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a b s t r a c t
Crop phenology is determined by both climatic factors and agronomic management practices such as sowing
date and cultivar characteristics. Exploring the interactive effects of climate change and crop management practices on crop phenology can be used to devise adaptation strategies to mitigate climate change. The objectives of
this study were to: 1) examined trends in soybean (Glycine max L.) phenological development in China from
1981 to 2010; 2) isolate and quantify impacts of climate change and crop management on changes in soybean
phenology; 3) determine the relative contribution of climate change and crop management to observed changes
in soybean phenology; and 4) determine the relative contribution of temperature, precipitation, and sunshine
hours to changes in soybean phenology. Changes in soybean phenology were observed across the major soybean
producing area of eastern China during 1981–2010. Observed dates of sowing, emergence, anthesis, and maturity
were delayed by an average of 1.78, 0.83, 0.19, and 0.62 days decade−1, respectively. Additionally, the lengths of
the vegetative growth period and the soybean growing season were shortened by an average of 0.62 and
1.16 days decade−1, respectively. Conversely, the reproductive period was lengthened by an average of
0.43 days decade−1. Crop management practices had greater inﬂuence on sowing, emergence, and maturity
dates than climate change. The direction of the changes to phenology trends created by management and climate
change were opposite to each other. The relative inﬂuence of climate change on dates of anthesis, lengths of the
vegetative and reproductive growth periods and growing season was larger than the inﬂuence of crop management practices. Mean temperature was the dominant climatic factor inﬂuencing most soybean phenological
stages and phases. Delayed sowing dates and use of longer-duration cultivars are management adaptations
that farmers have used to adapt to climate change occurring in past decades and that can continue to be used.
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These results indicate that farmers have a wider sowing window in spring and can select cultivars with long
growing season duration and frost-tolerance to mitigate detrimental effects of a future warmer climate.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Climate factors such as temperature, precipitation, and solar radiation are important determinants of crop development and yield. Climate
change is characterized by increasing temperature, modiﬁed precipitation, and increasing frequency of extreme weather events (IPCC,
2007). Increasing temperature generally accelerates crop phenological
development and shortens the growing period, which may be reduce
crop productivity (Asseng et al., 2015; Asseng et al., 2013; Lobell et al.,
2011). Additionally, drought due to decreased precipitation results in
a large threat to crop development (Parent and Tardieu, 2014). A better
understanding of how crops respond to climate change can provide a
scientiﬁc basis for adapting to and mitigation of climate change impacts.
Recent studies conducted at local, regional, and continental scales
have shown that phenology of both annual and perennial crops was signiﬁcantly impacted by climate warming. For two examples of perennial
crops, Fujisawa and Kobayashi (2010) reported that ﬂowering and budding of apple (Malus × domestica Borkh.) in Japan occurred earlier due
to increasing air temperatures, and Chmielewski et al. (2004) found a
similar response for phenological phases of natural vegetation in
Germany. A national survey in Germany regarding 78 agricultural and
horticultural events indicated that perennial crops responded more signiﬁcantly to increasing temperature than annual crops (Estrella et al.,
2007). Observed heading and ﬂowering dates of wheat (Triticum
aestivum L.) in the U.S. Great Plains occurred earlier by 0.8–1.8 days
decade−1 (Hu et al., 2005), and most winter cereal phenophases on
the Iberian Peninsula (Oteros et al., 2015) were advanced due to increasing temperature. In China, dates of green-up after winter dormancy, anthesis, and maturity of winter wheat occurred earlier due to
a shortened growing period (He et al., 2015; Tao et al., 2012; Wang
et al., 2008; Xiao et al., 2013). Length of both the ﬂowering-boll opening
and boll opening-harvest periods for cotton (Gossypium hirsutum L.)
grown on the North China Plain increased due to increasing mean temperature (Wang et al., 2017b). Crop phenology is a widely used indicator for assessing effects of climate and environmental conditions (Xiao
et al., 2015).
Crop phenology is affected by both environmental conditions
(mainly thermal time requirement) and agronomic management practices, including sowing date and cultivar characteristics (Estrella et al.,
2007; He et al., 2015; Liu et al., 2018). Previous studies have shown
that changes in sowing date and cultivars used would counteract
climate-induced changes in phenology (Abbas et al., 2017; Ahmad
et al., 2019; He et al., 2015; Hu et al., 2017; Mo et al., 2016; Tao et al.,
2013; Wang et al., 2017a; Xiao et al., 2016b). Moreover, day length
was found to slightly counterbalance the effect of temperature on the
duration of the vegetative period of rice (Oryza sativa L.) (Zhang et al.,
2014) and of winter wheat (Tao et al., 2012). The introduction of new
cultivars with longer thermal time requirements have compensated
for some of the increased temperature-induced changes in wheat phenology in the North China Plain (Wang et al., 2013; Xiao et al., 2013)
and the Loess Plateau (He et al., 2015). Zhang et al. (2013) suggested
that use of short-duration cultivars has been accelerating the shortened
growth duration for late rice, while cultivars with longer duration of the
vegetative period have been adopted for single rice (Zhang et al., 2014).
Hu et al. (2017) investigated how cultivar shifts compensated for the
shortening of the rice growing season induced by climate warming
and reported that cultivar shifts contributed 58% and 44% to the shortening of the growth period for single rice and early rice, respectively,
but accelerated crop development in late rice with a contribution of
−37%. Recent research regarding rice phenology in China indicated

