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Abstract: The black soil region of northeast China is a vital food base and is one of the most
sensitive regions to climate change in China. However, the characteristics of the crop phe-
nological response and the integrated impact of climate and phenological changes on agri-
cultural productivity in the region under the background of climate change are not clear. The
future agricultural risk assessment has been insufficiently quantified and the existing risk level
formulation lacks a sound basis. Based on remote sensing products, climate data, and model
simulations, this study integrated a logistic function fitting curvature derivation, multiple linear
regression, and scenario simulation to investigate crop phenology dynamics and their climate
response characteristics in the black soil region. Additionally, the compound effects of climate
and phenology changes on agricultural production and possible future risks were identified.
The key results were as follows: (1) From 2000 to 2017, 29.76% of the black soil region of
northeast China experienced a significant delay in the start of the growing season (SOS) and
16.71% of the total area displayed a trend for the end of the growing season (EOS) to arrive
earlier. The time lagged effects of the SOS in terms of the crop response to climatic factors
were site and climatic parameter dependent. The influence of temperature was widespread
and its effect had a longer lag time in general; (2) Both climatic and phenological changes
have had a significant effect on the inter-annual variability of crop production, and the predic-
tive ability of both increased by 70.23%, while the predictive area expanded by 85.04%, as
compared to that of climate change in the same period of the growing season; (3) Under the
RCP8.5 scenario, there was a risk that the future crop yield would decrease in the north and
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increase in the south, and the risk area was constantly expanding. With a 2.0°C rise in global
temperature, the crop yield of the southern Songnen black soil sub-region would reduce by
almost 10%. This finding will improve our understanding of the mechanisms underlying cli-
mate change and vegetation productivity dynamics, and is also helpful in the promotion of the
risk management of agrometeorological disasters.
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1 Introduction

Climate change is one of the greatest challenges faced by human beings in recent years and
is a crucial factor influencing the sustainable development of the economy and society
(Byers et al., 2018; Chen et al., 2020; Su et al., 2021). Recent climate change has greatly
changed the spatial and temporal pattern of agricultural production factors and agricultural
production processes, which threaten global food security (Liu et al., 2018; Fujimori et al.,
2019; Liu et al., 2020). Averaged globally, climate change has caused recent yield decreases
in rice production (0.3%) and wheat production (0.9%) (Ray et al., 2019). Strong yield loss-
es have been predicted for global soybean production (14%-43%) and spring wheat produc-
tion (14%—-52%) under the future scenario by 2050 (Osborne et al., 2013), and overall agri-
cultural productivity will be reduced between 2% and 15% (Delinc€ et al., 2015). By the end
of the 21st century, an average projected loss in global crop yields of 5.6% is predicted due
to temperature changes alone under the lowest emissions scenario, with this figure rising to
18.2% under the highest emissions scenario (Zhao et al., 2017). Therefore, studying the
mechanisms by which climate change impacts agricultural production, and enhancing the
ability to adapt to climate change, has become an important strategic task in the establish-
ment of global and regional sustainable development. Some studies have found that the
fluctuation of crop yield is mainly controlled by the change in average temperature (Arnell
et al., 2019; Hou et al., 2021), with estimated average yield reductions of 5.8% in maize
(Hou et al., 2021), 5.7% in wheat (Liu et al., 2016), and 3.2% in rice (Zhao et al., 2017) for
a 1°C increase in mean temperature. However, other studies have reported that the global
precipitation fluctuation in the future will be highly heterogeneous, and the sensitivity of
crop yield to precipitation may be higher than that to temperature (Liu ef al., 2013; Leng and
Hall, 2019). Agricultural production is a complex process that relies on multiple factors.
Although many studies have explored the possible impact of climate change through the
joint simulation of multiple crop models, covering the continuous enrichment of crop types,
more comprehensive response indicators, and increasingly in-depth analyses of the mecha-
nisms involved, the results are still uncertain due to the structure, premise assumptions, and
input parameters of the models used (Rosenzweig et al., 2013; Kukal and Irmak, 2018).
Furthermore, most crop models have consider related processes, such as climate change,
crop water supply and demand, and changes in the growing season, but the quantification of
their cascading effects still needs to be investigated further (Lin et al., 2015; Zhao et al.,
2017).

