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Crop phenology is the process of crop growth and yield formation, which is largely driven
by climatic conditions. It is vital to investigate the shifts in crop phenological processes in
response to climate variability. Previous studies often only explored the response of a
single crop phenology to climate change, and lacked comparative studies on the climate
response in different crop phenology. We intend to investigate the trends in phenological
change of three typical crops (i.e., maize, rice and soybean) in Northeast China (NEC) and
their response to climate change during 1981–2010. Its main purpose is to reveal the
differences in the sensitivity of different crop phenology to key climate factors [e.g., mean
temperature (T), accumulated precipitation (AP) and accumulated sunshine hours (AS)
during the crop growth period]. We found that the three crops have different phenological
changes and varying ranges, and significant spatial heterogeneity in phenological changes.
The results indicated that the lengths of different crop growth stages [e.g., the vegetative
growth period (VGP), the reproductive growth period (RGP) and the whole growth period
(WGP)] were negatively correlated with T, especially in VGP and WGP. However, the
lengths of growth period of the three crops were positively correlated with AP and AS. For
each 1°C increase in T, the number of days shortened in WGP (about 5 days) was the
largest, and that in RGP (less than 2 days) was the smallest. Therefore, the increases in T
during past 3 decades have significantly shortened VGP and WGP of three crops, but had
slight and inconsistent effects on RGP. Moreover, changes in AP has slight impact on the
growth periods of maize and rice, and significantly shortened RGP and WGP of soybean.
Changes in AS exerted important and inconsistent effects on the phenology of three crops.
This study indicated that there are significant differences in the sensitivity and response of
different crop phenology to climate factors. Therefore, in evaluating the response and
adaptation of crops to climate change, comparison and comprehensive analysis of
multiple crops are helpful to deeply understand the impact of climate change on crop
production.
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INTRODUCTION

The Sixth Assessment Report (AR6) of the Intergovernmental
Panel on Climate Change (IPCC) states that multi-decadal global
warming is unequivocal (IPCC, 2021). Plant phenology, generally
defined as the phasic process of plant cycle or timeline activities of
plants (Lieth, 1974; Visser and Both, 2005), is strongly controlled
by short- and long-term variability in weather and climate
(Menzel et al., 2006; Tao et al., 2014a; Shen et al., 2018).
Generally, crop phenology determines the timing and duration
of critical periods for growth, which in turn can greatly affect the
harvestable yield and food quality (Porter and Semenov, 2005). A
warmer climate inevitably leads to shift in crop phenology, which
ultimately determinate crop yields (Estrella et al., 2007; Tao et al.,
2013; Xiao et al., 2017; Zhao et al., 2019). Quantitatively assessing
the shift in crop phenology caused by climate change can help
agricultural stakeholders to formulate effective climate change
adaptation strategies (Mo et al., 2016; Abendroth et al., 2021).
Therefore, the effects of climate change on crop phenology are a
major concern for agricultural production (Wang et al., 2013;
Xiao et al., 2013; Tao et al., 2014b; Bai et al., 2019).