that management practices such as transplanting were the predominant drivers of growth period change for early and single rice (Wang
et al., 2017a; Zhao et al., 2016). A signiﬁcant portion of the negative impact of global warming on rice, wheat (Ahmad et al., 2019), sunﬂower
(Helanthus annuus L.) (Tariq et al., 2018), cotton (Ahmad et al.,
2017b), canola (Brassica napus L.) (Ahmad et al., 2017a), maize (Zea
mays L.) (Abbas et al., 2017), and sugarcane (Saccharum spp.) (Ahmad
et al., 2016) was offset by growing new cultivars that had higher thermal time requirements or by implementing sowing date changes. The
literature sources cited above implied that increasing temperatures
would advance crop phenology and shorten growth periods while
changing cultivars or sowing dates could either shorten or lengthen
growth periods, depending on the speciﬁc crop or region. Those studies
focused on detecting whether crop phenology changes were caused by
rising temperature or by management practices (Tao et al., 2013; Wang
et al., 2013; Wang et al., 2017a; Zhang et al., 2013), while crop phenology responses to other climate factors such as precipitation and sunshine hours were not investigated (Liu et al., 2018).
China is the world's largest consumer of soybean. About 100 million
tons per year of soybean were consumed in China during the past ﬁve
years. But only 10% of that amount was produced in mainland China
(Zhang et al., 2016). To improve the soybean self-sufﬁciency rate, the
Chinese government planned to revitalize the soybean industry in
2019 and to encourage farmers to plant more soybean. Because soybean
yields are much lower in China than in the U.S., Brazil, and Argentina,
there is an urgent need to improve soybean production in China. Crop
management, cultivar breeding, and climate are the primary factors
that affect soybean yield. However, from the literature review presented
above, it can be seen that less attention has been given to how climate
change affects soybean in China. Those studies have raised the following
questions: 1) How has observed soybean phenology changed in China?
2) How do crop management practices (i.e., sowing date and cultivar
shifts) and climate change affect soybean phenology in China?
3) What are the relative contributions of temperature, precipitation,
and sunshine hours to inﬂuencing soybean phenology?
In this study, we examined trends in soybean phenological development in China from 1981 to 2010, and isolated and quantiﬁed impacts of
climate change and crop management on changes in soybean phenology to answer the above questions. The results of this study should
offer insights into how the negative impacts of climate warming on soybean production in China can be mitigated by shifting cultivars and
using improved management practices.
2. Materials and methods
2.1. Soybean agro-meteorological stations and data
Soybean cultivation is concentrated in northeast China and the
Huang-Huai-Hai Plain, which includes Heilongjiang, Jilin, Liaoning,
Hebei, Henan, Anhui provinces et al. More than 80% of China's soybean
production is located in these provinces. In this study, 38 soybean agrometeorological stations were selected (Fig. 1 and Table A1). Phenology
records from 1981 to 2010 were available for all 38 stations, operated
by the Chinese Meteorological Administration (CMA). Phenology records included dates of sowing, emergence, anthesis (50% anthesis in
observed ﬁeld), and physiological maturity. Using these phenological
data, we calculated three phenological phases, i.e. growing season
(from sowing to maturity), vegetative growth period (from emergence
to anthesis), and reproductive growth period (from anthesis to maturity). Local farmers would change to a new soybean cultivar about
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Fig. 1. Locations of soybean agro-meteorological experimental stations used in the current study of eastern China.