Northeast China is one of the three black soil regions in the northern hemisphere and is
also the largest commercial grain production base in China (Lam et al., 2013). The output of
corn, rice, soybean, and other crops accounts for about 30% of the total output of the country
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(Lv et al., 2019; Sun and Li, 2019). Over the past few decades, due to excessive soil recla-
mation and utilization, unsustainable farming activities, and the long-term concepts of reuse
and light cultivation, soil erosion in the black soil area of northeast China has become seri-
ous, the soil layer has become thinner, and the fertility has decreased (Xu ef al., 2010; Li et
al., 2017). Additionally, the soil nutrient efficiency has been reduced and the environmental
risk has increased (Xu et al., 2010; Jiang et al., 2019). The black soil area in northeast China
is also one of the areas of China that is most sensitive to climate change. Over the past 50
years, the regional average temperature has risen by 0.38°C/10a, which is higher than the
national average (Liu et al., 2009). The average temperature is likely to increase further
(Zhang et al., 2019), while precipitation has generally shown a fluctuating but increasing
trend, with a growing heterogeneity (Piao et al., 2021) under future climate scenarios. The
changes in hydrothermal conditions could improve the potential productivity to a certain
extent, but they may also lead to the aggravation of agrometeorological disasters. According
to the China bulletin on flood and drought disaster mitigation 2019, the drought and flood
affected areas of cropland in northeast China reached 3.29 x 10° and 4.60 x 10° ha, respec-
tively, and the risk to agricultural production may increase in the future (Ari et al., 2021).
Therefore, the protection and scientific utilization of black soil cropland has become a core
issue in the national food security strategy. Clarifying the response characteristics of crop
production in the black soil region of northeast China under climate change and identifying
the degree of risk presented by agrometeorological disasters is not only a scientific and
technological approach to managing the national economy and the livelihood of citizens but
will also assist with the major political task of implementing the instructions of the central
government.

Many studies have investigated the possible impact of climate change on agricultural
production in northeast China through field experiments, remote sensing inversions, and
model simulation (Li et al., 2016; Chu et al., 2017; Wang et al., 2020; Zhang et al., 2021).
Chu et al. (2017) identified the spatial distribution and temporal variation of agricultural
thermal and precipitation resources. Zhang et al. (2019) and Lv et al. (2015) analyzed the
fluctuation characteristics and future trends of grain yield in crops. Other studies have inves-
tigated the temporal and spatial variation of crop phenology and its response to climate
change (Lin et al., 2017; Xiao et al., 2021) and even the impact of crop phenology on crop
growth (Wang et al., 2020). However, few studies have focused on crop phenology to ana-
lyze the comprehensive effects of climate change and the phenological response on agricul-
tural production. Quantitative identification of the contribution of climate variability and
risk level in agrometeorological disaster risk assessment has been insufficient (He et al.,
2013). It has therefore proven difficult to provide more information for decision makers.

This study was based on the whole chain of climate change, phenological response, a
productivity dynamics, and risk assessment. The objectives were to: (1) investigate the
characteristics of crop phenological response to climate change in the black soil region of
northeast China; (2) quantify the comprehensive effects of climate factors and crop pheno-
logical changes on agricultural production; and (3) evaluate the variation of agricultural risk
under different temperature rise scenarios. The results will lead to a more comprehensive
understanding of the measures necessary to mitigate climate change in the region and con-
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tribute to the provision of national food security.

2 Materials and methods

2.1 Study area

This study area was located in northeast China, which includes Liaoning Province, Jilin
Province, Heilongjiang Province, and Hulunbuir City, Xing’an League, Tongliao City, and
Chifeng City of the Inner Mongolia Autonomous Region (Figure 1), with a total area of
about 1.25 million km” (You et al., 2021). This region has a temperate continental monsoon
climate with hot and rainy conditions in summer, while it is cold and dry in winter. The an-
nual average temperature is —1 to 9°C, and annual precipitation is about 500-800 mm. Pre-
cipitation is mainly concentrated in June to September, which accounts for 60%—70% of the
annual precipitation. The frost-free period is about 140-170 days (Liu et al., 2009). The
black land in this region is concentrated and connected, covering about 556,000 km” across
146 county-level administrative regions (Liu et al., 2021). The region is well known for be-
ing fertile, and the output of soybean and corn account for approximately 45.8% and 32.8%,
respectively, of the entire national output (http://data.stats.gov.cn/).
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Figure 1 Spatial distribution of the crop planting area in the black soil area of northeast China