The impacts of climate variability and/or climate change on
crop phenology have been studied by numerous researchers in
China for various crops, such as maize (Tao et al., 2014a; Xiao
et al., 2016; Xiao et al., 2019; Liu et al., 2021), rice (Tao et al., 2013;
Wang et al., 2017a; Bai et al., 2019; Ye et al., 2019; Bai and Xiao,
2020), wheat (Wang et al., 2013; He et al., 2015; Xiao et al., 2015;
Xiao et al., 2017), soybean (He et al., 2020; Gong et al., 2021), and
cotton (Wang et al., 2017b; Li et al., 2021a). As climate warming
accelerates the crop growth and shortens the growing period (Tao
et al., 2014a; Xiao et al., 2015), previous related studies have
mainly focused on the effects of increasing temperature on crop
phenology (Estrella et al., 2007; Zhang et al., 2013). To some
extent, changes in precipitation and/or sunshine hours also play
certain roles in determining the process of crop growth (Bai and
Xiao, 2020; He et al., 2020; Liu et al., 2021). In general, drought
due to decreased precipitation results in a large threat to crop
growth and development (Li et al., 2021b). Additionally, due to
the significant differences in the sensitivity of the growth
processes of different crops to climate change (Estrella et al.,
2007), the phenological responses of different crops to climate
change vary greatly (Mo et al., 2016; Wu et al., 2019). According
to previous studies, under the background of climate change in
the past few decades, the whole growth period of wheat in China
has mainly been shortened (Xiao et al., 2015), while the growth
period of maize and rice has been mainly extended (Tao et al.,
2014a; Wang et al., 2017a). However, related studies often only
explored the response of a single crop phenology to climate
change (Zhang et al., 2014; Tao et al., 2014a; Tao et al., 2014b;
Xiao et al., 2015; Xiao et al., 2019), and lacked comparative studies
on the climate response in the phenology of different crops under
the same or similar climate background (Wu et al., 2019).
Therefore, investigating and comparing the processes and
mechanisms of response and adaptation of various crop to
agro-meteorological stressors and ongoing climate change is
helpful to propose corresponding field management measures
for different crops (Porter and Semenov, 2005; Tao et al., 2014a).

The Northeast China (NEC) located in high-latitude area and
is likely to be significantly affected by ongoing climate change
(Liu et al., 2013; Liu et al., 2018). This good climate and the
excellent soil quality make NEC become an important crop
production area in the country (Zhao et al., 2015; Liu et al.,
2018). However, during the period of 1961–2007, annual
average temperature in NEC has increased by 0.38°C per
decade, but annual precipitation and sunshine duration have
decreased by 9 mm per decade and 42 h per decade, respectively
(Liu et al., 2020). In NEC, maize, rice and soybean were the three
most important crops, and the planting areas of maize, rice and
soybean in 2015 were 1.42 × 107 (51.1%), 5.82 × 106 (20.9%) and
3.75 × 106 ha (13.5%), respectively (Yan et al., 2020). Due to
climate change, the phenology of maize (Li et al., 2014), rice
(Gao et al., 2018) and soybean (Gong et al., 2021) in NEC have
all undergone significant changes, but there is still a lack of
comparative studies on the phenology of the three crops in
response to climate change (Li et al., 2011; Zhao et al., 2015). In
order to deeply understand the processes and mechanisms
controlling various crop responses to ongoing climate
change, it is important to investigate phenology shifts of

FIGURE 1 | A map depicting the geographical location of the study area
(bottom right inset) and the locations of the agro-meteorological stations used
in the study (main map).
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main crops in NEC in response to climate change over the past
few decades.

In the present study, the effects of climate change on the
phenology of three crops (e.g., maize, rice and soybean) in NEC
were assessed based on detailed phenological records from
experiment stations and historical meteorological data during
1981–2010. Its main purpose is 1) to investigate the phenological
shifts of three crops over the past 3 decades, 2) to determine the
differences in the sensitivity of different crop phenology to main
climate factors (e.g., temperature, precipitation and sunshine
hours), and 3) to quantify the contributions of various climate
factors to the phenology of the three crops. The results of this
study, especially the quantitative absolute contribution of key
climate factors to the phenology of three different crops, will help
to better understand the impact of climate change on crop
phenology, and can further guide the formulation of
adaptation options for crop production in future.

MATERIALS AND METHODS

Study Area
This study area is located in NEC, which includes Liaoning, Jilin
and Heilongjiang Province (Figure 1), with 2.78 × 107 ha of
farmland. The region has a temperate monsoon climate, with an
annual accumulated temperature above zero of
2,500–4,000°C day and an annual precipitation of
400–1,000 mm (Chen et al., 2011). In this region, maize, rice
and soybean are the main food and economic crops, and the
growing seasons are usually from May to September.

