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HIGHLIGHTS

GRAPHICAL ABSTRACT

Trends in soybean phenology in China
from 1981 to 2010 were examined.
Impacts of climate change and crop
management on changes in soybean
phenology were isolated.

Crop management accounted for 80.9%,
69.3%, 79.6% of sowing, emergence, ma-
turity trends.

Mean temperature accounted for >40%
of soybean phenology variation.
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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 prac-
tices 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 —?, 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™!, respectively. Conversely, the reproductive period was lengthened by an average of
0.43 days decade™". 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 manage-
ment 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 radia-
tion are important determinants of crop development and yield. Climate
change is characterized by increasing temperature, modified precipita-
tion, 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 sig-
nificantly impacted by climate warming. For two examples of perennial
crops, Fujisawa and Kobayashi (2010) reported that flowering and bud-
ding of apple (Malus x 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 sig-
nificantly 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™! (Hu et al., 2005), and most winter cereal phenophases on
the Iberian Peninsula (Oteros et al., 2015) were advanced due to in-
creasing temperature. In China, dates of green-up after winter dor-
mancy, 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 tem-
perature (Wang et al., 2017b). Crop phenology is a widely used indica-
tor for assessing effects of climate and environmental conditions (Xiao
etal, 2015).

Crop phenology is affected by both environmental conditions
(mainly thermal time requirement) and agronomic management prac-
tices, 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 phe-
nology 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 short-
ening 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 predomi-
nant drivers of growth period change for early and single rice (Wang
etal., 2017a; Zhao et al., 2016). A significant portion of the negative im-
pact 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 ther-
mal 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 phenol-
ogy responses to other climate factors such as precipitation and sun-
shine 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 develop-
ment in China from 1981 to 2010, and isolated and quantified impacts of
climate change and crop management on changes in soybean phenol-
ogy to answer the above questions. The results of this study should
offer insights into how the negative impacts of climate warming on soy-
bean 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 agro-
meteorological 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 re-
cords 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 matu-
rity). Local farmers would change to a new soybean cultivar about



L. He et al. / Science of the Total Environment 707 (2020) 135638 3

b4

Yy
. \

N
N
S
'U \’l. Wi
cril
=
. \ 3 t?. 3 I

* Soybean site

o~ S

RSN

\
\ .
/5 Nenjiang! ‘rn\'h._\ [/i
—~ S Rubhe ¢
Zhalantun /alh.!%u o ot

. ® Hu \bn

u.n.m. i wq\u!. by

Fig. 1. Locations of soybean agro-meteorological experimental stations used in the current study of eastern China.

every 3-5 years due to cultivar improvement through crop breeding.
Crop management practices at the observed soybean stations were gen-
erally the same as local traditional practices. Irrigation and fertilizer ap-
plications 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, precipi-
tation, and sunshine hours.

2.2. Data analysis method

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

where O is the observed climate factor, such as temperature (O,), accu-
mulated precipitation (O,), sunshine hours (Os); Trend; is the trend of
the observed climate factor, and Trend,(°C decade™!), Trend,(mm
decade™ 1), and Trend,(hr decade™!) represent the trends of tempera-
ture, precipitation, and sunshine hours, respectively; t is the year; B
is the regression intercept. Time windows for calculating climate factor
trends were determined by the mean phenological stages at each sta-
tion. 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 = Trendch- X t+ [55” (1) Ophe = Trendphe xt+ Bphe (2)

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 Date (DOY?) or phase length (days) Tmean” (°C) Pre€ (mm) SSHY (hr)
Sowing 135 (24)° 15.9(5.3) 72 (68) 2245 (56.0)
Emergence 149 (22) 18.6 (4.1) 90 (79) 231.8 (61.7)
Anthesis 194 (20) 23.5(2.6) 149 (83) 211.5 (54.0)
Maturity 262 (24) 15.1 (4.8) 60 (58) 211.0 (39.3)
Emergence-Anthesis 45 (10) 21.6 (3.2) 182 (107) 332.9(102.1)
Anthesis-Maturity 69 (13) 21.1(2.7) 267 (114) 477.0 (133.2)
Sowing-Maturity 128 (20) 20.8 (2.9) 473 (163) 910.9 (253.7)

2 Day of year.

> Mean temperature.

¢ Cumulative precipitation.

4 Cumulative sunshine hours.

€ Values in parentheses are standard deviations.
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Table 2

Observed trends in mean temperature (Trend,.,), precipitation (Trend,.), and sunshine
hours (Trendss,) during soybean phenological stages and phases at 38 stations in eastern
China from 1981 to 2010.

