www.nature.com/scientificreports

scientific reports

W) Check for updates

Shortened key growth periods
of soybean observed in China
under climate change

Qinghua Tan'?, Yujie Liu%?*, Liang Dai'? & Tao Pan'2

Phenology is an important indicator of global climate change. Revealing the spatiotemporal
characteristics of crop phenology is vital for ameliorating the adverse effects of climate change

and guiding regional agricultural production. This study evaluated the spatiotemporal variability

of soybean’s phenological stages and key growth periods, and assessed their sensitivity to key
climatic factors, utilizing a long-term dataset (1992-2018) of soybean phenology and associated
meteorological data collected at 51 stations across China. The results showed that (1) during the
soybean growing seasons from 1992 to 2018, the average temperature (0.34+0.09 C decade™)

and cumulative precipitation (6.66 +0.93 mm decade™) increased, but cumulative sunshine hours
(-33.9811.05 h decade™) decreased. (2) On a national scale, dates of sowing, emergence, trifoliate,
anthesis, and podding of soybean were delayed, while the maturity date showed an advancing trend.
The vegetative growth period (- 0.52 + 0.24 days decade™) and whole growth period (- 1.32+ 0.30 days
decade™) of soybean were shortened, but the reproductive growth period (0.05 +0.26 days decade™)
was slightly extended. Trends in soybean phenological stages and key growth periods diverged in
regions. Soybean phenological stages were delayed in Huang-Huai-Hai soybean zone, whereas
advanced in southern soybean zone. Moreover, the key growth periods were greatly shortened in
northern soybean zone. (3) In general, the sensitivity of soybean key growth periods to temperature
was negative, whereas those to precipitation and sunshine hours differed among regions. In particular,
most phenological stages were negatively sensitive to sunshine hours. Our results will provide
scientific support for decision-making in agricultural production practices.

Plant phenology is a cyclical development process of vegetation driven by climate environment, and it conse-
quently has a high response to climate change, which also makes it a robust and valuable biological indicator
of climate change'™. In recent decades, crop phenology has been significantly affected by climate change, char-
acterized as a remarkable climate warming>°. Changes in local environmental conditions during crop growing
season, affect the physiological processes and growth period duration of crop, and ultimately alter crop yields”™*°.
Therefore, understanding the changes in crop phenology is of great value for adapting to climate change and
ensuring food security.

Research on crop phenology under the background of climate change indicates that different climatic factors
may have distinct impacts on crop phenology!'"'?. Increased temperature can accelerate the growth and develop-
ment of crops, thus shortening the time required for transition between key growth stages'*~'°, which is the main
factor that influences crop phenological changes over time'®. Meanwhile, variation in precipitation and sunshine
hours can also affect crops’ phenological changes. For instance, as the precipitation increases, the key growth
periods of maize were prolonged!’, while the growing season length of wheat increased with the increasing of
precipitation and sunshine duration during the growing season'®. In addition, changes in the growth period of
crops will also prompt farmers to adjust management measures, leading to changes in climatic conditions for
crop growth, which will further affect crop phenology®’.

Phenology of same crop significantly varied among different regions owing to the influence of local climate
changes and management measures'®**?!. For instance, the sowing date (SD) and silking date of maize were
advanced whereas its maturity date was delayed, and both vegetative and reproductive growth period were
prolonged in the United States?’. Abbas et al.”> showed that the SD and maturity of spring maize in Pakistan was
advanced by 4.6 and 9.2 days decade™, respectively. In China, Liu et al.*! found that the phenological phases
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of spring maize were mostly advanced, and the change of whole growth period varied in different cultivation
regions. Spatial discrepancies were also detected in phenology changes of wheat'®?* and rice*"*. For soybean, its
SD, anthesis date and maturity date were advanced, and the vegetative and whole growth periods were prolonged
while the reproductive growth period has remained basically unchanged in United States??. Compared with the
1950s, the soybean growth period has been lengthened by 2.7 days decade™ in Northeast China®®.

Soybean is one of the main crops grown in China, the world’s largest consumer of soybeans. However, due to
the rapid economic and social development, its domestic production cannot meet the growing demand®. The
government encourages farmers to plant more soybean crops to achieve the overall soybean self-sufficiency in
China. As the growth and yield of soybeans are greatly affected by climate change, it is important to understand
the impact of climate change on soybean phenology. However, existing research on how climate change affect crop
growth and production mainly focused on rice, wheat and maize, which are the three major food crops grown
in China®. The impacts of climatic factors on the growth and production of soybean, especially its phenology,
have not yet been fully studied. In addition, temperature, precipitation, and sunshine hours are the most impor-
tant climatic factors to meet the demand of water, light, and heat resource for crop growth'’. Previous research
has emphasized the effects of temperature>!?%, whereas the impact of other important climatic factors espe-
cially precipitation and sunshine hours upon soybean growth periods remain largely unknown'>'#??, which can
increase uncertainty of results. Moreover, studies of temperature’s effect on soybean growth and yield were mainly
performed at a local scale®>*!, while less attention has been given to the spatiotemporal variation in changes of
soybean phenology and its responses to climate change among different cultivation regions, which is critical
to guide regional climate adaptation strategies and estimate the spatial heterogeneity of soybean production.

To fill this knowledge gap, using historical observation data (1992-2018) of soybean phenology from 51 agro-
meteorological stations across China, we aims to: (1) analyze the trends of key climatic factors throughout the
soybean growing season; (2) investigate the spatiotemporal variation of trends in soybean phenological stages
and key growth periods under the background of climate change; and (3) explore the sensitivity of soybean
phenological stages and key growth periods to different climatic factors.

