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To reveal the responses of plant phenology and climate change in the Qinling
Mountains region, the phenological data of seven woody plants in the Qinling
Mountains region from 1964 to 2020 were selected to analyze the patterns
and characteristics of plant phenological changes in the Qinling Mountains
region and explore the factors influencing temperature sensitivity changes
during the spring phenology. The results revealed the following: (1) In the 60-
year study period, the spring phenology of plants in the Qinling Mountains
region showed an extremely significant advancing trend, the autumn phenology
showed an extremely significant delaying trend, and the growth period of
phenology increased. There was consistency between the plant phenological
change and climate change in the Qinling Mountains region; that is, the year
of the spring and autumn phenology change was basically the same as that
of the climate change. (2) The temperature sensitivity of spring phenology
showed a significant decreasing trend before the abrupt change but showed
an insignificant increasing trend after the abrupt change. (3) The rate of change
in spring temperature was the main factor affecting the change in temperature
sensitivity of spring phenology. The temperature change rate is large in spring,
the sensitivity of phenological temperature decreases in spring, the temperature
increases steadily in spring, and the sensitivity of phenological temperature
increases in spring. (4) Changes in the temperature zone are important causes
of changes in temperature sensitivity of the spring phenology.

KEYWORDS

spring phenology, temperature sensitivity, temperature zone, comprehensive impact,
qinling mountains region

1 Introduction

Phenological phenomena refer to natural changes that occur annually and are influenced
byclimate, hydrology, soil and other factors (Zhu and Phenology, 1973; Zhang, 1985). The
leaf expansion period of plants is also known as the spring phenology; the leaf discoloration
period of plants is also known as the autumn phenology. The focus of this study is on the
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spring phenology and autumn phenology of plant. Studies have
showed that plant phenology has undergone significant changes
in the context of climate Warming (Menzel et al., 2006; Elinger
and Heimann, 1996; Wu et al., 2014). Changes in plant phenology
can reflect the growth of vegetation. Under climate warming,
plant phenology can exhibit sensitive responses of terrestrial
ecosystems to climate change (Zhang et al., 2015; Song et al., 2010;
Linderholm et al., 2008). Therefore, plant phenology is known as
the “diagnostic fingerprint” of global change and the “language of
nature” (Root et al., 2003; Schwartz, 1994). With the intensification
of global warming, scholars at home and abroad have conducted
extensive research on plant phenology and its response to climate
change, which is highly important for addressing climate change and
mitigating its impact on the global ecosystem.

Traditional ground-based observations excel in monitoring
individual species with high temporal resolution and detailed
information but are often geographically limited and data-intensive.
In contrast, remote sensing technology, enabled by advancements
in 3S technology, facilitates regional phenological monitoring by
capturing large-scale vegetation index changes (Bhattacharjee et al.,
2024; Bechkit et al., 2024). This approach offers advantages such
as broad spatial coverage, strong temporal continuity, and diverse
species representation. Furthermore, unmanned aerial vehicle
(UAV) aerial photography, as well as advanced experimental and
model analysis are used to predict and monitor changes in
phenological data, supplementing these methods by providing high-
precision phenological data (Lama and Crimaldi, 2022; Pirone et al.,
2024; Giovannini et al., 2025; Pasquino et al., 2025), enhancing
long-term monitoring capabilities in complex regions.