2.2 Dataset

A dataset was compiled that included the following information. (1) The vector boundary of
the typical northeast black soil area. This boundary was obtained through digitization of the
results of Liu ef al. (2021) and covered the black soil sub-region in eastern Inner Mongolia,
Songnen black soil sub-region, and Sanjiang black soil sub-region. (2) Land use data. Land
use data with a 1 km resolution in 2000 and 2015 were obtained from the resources and en-
vironmental science and data center of the Chinese Academy of Sciences (https://www.
resdc.cn/). (3) Enhanced vegetation index (EVI) data. The data originated from the 8-day
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EVI inversion product from 2000 to 2017, which was provided by the University of Okla-
homa Center for Spatial Analysis (CSA), with a 500 m spatial resolution. This product was
calculated from the MODO09A1 C6 500 m 8-day land surface reflectance dataset and was
then filled with a linear interpolation and smoothed using a Savitzky-Golay filter after
checking for bad quality data (Zhang et al., 2017). (4) Meteorological data. Historical mete-
orological data for the period of 2000-2017 were collected from the China Meteorological
Administration (CMA) science data sharing service network (http:/data.cma.cn/). The data
included the monthly average temperature (Tm), monthly average minimum temperature
(Tmin), monthly average maximum temperature (Tmax), and monthly precipitation (TP).
First, meteorological stations with long-term unmeasured data were eliminated, and the few
unmeasured values were then interpolated using the mean value of the same period for the
adjacent years. Second, based on digital elevation model (DEM) data, the original meteoro-
logical data for the remaining 2031 meteorological stations in China was interpolated to a 1
km spatial resolution dataset using the AUSPLINE software. The future daily climate sce-
nario data were obtained from the five global climate models (GCMs) under the framework
of the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP), with a spatial resolu-
tion of 0.5° x 0.5°. To determine the grain production risk in the black soil area under the
worst climate change scenario in the future and provide a baseline for coping with climate
change, only the RCP 8.5 scenario, representing the highest level of greenhouse gas emis-
sions, was selected. (5) Grain production data. The historical grain production data at the
county (district) scale were obtained from the China county statistical yearbook and regional
yearbooks, which were mainly used for the correction of simulation data. We took the sum
of rice, wheat, and corn production as the total grain production. The grain production data
under the RCP8.5 scenario were obtained from Xiong et al., which took 1981-2010 as the
historical period. In addition, considering the intersection of the simulation period and dif-
ferent heating periods, the period of 1991-2010 was selected as the reference period. The
future grain production simulation did not consider the adjustment of the future planting area
and the progress made in agricultural technology, and reflected the impacts of climate
change (Xiong et al., 2012; 2020).

The vector boundary and land use data for the northeast black soil area were converted
into 1 km grid data with ArcGIS 10.4 software for use as climate interpolation data. To re-
duce the impacts of land use change, images of the 1 km agricultural land for 2000 and 2015
were masked upon each other. Then, the remaining agricultural land was used to further
mask the 1 km grid boundary data. Areas with sparse vegetation (EVI values less than 0.05
from April (the 97th day) to the peak of the growing season) were excluded, to generate the
agricultural planting range in the northeast black soil area (Figure 1). At the same time, the
EVI data were also resampled to a resolution of 1 km, accurately corresponding to the cli-
mate interpolation data.