2.2.1. Trends in observed climate factors and soybean phenology
Trends in observed climate factors were calculated using a linear regression:

where Ocli is the observed climate factor, such as temperature (Ot), accumulated precipitation (Op), sunshine hours (Os); Trendcli is the trend of
the observed climate factor, and Trendt(°C decade−1), Trendp(mm
decade−1), and Trends(hr decade−1) represent the trends of temperature, precipitation, and sunshine hours, respectively; t is the year; βcli
is the regression intercept. Time windows for calculating climate factor
trends were determined by the mean phenological stages at each station. For example, the time window for the growing season was from
the mean sowing date to the mean maturity date during the last three
decades at each station. By holding a time window of a growing season
constant, the calculated climate factor trend was independent of the
corresponding phenology changes (He et al., 2015; Liu et al., 2018).
Trends in observed soybean phenology were similarly calculated
using a linear regression:

Ocli ¼ Trendcli  t þ βcli

Ophe ¼ Trendphe  t þ βphe

every 3–5 years due to cultivar improvement through crop breeding.
Crop management practices at the observed soybean stations were generally the same as local traditional practices. Irrigation and fertilizer applications were made several times every year. Pesticides were used to
control pests and diseases.
Meteorological data from 1981 to 2010 at the 38 stations were also
available from the CMA, and included daily mean temperature, precipitation, and sunshine hours.
2.2. Data analysis method

ð1Þ

ð2Þ

Table 1
Mean and standard deviation of observed dates of soybean phenological stages and phases, and climate factors at 38 stations in eastern China from 1981 to 2010.
Phenological stages or phases
Sowing
Emergence
Anthesis
Maturity
Emergence-Anthesis
Anthesis-Maturity
Sowing-Maturity
a
b
c
d
e

Day of year.
Mean temperature.
Cumulative precipitation.
Cumulative sunshine hours.
Values in parentheses are standard deviations.

Date (DOYa) or phase length (days)
e

135 (24)
149 (22)
194 (20)
262 (24)
45 (10)
69 (13)
128 (20)

Tmeanb (°C)

Prec (mm)

SSHd (hr)

15.9 (5.3)
18.6 (4.1)
23.5 (2.6)
15.1 (4.8)
21.6 (3.2)
21.1 (2.7)
20.8 (2.9)

72 (68)
90 (79)
149 (83)
60 (58)
182 (107)
267 (114)
473 (163)

224.5 (56.0)
231.8 (61.7)
211.5 (54.0)
211.0 (39.3)
332.9 (102.1)
477.0 (133.2)
910.9 (253.7)
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Table 2
Observed trends in mean temperature (Trendtem), precipitation (Trendpre), and sunshine
hours (Trendssh) during soybean phenological stages and phases at 38 stations in eastern
China from 1981 to 2010.
Phenological stages or phases

Trendtem
(°C decade−1)

Trendpre
(mm decade−1)

Trendssh
(hr decade−1)

Sowing
Emergence
Anthesis
Maturity
Emergence-Anthesis
Anthesis-Maturity
Sowing-Maturity

0.53
0.58
0.23
0.66
0.52
0.20
0.35

5.01
4.14
−1.34
−3.41
7.87
−14.27
−4.93

−3.44
−2.68
−6.41
−3.75
−6.29
2.73
−4.74

where Ophe is the observed soybean phenological phase or stage;
Trendphe is the trends of observed soybean phenological phase or stage
(days decade−1); t is the year; βphe is the regression intercept.
2.2.2. Isolating impacts of climate change and crop management practices
on soybean phenology trends
We assumed that the time series of crop growth consisted of two
components. One was the tendency of phenology to vary as a result of
technological improvements, such as the use of new varieties, increased
use of chemical fertilizers.
and biocides, etc. The other component was the variation in phenology caused by a temporal variation in climate. Trendphe in Eq. (2) is the
observed phenology trend, which is the mixed trend response to

climate change and management. The phenology trend inﬂuenced
only by management (Trendphe_man) can be determined as:
Trendphe

man

¼ Trendphe −Trendphe

cli

ð3Þ

where Trendphe_cli is the phenology trend inﬂuenced only by climate
change.
We used the ﬁrst-difference method to detrend the inﬂuence of
long-term trends due to technological improvements or other effects
caused by farm management. This created a series of phenological
date differences by progressively differentiating the phenological
dates of two successive years. This detrending method is a common
technique used by many scholars (Liu et al., 2018; Lobell et al., 2005;
Yu et al., 2001; Zhang et al., 2013). After detrending the trends of phenology and climate factors, a multiple regression model between phenology and climate factors was determined as:
ΔPhe ¼ Stemperature ΔT þ Sprecipitation ΔP þ Ssunshine ΔS þ intercept

ð4Þ

where ΔPhe is the ﬁrst-difference value of the phenological phase or
stage; ΔT, ΔP and ΔS represent the ﬁrst-difference values for average
temperature, cumulative precipitation, and cumulative sunshine hours
for the corresponding period, respectively; Stemperature(days °C−1),
Sprecipitation(days mm−1), and Ssunshine(days hr−1) indicate the sensitivity
of soybean phenology to temperature, precipitation, and sunshine
hours, respectively; intercept is the regression model intercept.