Temperature is the determining factor affecting the spring
phenology, and as temperatures rise, the spring phenology advances,
especially in the middle to high latitudes of the Northern
Hemisphere (Jeong et al., 2011; Yu et al., 2010). In recent years, as
the climate has warmed, the spring phenology of most plants in
temperate regions of the Northern Hemisphere has clearly advanced
(Ge et al.,, 2015; Menzel et al., 2006; Walther, 2004; Xu et al,,
2019), while there are significant differences in the changes at the
autumn phenology. The number of days during which vegetation
phenology begins to change for every 1°C increase in temperature
is called temperature sensitivity (Fu et al.,, 2015). In recent years,
both domestic and international scholars have conducted extensive
research on temperature sensitivity of spring phenology. For
example, Fu et al. (Fu et al., 2014b) studied seven widely distributed
woody plants in Europe from 1980 to 1994 and from 1999 to 2013
and reported that the temperature sensitivity of spring phenology
decreased during both periods. However, compared with that in
the previous period, the temperature sensitivity of spring phenology
decreased by 40% in the latter period. However, when both
research periods were extended to 30 years, there was no significant
difference in temperature sensitivity of spring phenology between
the research periods of 1984~2013 and 1951~1980 (Wang et al.,
2017). Chen et al. (2019) studied four typical woody plants in
Europe and reported that during the study periods of 1981-2013
and 1951-1980, the sensitivity of spring phenology in the later stage
tended to decrease, whereas the sensitivity of spring phenology in
the earlier stage tended to increase. Domestic scholars have studied
the phenological sensitivity of typical woody plants in Northeast
China, and the results revealed that the temperature sensitivity of
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spring phenology decreased during the warm period from 1988 to
2016 and the cold period from 1962 to 1987 (Dai, 2020). Another
scholar studied the temperature sensitivity of more than 50 woody
plants in temperate and subtropical regions of China and reported
that the temperature sensitivity of subtropical plants at the spring
phenology mostly tended to decrease, whereas in temperate regions,
the temperature sensitivity of most plants at the spring phenology
tended to increase (Xu et al., 2019). These findings indicate that
different scales of research and temperature zones in which plants
are located may lead to changes in temperature sensitivity of spring
phenology at different times.

There is currently no unified answer in the academic community
regarding the reasons for the changes in temperature sensitivity
of spring phenology over time. There are four main viewpoints.
The first viewpoint is that the changes in temperature sensitivity
of spring phenology are related to the amount of cold shock
in winter. As winter temperatures increase, the amount of cold
shock experienced by plants decreases, the speed of leaf expansion
decreases, and the temperature sensitivity of spring phenology
decreases (Cook etal., 2012; Pope et al., 2013). The second viewpoint
suggests that the temperature sensitivity of spring phenology is
closely related to the rate of change in spring temperature. When
the rate of temperature change is high in spring, disasters such
as frost may occur; however, plants adapt to the environment
through years of adaptation. When the rate of temperature change
is high in spring, vegetation uses strategies to reduce temperature
sensitivity to prevent premature leaf expansion and avoid frost
disasters during germination and leaf expansion, thereby reducing
the risk of frost disasters in early spring. The third viewpoint
is that the temperature sensitivity of spring phenology is related
to the photoperiod. Some plants are long-day plants. When the
spring phenology is advanced and plant development reaches the
photoperiod threshold, the spring phenology no longer advances,
and the temperature sensitivity of spring phenology tends to
decrease. The fourth viewpoint is that the temperature sensitivity
of spring phenology may be related to temperature zones, which
is also the viewpoint proposed in this article. The vegetation in
temperate and subtropical regions has different demands for winter
cold shock, and the accumulated temperature required for plant
germination also varies. The winter cold shock required for the
onset of vegetation phenology in subtropical regions is relatively low,
and the accumulated temperature required for plant germination
is also relatively low. Therefore, if the temperature zone in which
vegetation is located changes, the sensitivity of plant phenology to
temperature at the spring phenology also changes. Of course, some
scholars believe that the temperature sensitivity of spring phenology
may not be dominated by a single factor, but may be a complex
combination of meteorological factors, especially the interaction
between temperature and precipitation (Cong et al., 2021).

In this study, the phenological data of seven typical woody
plants from the Xian station, which was the only site for
phenological observations in the Qinling region of the China
Phenology Observation Network from 1964 to 2020, are used to
study the changes in and characteristics of plant phenology in the
Qinling region. The aims of this study are to reveal the changes
in temperature sensitivity of spring phenology in the transitional
zone of climate against the background of climate change, the
response of phenological changes to climate change, and the impact
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of temperature zone changes on plant phenology. The findings
confirm the consistency between temperature zone changes and
phenological changes and provide a scientific basis for the timely
adjustment of agricultural and forestry production patterns in the
Qinling region.