2.3 Methods

2.3.1 Estimating crop phenology

The four-parameter logistic function fitting curve curvature derivation method based on the
EVI accumulation curve was used to extract the start of the growing season (SOS) and the
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end of the growing season (EOS). This method could effectively overcome the abnormal
vegetation phenology caused by environmental interference (such as drought and pest infes-
tation) (Wu ef al., 2016). To eliminate the interference of snow and rainfall on the EVI curve
in early spring or autumn and winter, only the crop growth period from the beginning of
April (the 13th image) to the end of October (the 38th image) was used in the analyses, with
these dates selected based on the growth pattern of single season crops in northeast China.
Furthermore, to eliminate the interference of environmental factors at the beginning of the
growing season, the minimum EVTI value before the maximum EVI value in the crop grow-
ing period was used to replace the original EVI value before this minimum value. The cal-
culation was as follows:

t
CumEVI, = EVI, (1)
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where ¢ represents day of the year (DOY) for an 8-day interval, cumEVI, is the cumulative
EVI from 1 DOY to time ¢, a and b are fitting parameters, the sum of ¢ and d is the maxi-

mum cumEVI, and d is the minimum cumEVI. z = ¢ “**?), D is DOY on a daily scale. The
first inflection point of the rate of change of curvature (RCC) was identified as the SOS,
while another inflection point was identified as the EOS.

2.3.2 Time lag effect of crop phenology

Agricultural crop growth is not only related to climate factors but is also strongly influenced
by human activities such as crop variety renewal, fertilization, and irrigation. We therefore
calculated the first-difference time series (i.e., the value of every year minus the value in the
first year) for crop SOS (ASOS) / EOS (AEOS) and the corresponding climate factors, such
as ATmax, ATmin, ATm, and ATP, which has been reported to eliminate non-climatic influ-
ences, such as crop management (Guo et al., 2019). Then, the time lag effects of the crop
phenology response to climatic factors were identified by a correlation analysis based on the
first-difference time series of crop phenology and climate variables.
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For each climate factor, LagT is the lagged time interval, 7,

is the square of the corre-
lation coefficient for the different lagged time ranges, 7j represents the previous months and
ranges from O to 3 (marked separately as TO, T1, T2, or T3), and x refers to the

first-difference time series of climate factors (ATm, ATP, ATmin, and ATmax), respectively.
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For example, ATm; refers to the first-difference time series of the average Tm from the cur-
rent month to the previous two months; and y refers to the first-difference time series of crop
phenology (ASOS, AEOS) and m indicates the time series length of these first-difference
data. Finally, the least square method was used to fit a linear slope (S) to characterize the
change of crop phenology or climate factors. All of the statistical analyses were performed at
a significance level of 0.10.

2.3.3 Climate impact on crop productivity

The EVI can reflect the photosynthetic capacity of vegetation and has a strong correlation
with the gross primary productivity (GPP) and other vegetation productivity indices. First,
we defined crop productivity as the average value of EVI during the growth season, which
was determined by the month in which the average growth season started and ended in the
whole study area. Second, the effects of climate factors and the SOS and EOS on crop
productivity were identified by a multiple linear regression analysis.
AEVI = Ap; * ATmaxy; + Br; * ATming; + Cpy * ATmy,
+ Dy *ATE; + E*ASOS + F*AEOS ...+ ¢

where AEVI refers to the first-difference time series of EVI, Az, Byj, Cry, and Dy; are the re-
spective regression coefficient values for ATmax, ATmin, ATm, and ATP in different previ-
ous months, £ and F are the regression coefficient values for ASOS and AEOS, respectively,
and ¢ is the residual term, indicating the influence of other factors on crop growth. The mul-
tiple linear regression determination coefficient R* was used to express the degree of expla-
nation of the different climate factors. The significance level was p < 0.10.

(6)

2.3.4 Grain production risk assessment under different temperature rise targets

Global average temperature is predicted to rise by 1.5C by 2029 and 2.0C by 2040.
Therefore, the time periods of 2019-2038 and 2030-2049 were selected for the global tem-
perature rise of 1.5°C and 2.0°C in a food production risk assessment (Schleussner et al.,
2016; Wu et al., 2019). To obtain the measured spatial total grain output in the reference
period, the grain output was spatialized through the agricultural planting range in the black
soil area, based on the total grain output of the county (district) from the statistical yearbook
data for the different years (Luo et al., 2020). The ¢ interpolation method was then used to
correct the simulated grain output by a systematic error elimination (Hay et al., 2000).