Crop Phenology and Climate Data
The long-term phenology records of maize, rice and soybean in
NEC from 1981 to 2010 were respectively obtained from 36, 14
and 25 agro-meteorological stations managed by the China
Meteorological Administration (CMA) (Figure 1,
Supplementary Table S1). Since some agro-meteorological
stations have the phenological data for two crops, there were a
total of 51 different agro-meteorological stations in this study
(Figure 1). The phenological stages of the three crops (e.g.,
maize, rice and soybean) investigated in this study include
sowing date (SD), flowering date (FD) and maturity date
(MD). In order to analyze the response of different growth
stages of crops to climate change, we divided the whole growth
period of crops from sowing to maturity (WGP) into two
phases, namely the vegetative growth period from sowing to
flowering (VGP) and the reproductive growth period from
flowering to maturity (RGP). The average observed date of
phenological stages and the average length of growth periods
for the three crops in each station were shown in
Supplementary Table S2. In addition, daily weather data
including temperature, sunshine hours and precipitation for
1981–2010 were from a total of 90 ground-based
meteorological stations across NEC. Of the 90
meteorological stations, 43 were in the agro-meteorological
stations. This implied that there were no nearby weather
stations in 8 of the investigated agro-meteorological

stations. For the 8 stations, daily weather data were
estimated using the Thornton et al. (1997) method. The
method was used to interpolate data from the 90 weather
stations to the nearest 10-km resolution. Using this method,
daily weather data was derived for each agro-meteorological
experimental station for the period 1981–2010 (Xiao et al.,
2015).

Methods
The mean dates of sowing, flowering and maturity of maize, rice
and soybean for the period of 1981–2010 were calculated for
each station. Generally, temperature, precipitation and sunshine
hours are the most important climate factors affecting crop
growth and development. The average of the field-observed
mean temperature (T), accumulated precipitation (AP) and
accumulated sunshine hours (AS) for the three growth
phases (i.e., VGP, RGP and WGP) were also calculated based
on the observed sowing, flowering and maturity dates at each
station. By using regression analysis, the trends in the
phenological stages (e.g., SD, FD and MD) of three crops, the
duration of the growth periods (e.g., VGP, RGP and WGP), and
climate factors (e.g., T, AP and AS) were calculated for each
station for the period 1981–2010. The time-variant trends of
above variables were determined by using the univariate linear
regression model as:

Yi � kXi + b, (1)

where Yi is the observed phenological date/duration, and climate
factors (T,AS andAP) in year i; k is the linear regression slope; b is
the slope intercept; and Xi is year i (i � 1, 2, 3, . . . 30). The Durbin-
Watson statistic was conducted to test the null hypothesis that the
residuals from an ordinary least-squares regression are not auto-
correlated. Statistical significance was tested using the two-tailed
t-test (Tao et al., 2017).

To investigate the impact of climate change on crop phenology
in NEC, the correlations between climate factors and crop
phenology were analyzed. Bivariate correlation analysis was
performed to determine the correlations between the duration
of each of the three growth phases (VGP, RGP and WGP) and
corresponding climate factors (T, AS and AP). Moreover, to
explored the impact of SD on crop phenology, the correlations
between crop growth phases and SD were also been investigated.
The statistical significance of the results was also determined with
two-tailed t-test analysis.

The sensitivity of the lengths of three growth phases (i.e., VGP,
RGP and WGP) of maize, rice and soybean to three climatic
factors (i.e., T, AP, and AS) during the period of 1981–2010 was
calculated respectively using multiple linear regression model
(Bai and Xiao, 2020) as follows:

GDnt � an × Tnt + bn × APnt + cn × ASnt + d, (2)

where GDnt (day) is the observed duration of three growth phases
in the nth station of the tth year; Tnt (°C),APnt (mm), and ASnt (h)
are the mean temperature (T), accumulated precipitation (AP),
and accumulated sunshine hours (AS) during corresponding
growth phase in the nth station of the tth year, respectively;
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then an (day °C−1), bn (day 100mm−1), and cn (day 100 h
−1) are the

sensitivity of duration of three growth phases to T, AP, and AS in
the nth station, respectively; and d is a constant.

The contributions of various climate variables to the crop
phenology were calculated as follow:

Con � Sen × Tre×3, (3)

where Con is the contribution of three climate factors (e.g.,
Con_T, Con_AP and Con_AS); Sen is the sensitivity of
duration of crop growth phases to climate factors (i.e., an, bn
and cn in Eq. 2); Tre is the trends of climate factors (T,AS andAP)

during the past 3 decades; then 3 indicates 3 decades from 1981
to 2010.