2 Overview of the study area

The Qinling Mountains stretch across the middle of China;
they represent a large mountain range that runs from east to
west and generally coincides with the January 0°C isotherm and
800 mm equipluve in China (Bai et al, 2019). The height and
medium-height mountains in the Qinling Mountains generally
have altitudes of 1,500-3,000 m, resulting in diverse climates and
obvious vertical zoning characteristic of the mountains (Bai et al.,
2019). As the altitude increases, vertical climate zones, such as the
warm temperate zone, middle temperate zone, and cold temperate
zone, are successively present (the southern slope has a northern
subtropical zone below the warm temperate zone). The climate
difference between the northern and southern Qinling Mountains
is significant. The northern slope has a warm temperate semiarid
and semihumid monsoon climate, with warm temperate deciduous
broad-leaved forests as the base zone, whereas the southern slope
has a northern subtropical humid monsoon climate, with mixed
evergreen deciduous broad-leaved forests as the base zone (Lu and
Lu, 2019). Qinling is an important area for conservation and as a
water source for the Yangtze River and Yellow River and is therefore
known as the “central water tower” of China. In this study, the
narrow Qinling Mountains are taken as the research area, which
is the hinterland of the Qinling Mountains in Shaanxi Province,
located between 105° 30’ ~111° 05'E and 32° 40’ -34° 35'N (Figure
1). This area starts from the Jialing River in the west, connects
with Funiu Mountain in the east, is bounded by the Weihe River
in the north, and is bordered by the Han River in the south. The
Qinling Mountains are located in the transitional zone between
warm temperate and subtropical regions, and are sensitive to
climate change. Therefore, the vegetation phenology in the Qinling
Mountains will also be very sensitive to climate change.

3 Data and methods
3.1 Research data

Phenological data: The spring phenology and autumn
phenology data are of the 7 woody plants with the most complete
and widely distributed recorded times in the study area from
1964 to 2020. The data are sourced from the Xi’an Station of the
China Phenology Observation Network, which is located in the
Xian Botanical Garden in Shaanxi Province (Cuihua South Road
Botanical Garden). Table 1 shows the information of the 7 observed
tree species.

Meteorological data: The daily average temperature, maximum
temperature, and minimum temperature data from November
1963 to 2008 for Xian station and the daily average temperature,
maximum temperature, and minimum temperature data from
2006 to 2020 for the Jinghe meteorological station are selected.
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The data are sourced from the Shaanxi Provincial Meteorological
Service Center.

The data from two meteorological stations, namely, Xi’an and
Jinghe, are used because, in 2005, the Xi’an meteorological station
was relocated from its original location on Weiyang Road in the
urban area to Jinghe station, which is 20 km away in the suburbs.
The two stations have common observational data from 2006 to
2008, and Xi'an station was closed in 2009. Owing to the proximity
of Xi’an station to the Xi’an Botanical Garden in Shaanxi Province,
the temperature data from Jinghe station from 2009 to 2020 are
homogenized to those of Xian station via the 3-year observation
data shared by the two stations. In addition, the sine curve model
is used to simulate daily temperature variations by simulating
daily minimum and maximum temperatures, generating hourly
temperature data, and calculating the number of cold shock days.
The specific method of calculation is described in Reference (Chow
and Levermore, 2007).

3.2 Research methods

3.2.1 Method for calculating the phenological
period

The times of spring phenology and autumn phenology are
calculated using the Day of Year (DOY), which represents the
cumulative number of days in an annual sequence starting from
January Ist of the current year, yielding the time series of spring
phenology and autumn phenology (Deng, 2018; Deng et al., 2017).
The duration from the spring phenology to the autumn phenology
is referred to as the phenological growth period.