X, =(X,-X,)+X, (7)
where X; is the corrected total grain output in the future period, Z is the total grain output

of the original simulation in the future period, Z is the total grain output of the original

simulation in the reference period, and X, is the measured total grain output in the reference
period. Finally, the degree of change (Q) of the corrected total grain output in the future pe-
riod relative to the reference period was taken as the evaluation index of grain production
risk. According to the disaster reduction requirements (Deng et al., 2002), any year with a
2% or 5% reduction in grain production was defined as a poor or disaster year, respectively.
In addition, for the increase in total grain production in the future (i.e., 0>1), the standard
deviation method was applied to identify accurately the regional differentiation characteris-
tics of future grain production.
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0=Y/Y (®)
0=1 Risk free
098<Q0<l1 Low risk (III) 0
0.95<0<0.98  Medium risk(II) ©)
0<0.95 High risk (I)
0=0+ %o-, Slight increase(IV)

0 —%O‘l <0<Q+ %O‘l Obvious increase (V) (10)

0<Q —%o-l Significant increase(VI)

where Q represents the degree of change in future grain output, Y, is the grain output in the
future period (1.5°C or 2.0°C), ¥, is the grain output in the reference period, Q, and o, rep-

resent the average output and the standard deviation of the total grain output, respectively, in
the future when O>1.

2.2.5 Drought risk assessment under different temperature rise targets

The drought risk assessment method proposed by Wu et al. (2018) was used to calculate the
drought risk index of the northeast black soil region during the period of global temperature
rise of 1.5°C and 2.0°C, based on the comprehensive meteorological drought index. First,
according to the value of the comprehensive meteorological drought index, three categories
of mild, moderate, and severe drought were established. Second, when each drought cate-
gory persisted for more than 10 consecutive days, it was recorded as a (mild, moderate, or
severe) drought process. Finally, the frequency of the different types of drought was calcu-
lated to determine the drought risk index by an overlay analysis.

1 fe; 2T
H =l (11)
¢ e Jei<T
where H; is the probability of drought, f¢; is the frequency of drought process, i is the cat-
egory of drought, and 7 is the number of years.

3 Results

3.1 Climate change characteristics and phenological dynamics

The annual average temperature in the black soil area of northeast China fluctuated signifi-
cantly during 2000-2017 (Figure 2). Specially, the average temperature gradually increased
from 2000 to 2007, fluctuated from 2008 to 2011, and then increased again after 2012, with
a rate of increase of about 0.24°C/a (p = 0.11). In contrast, the precipitation in this area dis-
played a significant increasing trend from 2000 to 2017, with a rate of increase of 8.28 mm/a
(p = 0.02), but it decreased significantly after 2012 (Figure 2a). Generally, the seasonal cli-
mate change was consistent with the annual average change, but there were also temporal
differences, with the maximum, minimum, and annual average temperatures increasing rap-
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idly in spring from 2012 to 2017, and decreasing significantly in autumn (Figures 2b—2e¢). In
terms of the spatial pattern, from 2000 to 2017, the annual precipitation across 59.57% of
the black soil area in northeast China displayed a significant increasing trend, with a rapid
increase in annual precipitation (above 9 mm/a) occurring in 30.23% of the whole area. The
increase was mainly distributed in Qiqihar, Suihua, Baicheng, and Changchun in the
Songnen black soil sub-region and the northern part of the Sanjiang black soil sub-region.
The average annual temperature in 52.07% of the whole area fluctuated and decreased, with
the decrease mainly concentrated in the northern, central, and eastern parts of the Songnen
black soil sub-region (Figure 3).
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Figure 2 Trends in the annual and seasonal precipitation and average temperature in the black soil region of
northeast China from 2000 to 2017

As seen in Figure 4, the average crop SOS in the black soil area of northeast China was
DOY 147 (May 27) and the average crop EOS was DOY 265 (September 25) during
2000-2017. These SOS, and EOS values were consistent with the seedling emergence and
maturity times of the main crops from the 79 agrometeorological observation sites of three
provinces in northeast China (Li et al., 2011). Spatially, the SOS in the north and east of the
Songnen black soil sub-region and the Sanjiang black soil sub-region was mainly between
DOY 150 and 160, and the EOS was generally earlier than DOY 270. In comparison, the
SOS in the southwest of the Songnen black soil sub-region and the eastern Inner Mongolia
black soil sub-region was earlier and the EOS was slightly later (Figures 4a and 4b).