Results

Spatiotemporal changes in climatic factors during the soybean growing season. The trends
of temperature, effective accumulated temperature (EAT), cumulative precipitation and sunshine hours dur-
ing soybean growing seasons from 1992 to 2018 varied in stations (Fig. 1). Nationally, the average temperature
during soybean growing season increased by 0.34+0.09 °C decade™ (92.15% of stations), and the probability of
increasing average temperature was 80.59%. Regionally, the change rate of average temperature in northern soy-
bean zone (0.38+0.10 ‘C decade™) was greater than that in summer soybean zone (0.12+0.18 “C decade™) and
southern soybean zone (0.15+0.25 ‘C decade™). Especially with the increase of latitude, the warming trend of the
northern spring soybean station has increased. Meanwhile, change trend of EAT during soybean growing season
was consistent with average temperature, with median increase rate of 26.31+1.21 ‘C decade™. The probability
of increase in EAT was 67.24%, and 19.61% of stations showed statistically significant increase (p <0.05). In gen-
eral, cumulative precipitation increased but sunshine hours decreased during soybean growing season. The prob-
ability of increased cumulative precipitation was 53.43%, with median change rates of 6.66 +0.93 mm decade™.
In addition, the increase rate of cumulative precipitation in Huang-Huai-Hai soybean zone (21.29+2.33 mm
decade™!) was much higher than those at southern soybean zone (11.90 +3.08 mm decade™). In contrast, cumu-
lative precipitation decreased by —2.69 +0.80 mm decade™ in northern soybean zone. Sunshine hours at 68.63%
stations decreased and 33.33% stations showed statistically significant decrease (p <0.05). Generally, the prob-
ability of decreased sunshine hours was 70.23% and the change rate was —33.98£1.05 h decade™ nationally.
Moreover, the decrease rate of sunshine hours during soybean growing seasons in southern soybean zone was
the greatest (—36.97+1.90 h decade™).

Spatiotemporal changes in soybean phenological stages and key growth periods. Obvious
changes in soybean’s phenological stages and key growth periods were distinguished over the study period. On
a national scale, the SD (68.63% of stations), emergence date (52.94% of stations), trifoliate period (60.78% of
stations), anthesis date (50.98% of stations), and podding date (58.82% of stations) of soybean were delayed,
whereas the maturity date (58.82% of stations) was advanced (Fig. 3). Correspondingly, the delay of SD
(1.02£0.3 days decade™) was the greatest, followed by emergence date (0.57 £0.29 days decade™) and trifoliate
period (0.55+0.3 days decade™"). However, the probability of advanced maturity date was 57.44%, with a mean
change rate of —0.3+0.23 days decade™. As for changes in key growth periods, the vegetative growth period
(60.78% of stations), and whole growth period (68.63% of stations) were shortened, whereas the reproductive
growth period (49.02% of stations) was extended nationally (Fig. 4). The probability of shortened vegetative
growth period, reproductive growth period and whole growth period were 54.46%, 52.13% and 63.05%, with
median change rates of —0.52+0.24 days decade™, 0.05+0.26 days decade™ and —1.32+0.3 days decade™,
respectively.

The change trends of soybean phenological stages and key growth periods showed obvious difference across
soybean cultivation regions (Figs. 2, 3). In northern soybean region, the SD, emergence date, trifoliate period, and
podding date of soybean were delayed, whereas the anthesis date, and maturity date of soybean were advanced
(Fig. 2). Among them, the delay of SD was the greatest, with change rate of 1.03 0.3 days decade™. In addition,
more than 70% of stations showed advanced maturity date, and the median change rate was —1.03 +0.28 days
decade™ in northern soybean zone (Fig. 2f). As shown in Fig. 4, key growth periods for spring soybean within
the northern soybean zone were all shortened, with vegetative, reproductive, and whole growth period were
shortened by 0.6+0.3, 0.68 £0.31, and 2.82 +0.34 days decade™, respectively. In the Huang-Huai-Hai soybean
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Figure 1. The trend of climatic factors during soybean growing seasons between 1992 and 2018. Abbreviations:
‘A’ significant at the 0.05 level; ‘+ significant at the 0.01 level. T;,..,, EAT, PRE, and SSD represent mean
temperature, effective accumulated temperature, cumulative precipitation and sunshine hours, respectively. The
map was generated by ArcGIS 10.2 software (https://www.esri.com/).

zone, the phenological stages of summer soybean were all delayed, and the median change rate of maturity
date was the greatest (1.5+0.42 days decade™), followed by podding date (1.46+0.53 days decade™) and SD
(1.19+0.71 days decade™). By contrast, the phenology of spring soybean was advanced at most stations in south-
ern soybean zone, of which the advance of emergence date was the greatest (—2.76 +0.92 days decade™), followed
by anthesis date (—2.73 £0.99), and trifoliate period (—2.34 +0.92 days decade™!). However, the changes of key
growth period of soybean in the Huang-Huai-Hai soybean zone and northern soybean zone were consistent.
On a national scale, the vegetative growth period was shortened, and the reproductive and the whole growth
period were prolonged (Fig. 5). Among them, the median change rates of reproductive growth period were largest
both in Huang-Huai-Hai soybean zone (1.04 +0.51 days decade™) and northern soybean zone (1.66 +0.92 days
decade™). In addition, the trend of whole growth period in Huang-Huai-Hai soybean zone (0.72 +0.64 days
decade™) was more significant than that in northern soybean zone (0.35+0.81 days decade™). with an average
rate of 5.60 days decade™.

Sensitivity of soybean phenological stages and key growth periods to different climatic fac-
tors. The soybean’s phenology and its key growth periods were sensitive to changes in key climatic factors
(i.e., average temperature, cumulative precipitation, and cumulative sunshine hours), and exhibited obvious dif-
ferences (Fig. 5). On average, the sensitivity of SD (74.51% stations), emergence date (70.59% stations), and
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Figure 2. Distribution of different soybean phenological stage trends from 1992 to 2018 in China. (a)-(f)
Represent SD, emergence date (ED), trifoliate period (LD), anthesis date (AD), podding date (PD), and maturity
date (MD), respectively. The abbreviations are the same as in Fig. 1. The map was generated by ArcGIS 10.2
software (https://www.esri.com/).

trifoliate period (72.55% stations) to average temperature were positive, whereas those of anthesis date (56.86%
stations), podding date (58.82% stations) and maturity date (66.67% stations) were negative. As 1 ‘C increase in
average temperature, the SD, emergence date, and trifoliate period of soybean delayed by 0.37+0.2, 0.68+0.19,
and 0.59+0.2 days, while the anthesis date, podding date and maturity date were advanced by —0.11+0.19,
—0.29+0.18, and —0.6+0.14 days, respectively (Fig. 5a). Moreover, the key growth periods of soybean were
all negatively sensitive to average temperature. The negative temperature sensitivity of whole growth period
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Figure 3. Changes in soybean’s growth periods from 1992 to 2018 in China. (a)-(c) Correspond to the whole
growth period (WGP), vegetative growth period (VGP), and reproductive growth period (RGP), respectively.
The map was generated by ArcGIS 10.2 software (https://www.esri.com/).