3.2.2 Method for calculating the number of cold
shock days

The number of cold shock days is calculated using hourly
temperature data. When the hourly temperature is lower than the
threshold temperature T, it is considered a cold shock. The
accumulated sum of 24-h cold shocks is divided by 24 to obtain
the number of cold shock days. The specific formulae are as follows
(Equations 1, 2):

=t 24
‘ %m » CDH(T),)

7 1

Fepy =
=t

Lif T, < Ty,
CDH h chill

2

Fcpy represents the number of cold days, whereas ¢, and
t iy denote the start and end dates of cold shock, which are set to
November 1 of the previous year and the beginning of leaf expansion
(spring phenology), respectively. The threshold temperature T ,;; is
set to 5°C (Tao et al.,, 2020a).

3.2.3 Method for calculating temperature
sensitivity of spring phenology

First, the temperature-dependent period (TRP) (Dai et al., 2013;
Matsumoto et al., 2003), during which the temperature has the
most significant impact on the spring phenology, which is defined
as the period when the average temperature before the season
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FIGURE 1
Geographical location of the study area

TABLE 1 Information on the 7 observed tree species.

Observation site

Tree species

Populus tomentosa

native species

Leaf lifespan

fallen leaves

Life cycle

tree

Time period

1964-2020

Prunus davidiana

native species

fallen leaves

tree

1964-2020

Cercis chinensis

native species

fallen leaves

Shrubs or small trees

1964-2020

Salix babylonica

native species

fallen leaves

tree

1964-2020

Xi'an Botanical Garden of Shaanxi Province

Robinia pseudoacacia

Introduced species

fallen leaves

tree

1964-2020

Broussonetia papyrifera

native species

fallen leaves

tree

1964-2020

Morus alba native species fallen leaves

Shrubs or small trees

1964-2020

has the most significant impact on leaf development (Xu et al,
2019), is determined. The Pearson correlation coefficient between
the average temperature of each period (15 days, 30 days, 45 days,
60 days, 75 days, 90 days, 105 days, and 120 days before spring
phenology) and the spring phenology sequence is calculated via
sliding units of 15 days before the average spring phenology. The
period with the highest absolute value of the correlation coefficient
is the period of the response of spring phenology to preseason
temperature (Tao et al., 2020b). The slope of the regression equation
between the period of spring phenology and the average temperature
during the response period is the temperature sensitivity of spring
phenology (Xu et al., 2019).

Frontiers in Earth Science 04

To estimate the trend of temperature sensitivity of spring
phenology, continuous 15-year time windows (e.g., 1964-1978,
1965-1979, 1976-1990, 2006-2020) is first selected. A linear
regression is subsequently performed between the spring phenology
and the average temperature response time within the stated
15-year time window to obtain the temperature sensitivity
of plant spring phenology within the time window. Finally,
a linear regression was performed between the temperature
sensitivity of spring phenology and the end year of the 15-
year moving time window to obtain the regression coefficient,
which represents the rate of change in temperature sensitivity of
spring phenology.
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4 Results and analysis

4.1 Characteristics of plant phenological
changes in the Qinling Mountains over the
past 60 years

4.1.1 Trend of phenological changes in plants in
the Qinling Mountains from 1964 to 2020

Figure 2 shows the trends at the spring phenology, autumn
phenology, and plant growth period of seven tree species in
the Qinling Mountains from 1964 to 2020. Table 2 shows the
linear changes at the spring phenology and autumn phenology
for the seven tree species in the Qinling Mountains. As shown in
Figures 2a,b, the average spring phenology of the seven tree species
significantly advanced from 1964 to 2020, with an average advance of
approximately 1.5 days per decade. The average autumn phenology
showed a significant delay, with a delay of approximately 4.2 days
per 10 years. As shown in Table 2, the spring phenology of the
seven woody plants occurred between days 62 and 117, and the
autumn phenology occurred between days 281 and 365. The spring
phenology of the seven woody plants showed an early trend, whereas
the autumn phenology showed a late trend. At the spring phenology,
the rate of advance of trees was the highest, at approximately
2.4 days per 10 years, followed by that of Prunus davidiana, redbud,
locust, and Populus tomentosa, at approximately 1.4-1.8 days per
10 years. However, the changes at the spring phenology in Morus
alba and Salix babylonica trees did not reach a significant level.
For the autumn phenology, all 7 tree species tended to be delayed.
Among them, the rate of delay for S. babylonica was the highest,
i.e., approximately 5.8 days per 10 years, followed by the rate of
delay for Broussonetia papyrifera, i.e., approximately 5.7 days per
10 years. In addition, the rates of delay for M. alba, P. tomentosa,
and Cercis chinensis reached a significant level, while the rates of
delay for Robinia pseudoacacia and Prunus persica also reached a
significant level.