Phenological stages or phases Trenden, Trendp, Trendss;,
(°Cdecade™) (mmdecade™!) (hrdecade™!)
Sowing 0.53 5.01 —3.44
Emergence 0.58 4.14 —2.68
Anthesis 0.23 —1.34 —6.41
Maturity 0.66 —341 —3.75
Emergence-Anthesis 0.52 7.87 —6.29
Anthesis-Maturity 0.20 —14.27 2.73
Sowing-Maturity 0.35 —4.93 —4.74

where O, is the observed soybean phenological phase or stage;
Trendpy, is the trends of observed soybean phenological phase or stage
(days decade™!); tis the year; By 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 phenol-
ogy caused by a temporal variation in climate. Trend,pe in Eq. (2) is the
observed phenology trend, which is the mixed trend response to

(a) Sowing

days decade”’
® 62-26
e 25-9
o 0-3%
® 39.6%

6.9-10.9

days decade™
® 44-29
.« 28-0
e 0-30
® 31-78

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

Trendppe_man = Trendppe —Trendppe g (3)

where Trend,he_q; 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 phe-
nology and climate factors, a multiple regression model between phe-
nology and climate factors was determined as:

APhe = Stemperuture AT + Sprecipitation AP + Ssunshine AS + intercept (4)

where APhe is the first-difference value of the phenological phase or
stage; AT, AP and AS represent the first-difference values for average
temperature, cumulative precipitation, and cumulative sunshine hours
for the corresponding period, respectively; Siemperature(days °c™h,
Sprecipitation(days mm ™), and Sgshine(days hr—!) indicate the sensitivity
of soybean phenology to temperature, precipitation, and sunshine
hours, respectively; intercept is the regression model intercept.

days decade™
® 40--22
.« 21-0
e 0-22
® 23-64

days decade™ Rt
® 64-.41
o 40-0
¢ 0-34
e 35.75
® 76-117

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
(Trendppe_qi) is calculated as:

Trendphe_cli = Stemperature 11Nt + Sprecipitation TreNdp + Ssunshine Trends  (5)

We used a two-sample t-test to test the statistical significance of the
difference between the mean values of Trend,n. and Trendppe ¢ at all 38
stations. When P < .05, the difference between Trendppe men and
Trendppe_cii 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
(Trendppe_ci) were obtained for every station. Thus, the relative contri-
bution of temperature (Ceemperature), Precipitation (Cprecipitation), and sun-
shine hours (Csunshine) influence on soybean phenology was calculated
as follow:

Stemperature Trendy

perature = x 100%
}Stemperature Trendt‘ + |Sprecipitalion Trendp| + ‘ssunshine Trendsl

(6)

where Ceemperature 1S the contribution of temperature influence on soy-
bean phenology. In a similar way, the contribution of precipitation
(Cprecipitation) and sunshine hours (Cgynshine) influence on soybean phe-
nology was also calculated by Eq. (6).

For a specific phenological phase or stage, the average relative con-
tribution of average temperature changes (Cremperarure) ON the soybean
system was calculated as:

n
Z i=1 C[empemmre,i

x 100%
i":1 Ctemperature.i| + |Z?:1Cpredpimtiunj| + |Z?:1Csunshinej|

(7)

Ctemperature = ‘ Z

Where n iS the number Of stations, Ctemperature, is Cprecipitation, is Csunshine, i
represent the relative contribution of changes in temperature, precipita-
tion, and sunshine hours, respectively, at station i from Eq. (6). Similarly,
the average relative contribution of changes in precipitation (Cpyecipitation)
or sunshine hours (Cgyushine) ON the soybean cropping system can be cal-
culated in the same way.

The relative contribution of climate change (C.;) influence on soy-
bean phenology at every station was calculated as:

Ci = Trendphe,cli
chr —
|Trendpne cii| + | Trendpne man|

x 100% 8)

The variables in Eq. (8) are the same as in Eq. (3). The relative con-
tribution of management (Cy,q,) influence on soybean phenology at
every station was also similarly calculated using Eq. (8). Thus, the aver-
age relative contribution of climate change influence on the soybean
system was calculated as:

Coi— 21 Caii
cr —
|21 Cai] + [ 2211 Comani|

x 100% 9)

where n is the number of stations, Cy; ; and Gyan, ; represent the relative
contributions of climate change and crop management influence at sta-

tion i. The average relative contribution of management (Cpqy) influence
on the soybean system was calculated using Eq. (9) in a similar way.

2.3. Thermal time calculation

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

dn
GDD = "(Tmean—Tpase) (10)
ds

where Teqn is the daily mean temperature (°C), Tpqse is the biological
lower limit temperature for soybean (10 °C), and d; and d,, are the sow-
ing and maturity dates, respectively.