(2.45+0.24 days C™!) was greater than those of vegetative growth period (0.53+0.16 days ‘C™!), and reproduc-
tive growth period (0.71+0.17 days ‘C™'). Regionally, the SD, emergence date, and trifoliate period of soybean
were positively correlated with average temperature, while the anthesis date, podding date and maturity date
were negatively correlated with average temperature in the northern soybean zone. In addition, the trifoliate
period strongly response to temperature change, and as 1 “C increase in average temperature, the trifoliate period
delayed by 1.23+0.2 days. In Huang-Huai-Hai soybean zone, the SD, emergence date, trifoliate period, and
anthesis date of soybean were positively sensitive to temperature, whereas the podding date and maturity date
were negatively sensitive. Among them, the sensitivity of maturity date to temperature was the greatest, with
value of —0.58 £0.28 days “C. The SD, podding date and maturity date were advanced but the emergence date,
trifoliate period, and anthesis date were delayed in southern soybean zone. Moreover, the podding date was most
sensitive to temperature with the sensitivity value of 1.42+0.42 days ‘C™". In addition, the key growth periods
of soybean in three zones were all shortened by average temperature. The sensitivity of key growth periods to
temperature in northern soybean zone and southern soybean zone was greater than that in Huang-Huai-hai
soybean zone. Moreover, the sensitivity of whole growth period to temperature in the northern soybean zone
was the greatest (- 4.05+0.28 days ‘C™").

In the growing season, the sensitivity of soybean phenology and key growth periods to precipitation and
sunshine time varies greatly. (Fig. 5b,c). On average, the SD (54.90% stations), emergence date (58.86% stations),
trifoliate period (64.71% stations), and anthesis date (54.90% stations) were positively sensitive to precipitation
while the podding date (50.98% stations) and maturity date (52.94% stations) were negatively sensitive. The
sensitivity of emergence date to precipitation was the greatest, with median value of —0.01 days (10 mm)~. The
key growth periods were prolonged by precipitation nationally, and the sensitivity of reproductive growth period
was largest (0.10+0.02 days (10 mm)™!). Except for maturity date, the remained phenology stages and key growth
periods were positively sensitive to precipitation in northern soybean zone. Similarly, key growth periods of soy-
bean in Huang-Huai-Hai soybean zone were also prolonged as precipitation increases. However, the sensitivity
of emergence date, anthesis date and podding date to precipitation were negative in Huang-Huai-Hai soybean
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Figure 4. Changes in the phenology and key growth periods of soybeans under different cropping systems
(numbers are the median value across stations in each soybean zone). The abbreviations are the same as in
Figs. 2 and 3.

zone. In the southern soybean area, with the increase of precipitation, the reproductive growth period and the
entire growth period were prolonged, but the vegetative growth period was shortened. Except for podding date,
the sensitivity of other phenology stages to sunshine hours were negative in general. Moreover, the key growth
periods were extended with the increase of sunshine hours. The SD, emergence date, and trifoliate period of soy-
bean were all negatively sensitive to sunshine hours in three zones, and the median sensitivity values in Huang-
Huai-Hai soybean zone were greater than those in both northern soybean zone and southern soybean zone. The
vegetative growth period and whole growth period were prolonged as sunshine hours increased in three soybean
cultivation zones. The sensitivity value of vegetative growth period was the greatest (0.19+0.10 day (10 h)™!). By
contrast, the sensitivity of reproductive growth period to sunshine hours was negative in southern soybean zone.

Discussion

Spatial variation of soybean phenology and their sensitivity to climatic factors. Revealing the
spatial pattern of changes in soybean phenology is critical for guiding regional agricultural activities in attempts
to mitigate the negative impacts of climate change and ensure stable soybean production®**’. However, only a
few have attempted to detect the spatiotemporal pattern of soybean phenology, focusing on some limited key
phenological stages (mainly datesf anthesis or maturity). This study revealed that the observed dates of sowing,
emergence, and anthesis were delayed, while the vegetative growth period and whole growth period were short-
ened on a national scale. Such a changing pattern in growing phase was consistent with the study of soybean in
eastern China®*. However, the changes in multiple consecutive soybean phenological stages and key growth peri-
ods showed obvious spatial heterogeneity. The soybean phenological stages mostly delayed in Huang-Huai-Hai
soybean zone whereas advanced in southern soybean zone. Simultaneously, the key growth periods were short-
ened in northern soybean zone while the vegetative growth period and whole growth period were prolonged
in Huang-Huai-Hai zone and southern soybean zone. Moreover, the degree of changes in soybean phenology
also differed in regions. For instance, the delays of SD and podding date in Huang-Huai-Hai soybean zone were
greater than those in northern soybean zone. However, the delay of emergence date and trifoliate period in those
two zones showed opposite pattern (Fig. 4).

The regional differences in the phenological trends of China’s main food crops have attracted widespread
attention, and most studies have explored the key influencing factors'>'®?!. Climate warming was identified as
one of the most decisive factors causing changes in crop phenology®*. As shown in Fig. 5a, the key growth periods
of soybean were negatively sensitive to the increase in average temperature during the soybean growing season.
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Figure 5. The sensitivity of soybean phenology to key climatic factors from 1992 to 2018 in China. The
abbreviations are the same as in figures above.