As can be clearly seen from Figure 2¢, the phenological growth
period has shown a very significant increasing trend, with an average
extension of about 5.7 days per 10 years. However, the growth period
of weeping willow deviates more from the average growth period of
the seven tree species, which may be due to the fact that weeping
willow expands its leaves earlier in spring than other tree species,
and falls leaves later in autumn than other tree species. As is
evident from Figure 2C, there are two phases in the phenological
growth period, with 1988 as the boundary. In the former phase
(1964-1988), the growth period showed a decreasing trend, while
in the latter phase (1988-2020), the growth period showed an
increasing trend.

In summary, the spring phenology of vegetation in the Qinling
region has advanced, the autumn phenologyhas been delayed, the
growth period has increased, and the number of days of delay in
the autumn leaf-falling period (autumn phenology) has contributed
more to the extension of the growth period than the number of days
of advance in the spring leaf-spreading period (spring phenology).

4.1.2 Analysis of phenological changes in plants
in the Qinling Mountains

On the basis of the analysis in Section 4.1.1, in which the growth
period of plant phenology in the Qinling Mountains is divided into
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two stages, it can be speculated that there are years of changes
in the phenological period. Figure 3 shows the binomial fitting
curve of the mean changes at the spring phenology and autumn
phenology for the 7 tree species. Figure 3 shows that the fitting
curves for the spring phenology and autumn phenology are in the
form of quadratic parabolas with opposite directions, i.e., opening
upward and opening downward; thus, there is a turning point
where the slope of the curve is 0, which represents the year when
the spring phenology and autumn phenology undergo a sudden
change. Calculations reveal that spring phenology of the plants in
the Qinling Mountains underwent a change in 1988, and autumn
phenology underwent a change in 1984.

The abrupt change in climate warming in China occurred
in 1984 (Zhang et al, 2021), while the spring phenology in the
Qinling Mountains changed abruptly in 1988, and the autumn
phenology changed abruptly in 1984, indicating that the abrupt
change in plant phenology in the Qinling Mountains tended
to respond to climate warming in China. Other studies have
shown that the temperature zone in Xian underwent a sudden
change prior to 1989, with the region previously classified as
a warm temperate zone and now classified as a subtropical
transition zone (Zhang et al, 2021). The plant phenological
changes occurred in approximately 1986 and 1987, with durations
of 1-2years. The period of phenological change is almost the
same as the period of temperature zone change, reflecting the
consistency between phenological changes and temperature zone
changes. This finding indicates that the years of abrupt changes at
the spring phenology and autumn phenology are largely consistent
with the years of abrupt climate changes, suggesting that plant
phenological changes are a direct reflection and confirmation of
climate warming.

Figure 4 shows the trends of changes in the spring phenology
and autumn phenology dates of seven tree species in Qinling
Mountains before and after the change. As shown in Figure 4a, the
spring phenology before the change showed a nonsignificant trend
of delay, whereas the spring phenology after change showed a highly
significant advancing trend. The rates of delay and advance in spring
phenology before and after the change were 1.9 d/10a and 5.3 d/10a,
respectively. Before the change, the autumn phenology significantly
advanced, whereas after the change, the autumn phenology was
significantly delayed (Figure 4b). The rates of advance and delay at
the autumn phenology before and after the change were 4.6 d/10a
and 8.2 d/10a, respectively.