Figure 4 also shows the spatial distributions of the SOS and EOS linear trends for
2000-2017. From 2000 to 2017, most of the black soil area of northeast China experienced
delaying SOS trends (68.25% of whole area), of which 43.60% of the whole area displayed a
significant trend (p < 0.10), mainly in Qiqihar, Suihua, the north central area of Harbin, the
west of Baicheng, and the northeast of Songyuan. Only 8.01% of the black soil area indicated
a significantly advanced SOS, with a sporadic advance over the southeast and northwest
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Figure 3  Spatial variation of the annual precipitation and average temperature in the black soil region of north-
east China from 2000 to 2017

regions (Figures 4c and 4d). In contrast, about 58.36% of the whole area (the significant area
being about 16.71%) displayed an advanced EOS trend, especially in Baicheng, Songyuan,
Siping, and Changchun in the Songnen black soil sub-region, with an advance rate of 0.4
days/a. However, our results also indicated a delayed EOS in the northeast of the black soil
area, accounting for about 8.95% of the total area (Figure 4e and 4f).

3.2 Response of crop phenology to climate change and the impact on productivity

Figure 5 shows the spatial distribution of the temporal correlations between the SOS and
climate factors in the black soil region of northeast China. In general, the SOS was signifi-
cantly positively correlated with the precipitation in T2 and T3 on the northern edge of the
Songnen black soil sub-region and the central and southern regions. The SOS in the Sanjiang
black soil sub-region and the central of Qiqihar, Suihua black soil region, and was signifi-
cantly positively correlated with the precipitation in T1, and the SOS generally had a nega-
tive correlation with the precipitation in T2 and T3 in the eastern Inner Mongolia black soil



GAO Jiangbo et al.: Effects of climate change and phenological variation on agricultural production in NE China 47

/mS Mean annual ,mf Mean annual 35 The SOS

SOS (DOY) EOS (DOY) trends (day/a)
m <140 - <260 ! m <04
' = 140-150 = 260-270 = -0.4-0
0 250km = 150-160 0 250 km = 270-280 0 250km = 0-0.4
— = =160 — = =280 — - =04
© 4L ® ?
)
" / o e 1
g ~ A i {
5, g - S, | o~
M (Ve Ju, ~ |
. f) >
The SOS .5’ The EOS " The EOS
variation Y trend (day/a) variation
significance - <04 significance
0 250km = 00501 H50km = 0-0.4 0 250 km = 0.05-0.1
m =01 JE— m =04 — m =0.1

Figure 4 Spatial variation of the mean annual SOS, EOS and their trends in the black soil region of northeast
China during 2000-2017

sub-region (Figures 5a and 5b). The average temperature had a significant negative correla-
tion with the SOS in the Sanjiang black soil sub-region and the north and south of the
Songnen black soil sub-region. However, the lag time of the Sanjiang black soil sub-region
was concentrated in the TO and T1 periods, which was earlier than that of the Songnen black
soil sub-region (T2 and T3). There was a positive correlation between the SOS and average
temperature in some parts of the eastern Inner Mongolia black soil sub-region and Songnen
black soil sub-region (Figures 5c and 5d). The response of the SOS to the minimum and
maximum temperatures was basically consistent with the response to the average tempera-
ture, but the minimum temperature at TO was mostly negatively correlated with the SOS in
the northwest of the Songnen black soil sub-region and the eastern Inner Mongolia black soil
sub-region (Figures S5e—5h).

The EOS in the west of the Sanjiang black soil sub-region, the north and middle of the
Songnen black soil sub-region, and the east of the Inner Mongolia black soil sub-region was
positively correlated with precipitation, but the lag time displayed an advancing trend from
T3 to TO and T1. The EOS was negatively correlated with precipitation in T3 in the south of
the Songnen black soil sub-region (Figures 6a and 6b). In terms of temperature, from the
northeast to the southwest, the relationship between the average and maximum temperatures
and EOS in the black soil area of northeast China gradually changed from negative to posi-
tive, and the lag time changed from T3 to T2. There was an obvious spatial heterogeneity in
the correlation between the change in minimum temperature and the EOS. The EOS was
negatively correlated with minimum temperature in T3 in the middle of the Songnen black
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Figure 5 Spatial distribution of the significant lag responses of the SOS to climate variables in the black
soil region of northeast China during 20002017 (p < 0.10)

soil sub-region and Sanjiang black soil sub-region, but there was a positive relationship in
the north and south of the Songnen black soil sub-region and eastern Inner Mongolia black
soil sub-region, mainly in TO and T1 (Figures 6¢—6h).