This indicates that as the temperature increases, the key growth period is shortened, consistent with previous
findings that increase in temperature will accelerate the growth rate of crops, promote crop phenology, and
shorten the key growth period®"*. Moreover, the response of soybean phenology to temperature rise varied in
regions. The sensitivity of anthesis date and podding date to average temperature within the southern soybean
zone was much higher than those in the northern and Huang-Huai-Hai soybean zones, indicating that soybean
yield formation in low latitude regions is more sensitive to temperature. Appropriate soil moisture, temperature
and sunshine hours are all necessary conditions for seed germination®. The SD was significantly delayed in the
northern soybean area. However, the delay of SD may lead to insufficient sunshine hours, affecting the emer-
gence of soybean in high-latitude northern soybean zone. In contrast, owing to the relatively dry climate during
summer soybean-sowing period within the Huang-Huai-Hai zone, the increase in precipitation will effectively
supplement soil moisture before and after planting, which may alleviate drought stress during the SD period
and promote the emergence of soybean. In addition, sunshine hour is a key climatic factor affecting the growth
and development of soybean. Our results showed that soybean phenological stages were mostly advanced in
northern soybean zone and Huang-Huai-Hai soybean zone by increasing sunshine hours. The main reason was
that as the high-latitude northern soybean zone experiences relatively lower temperatures, extra heat and light
owing to more sunshine hours can effectively meet the soybean’s growth photothermal demands and thus accel-
erate crop development®. Since soybeans are short-term plants®®, the sunshine hours in the southern soybean
region with sufficient light and heat resources has increased, whereas the soybean podding period is delayed,
and the reproductive growth period is shortened, which may hinder the formation of soybean yield. Thus, it is
noteworthy that the impact of sunshine hours on soybean phenology varied in different regions, especially the
negative sensitivity of reproductive growth period to increase in cumulative sunshine hours in southern soybean
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zone. Most of the process-based models previously recommended for soybean development and yield simulation
only consider the effect of sunshine hours on the flower induction period®. The results presented here instead
suggest that it is necessary to evaluate the impact of sunshine hours on different growth periods during soybean
development to improve the accuracy of growth and yield simulations in the future.

Effects of phenological changes on soybean yield and adaptation measures to climate
change. The changes in soybean phenology and corresponding climate conditions significantly affect the
soybean yield formation***!. Up to date, there is lack of studies exploring the impact of soybean phenologi-
cal changes on yield at regional and national scale, except some field experiments conducted at site scale in
China*2. Consistent to our results, previous studies showed that the anthesis stage of soybean was advanced and
the length of whole growth period was shortened in the context of climate warming, which decreased the leaf
photosynthetic rate and accumulation of dry material, leading to decrease of 100-seed weight and soybean yield
in North China Plain and southern China*»*. However, the yield of newly-approved soybean varieties with
a prolonged growth duration has increased significantly in Northeast China®. These regional inconsistencies
indicated that variation of changes in soybean phenology in the context of climate change could lead to distinct
regional variation of yield changes. Further study on the impact of soybean phenological changes on the final
yield in different regions is needed. On the basis, specific regional adaptation measures should be taken accord-
ingly to ensure the safety of soybean production.

SD shifts has been proven to be one of the main anthropogenic management measures affecting crop pheno-
logical changes***. Any SD shift will affect the time and length of soybean development to a certain extent*>*S,
and shifting SD within an optimum planting range in different regions could mitigate the adverse impacts of
climate conditions on soybean yield*”. The results showed that, in the context of climate change, the delay in SD
was accelerated by the increase in average temperature in three soybean cultivation zones. This suggests that SD
adjustments can change temperature conditions throughout the soybean growing season, making it possible to
improve the utilization efficiency of heat resources throughout the growing season'’. Similarly, SD shifts is also
influenced by changes in precipitation and sunshine hours throughout the reproductive growth period. Our
results showed that the advancement of soybean SD slowed down the decline of precipitation, and the delay of
SD can slow down the growth trend of sunshine time throughout the reproductive growth period. Therefore,
shifting SD can be used to adjust the environment for soybean growth and maximize the utilization efficiency of
water and fertilizer resources*®. This approach provides an effective management measure that enables soybean
farming to adapt to climate change.

In addition to adjustments in sowing dates, cultivar replacement affects the phenological changes and yield
formation of soybean. Breeding and cultivar improvement are considered as the most effective measures for
increasing soybean yields*. Based on statistics collected from 29 stations containing variety records, soybean
varieties were replaced more than five times during the study period, which could have affected the phenol-
ogy and yield formation of soybean. Tao et al.*® found crop cultivars’ thermal requirements to complete each
single development stage changed differently. In our study, increasing temperature and EAT during the soybean
growing season did not significantly advance soybean phenological stages but shortened key growth periods
in northern soybean zone. This may due to the climate warming within the range suitable for soybean growth,
which is likely to increase soybean production. Therefore, new cultivars with longer vegetative, reproductive,
and seed filling periods will be favorable to capitalize on the extra heat in northern soybean zone*. By contrast,
key growth periods of soybean were extended at most stations in Huang-Huai-Hai soybean zone and southern
soybean zone, which may increase the heat waves during the growing periods in low-latitude regions. To mitigate
the adverse impact of increasing temperature, cultivating soybean variety with heat-resistance characteristic or
high thermal demand will be effectively decrease the temperature sensitivity of soybean growth and yield****.
In addition, uneven precipitation in the future will result in dry or wet soil, which will lead to soybean yield
reduction, especially drought in flowering and podding periods®'. In northern soybean region, the cumulative
precipitation during soybean growing period was decreased, which could negatively affected soybean yield with
synchronous warming. Sowing drought-tolerant varieties and appropriate increase of irrigation during the veg-
etative growing period can help alleviate the drought in this region. Moreover, genetic improvement in soybean
cultivars with decreasing photo-thermal sensitivity is expected as the sunshine hours generally decreased during
the soybean growing period.

Uncertainties. We carried out the study using the dataset (1992-2018) of phenological and meteorological
data collected at 51 stations across China. There are differences between results of our research and previous
studies?***, which may owe to the difference in study period and research stations as well as regions. Another
possible uncertainty of this study may stem from the statistical method we used. Changes in soybean phenologi-
cal stages and key growth periods were assumed as a constant or linear response to climate change. Three key
climatic factors (namely temperature, precipitation and sunshine hours) were considered. Actually, the impact of
climate change on crop growth and yield is complex, and there are interactions between climatic factors®?, which
also increases the uncertainty of the results. Moreover, the frequency and intensity of climate extreme events
such as heat stress and extreme drought increased, which are detrimental to the growth of crop and may directly
lead to the death of crops'!. In addition, other climatic factors such as increased CO, concentration, which
can cause a ‘fertilization effect’ and increase crop biomass®, also have a noteworthy influence on crop growth.
Crop growth and yield are co-determined by the interaction between genotypes, environment, and management
practices®. Different soybean varieties and growth environments like soil properties, and management measures
(i.e., irrigation and fertilization) can affect the growth of soybean. All of these factors can incur a sharp shift of
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Figure 6. Spatial distribution of three soybean cultivation regions and 51 agro-meteorological stations in
China. The map was generated by ArcGIS 10.2 software (https://www.esri.com/).

soybean phenology, therefore, combined and discriminate impact of climate change and management measures
on soybean phenology is a topic that we will address in the future.