4.2 Sensitivity of spring phenology to
temperature

4.2.1 Selection of the temperature response
period for the spring phenology

Scholars have different views (Menzel A et al., 2006) on the
most significant stage of the impact of preseason temperature on
the spring phenology (TRP); these views includes the following two
main viewpoints. The first viewpoint defines the optimal period
of influence as the time before the average spring phenology
(with steps of 15 d, 30 d, 45 d, 60 d, 75 d, 90 d, 105 d,
and 120 d), during which the correlation coefficient between
the spring phenology and temperature is the highest (Fu et al,
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FIGURE 2
Changes in spring phenology, autumn phenology and growth period of the 7 tree species in Qinling Mountains from 1964 to 2020. (a) Spring
phenology (b) autumn phenology (c) growth period.

2014a). The second viewpoint is that the average temperature  be conducted between the average temperature from March-April
from March-April each year has the greatest impact on the spring  each year and the spring phenology to analyze the changes in
phenology (Wang et al,, 2019); thus, a correlation analysis can  temperature sensitivity of spring phenology. However, some studies
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TABLE 2 Phenological changes of spring and autumn phenology of the 7 tree species in Qinling Mountains from 1964 to 2020.

Tree species Spring phenological Significance Autumn phenological Significance
trend trend

Populus tomentosa y =—0.1532x+401.98 P<0.01 y = 0.3662x-421.57 P <0.01
Prunus davidiana y = —0.1783x+436.66 P <0.01 y = 0.2507x-185.76 P <0.05
Cercis chinensis y=-0.1703x+432.73 P<0.01 y = 0.4008x-490.84 P<0.01
Salix babylonica y = —0.0824x+239.16 P>0.05 y = 0.5783x-824.43 P<0.01
Robinia pseudoacacia y = —0.1669x+430.98 P<0.01 y =0.3691x-421.99 P <0.05
Broussonetia papyrifera y =-0.2413x+580.91 P<0.01 y =0.5661x-813.28 P<0.01
Morus alba y =-0.1041x+306.71 P>0.05 y =0.3760x-431.13 P<0.01

have suggested that the spring phenology has advanced over the past
120 - (a) few decades and that the length of the optimal phase of impact has
significantly changed. Therefore, the time scale of the study period
110 - can affect the change in temperature sensitivity of spring phenology
° ° (Fu et al., 2015; Tao et al., 2020b).

To verify the differences in the temperature sensitivity of
spring phenology obtained by the two methods, i.e., correlating
months and finding the optimal correlation stage, in this study,

s/DOY
S

g

the average temperature from March to April each year is used

Julian da
E

y=-0.0115x%+ 45.764x - 45353 . as the most significant stage in which temperature affects the
R?=0.4321 ° plant spring phenology, and the time before the average spring
phenology (with steps of 15 d, 30 d, 45 d, 60 d, 75 d, 90 d,
105 d, and 120 d) is used as the optimal correlation stage. The
. . ; . . . , temperature sensitivities calculated by these two methods are shown
1964 1972 1980 1988 1996 ~ 2004 2012 2020 in Figure 5. The reliability of the temperature sensitivity of spring
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analysis of variance. The verification revealed that the difference
in temperature sensitivity of spring phenology between the two
330 4 (b) ° methods was not significant (p value = 0.9698 > 0.05; see Table 3).
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spring phenology in the Qinling Mountains were generally greater
than those for the relevant months. Therefore, the optimal
stage of spring phenological temperature sensitivity was selected
for analysis.
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w
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e 4.2.2 Analysis of temperature sensitivity of spring

phenology

o o Figure 6 shows the change in the temperature sensitivity of
spring phenology of the 15-year sliding window before and after
the change. As shown in Figure 6, the temperature sensitivity of
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300
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Year/a the spring phenology showed a significant decrease before the

change but a nonsignificant increase after the change. Before

FIGURE 3 : P .
Changes in the spring and autumn phenology of 7 tree species in the change (Figure 6a), the temperature sensitivity of spring