Fig. 2. Observed trends in soybean phenology in eastern China from 1981 to 2010. (a) sowing; (b) emergence; (c) anthesis), and (d) maturity). Black circles indicate statistically signiﬁcant
trends at p = .05.
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Thus, the phenology trend inﬂuenced only by climate change
(Trendphe_cli) is calculated as:
Trendphe

cli

¼ Stemperature Trendt þ Sprecipitation Trendp þ Ssunshine Trends ð5Þ

We used a two-sample t-test to test the statistical signiﬁcance of the
difference between the mean values of Trendphe and Trendphe_cli at all 38
stations. When P b .05, the difference between Trendphe_man and
Trendphe_cli was statistically signiﬁcant.
2.2.3. Relative contribution of each factor to soybean phenology trends
From Eq. (5), phenology trends inﬂuenced only by climate change
(Trendphe_cli) were obtained for every station. Thus, the relative contribution of temperature (Ctemperature), precipitation (Cprecipitation), and sunshine hours (Csunshine) inﬂuence on soybean phenology was calculated
as follow:

5

2.3. Thermal time calculation
The total thermal time (GDD, °C d) for the growing season (from
sowing to maturity) was calculated as:

GDD ¼

dm
X
ðT mean −T base Þ

ð10Þ

ds

where Tmean is the daily mean temperature (°C), Tbase is the biological
lower limit temperature for soybean (10 °C), and ds and dm are the sowing and maturity dates, respectively.

S
Trendt
 temperature

 100%
C temperature ¼ 
Stemperature Trendt  þ Sprecipitation Trendp  þ jSsunshine Trends j

ð6Þ
where Ctemperature is the contribution of temperature inﬂuence on soybean phenology. In a similar way, the contribution of precipitation
(Cprecipitation) and sunshine hours (Csunshine) inﬂuence on soybean phenology was also calculated by Eq. (6).
For a speciﬁc phenological phase or stage, the average relative contribution of average temperature changes (C temperature ) on the soybean
system was calculated as:
n

∑ C temperature;i
  i¼1
 
  100%
C temperature ¼  n
∑ C temperature;i  þ ∑n C precipitation;i  þ ∑n C sunshine;i 
i¼1
i¼1
i¼1

ð7Þ
where n is the number of stations, Ctemperature, i，Cprecipitation, i，Csunshine, i
represent the relative contribution of changes in temperature, precipitation, and sunshine hours, respectively, at station i from Eq. (6). Similarly,
the average relative contribution of changes in precipitation (C precipitation)
or sunshine hours (C sunshine) on the soybean cropping system can be calculated in the same way.
The relative contribution of climate change (Ccli) inﬂuence on soybean phenology at every station was calculated as:

C cli ¼ 
Trendphe

Trendphe cli
 
 
cli þ Trendphe

man

  100%


ð8Þ

The variables in Eq. (8) are the same as in Eq. (3). The relative contribution of management (Cman) inﬂuence on soybean phenology at
every station was also similarly calculated using Eq. (8). Thus, the average relative contribution of climate change inﬂuence on the soybean
system was calculated as:
n

∑i¼1 C cli;i
 
  100%
C cli ¼  n
∑ C cli;i  þ ∑n C man;i 
i¼1
i¼1

ð9Þ

where n is the number of stations, Ccli, i and Cman, i represent the relative
contributions of climate change and crop management inﬂuence at station i. The average relative contribution of management (C man) inﬂuence
on the soybean system was calculated using Eq. (9) in a similar way.

Fig. 3. Observed trends in soybean phenology in eastern China from 1981 to 2010.
(a) emergence to anthesis; (b) anthesis to maturity; and (c) sowing to maturity. Black circles indicate statistically signiﬁcant trends at p = .05.
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3. Results
3.1. Climate trends
The mean sowing and maturity dates for soybean in eastern China
were at the beginning of May and late of September, respectively
(Table 1). The mean temperature, precipitation, and sunshine hours
over the growing season were about 20.8 °C, 473 mm, 910.9 h,
respectively.
There was a general warming trend of between 0.20 and 0.66 °C
decade−1 over the observed soybean phenological stages or phases
(Table 2). The rates of increase in mean temperature at sowing, emergence, and maturity stages (N0.5 °C decade−1) were larger than at
other phenological stages or phases.
The cumulative precipitation at sowing, emergence, and during the
vegetative period (emergence-anthesis) tended to increase over time,
and the rate of increase ranged between 4.14 and 7.87 mm decade−1
(Table 2). In contrast, cumulative precipitation tended to decrease
over time at anthesis and maturity and during the reproductive period
(anthesis-maturity), and the rate of decrease ranged between 1.34
and 14.27 mm decade−1.
Cumulative sunshine hours decreased over time during the soybean
growing season with the rate of decrease ranging from 2.68 to 6.41 h
decade−1 overall soybean growth stages and phenological phases except during the reproductive development period (anthesis-maturity)
when sunshine duration increased at a rate of 2.73 h decade−1
(Table 2). This increasing trend in cumulative sunshine hours during
the anthesis-maturity phase appears to be directly related to the decreasing trend in precipitation (14.27 mm decade−1) during this reproductive period.