Conclusion

This study assessed the trends of soybean phenological stages and key growth periods, and evaluated the sensi-
tivity soybean to climatic factors (i.e. average temperature, cumulative precipitation, and cumulative sunshine
hours) from 1992 to 2018 in China. Results showed that (1) during the soybean growing season, the average
temperatures, EAT, and cumulative precipitation remarkedly increased but cumulative sunshine hours decreased.
The change rates of climatic factors varied in regions. (2) The soybean phenological stages were mostly delayed
and key growth periods were shortened on a national scale, but soybean phenology changed to different extent
in regions. The key growth periods of soybean were shortened, and the change trend of whole growth period
was the greatest (—2.82+0.34 day decades™) in northern soybean zone. (3) Increasing temperature was the most
critical climatic factor to soybean phenological changes, advancing soybean phenological stages and shortening
key growth periods. Overall, the sensitivity of soybean key growth periods to cumulative precipitation and sun-
shine hours was positive. Moreover, phenological stages at most stations were negatively sensitive to cumulative
sunshine hours. Crop management measures such as sowing date adjustment and variety replacement can be
used for regulating soybean growth and climate change adaptation in China.

Materials and methods

Study area. The spatial distribution of 51 agro-meteorological stations and the soybean cultivation divi-
sions were shown in Fig. 6. The entire soybean-planting area in China is divided into three major regions: the
northern soybean zone, the Huang-Huai-Hai soybean zone, and the southern soybean zone®>*. Phenology data
of soybean and corresponding meteorological data at 51 stations during the period of 1992 and 2018 were col-
lected from the China Meteorological Data website (http://data.cma.cn/site/index.html). The phenological data
covered the dates of the six phenological stages, namely SD, emergence date, trifoliate period, anthesis date,
podding date, and maturity date. The key growth periods defined in this study comprised vegetative growth
period (emergence-to-anthesis), reproductive growth period (anthesis-to-maturity), and whole growth period
(sowing-to-maturity). In addition, the climatic factors including daily average temperature, cumulative precipi-
tation, and sunshine hours during soybean growing season were calculated as average temperature, cumulative
precipitation and cumulative sunshine hours. The 51 soybean stations in the study were subdivided into 33
stations in the northern soybean zone, 14 stations in the Huang-Huai-Hai soybean zone, and 4 stations in the
southern soybean zone on the basis of the SDs, ripening times, and regional differences. The corresponding
soybean types included in this analysis consisted of northern spring, summer, and southern spring soybeans.
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The growing season information including sowing month, maturity month and average growing season length
of each station were listed in Table S1. Generally, the spring soybean in northern spring soybean zone was sown
inlate April or early May and matured in September, summer soybean in the Huang-Huai-Hai soybean zone was
sown in late May and early June and matured in September or October, and the spring soybean in the southern
spring soybean zone was sown in March and April, and matured in June or July of each year (Table S1).

Changes in phenology, key growth periods and corresponding climatic factors. The linear
regression method was used to calculate the change trends in soybean phenology and corresponding climatic
factors within relevant periods. A linear regression model was established using year as the independent variable
and the date of soybean phenology appearance or the length of soybean growth period as the dependent vari-
ables. Corresponding periods of climatic factors were expressed as monthly averages or cumulation, in which a
given corresponding soybean phenological event has occurred. For example, the corresponding SD period was
defined as the month in which average SD occurs, while the corresponding vegetative growth period was defined
as starting from the month containing the average emergence date to the month containing the average anthesis
date. Thus, trends in soybean phenology and growth periods at selected stations were calculated as follows:

Yphe = Sphe X Year + Lppe, (1)

where Yy, denotes the soybean phenology dates or growth period length (days), Year denotes the year, Iy,
denotes intercept, and Syp, denotes the slope of the regression equation, equivalent to changes in the correspond-
ing phenological period or growth period length (days a™!). Change trends in climatic factors were calculated
as follows:

Yei = Sai x Year + Ly, (2)

where Y,j; denotes temperature (°C), precipitation (mm), or sunshine hours (h) for a corresponding observation
period, while Year denotes the year,I.;; denotes the intercept, and T,;; denotes the slope of the regression equation,
equaling the change trend of corresponding climatic factors. A paired t-test was used to evaluate the statistical
significance of change trends at each station.

Sensitivity of soybean phenological stages and key growth periods to climatic factors. To
analyze the sensitivity of soybean phenological stages and key growth periods to the major climatic factors, a
multiple regression model was built based on observed data bearing on these variables, as follows:

Phe = Stem x Tem + Spre X Pre + Sgq x Ssd + int, (3)

where Phe denotes soybean phenological dates or growth period lengths (days) observed at planting stations; Tem
,Pre, and Ssd respectively denote the temperature, precipitation, and sunshine hours for corresponding periods;
int denotes the fitted equation intercept; and Siem, Spre, and Sy respectively denote temperature (days T,
precipitation (days mm™), and sunshine hours coeflicients (days h™) in soybean’s phenology or growth periods.

Calculation of effective accumulated temperature (EAT) during soybean phenological stages
and key growth periods. EAT is an important indicator used to evaluate the heat required for crop growth
and development. The EAT during soybean growing season used here represents the cumulative daily tempera-
ture value which exceeds the basic temperature for crop development during a corresponding soybean pheno-
logical period. This variable was calculated as follows:

n
EAT = Z (Timean — Thase)» (4)
1

where EAT denotes the effective accumulated temperature during a given phenological or growth period; n
denotes the number of days within each corresponding period; Teqn denotes daily temperature, and T, is the
basic soybean development temperature (= 10°C in this analysis).