Qinling Mountains from 1964 to 2020. (a) Spring phenology (b) phenology significantly decreased by 0.71 d°C (10a)”', from an
autumn phenology. initial value of 1.83 d/°C to a later value of 1.30 d/°C, which was
a decrease of 28.7%. After the change (Figure 6b), the sensitivity
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FIGURE 5
Temperature sensitivity of spring phenology obtained via the two methods.
TABLE 3 Single-factor ANOVA Table.
Difference source SS df MS F P-value ‘ F Crit
Interblock 0.001175 1 0.001175 0.001443 0.969789 3.954568
Intra-class 68.41087 84 0.814415
Total 68.41205 85

of the spring phenology showed a fluctuating increase in the
early stage and a continuous increase in the later stage. After
the change, the sensitivity of the spring phenology increased by
0.08 d°C (10a)!, from 2.96 d/°C at the beginning to 3.72 d/°C
later, which was an increase of 0.76 d/°C, or 25.68%. Overall,
before the change in the spring phenology, the temperature
sensitivity of spring phenology gradually weakened, and after
the change, the temperature sensitivity of spring phenology

increased.
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4.3 Factors influencing temperature
sensitivity changes of spring phenology

4.3.1 Impact of cold shock in winter

the climate warms in recent decades, the spring phenology

in most regions of the Northern Hemisphere has gradually
advanced, but the temperature sensitivity of spring phenology
has varied during different periods. According to recent studies
(Chen et al., 2019; Dai, 2020), an important reason for the change
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FIGURE 6

Changes in the 15-year sliding temperature sensitivity before and after
mutation of the spring phenology change for the 7 tree species in the
Qinling region. (a) Temperature sensitivity before mutation of the
spring phenology; (b) temperature sensitivity after mutation of the
spring phenology.

in temperature sensitivity of spring phenology is the change in the
amount of cold shock in winter. As the climate warms, especially
with increasing winter temperatures, the amount of cold shock
experienced by plants decreases, the rate of leaf expansion decreases,
and the temperature sensitivity of spring phenology decreases.

In this study, the number of days with cold shock in winter
significantly decreased in the first (1964-1987) (Figure 7a) and
second (1988-2020) (Figure 7b) studied periods, but the directions
of temperature sensitivity changes of spring phenology differed, with
downward and upward trends, respectively. This finding indicates
that the main reason for the change in the temperature sensitivity of
plant phenology in the Qinling Mountains was not the reduction in
cold shock in winter.

4.3.2 Impact of the rate of temperature change in
spring

Generally, the large temperature variability in spring is prone
to frost damage events (Vitasse et al., 2014), so the main reason
for the significant decrease in temperature sensitivity of spring
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phenology is the change in spring temperature (Wang et al., 2014;
Guralnick et al, 2024). Plants adopt an adaptation strategy of
reducing temperature sensitivity to avoid frost damage (Vitasse et al.,
2018). Figure 8 shows the standard deviation of the preseason spring
temperature at the spring phenology from 1964 to 2020. As shown
in Figure 8, the temperature in spring before the sudden change
fluctuated greatly (Figure 8a), whereas the temperature in spring after
the sudden change stabilized (Figure 8b). In other words, before
the change, the temperature variation in spring was large, and the
temperature sensitivity of spring phenology decreased. After the
change, the temperature variation in spring was relatively small, and
the temperature sensitivity of spring phenology increased. This finding
indicates that the change in spring temperature is an important reason
for the change in temperature sensitivity of spring phenology.

A comparison of the trends in the average preseason
and the rate
temperature (Figure 9) revealed that during periods of significant

temperature of change in the preseason
preseason temperature fluctuations, regardless of whether the
temperature was increasing or decreasing, the temperature
sensitivity of spring phenology tended to decrease. The preseason
temperature increased, and the temperature change rate was
small, which increased the temperature sensitivity of spring
phenology. Therefore, the temperature variability in spring was
high, the temperature sensitivity of spring phenology decreased,
the temperature in spring increased steadily, and the temperature
sensitivity of spring phenology increased. The impact of the rate
of temperature change in spring on the sensitivity of the spring
phenology reflects the adaptation of the spring phenologyof plants
to local climatic conditions and the ability of plants to adapt to
environmental changes over many years.