decade−1. A delay (red circles) occurred at 25 stations (delays at 11 stations were statistically signiﬁcant at p b .05). However, sowing dates at
the 13 other stations (blue circles) were advanced, but the advance was
only signiﬁcant at three stations. The trends for emergence dates were
similar to sowing dates and were likely directly related to trends detected for sowing dates (Fig. 2b). Emergence was delayed at 24 stations
(signiﬁcantly at nine stations), ranging from 0.0 to 6.4 days decade−1.
The average delay in emergence date was 0.83 days decade−1. Anthesis
dates at 17 stations were delayed (signiﬁcantly at ﬁve stations) while
anthesis dates at 21 stations were advanced (signiﬁcantly only at one
station) (Fig. 2c). Similarly, maturity dates were delayed at 20 stations
(signiﬁcantly at eight stations) and advanced at 18 stations (signiﬁcantly at four stations) (Fig. 2d). Anthesis and maturity dates were delayed by an average of 0.19 and 0.62 days decade−1, respectively.
The length of the soybean vegetative period (emergence-anthesis)
(Fig. 3a) decreased by an average of 0.62 days decade−1 from 1981 to
2010, with a decreasing trend observed at 25 stations, ranging from 0
to 6.1 days decade−1. The decreasing trend was signiﬁcant at three stations. Similarly, the length of the reproductive growth period (anthesis
to maturity) increased at 21 stations by an average of 0.43 days
decade−1. The length of the reproductive growth period decreased at
17 stations, but only signiﬁcantly at one station. The delay of sowing
date (1.78 day decade−1, Fig. 2a) and a lesser delay in maturity date
(0.62 day decade−1, Fig. 2d) led to a reduction in the length of the growing season (sowing to maturity) by −1.16 days decade−1 (Fig. 3c). The
length of the growing season was decreased at 24 stations and the decreasing trend ranged from 0 to −9.1 days decade−1.
The thermal time requirements of soybean (Fig. 4) from sowing to
maturity increased at 36 of the 38 observed stations by an average of
57.7 °C d decade−1, ranging from 0.1 to 135.5 °C d decade−1 (the increasing trend was signiﬁcant at 25 stations).

3.2. Trends of soybean phenology stages, phases, and cultivar thermal
characteristics

3.3. Sensitivity of soybean phenology to different climatic factors

The spatial trends for sowing dates are shown in Fig. 2a. Over the
1981–2010 period, sowing dates were delayed an average of 1.78 days

Sensitivity of soybean phenological stages and phases to climatic factors using the ﬁrst-difference method as presented in Eq. (4) are shown

Fig. 4. Observed trends in thermal time required for soybean to grow from sowing to maturity in eastern China (1981–2010). Black circles indicate statistically signiﬁcant trends at p = .05.
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Fig. 5. Sensitivity of soybean phenology to climatic factors in eastern China (1981–2010) using detrended data. Values indicate the mean sensitivity of all stations.

in Fig. 5. On average, all phenological stages or phases showed negative
sensitivity to mean temperature. The sensitivity values ranged from
−0.314 to −2.089 days °C−1.
Emergence and anthesis dates and the vegetative period (emergence-anthesis) were negatively sensitive to cumulative precipitation,
while the sensitivity value during the vegetative period was very

small (−0.03 days 100 mm−1). In contrast, sowing and maturity dates
and the reproductive period (anthesis-maturity) exhibited positive sensitivity to precipitation.
All soybean phenological stages and phases were negatively sensitive to cumulative sunshine hours expect for anthesis and the vegetative
period (emergence-anthesis). Among all phenology stages, the

Fig. 6. Whisker plots of trends of soybean phenology for 38 stations in eastern China based on observed and detrended data. Climate denotes impact of climate change parameters on soybean phenology; Management indicates the impact of crop management practices on soybean phenology; and Cli_man indicates the combined impacts of climate change and crop management on soybean phenology. The top and bottom sides of the whisker plot box represent the 75th and 25th percentiles, the line within the box is the median, and the ﬁlled circles
represent outliers.
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Table 3
Comparison of soybean phenology trends under the combined and single factors of climate change and management in eastern China.
Phenological stages or phases

Trendphea
(days dacade−1)

Trendphe_clib
(days dacade−1)

Trendphe_manc
(days dacade−1)

t-Test (p-value)

Sowing
Emergence
Anthesis
Maturity
Emergence-Anthesis
Anthesis-Maturity
Sowing-Maturity