(a) Emergence-Anthesis 1,

i days decade™
-6.1--3.5
34-0
0-43
44-11.8

f days decade™
54--4.7
-46-0
0-2.06

27-73

# days decade™

&

) . ®  91--80
/ o 79-30

29-0

0-42
® 43-138

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 cir-
cles 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™! over the observed soybean phenological stages or phases
(Table 2). The rates of increase in mean temperature at sowing, emer-
gence, and maturity stages (>0.5 °C decade™') 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 !
(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™ .

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 ™! overall soybean growth stages and phenological phases ex-
cept during the reproductive development period (anthesis-maturity)
when sunshine duration increased at a rate of 2.73 h decade™!
(Table 2). This increasing trend in cumulative sunshine hours during
the anthesis-maturity phase appears to be directly related to the de-
creasing trend in precipitation (14.27 mm decade!) during this repro-
ductive period.

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

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

_...éi./ LY o
o % °C d decadce™
&r = e
N\ M || -14.1-0.00
. 0.1-49.0
) zuelf : e 49.1-725
i ® 726-992
[ Ve @® 99.3-1355
- )

decade™'. A delay (red circles) occurred at 25 stations (delays at 11 sta-
tions were statistically significant at p <.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 de-
tected for sowing dates (Fig. 2b). Emergence was delayed at 24 stations
(significantly at nine stations), ranging from 0.0 to 6.4 days decade ™.
The average delay in emergence date was 0.83 days decade ™. 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 (signifi-
cantly at four stations) (Fig. 2d). Anthesis and maturity dates were de-
layed by an average of 0.19 and 0.62 days decade ™!, respectively.

The length of the soybean vegetative period (emergence-anthesis)
(Fig. 3a) decreased by an average of 0.62 days decade™! from 1981 to
2010, with a decreasing trend observed at 25 stations, ranging from 0
to 6.1 days decade™!. The decreasing trend was significant at three sta-
tions. Similarly, the length of the reproductive growth period (anthesis
to maturity) increased at 21 stations by an average of 0.43 days
decade™'. 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 ™', Fig. 2a) and a lesser delay in maturity date
(0.62 day decade !, Fig. 2d) led to a reduction in the length of the grow-
ing season (sowing to maturity) by —1.16 days decade " (Fig. 3c). The
length of the growing season was decreased at 24 stations and the de-
creasing trend ranged from 0 to —9.1 days decade™".

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 ™!, ranging from 0.1 to 135.5 °C d decade ™! (the in-
creasing trend was significant at 25 stations).

3.3. Sensitivity of soybean phenology to different climatic factors

Sensitivity of soybean phenological stages and phases to climatic fac-
tors 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™".

Emergence and anthesis dates and the vegetative period (emer-
gence-anthesis) were negatively sensitive to cumulative precipitation,
while the sensitivity value during the vegetative period was very

small (—0.03 days 100 mm~!). In contrast, sowing and maturity dates
and the reproductive period (anthesis-maturity) exhibited positive sen-
sitivity to precipitation.

All soybean phenological stages and phases were negatively sensi-
tive to cumulative sunshine hours expect for anthesis and the vegetative
period (emergence-anthesis). Among all phenology stages, the

Climate 3 Management = Cli_Man

Sowing Emergence Anthesis

15-

10- %

e
i
|

: j| :

-10-

Trend of phenology (days decade ')

Maturity Emergence-Anthesis Anthesis-Maturity Sowing-Maturity
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- ¥ .
.
| 1 ™
- .
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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 soy-
bean phenology; Management indicates the impact of crop management practices on soybean phenology; and Cli_man indicates the combined impacts of climate change and crop man-
agement 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 Trendppe® Trendpheid,-b Trendpne_man® t-Test (p-value)
(days dacade™!) (days dacade™!) (days dacade™!)

Sowing 1.78 —-0.5 2.28 0.00™
Emergence 0.83 —04 123 0.01™

Anthesis 0.19 —0.26 0.45 0.38

Maturity 0.62 —0.26 0.88 0.18
Emergence-Anthesis —0.62 —0.77 0.15 0.82
Anthesis-Maturity 043 —0.12 0.55 037
Sowing-Maturity —-1.16 —0.88 —0.28 0.75

2 Soybean phenology trends as affected by climate change and management.
b Soybean phenology trends as affected only by climate change.
¢ Soybean phenology trends as affected only by management.

** Significant at 0.01 probability level.

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 cli-
mate change were negative, which indicated that soybean phenology
was advanced or length of growing season was shortened under the in-
fluence 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 manage-
ment, while the reproductive period was lengthened (Table 3). Trends
of all growth stages or lengths of growth phases under crop manage-
ment alone were advanced or prolonged except for length of the grow-
ing 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
(Trendpp.). 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 manage-
ment 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, emer-
gence, 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, anthesis-
maturity, and growing season periods were larger than the contribu-
tions 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 phenologi-
cal phases. The contribution of precipitation was largest (46.62%) for
the anthesis-maturity phase while it was the smallest in the other phe-
nological 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.