Analysis of uncertainty. Cumulative distribution functions were used to analyze the uncertainties of the
changes in soybean phenology, key growth periods and climate factors during the soybean growing seasons.
The cumulative probability for change rate <0, represents the cumulative probability of advanced phenological
stages, shortened key growth periods or decreased climate factors.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 19 April 2020; Accepted: 31 March 2021
Published online: 14 April 2021

References
1. Menzel, A. et al. European phenological response to climate change matches the warming pattern. Global Change Biol. 12, 1969-
1976. https://doi.org/10.1111/j.1365-2486.2006.01193.x (2006).
2. Ma, S., Churkina, G. & Trusilova, K. Investigating the impact of climate change on crop phenological events in Europe with a
phenology model. Int. J. Biometeorol. 56, 749-763. https://doi.org/10.1007/s00484-011-0478-6 (2012).

Scientific Reports |

(2021) 11:8197 | https://doi.org/10.1038/s41598-021-87618-9 nature portfolio


https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.1007/s00484-011-0478-6

www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

. Rezaei, E. E., Siebert, S., Hueging, H. & Ewert, F. Climate change effect on wheat phenology depends on cultivar change. Sci. Rep.

https://doi.org/10.1038/s41598-018-23101-2 (2018).

. Intergovernmental Panel on Climate Change (IPCC). Climate change 2014: synthesis report. contribution of working groups I,

II and III to the fifth assessment report of the intergovernmental panel on climate change. In: R.K. Pachauri, L.A. Meyer (eds.),
Geneva, Switzerland, pp. 151 (2014).

. Estrella, N., Sparks, T. H. & Menzel, A. Trends and temperature response in the phenology of crops in Germany. Global Change

Biol. 13, 1737-1747. https://doi.org/10.1111/j.1365-2486.2007.01374.x (2007).

. Wei, T,, Cherry, T. L., Glomred, S. & Zhang, T. Climate change impacts on crop yield: evidence from China. Sci. Total Environ.

499, 133-140 (2014).

. Anwar, M. R. et al. Climate change impacts on phenology and yields of five broadacre crops at four climatologically distinct loca-

tions in Australia. Agric. Syst. 132, 133-144. https://doi.org/10.1016/j.agsy.2014.09.010 (2015).

. Chen, M,, Griffis, T. ., Baker, J., Wood, J. D. & Xiao, K. Simulating crop phenology in the Community Land Model and its impact

on energy and carbon fluxes. J. Geophys. Res- Biogeo. 120, 310-325 (2015).

. Tizumi, T. et al. Crop production losses associated with anthropogenic climate change for 1981-2010 compared with preindustrial

levels. Int. J. Climatol. 38, 5405-5417. https://doi.org/10.1002/joc.5818 (2018).

Zhang, J., Yao, E, Hao, C. & Boken, V. Impacts of temperature on rice yields of different rice cultivation systems in southern China
over the past 40 years. Phys. Chem. Earth 87-88, 153-159. https://doi.org/10.1016/j.pce.2015.08.013 (2015).

Lobell, D. B,, Sibley, A. & IvanOrtiz-Monasterio, J. Extreme heat effects on wheat senescence in India. Nat. Clim. Change 2, 186-189.
https://doi.org/10.1038/nclimate1356 (2012).

Wang, Z. et al. Effects of climate change and cultivar on summer maize phenology. Int. J. Plant Prod. 10, 509-525 (2016).
Ahmad, S. et al. Quantification of climate warming and crop management impacts on cotton phenology. Plants-Basel. https://doi.
0rg/10.3390/plants6010007 (2017).

Rezaei, E. E. et al. Quantifying the response of wheat yields to heat stress: the role of the experimental setup. Field Crops Res. 217,
93-103. https://doi.org/10.1016/j.fcr.2017.12.015 (2018).

Deng, H., Yin, Y. & W, S. Divergent responses of thermal growing degree-days and season to projected warming over China. Int.
J. Climatol. 38, 5605-5618. https://doi.org/10.1002/joc.5766 (2018).

Asseng, S. et al. Rising temperatures reduce global wheat production. Nat. Climat. Change 5, 143-147. https://doi.org/10.1038/
nclimate2470 (2015).

Liu, Y, Qin, Y., Ge, Q,, Dai, J. & Chen, Q. Reponses and sensitivities of maize phenology to climate change from 1981 to 2009 in
Henan Province China. J. Geogr. Sci. 27, 1072-1084. https://doi.org/10.1007/s11442-017-1422-4 (2017).

Liu, Y. et al. Modelling the impacts of climate change and crop management on phenological trends of spring and winter wheat
in China. Agric. For. Meteorol. 248, 518-526. https://doi.org/10.1016/j.agrformet.2017.09.008 (2018).

Zhao, J., Yang, X, Dai, S., Lv, S. & Wang, J. Increased utilization of lengthening growing season and warming temperatures by
adjusting sowing dates and cultivar selection for spring maize in Northeast China. Eur. J. Agron. 67, 12-19. https://doi.org/10.
1016/j.€ja.2015.03.006 (2015).

Mo, E. et al. Phenological responses of spring wheat and maize to changes in crop management and rising temperatures from 1992
to 2013 across the Loess Plateau. Field Crops Res. 196, 337-347. https://doi.org/10.1016/j.fcr.2016.06.024 (2016).

Liu, Y., Qin, Y. & Ge, Q. Spatiotemporal differentiation of changes in maize phenology in China from 1981 to 2010. J. Geogr. Sci.
29, 351-362. https://doi.org/10.1007/s11442-019-1602-5 (2019).

Sacks, W. J. & Kucharik, C. J. Crop management and phenology trends in the US Corn Belt: impacts on yields, evapotranspiration
and energy balance. Agric. For. Meteorol. 151, 882-894. https://doi.org/10.1016/j.agrformet.2011.02.010 (2011).

Abbas, G. et al. Quantification the impacts of climate change and crop management on phenology of maize-based cropping system
in Punjab Pakistan. Agric. For. Meteorol. 247, 42-55. https://doi.org/10.1016/j.agrformet.2017.07.012 (2017).