RESULTS

Changes in Crop Phenology and the Growth
Duration in the NEC
The study showed that the phenological stages of three crops
changed significantly during 1981–2010 (Supplementary Table
S3). For maize, SD (58.3% of stations), FD (52.8% of stations) and

FIGURE 2 | Trends in sowing date (A1–C1), flowering date (A2–C2) andmaturity date (A3–C3) of maize (A1–A3), rice (B1–B3) and soybean (C1–C3) in Northeast
China for 1981–2010. Flags shows trend is significant at 5% probability level.
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MD (86.1% of stations) generally delayed in most stations
(Figure 2a1, a2, a3). Changes in crop phenology would
inevitably led to changes in the length of different growth
phases. The VGP of maize showed a shortening trend in most
stations (Figure 3 a1), while the RGP and WGP mainly showed a
prolonged trend (Figure 3, a2, a3). In addition, maize phenology
and growth periods in different provinces showed different trends
(Figure 4A). The SD of maize was mainly advanced in
Heilongjiang Province, while it was delayed in Liaoning and
Jilin Provinces (Figure 4A). The changes in FD of maize were

relatively small, while the MD showed a significant delay trend in
the three provinces (Figure 4A). The VGP of maize showed a
prolonged trend in Heilongjiang Province, but a shortened trend in
Jilin and Liaoning Province. The RGP and WGP showed
significant prolongation trends in the three provinces (Figure 4A).

For rice, phenological changes were more complicated, and
the trends at different stations were very different. About half of
the stations (mainly concentrated in the north) showed a trend
of advancement in the SD of rice (Figure 2 b1). The FD of rice at
8 of the 14 stations showed an earlier trend, while the MD of rice

FIGURE 3 | Trends in the length of the vegetative period from sowing to flowering (VGP) (A1–C1), the reproductive period from flowering to maturity (RGP) (A2–C2)
and whole growth period from sowing to maturity (WGP) (A3–C3) for maize (A1–A3), rice (B1–B3) and soybean (C1–C3) in Northeast China for 1981–2010. Flags
shows trend is significant at 5% probability level.
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at 9 stations among the 14 stations showed a trend of delay
(Figure 2 b2, b3). The VGP of rice shortened at 8 stations, and
two stations reached a significant level (p < 0.05); the other 6
stations prolonged and three stations reached a significant level
(p < 0.05) (Figure 3 b1). RGP of rice at most stations (10
stations) showed a prolonged trend, and the WGP of rice at half
of the stations showed a prolonged trends, with 5 stations
reaching a significant level (p < 0.05) (Figure 3 b2, b3).
Overall, SD, FD and MD of rice mainly showed the trends in
advance in Heilongjiang Province, but mainly showed a
postponement trend in Liaoning Province, and the change in
Jilin Province was relatively small (Figure 4B). The VGP of rice
in Liaoning and Jilin provinces showed a prolonged trend, while
the RGP of rice in Heilongjiang Province showed a prolonged
trend, and the WGP had a certain degree of prolonged trend in
the all three provinces (Figure 4B).

For soybean, the SD mainly showed an earlier trend in
Heilongjiang Province, while it mainly showed a
postponement trend in Liaoning and Jilin Provinces (Figure 2
c1). Similar to the SD, the FD and MD of soybean showed an
earlier trend in Heilongjiang Province, but mainly postponed in
Liaoning and Jilin (Figure 2 c2, c3). The different growth periods

of soybean show obvious spatial characteristics. The VGP of
soybean mainly shortened in Liaoning Province, but prolonged in
Heilongjiang (Figure 3 c1, Figure 4C). Moreover, the RGP of
soybean is mainly prolonged in Liaoning (Figure 3 c2,
Figure 4C). The WGP of soybean mainly showed a shortening
trend in 3 provinces (Figure 3 c3, Figure 4C).