1.78
0.83
0.19
0.62
−0.62
0.43
−1.16

−0.5
−0.4
−0.26
−0.26
−0.77
−0.12
−0.88

2.28
1.23
0.45
0.88
0.15
0.55
−0.28

0.00⁎⁎
0.01⁎⁎
0.38
0.18
0.82
0.37
0.75

a

Soybean phenology trends as affected by climate change and management.
Soybean phenology trends as affected only by climate change.
c
Soybean phenology trends as affected only by management.
⁎⁎ Signiﬁcant at 0.01 probability level.
b

sensitivity of anthesis date to cumulative sunshine hours was largest
(1.303 days 100 h−1).
3.4. Impacts of climate change and crop management on soybean
phenology
Fig. 6 illustrates the individual and combined impacts of climate
change and management practices on the trends of soybean phenology
at four growth stages (sowing, emergence, anthesis, and maturity) and
during three growing season phases. The variations of trends of soybean
phenology only inﬂuenced by climate change were smaller than those
inﬂuenced by management or combined impacts at all growth stages
and growing season phases. According to Table 3 and Fig. 6, the mean
or median values of trends of soybean phenology inﬂuenced only by climate change were negative, which indicated that soybean phenology
was advanced or length of growing season was shortened under the inﬂuence of climate change. Sowing, emergence, anthesis, and maturity
were delayed, and the vegetative period and growing season were
shortened under the combined impacts of climate change and management, while the reproductive period was lengthened (Table 3). Trends
of all growth stages or lengths of growth phases under crop management alone were advanced or prolonged except for length of the growing season (sowing to maturity) (Table 3). The combined effects and
isolated climatic effect were signiﬁcantly different for sowing and
emergence.
Fig. 7 shows the average relative contribution of climate change and
crop management inﬂuences to the observed soybean phenology trend
(Trendphe). Negative values in the ﬁgure indicate that climate change or
crop management changes advanced phenology or shortened a growth
phase, and positive values indicate that climate change or crop management delayed phenology or lengthened a growth phase. The relative
contributions of climate change to trends in sowing, emergence,

anthesis, and maturity dates, and length of the anthesis-maturity period
were negative while the contribution of management was positive. The
impacts of climate change and management on length of the
emergence-anthesis period, and length of the growing season were
negative. The relative contributions of management on sowing, emergence, and maturity date trends were larger than the contributions of
climate change. However, the contributions of climate change to trends
in anthesis date and lengths of the emergence-anthesis, anthesismaturity, and growing season periods were larger than the contributions of management. In particular, during the emergence-anthesis
and anthesis-maturity periods, climate change accounted for 92.98%
and 83.28%, respectively, of the phenology trend.

3.5. Comparison of impacts of temperature, precipitation, and sunshine
hours on soybean phenology
The relative contribution of each climate factor to trends of changes
to growth stages and phenological phases are illustrated in Fig. 8. The
relative contributions varied among the three climate factors because
of different sensitivity of phenology to each climate factor (Fig. 5). The
contribution of mean temperature was largest and negative for all
three factors at all four growth stages and the emergence-anthesis and
sowing-maturity phenological phases. The negative values indicated
that increasing temperatures advanced stages or shortened phenological phases. The contribution of precipitation was largest (46.62%) for
the anthesis-maturity phase while it was the smallest in the other phenological stages and phases. Number of sunshine hours was a positive
contributor to the trends of sowing and emergence dates and the length
of the anthesis-maturity period and growing season. Sunshine hours
were a negative contributor to the trends of anthesis and maturity
dates and the length of the emergence-anthesis period.