[ climate change [ crop management measures

Sowing
80.86

Emergence Anthesis

69.27

[42]
[=]

-19.14

én
=)

Contribution on trend of phenology (%)
=
(_T) o

Maturity Emergence-Anthesis Anthesis-Maturity Sowing-Maturity
79.55
16.72
-42.96
-57.04
-83.28
-92.98

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 influ-
enced 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 short-
ened 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) in-
dicated 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. Ob-
served sowing dates at most stations occurred significantly later by an
average of 1.78 days decade ~!, 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. In-
creasing 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 de-
layed 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 be-
cause they only plant a single crop each year. Cultivar shifts also played
an important role in crop phenology. In our study, the increasing ther-
mal time requirements during the soybean growing season indicated
that the introduction of soybean cultivars with high thermal-time re-
quirements during 1981-2010 partially influenced the changing

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 tem-
peratures, 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 cli-
mate factors

Among the three climatic factors investigated in this study, the
major contributor influencing soybean phenology (>40%) 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 (sow-
ing-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. 5¢) 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 ap-
proximately 2 °C under RCP4.5 and 3 °C under RCP8.5 by 2010. Addi-
tionally, the cumulative temperature will increase by 400-700 °C d by
2100 (Chu et al,, 2017). The increasing temperature will accelerate soy-
bean 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

[ Mean temperature [l Cumulative precipitation [l Cumulative sunshine hours
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Contribution on trend of phenology (%)
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0 ] ]
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-20.58 -17.96
-39.58
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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 man-
agement. 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 dynam-
ically simulate the interactions between crops, environmental condi-
tions, and management practices, but they need more information for
model calibration and validation than statistical methods, and have un-
certainties regarding model parameters and structures. We acknowl-
edge 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 gen-
eral 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 fac-
tors are correlated with each other. Collinearity among climate variables
is the most difficult and common issue to consider when choosing cli-
mate 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, emer-
gence, anthesis, and maturity dates at most sites tended to be delayed.

Appendix A

Table A1
Information regarding soybean sites in eastern China.

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 >40% of the phenology changes, was
the dominant climatic factor affecting changes of most soybean pheno-
logical 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 sea-
sons and frost tolerance in order to mitigate some of the detrimental ef-
fects of future climate change and to maintain or increase soybean
production in China.
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No. Station name Province Latitude (°N) Longitude (°E) Elevation (m)
1 Zhalantun Neimenggu 48.0 122.7 306.5
2 Huma Heilongjiang 51.7 126.6 173.9
3 Nenjiang Heilongjiang 49.2 125.2 2422
4 Wudalianchi Heilongjiang 48.5 126.2 266.8
5 Jiayin Heilongjiang 48.9 1304 90.4
6 Hailun Heilongjiang 47.5 127.0 239.2
7 Fujin Heilongjiang 47.2 132.0 66.4
8 Bayan Heilongjiang 46.1 1274 134.1
9 Jiamusi Heilongjiang 46.8 1303 82.0
10 Baoqing Heilongjiang 46.3 132.2 83.0
11 Raohe Heilongjiang 46.8 134.0 544
12 Hadongbin Heilongjiang 45.9 126.6 1183
13 Hulin Heilongjiang 45.8 133.0 100.2
14 Yushu Jilin 449 126.5 196.5
15 Shuangyang Jilin 43.6 125.6 2195
16 Donghua Jilin 434 128.2 524.9
17 Liaoyuan Jilin 429 125.1 2529
18 Huadian Jilin 43.0 126.8 263.3
19 Yanji Jilin 429 1295 257.3
20 Changtu Liaoning 42.8 124.1 165.1
21 Xinmin Liaoning 42.0 1229 309
22 Jinzhou Liaoning 411 1211 65.9
23 Benxixian Liaoning 413 1241 2589
24 Xinbin Liaoning 41.7 125.1 3284
25 Haicheng Liaoning 40.9 122.7 253
26 Gaizhou Liaoning 40.4 1224 24.8
27 Fengning Hebei 41.2 116.6 735.1
28 Huanghua Hebei 384 1173 4.5
29 Fucheng Hebei 379 116.2 18.6
30 Shangxian Shannxi 33.9 110.0 742.2
31 Fengxian Jiangsu 34.7 116.6 40.1
32 Binhai Jiangsu 34.0 119.8 41
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Table A1 (continued)

No. Station name Province Latitude (°N) Longitude (°E) Elevation (m)
33 Bozhou Anhui 339 1158 37.7
34 Suzhou Anhui 33.6 117.0 259
35 Fuyang Anhui 329 115.7 32.7
36 Fengyang Anhui 329 117.6 24.6
37 Nankang Jiangxi 25.7 1148 127.0
38 Longnan Jiangxi 249 1148 206.3
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