Climate Trends in Different Crop Growth
Periods in the NEC During 1981–2010
The stations, located in various geographical and climate
zones, showed diverse climate condition (Supplementary
Figures S1–S3) and climatic trends (Supplementary
Figures S5–S7) in different growth periods of three crops
(i.e., maize, rice and soybean). Overall, the T and AP during the
crop growth periods across the three provinces were very
different (Supplementary Figure S4). The T during the
growth period of the three crops in Liaoning Province was
significantly higher than that in Jilin and Liaoning Provinces
(Supplementary Figures S4a1–c1). The difference in AS
during the growth period of crops in the three provinces is
relatively small (Supplementary Figures S4a3–c3). As shown
in Figure 5, warming trends were observed over three growth
periods (i.e., VGP, RGP and WGP) of three crops (i.e., maize,
rice and soybean) during 1981–2010, except for the RGP of
maize in Liaoning Province. On the contrary, the AP during
the growth period of crops in the three provinces mainly
showed decreasing trends during the 1981–2010, except for
VGP of soybean in Jilin Province (Figure 5 a2, b2). The AS
during the growth period of three crops mainly increased in
Heilongjiang and Jilin provinces. In Liaoning Province, the AS
during RGP of three crops increased, while that during the
VGP and WGP showed decreasing trends during the
1981–2010 (Figure 5 a3, b3).

Correlation Between the Crop Growth
Duration and Different Climate Variables in
Each Growth Stage
Overall, the lengths of different crop growth phases (i.e., VGP,
RGP and WGP) were mainly negatively correlated with the T
during the corresponding growth period, especially in the VGP
and WGP (Figure 6). Although the RGP lengths of rice and
soybean at some sites were negatively correlated with T, most of
them did not reach the significant level (p > 0.05) (Figure 6 b2,
c2). In contrast, the lengths of VGP, RGP and WGP for the three
crops at most stations were positively correlated with AP
(Supplementary Figure S8) and AS (Supplementary Figure
S9). Since changes in the sowing date (SD) will change the
climatic conditions of the crop growth process, we also
investigated the correlation between the length of the crop
growth phases and SD. Across all the stations in NEC, the
lengths of VGP and WGP for maize, rice and soybean were
negatively correlated with SD (Supplementary Figure S10).
However, the correlations between the lengths of RGP and SD
were inconsistent and insignificant at most stations (p > 0.05)
(Supplementary Figure S10). Overall, SD shift of crop mainly

FIGURE 4 | Trends in phenology of maize (A), rice (B) and soybean (C) in
the Northeast China for 1981–2010. Note that SD, FD and MD are sowing
date, flowering date and maturity date, respectively; VGP, RGP and WGP are
vegetative period from sowing to flowering, reproductive period from
flowering to maturity and whole growth period from sowing to maturity,
respectively.
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affected duration of VGP and WGP, but had little impact on
duration of RGP.

Sensitivity of the Crop Growth Duration to
Different Climate Variables in Each Growth
Stage
The increase in T during the growth periods of the three crops
mainly led to the shortening of the growth periods, except for the
RGP in Liaoning Province. In general, for each 1°C increase in T
during the crop growth periods, the number of days shortened in
WGP is the largest (about 5 days), and that in RGP is the smallest
(less than 2 days) (Figure 7 a1, b1, c1). However, the increase in AP
and AS during the growth periods of the three crops have prolonged
the length of crop growth periods (e.g., VGP, RGP and WGP).
Among them, the impacts of increased AP on the growth periods of
soybean was far greater than that onmaize and rice (Figure 7 a2, b2,

c2). In addition, the increase in AS has a significant effect on
prolonging the growth periods of the three crops. For all the
growth periods of maize and soybean, as well as the RGP of rice,
the length of growth periods prolonged by more than 3 days for
every 100 h increase in AS (Figure 7 a3, b3, c3).