Fig. 7. Average relative contribution of climate change and crop management on observed phenology trend (Trendphe) for soybean grown in eastern China (1981–2010). Values indicate
the mean percentage of all stations.
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4. Discussion
4.1. Comparison of the impacts of climate change and crop management
practices, and the implications for adaptation
The results of this study indicated that soybean phenology was inﬂuenced by climate change and management practices at 38 locations in
eastern China. Anthesis and maturity dates were more often observed
to be delayed, which was different from previous studies conducted
with winter wheat (He et al., 2015; Liu et al., 2018; Xiao et al., 2013),
maize (Xiao et al., 2016a), spring wheat (Xiao et al., 2016b), and other
agricultural crops (Hu et al., 2005; Siebert and Ewert, 2012). However,
the length of the growing season and the vegetative period were shortened while length of the reproductive period was lengthened, which
was consistent with earlier studies with winter wheat (He et al., 2015;
Tao et al., 2012; Xiao et al., 2013) and spring wheat (Xiao et al.,
2016b). The observed soybean phenological stages were not advanced
even though the temperature increased signiﬁcantly at all stages and
during all phenological phases in the past three decades. The negative
sensitivity coefﬁcients between temperature and phenology (Fig. 5) indicated that increased temperature would accelerate soybean anthesis
and maturity. However, crop management outweighed or counteracted
climate change effects at sowing, emergence, anthesis, and maturity
(Fig. 7). Crop management factors mainly included two practices,
i.e., changing sowing dates and soybean cultivar characteristics, which
are important adaption strategies in response to climate change. Observed sowing dates at most stations occurred signiﬁcantly later by an
average of 1.78 days decade −1, which has also been reported for winter
wheat (He et al., 2015; Xiao et al., 2013) in China, and for canola (Ahmad
et al., 2017a) and autumn maize (Abbas et al., 2017) in Pakistan. Increasing spring temperatures did not result in farmers sowing soybean
earlier in eastern China because soil moisture also inﬂuenced sowing
date decisions. From Fig. 2a in can be seen that sowing dates were delayed at 19 stations in eastern China (signiﬁcantly at 10 stations). The
reason for delayed sowing date was precipitation changes during the
sowing month. Farmers in the Northeast China often begin sowing
after a soaking spring rain. However, the ﬁrst soaking rain during the
spring sowing month in Northeast China had exhibited a delayed
trend during the past decades (Xu and Li, 2016). On the other hand,
the crop growing season has increased and the frost risk during autumn
has decreased due to increasing temperature (Chu et al., 2017). Thus,
farmers can sow soybean later in order to wait for a soaking rain because they only plant a single crop each year. Cultivar shifts also played
an important role in crop phenology. In our study, the increasing thermal time requirements during the soybean growing season indicated
that the introduction of soybean cultivars with high thermal-time requirements during 1981–2010 partially inﬂuenced the changing
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climate effect on soybean phenology. Similar results of using cultivars
adapted to climate change were reported for winter wheat in the
China (He et al., 2015; Xiao et al., 2013), rice in China (Tao et al.,
2013), corn in the U.S. corn belt (Sacks and Kucharik, 2011), and
maize and sunﬂower in Pakistan (Ahmad et al., 2017a; Tariq et al.,
2018). In contrast, a short-duration, early-ﬂowering late rice cultivar
was bred for accelerated phenology in order to avoid terminal drought
risk (Hu et al., 2017; Zhang et al., 2013). In response to increasing temperatures, farmers could plant longer-duration soybean cultivars to
counteract the negative impacts of climate change. On the other hand,
lower frost risk during autumn associated with increasing temperatures
in the eastern China has caused farmers to select varieties with greater
total degree days in order to better utilize the temperature resource.

4.2. Mean temperature inﬂuences soybean phenology more than other climate factors
Among the three climatic factors investigated in this study, the
major contributor inﬂuencing soybean phenology (N40%) was mean
temperature. Additionally, the values of the temperature contributions
(Fig. 8) and sensitivity of temperature on phenology trends (Fig. 5a)
were negative, which meant that increasing temperature would cause
soybean stages to be advanced or growth phases to be shortened. Our
ﬁndings supported results published in previous studies (Ahmad et al.,
2019; Estrella et al., 2007; He et al., 2015; Hu et al., 2005; Xiao et al.,
2013; Xiao et al., 2016b). For the entire growing season period (sowing-maturity), temperature's contribution accounted for 85.29% of the
phenology trend (Fig. 8). Zhang et al. (2016) reported ﬁeld experiment
results that showed that a 0.4 °C increase in air temperature within the
soybean canopy and a 0.7 °C increase in soil temperature within the
canopy shortened the length of entire growing season by 4.5 days. The
negative value of sensitivity of sunshine hours on soybean maturity
(Fig. 5c) indicated that anthesis was delayed because of an increase in
sunshine hours, a result of soybean being a short-day plant. However,
the contribution of cumulative precipitation during the reproductive
period was largest inﬂuence on phenology trend (Fig. 8) among the
three climatic factors, and these results should be further explored.
It is expected that the climate will be warmer in the future than in
past decades (IPCC, 2013). The annual average temperature in eastern
China (the main soybean producing area) is projected to increase by approximately 2 °C under RCP4.5 and 3 °C under RCP8.5 by 2010. Additionally, the cumulative temperature will increase by 400–700 °C d by
2100 (Chu et al., 2017). The increasing temperature will accelerate soybean phenology development and provide a greater heat resource for
crop development. Accordingly, for the single-soybean system, farmers
can select cultivars with long growing season requirements and frost