Hu, Q., Weiss, A., Feng, S. & Baenziger, P. S. Earlier winter wheat heading dates and warmer spring in the US Great Plains. Agric.
For. Meteorol. 135, 284-290. https://doi.org/10.1016/j.agrformet.2006.01.001 (2005).

Zhang, T., Huang, Y. & Yang, X. Climate warming over the past three decades has shortened rice growth duration in China and
cultivar shifts have further accelerated the process for late rice. Global Change Biol. 19, 563-570. https://doi.org/10.1111/gcb.12057
(2013).

Chen, C., Qian, C., Deng, A. & Zhang, W. Progressive and active adaptations of cropping system to climate change in Northeast
China. Eur. J. Agron. 38, 94-103. https://doi.org/10.1016/j.ja.2011.07.003 (2012).

Zhang, W, Feng, Z., Wang, X., Liu, X. & Hu, E. Quantification of ozone exposure- and stomatal uptake-yield response relationships
for soybean in Northeast China. Sci. Total Environ. 599-600, 710-720 (2017).

Wang, Z. et al. Response of cotton phenology to climate change on the North China Plain from 1981 to 2012. Sci. Rep. 7, 6628.
https://doi.org/10.1038/s41598-017-07056-4 (2017).

Constable, G. A. & Rose, I. A. Variability of soybean phenology response to temperature, daylength and rate of change in daylength.
Field Crops Res. 18, 57-69. https://doi.org/10.1016/0378-4290(88)90059-7 (1988).

Tacarindua, C. R. P, Shiraiwa, T., Homma, K., Kumagai, E. & Sameshima, R. The effects of increased temperature on crop growth
and yield of soybean grown in a temperature gradient chamber. Field Crops Res. 154, 74-81. https://doi.org/10.1016/j.fcr.2013.07.
021 (2013).

Zhang, L., Zhu, L., Yu, M. & Zhong, M. Warming decreases photosynthates and yield of soybean Glycine max (L.) Merrill in the
North China Plain. Crop J. 4, 139-146. https://doi.org/10.1016/j.¢j.2015.12.003 (2016).

Oteros, J., Garcia-Mozo, H., Botey, R., Mestre, A. & Galan, C. Variations in cereal crop phenology in Spain over the last twenty-six
years (1986-2012). Clim. Change 130, 545-558. https://doi.org/10.1007/s10584-015-1363-9 (2015).

Liu, Y., Zhou, W. & Ge, Q. Spatiotemporal changes of rice phenology in China under climate change from 1981 to 2010. Clim.
Change 157, 261-277. https://doi.org/10.1007/s10584-019-02548-w (2019).

He, L., Jin, N. & Yu, Q. Impacts of climate change and crop management practices on soybean phenology changes in China. Sci.
Total Environ. 707, 135638 (2020).

Karlsen, S. R. et al. Growing-season trends in Fennoscandia 1982-2006, determined from satellite and phenology data. Clim. Res.
39, 275-286. https://doi.org/10.3354/cr00828 (2009).

Dobor, L. et al. Crop planting date matters: Estimation methods and effect on future yields. Agric. For. Meteorol. 223, 103-115.
https://doi.org/10.1016/j.agrformet.2016.03.023 (2016).

Kantolic, A. G., Peralta, G. E. & Slafer, G. A. Seed number responses to extended photoperiod and shading during reproductive
stages in indeterminate soybean. Eur. J. Agron. 51, 91-100. https://doi.org/10.1016/j.€ja.2013.07.006 (2013).

Liu, Y. & Dai, L. Modelling the impacts of climate change and crop management measures on soybean phenology in China. J.
Clean. Prod. 262, 121271. https://doi.org/10.1016/j.jclepro.2020.121271 (2020).

Setiyono, T. D. et al. Simulation of soybean growth and yield in near-optimal growth conditions. Field Crops Res. 119, 161-174.
https://doi.org/10.1016/.fcr.2010.07.007 (2010).

Leng, G., Zhang, X., Huang, M., Asrar, G. R. & Leung, L. R. J. S. R. The role of climate covariability on crop yields in the conter-
minous United States. Sci. Rep. 6, 33160 (2016).

Hoffman, A., Kemanian, A. & Forest, C. E. The response of maize, sorghum, and soybean yield to growing-phase climate revealed
with machine learning. Environ. Res. Lett. 15, 094013 (2020).

Scientific Reports |

(2021) 11:8197 | https://doi.org/10.1038/s41598-021-87618-9 nature portfolio


https://doi.org/10.1038/s41598-018-23101-2
https://doi.org/10.1111/j.1365-2486.2007.01374.x
https://doi.org/10.1016/j.agsy.2014.09.010
https://doi.org/10.1002/joc.5818
https://doi.org/10.1016/j.pce.2015.08.013
https://doi.org/10.1038/nclimate1356
https://doi.org/10.3390/plants6010007
https://doi.org/10.3390/plants6010007
https://doi.org/10.1016/j.fcr.2017.12.015
https://doi.org/10.1002/joc.5766
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1038/nclimate2470
https://doi.org/10.1007/s11442-017-1422-4
https://doi.org/10.1016/j.agrformet.2017.09.008
https://doi.org/10.1016/j.eja.2015.03.006
https://doi.org/10.1016/j.eja.2015.03.006
https://doi.org/10.1016/j.fcr.2016.06.024
https://doi.org/10.1007/s11442-019-1602-5
https://doi.org/10.1016/j.agrformet.2011.02.010
https://doi.org/10.1016/j.agrformet.2017.07.012
https://doi.org/10.1016/j.agrformet.2006.01.001
https://doi.org/10.1111/gcb.12057
https://doi.org/10.1016/j.eja.2011.07.003
https://doi.org/10.1038/s41598-017-07056-4
https://doi.org/10.1016/0378-4290(88)90059-7
https://doi.org/10.1016/j.fcr.2013.07.021
https://doi.org/10.1016/j.fcr.2013.07.021
https://doi.org/10.1016/j.cj.2015.12.003
https://doi.org/10.1007/s10584-015-1363-9
https://doi.org/10.1007/s10584-019-02548-w
https://doi.org/10.3354/cr00828
https://doi.org/10.1016/j.agrformet.2016.03.023
https://doi.org/10.1016/j.eja.2013.07.006
https://doi.org/10.1016/j.jclepro.2020.121271
https://doi.org/10.1016/j.fcr.2010.07.007

www.nature.com/scientificreports/

42. Zhang, L., Zhu, L., Yu, M. & Zhong, M. J. C. ]. Warming decreases photosynthates and yield of soybean [Glycine max (L.) Merrill]
in the North China Plain. Crop J. 4(2), 139-146 (2016).