Changes in the Crop Growth Duration due
to Climate Trends During the Period of
1981–2010
Over the past 3 decades, the changes in T during crop growth
periods have significantly shortened the VGP andWGP of three
crops, except for the VGP of rice in Heilongjiang Province. On
average, the increases in T shortened theWGP of maize, rice and
soybean by about 3, 2 and 7 days, respectively (Figure 8 a1, b1,
c1). However, the T changes during the crop growth periods

FIGURE 5 | Trends in mean temperature (A1–C1), accumulated precipitation (A2–C2) and accumulated sunshine hours (A3–C3) during the vegetative period from
sowing to flowering (VGP), the reproduction period from flowering to maturity (RGP) and whole growth period from sowing to maturity (WGP) for maize (A1–A3), rice
(B1–B3) and soybean (C1–C3).

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 8116217

Xiao et al. Climate Response in Crop Phenology

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


have slight and inconsistent effects on the RGP of crops.
Generally, the change in T mainly shortened the RGP of
soybean by about 1 day on average (Figure 8 c1). The
changes in AP during the crop growth periods in the past
3 decades has slight impact on the length of growth periods
of maize and rice, but significantly shortened the RGP andWGP
of soybean (Figure 8 a2, b2, c2). In addition, the AS changes
over the past 3 decades had important impacts on the crop

growth periods (Figure 8 a3, b3, c3). The changes in AS during
maize growth periods prolonged the RGP and WGP by about 5
and 2 days, respectively (Figure 8 a3). The changes in AS during
rice growth periods mainly prolong the length of the growth
periods of rice, among which the VGP, RGP and WGP of rice in
Heilongjiang Province were prolonged by 5, 4 and 13 days,
respectively (Figure 8 b3). For soybean, the changes in AS
significantly prolonged the RGP and WGP of soybean in

FIGURE 6 | Correlation between mean temperature (T) and the length of the vegetative period from sowing to flowering (VGP) (A1–C1), the reproductive period
from flowering to maturity (RGP) (A2–C2) andwhole growth period from sowing tomaturity (WGP) (A3–C3) for maize (A1–A3), rice (B1–B3) and soybean (C1–C3). HLJ,
JL and LN are the Heilongjiang, Jilin and Liaoning Province, respectively.
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Heilongjiang Province, but significantly shortened the VGP and
WGP of soybean in Liaoning Province (Figure 8 c3).

DISCUSSION

In this present study, shifts in phenology of spring-sown maize,
rice and soybean were investigated based on the phenological
observations across NEC. In general, the phenological dates and
growth phases of three crops experienced significant changes
during the period of 1981–2010. As the growth and development
process of different crops have different requirements for climatic
conditions, there are significant differences in the response of
different crop phenology to climate change (Menzel et al., 2006;

Mo et al., 2016). In the NEC, the three typical crops (i.e., maize,
rice and soybean) have different phenological changes and
varying ranges during the past 3 decades. For example, the
MD of maize was significantly delayed and RGP was
considerably prolonged, but the MD and RGP of rice and
soybean has slight changes. In addition, there was significant
spatial heterogeneity in phenological changes of three crops (Li
et al., 2011). The SD of the three crops in Heilongjiang Province
was significantly advanced, while that in Liaoning Province was
mainly delayed. As a result, the FD and MD of rice and soybean
mainly advanced in Heilongjiang Province, but mainly delayed in
Liaoning Province. To some extent, along with climate change,
the adjustment of SD could change the climatic environment
during the period of crop growth, and would further exert

FIGURE 7 | The sensitivity of the length of the vegetative period from sowing to flowering (VGP), the reproductive period from flowering to maturity (RGP) and whole
growth period from sowing to maturity (WGP) of maize (A1–A3), rice (B1–B3) and soybean (C1–C3) to mean temperature (an) (A1–C1), accumulated precipitation (bn)
(A2–C2) and accumulated sunshine hours (cn) (A3–C3).
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important impacts on the subsequent phenological stages of crops
(Xiao et al., 2019).