Fig. 8. Average relative contribution of each climate factor on trends of soybean phenology affected only by climate change (Trendphe_cli) in eastern China (1981–2010). Values indicate
the mean percentage of all stations.
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tolerance and have a feasible spring sowing window to mitigate future
climate change.
4.3. Uncertainties
It is difﬁcult to isolate the impacts of climate change from crop management. Two approaches that have been used are statistical methods
(Hu et al., 2005; Liu et al., 2018; Zhang et al., 2013; Zhao et al., 2016)
and crop models (Abbas et al., 2017; He et al., 2015; Hu et al., 2017;
Mo et al., 2016; Wang et al., 2017a). Whether one method is better
than the other one is uncertain. Process-based crop models can dynamically simulate the interactions between crops, environmental conditions, and management practices, but they need more information for
model calibration and validation than statistical methods, and have uncertainties regarding model parameters and structures. We acknowledge that there were uncertainties in the statistical method used in
our study, including our assumption that crop management (technical
improvement) changes occurred gradually, such that the crop
management-driven phenology change was taken as a constant. A general limitation of regression models (Eq. (4)) is that only the apparent
relationships between phenology and climatic factors are identiﬁed.
Such relationships are not always causal. Additionally, climatic variables
in a regression model must have mechanistic meaning as climatic factors are correlated with each other. Collinearity among climate variables
is the most difﬁcult and common issue to consider when choosing climate variables, as this collinearity can cause difﬁcultly in distinguishing
the true contributions of different climatic factors.
5. Conclusions
Observed soybean phenology in China has changed between 1981
and 2010 due to climate change and crop management. Sowing, emergence, anthesis, and maturity dates at most sites tended to be delayed.

The length of the emergence-anthesis and sowing-maturity periods at
most sites was shortened and the length of anthesis-maturity period
at most stations was lengthened. The relative contributions of climate
change and crop management to the trends in soybean phenology
were different. The relative contributions of management to trends in
sowing, emergence, and maturity dates were 80.9%, 69.3%, and 79.6%,
respectively, and were greater than the relative contributions of climate
change, and the directions of the effects on trends were opposite. Mean
temperature, which accounted for N40% of the phenology changes, was
the dominant climatic factor affecting changes of most soybean phenological stages and phases. Delaying sowing dates and using cultivars
with higher total degree day requirements would be two important
management practices to mitigate detrimental effects of climate
change. With future climate warming, farmers have a larger feasible
spring sowing window and can select cultivars with long growing seasons and frost tolerance in order to mitigate some of the detrimental effects of future climate change and to maintain or increase soybean
production in China.
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Appendix A
Table A1
Information regarding soybean sites in eastern China.
No.

Station name

Province

Latitude (°N)

Longitude (°E)

Elevation (m)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Zhalantun
Huma
Nenjiang
Wudalianchi
Jiayin
Hailun
Fujin
Bayan
Jiamusi
Baoqing
Raohe
Hadongbin
Hulin
Yushu
Shuangyang
Donghua
Liaoyuan
Huadian
Yanji
Changtu
Xinmin
Jinzhou
Benxixian
Xinbin
Haicheng
Gaizhou
Fengning
Huanghua
Fucheng
Shangxian
Fengxian
Binhai

Neimenggu
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Heilongjiang
Jilin
Jilin
Jilin
Jilin
Jilin
Jilin
Liaoning
Liaoning
Liaoning
Liaoning
Liaoning
Liaoning
Liaoning
Hebei
Hebei
Hebei
Shannxi
Jiangsu
Jiangsu

48.0
51.7
49.2
48.5
48.9
47.5
47.2
46.1
46.8
46.3
46.8
45.9
45.8
44.9
43.6
43.4
42.9
43.0
42.9
42.8
42.0
41.1
41.3
41.7
40.9
40.4
41.2
38.4
37.9
33.9
34.7
34.0

122.7
126.6
125.2
126.2
130.4
127.0
132.0
127.4
130.3
132.2
134.0
126.6
133.0
126.5
125.6
128.2
125.1
126.8
129.5
124.1
122.9
121.1
124.1
125.1
122.7
122.4
116.6
117.3
116.2
110.0
116.6
119.8

306.5
173.9
242.2
266.8
90.4
239.2
66.4
134.1
82.0
83.0
54.4
118.3
100.2
196.5
219.5
524.9
252.9
263.3
257.3
165.1
30.9
65.9
258.9
328.4
25.3
24.8
735.1
4.5
18.6
742.2
40.1
4.1
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Table A1 (continued)
No.

Station name

Province

Latitude (°N)

Longitude (°E)

Elevation (m)

33
34
35
36
37
38

Bozhou
Suzhou
Fuyang
Fengyang
Nankang
Longnan

Anhui
Anhui
Anhui
Anhui
Jiangxi
Jiangxi

33.9
33.6
32.9
32.9
25.7
24.9

115.8
117.0
115.7
117.6
114.8
114.8

37.7
25.9
32.7
24.6
127.0
206.3
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