4.3.3 Impact of temperature zone changes

Some scholars have reported that against the background of global
warming, the temperature sensitivity of spring phenology of most
plants in subtropical regions has not decreased but has increased as
the number of cold shock days has decreased. In temperate regions,
the temperature sensitivity of spring phenology has decreased as the
number of cold shock days has decreased for most plants (Xu et al.,
2019). These findings indicate that the internal mechanisms of the
spring phenology of plants in response to temperature changes vary
in subtropical and temperate regions and that the sensitivity of spring
phenology to temperature is different. In other words, the amount
of cold shock required during the early stages of plant phenology
in subtropical regions is lower, and the amount of accumulated
temperature required for strengthening is also lower.

Before the phenological mutation, the Xi'an area was classified
as a warm temperate zone; after the mutation, the Xian area
was classified as a northern subtropical transition zone (except
for the average temperature less than 0°C in January, all other
conditions reached northern subtropical conditions) (Zhang, 2022).
Before the phenological mutation, the Xian region was in the
warm temperate zone, with relatively low temperatures during this
period, fewer cold shock days in winter, a delay in the spring
phenology, and a decrease in sensitivity to the spring phenology.
After the abrupt change in phenology, the Xian area is part of
the northern subtropical transition zone. Although the number of
cold shock days in winter has decreased, the plants in the northern
subtropical transition zone have the characteristics of subtropical
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FIGURE 7
Changes in the number of cold shock days from 1964 to 1987 and from 1988 to 2020 (15-year sliding window). (a) Changes in the number of cold
shock days before mutation of the spring phenology; (b) changes in the number of cold shock days after mutation of the spring phenology.

plants. The amount of cold shock required for the spring phenology
of plants in the northern subtropical transition zone has been
less than that in the warm temperate zone, and the temperature
sensitivity of spring phenology has increased. This finding indicates
that the change in temperature zones is an important reason for the
change in temperature sensitivity of spring phenology in the Qinling
Mountains.

Before the abrupt climate change, the temperature sensitivity of
spring phenology decreased, and after the abrupt climate change,
the temperature sensitivity of spring phenology increased. From the
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perspective of the change in the temperature sensitivity of spring
phenology before and after the abrupt climate change, this change
reflects the response of plant phenology in the Qinling region to
climate change before the abrupt change and the adaptation of plant
phenology in the Qinling region to climate change after the abrupt
change. These findings indicate that the change in temperature zones
in the Qinling Mountains has a significant effect on plant phenology
and that the change in temperature sensitivity of spring phenology
provides empirical support for the change in temperature zones
in the Qinling Mountains.
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FIGURE 8
Changes in the standard deviation of the spring temperature before and after sudden temperature changes (15-year sliding window). (@) Changes in the

standard deviation of the spring temperature before temperature changes; (b) changes in the standard deviation of the spring temperature after
sudden temperature changes
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5 Conclusion

(1) In the past 60 years, the spring phenology in the Qinling
Mountains has shown a very significant trend of advancement,
while the autumn phenology has shown a very significant
trend of delay, and the growth period of phenology has
been extended.

(2) In the past 60 years, there has been a significant change
in plant phenology in the Qinling Mountains, with the
year of the change in the spring phenology occurring in
1988 and the year of the change in the end of phenology
occurring in 1984. The year of sudden change at the spring
phenology and autumn phenology was basically the same
as the year of sudden change in the climate, indicating
consistency between sudden phenological and climatic
changes.
(3) Changes in spring temperature are important reasons for
changes in the temperature sensitivity of spring phenology
in the Qinling Mountains. Before the abrupt climate change,
the rate of temperature change in spring was high, and the
temperature sensitivity of spring phenology decreased. After
the abrupt climate change, the temperature in spring increased
steadily, and the temperature sensitivity of spring phenology
increased.

(4) Changes in the temperature zone are important causes of

changes in temperature sensitivity of the spring phenology

in Qinling Mountains. Before the abrupt climate change,

the Xian region was in the warm temperate zone, with a

decrease in the number of cold shock days in winter and

a decrease in temperature sensitivity of spring phenology.

After the abrupt climate change, the Xian region was

located in the transition zone of the northern subtropical

zone, with a significant reduction in the number of cold
days in winter and an increase in sensitivity to the spring
phenology.
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