropical regions, leaf-out phe-
nology of species with different deciduousness is significantly correlated with
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temperature (Pan, 2019), consistent with our findings. Both evergreen and de-
ciduous species require stable precipitation before flowering, and when monthly
precipitation fluctuates greatly, species may not respond promptly to tempera-
ture and other climatic factors (Pan, 2019), resulting in no significant differences
in flowering phenology responses among species with different deciduousness.

4 Conclusion

This study provides an important case study of subtropical phenological re-
sponses to climate change. Subtropical plants show significantly advanced
spring phenology and delayed autumn phenology, changes that will substan-
tially extend the growing season. Research on autumn phenology responses to
climate change can deepen understanding of leaf senescence mechanisms and
improve predictions of leaf senescence phenology, carbon cycling, and climate
change (Zani et al., 2020). Our results demonstrate the importance of both
temperature and precipitation for subtropical phenology. Assessing functional
group-level variability in plant phenological responses to climate is a critical
step toward understanding how climate change alters ecosystems. However, our
study shows that most subtropical functional groups do not differ significantly
in their temperature responses, indicating largely convergent climate change im-
pacts across functional groups. These results have important implications for
future predictions of subtropical phenological events.
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