43. Shi, C. et al. Gradual effects of climate change on food production and adaptation strategies in the middle and lower valley of
Yangtze River Jiangsu. J. Agric. Sci. 17(1), 1-6 (2001) ((in Chinese)).

44. He, L. et al. Impacts of recent climate warming, cultivar changes, and crop management on winter wheat phenology across the
Loess Plateau of China. Agric. For. Meteorol. 200, 135-143. https://doi.org/10.1016/j.agrformet.2014.09.011 (2015).

45. Fotiadis, S., Koutroubas, S. D. & Damalas, C. A. Sowing date and cultivar effects on assimilate translocation in spring mediter-
ranean chickpea. Agron. J. 109, 2011-2024. https://doi.org/10.2134/agronj2017.01.0048 (2017).

46. Jing, Q. et al. Modelling soybean yield responses to seeding date under projected climate change scenarios. Can. J. Plant Sci. 97,
1152-1164. https://doi.org/10.1139/cjps-2017-0065 (2017).

47. Spyridon, M. et al. Defining optimal soybean sowing dates across the US. Sci. Rep. 9, 7 (2019).

48. Plaza-Bonilla, D. et al. Delayed sowing improved barley yield in a no-till rainfed mediterranean agroecosystem. Agron. J. 109,
1249-1260. https://doi.org/10.2134/agronj2016.09.0537 (2017).

49. Qin, X. L. et al. Changes in yield and agronomic traits of soybean cultivars released in China in the last 60 years. Crop Past. Sci.
68(11), 973-984 (2017).

50. Tao, E, Zhang, S. & Zhang, Z. Spatiotemporal changes of wheat phenology in China under the effects of temperature, day length
and cultivar thermal characteristics. Eur. J. Agron. 43, 201-212. https://doi.org/10.1016/j.eja.2012.07.005 (2012).

51. Lu, Y. et al. Increasing compound events of extreme hot and dry days during growing seasons of wheat and maize in China. Sci.
Rep. 8,16700. https://doi.org/10.1038/s41598-018-34215-y (2018).

52. Lobell, D. B. et al. Greater sensitivity to drought accompanies maize yield increase in the US midwest. Science 344, 516-519. https://
doi.org/10.1126/science.1251423 (2014).

53. Asseng, S. et al. Climate change impact and adaptation for wheat protein. Global Change Biol. 25, 155-173. https://doi.org/10.
1111/gcb.14481 (2019).

54. Martin, M. S., Olesen, J. E. & Porter, J. R. A genotype, environment and management (GxExM) analysis of adaptation in winter
wheat to climate change in Denmark. Agric. For. Meteorol. 187, 1-13. https://doi.org/10.1016/j.agrformet.2013.11.009 (2014).

55. Ly, S., Cheng, S. & Cheng, C. Discussion on soybean cultivation division in China. J. Shanxi Agric. Univ. 1(1), 9-17 (1981) ((in
Chinese)).

56. Wang, Y. & Ge, J. Study on cultivating regions of soybeans in China. Soybean Sci. 19(3), 203-209. https://doi.org/10.11861/j.issn.
1000-9841.2000.03.0203 (2000).

Acknowledgements

This study was supported by the Key Research Program of Frontier Sciences, CAS [Grant No. QYZDB-SSW-
DQCO005]; the National Key Research and Development Program of China [Grant No. 2018YFA0606102]; the
Youth Innovation Promotion Association, CAS [Grant No. Y202016]; and the Program for “Kezhen” Excellent
Talents in IGSNRR, CAS [Grant No.2017RC101].

Author contributions
Y.L. designed the study, Q.T. and L.D. performed statistical analyses, Y.L., Q.T. and L.D. wrote the paper. Y.L.,
Q.T. and T.P. discussed the results and contributed to improving the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-87618-9.

Correspondence and requests for materials should be addressed to Y.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:8197 | https://doi.org/10.1038/s41598-021-87618-9 nature portfolio


https://doi.org/10.1016/j.agrformet.2014.09.011
https://doi.org/10.2134/agronj2017.01.0048
https://doi.org/10.1139/cjps-2017-0065
https://doi.org/10.2134/agronj2016.09.0537
https://doi.org/10.1016/j.eja.2012.07.005
https://doi.org/10.1038/s41598-018-34215-y
https://doi.org/10.1126/science.1251423
https://doi.org/10.1126/science.1251423
https://doi.org/10.1111/gcb.14481
https://doi.org/10.1111/gcb.14481
https://doi.org/10.1016/j.agrformet.2013.11.009
https://doi.org/10.11861/j.issn.1000-9841.2000.03.0203
https://doi.org/10.11861/j.issn.1000-9841.2000.03.0203
https://doi.org/10.1038/s41598-021-87618-9
https://doi.org/10.1038/s41598-021-87618-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Shortened key growth periods of soybean observed in China under climate change
	Results
	Spatiotemporal changes in climatic factors during the soybean growing season. 
	Spatiotemporal changes in soybean phenological stages and key growth periods. 
	Sensitivity of soybean phenological stages and key growth periods to different climatic factors. 

	Discussion
	Spatial variation of soybean phenology and their sensitivity to climatic factors. 
	Effects of phenological changes on soybean yield and adaptation measures to climate change. 
	Uncertainties. 

	Conclusion
	Materials and methods
	Study area. 
	Changes in phenology, key growth periods and corresponding climatic factors. 
	Sensitivity of soybean phenological stages and key growth periods to climatic factors. 
	Calculation of effective accumulated temperature (EAT) during soybean phenological stages and key growth periods. 
	Analysis of uncertainty. 

	References
	Acknowledgements