The changes of crop phenology were closely related to regional
climate variability and change (Xiao et al., 2015;Wu et al., 2019; Liu
et al., 2021). Generally, climate factors such as temperature,
precipitation and sunshine hours are the important
determinants of crop growth and development (Bai and Xiao,
2020). During the past few decades, the climate change during the
growth period of three crops across the NEC was mainly
manifested in the increase in temperature and sunshine hours,
and the decrease in precipitation (Li et al., 2011; Liu et al., 2013;
Gong et al., 2021). Clarifying how these climate variables influence
crop phenology is of paramount importance in understanding and
implementing adaptation strategies to climate change (Tao et al.,
2013; Bai et al., 2019; Liu et al., 2021). In this study, we diagnosed
the correlation between the length of the phenological period and
climatic factors. The results indicated that the lengths of different
crop growth phases (e.g., VGP, RGP and WGP) were negatively
correlated with the mean temperature (T) during the
corresponding growth period, especially in the VGP and WGP.
This suggests that a temperature rise mainly shortened the
duration of growth periods of three crops in NEC (Li et al.,

2011). The main reason is that crops mainly use accumulated
temperature to drive the occurrence and development of each
growth period. An increase in temperature within a certain range
can obviously make various growth stages of crops reach the
accumulated temperature demand in advance, and ultimately
advance the growth period (Porter and Semenov, 2005). In
contrast, the lengths of growth period of the three crops at
most stations were positively correlated with accumulated
precipitation (AP) and accumulated sunshine hours (AS) during
the corresponding growth period. The main reason is that low
precipitation may increase the occurrence of drought events,
leading to early senescence of crop leaves and earlier phenology
(Blum, 1996; Li et al., 2021), and sunshine hours have an important
influence on the photoperiod of crops (Zhang and Tao, 2013).
Furthermore, we investigated the correlations between the lengths
of crop growth period and SD. Overall, SD shift of crop mainly
affected the duration of VGP and WGP, but had little impact on
the duration of RGP. Related studies also pointed out that the
adjustment of SD mainly changes the VGP of crops, but has little
effect on the RGP (Bai et al., 2019; Xiao et al., 2019).

We further detected the sensitivity of crop phenology in NEC
to climate change and identified the dominant climate factors.

FIGURE 8 | Contributions of mean temperature (Con_T) (A1–C1), accumulated precipitation (Con_AP) (A2–C2) and accumulated sunshine hours (Con_AS)
(A3–C3) to the length of the vegetative period from sowing to flowering (VGP), the reproductive period from flowering to maturity (RGP) and whole growth period from
sowing to maturity (WGP) for maize (A1–A3), rice (B1–B3) and soybean (C1–C3).
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This study showed that for each 1°C increase in T during the
growth period of crops, the number of days shortened in WGP
(about 5 days) was the largest, and that in RGP (less than 2 days)
was the smallest. The results indicate that although the increase
in temperature significantly shortened the total growth length of
the crops, it had a smaller effect on the RGP, which is generally
the key stage for the formation of crop yields (Xiao and Tao,
2014; Tao et al., 2017). The increases in AP and AS during the
growth period of the three crops have prolonged the length of
crop growth periods. Among them, the impacts of increased AP
on the growth period of soybean was far greater than that on
maize and rice. Moreover, the increase in AS has a significant
effect on prolonging the growth period of the three crops.
Overall, the length of crop growth period prolonged by more
than 3 days for every 100 h increase in AS. Related research also
pointed out that AS have a significant positive effects on the
phenology of rice (Bai and Xiao, 2020) and maize (Liu et al.,
2021).

The quantitative impact assessment of various climatic factors
on crop phenology is essential for informing policies for adaptation
strategies (Bai and Xiao, 2020). In order to quantitatively evaluate
the impact of climate change on the phenology of different crops
during the past 3 decades in NEC, we have disentangled the
contributions of three climatic variables (i.e., T, AP and AS) on
the trends of crop phenology. Overall, there were distinct responses
of various phenophase shifts to climate change. Over the past
3 decades, the increases in T during crop growth period have
significantly shortened the VGP and WGP of three crops.
However, the T changes during the crop growth period have
slight and inconsistent effects on the RGP of crops. The
changes in AP during the crop growth period in the past
3 decades has slight impact on the length of growth period of
maize and rice, but significantly shortened the RGP and WGP of
soybean. In addition, changes in AS have important and
inconsistent effects on the phenology of the three crops. In
detailed, the increases in AS during maize growth period
prolonged the RGP and WGP, and that during rice growth
period mainly prolong the length of the growth period of rice,
among which the VGP, RGP and WGP of rice in Heilongjiang
Province were prolonged by 5, 4 and 13 days, respectively. For
soybean, the changes in AS significantly prolonged the RGP and
WGP of soybean in Heilongjiang Province, but significantly
shortened the VGP and WGP of soybean in Liaoning Province.
The above results show that in addition to changes in T during the
growth period have an important impact on crop phenology, AP
and AS also have a greater impacts on crop phenology (He et al.,
2020; Liu et al., 2021). The previous studies often only considered
the impact of climate warming on crop phenology, and ignored the
impact of AP and AS on crop phenology (Wang et al., 2013; Xiao
et al., 2015; Zhao et al., 2015; Mo et al., 2016; Xiao et al., 2017; Ye
et al., 2019). Therefore, in the future, we should fully consider the
impact of different climate variables on crop phenology in order to
more clearly understand the impact mechanism of climate change
on crop phenology (Bai and Xiao, 2020).

Although climate variables are the main driving factors that
determine crop growth and development (Estrella et al., 2007; Xiao
et al., 2013), we can mitigate and adapt to climate change by

improving agronomic practices (Mo et al., 2016; Zhao et al., 2019).
Generally, crop phenology is affected by climate environment and
agronomic management measures such as sowing date adjustment
and cultivar improvement (Zhao et al., 2015). To some extent,
adopting reasonable management measures is an effective way to
deal with climate change (Wang et al., 2013; He et al., 2020).
Related studies pointed out that delaying sowing dates and
applying the longer-duration cultivar were management
adaptations used by farmers to adapt to climate change
occurring in the past few decades, and that can continue to be
used (Wang et al., 2013; Tao et al., 2014a; Zhao et al., 2015; Wang
et al., 2017a; Xiao et al., 2017; Xiao et al., 2019; Ye et al., 2019).With
the climate warming, the potential growing season has lengthened,
and the risk of low-temperature freezes and frost injury has
decreased in NEC (Gong et al., 2021). Local crop producers
could choose longer growing season crop cultivars to take
advantage of the increasing temperatures, as a longer crop
growing season would make the efficient use of thermal
resources (Wang et al., 2017a). Therefore, shift in crop
phenology were confounded by the combined effects of climate
change and agronomic management adjustment (Zhang et al.,
2013; Tao et al., 2014a; Liu et al., 2021). In this study, we mainly
explored the internal relationships between the phenology of
different crops and key climate factors in the NEC, and the
results could provided scientific basis for a better understanding
of the response of crop production to climate change in the study
area. Moreover, since in-depth exploration the interactive effects of
climate change and crop management practices on crop phenology
can be used to formulate adaptation strategies to mitigate climate
change (Visser and Both, 2005), further research is needed to
determine the contribution of agronomic practices to the
phenological changes of different crop across NEC.

CONCLUSION

This study investigated the phenological trends of three typical crops
in NEC during the period of 1981–2010, and explored the
contributions of key climatic factors to crop phenological
changes. Overall, the three crops (i.e., maize, rice and soybean)
have different phenological changes and varying ranges during the
past 3 decades. Moreover, the changes of crop phenology were
closely related to regional climate variability and change. Our
results indicated that the lengths of different crop growth phases
(e.g., VGP, RGP andWGP) were negatively correlated withT during
the corresponding growth period. However, the lengths of growth
periods of the three crops at most stations were positively correlated
with AP and AS. Furthermore, over the past 3 decades, the increases
in T during crop growth period have significantly shortened the
VGP and WGP of three crops. However, the T changes during the
crop growth period have slight and inconsistent effects on the RGP
of crops. The changes inAP during the crop growth period has slight
impacts on the length of growth period of maize and rice, but
significantly shortened the RGP and WGP of soybean. Changes in
AS have important and inconsistent effects on the phenology of the
three crops. Our results suggest that crop phenology in NEC was
significantly effected by ongoing climate change. The spatiotemporal
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changes of crop phenology presented here can further guide the
development of adaptation options for maize production in near
future.
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