As shown in Figure 7, there were large spatial differences in the ability of climate change
and crop phenology to predict crop productivity in the black soil area of northeast China.
Climate change and crop phenological variation could significantly explain crop productivi-
ty in 57.69% of the whole area, with a predictive ability of 50%—80% and more than 80% in
39.77% and 17.92% of the whole area, respectively. The strongest predictive ability was
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Figure 6 Spatial distribution of the significant lag responses of the EOS to climate variables in the black soil
region of northeast China during 2000-2017 (p <0.10)

mainly distributed in the Songnen and Sanjiang black soil sub-regions, to the west of the
Songyuan—Suihua line (Figures 7a and 7b). In contrast, the area in which climate change
could predict crop productivity in the same period was only 31.18% of the whole area and
was concentrated in the Songnen black soil sub-region, including Baicheng, Songyuan,
Dagqing, the south of Qiqgihar, and the southeast of the eastern Inner Mongolia black soil
sub-region. The areas with a predictive ability of 50%—-80% and more than 80% were re-
duced by 41.90% and 95.20%, respectively (Figures 7c and 7d). Additionally, climate
change in T1 showed no marked improvement in terms of its ability to predict crop produc-
tivity, with the predictive area decreasing by about 0.52% (Figures 7e and 7f).
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3.3 Grain production risk assessment under different temperature rise targets

The corrected simulation results for grain production in the northeast black soil region
showed that the average annual total grain production was about 54 million tons from 1991
to 2010, and the high-yield areas were mainly concentrated in the middle of the Sanjiang
black soil sub-region and the east and west of the Songnen black soil sub-region (Figure 8a).

Under the RCP 8.5 scenario, when the global temperature increased by 1.5°C, the annual
average total grain production exceeded 60 million tons (Figure 8b). Compared with the ref-
erence period, grain production displayed a decreasing trend in the south and an increasing
trend in the north. Grain production in the eastern Inner Mongolia black soil sub-region, the
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Figure 8 Spatial distribution of total grain yield (a, b, ¢) and grain production risk (d, e) in the black soil region
of northeast China

northern Songnen black soil sub-region, and the western Sanjiang black soil sub-region in-
creased substantially. The grain production risk areas were mainly distributed in the southern
edge of the Songnen black soil sub-region, where the maximum grain production reduction
was close to 5% (Figure 8d). When the global temperature increased by 2.0°C, the annual
average total grain production exceeded 67 million tons, which was about 7% and 24%
higher than the production under a temperature rise of 1.5°C and the reference period, re-
spectively. The spatial distribution of the grain output was basically consistent with the cur-
rent period (Figure 8c). Additionally, the decrease in the south and increase in the north in
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the grain production pattern became more obvious. The area of increase in grain production
in the eastern Inner Mongolia black soil sub-region, the north of the Songnen black soil
sub-region, and the west of the Sanjiang black soil sub-region expanded substantially. There
was a high risk to grain production in the southern edge of the Songnen black soil sub-region,
with the maximum reduction in grain production close to 10%. The medium risk area ex-
tended to most areas south of the Songhua River (Figure 8e).

Under the future climate change scenarios, the north of China displayed a warming and
wetting trend, while the south displayed a warming and drying trend (Gao et al., 2020).
Northeast China had a warming and wetting trend, with the mismatch of water and heat re-
sources potentially having adverse effects on agricultural production (Chu et al., 2017). In
the reference period, the drought risk was high in the middle of the region and low in the
east and west. The areas with high risk-index values were mainly distributed in the west of
the Songnen black soil sub-region and the southeast of the eastern Inner Mongolia black soil
sub-region. The second highest drought risk occurred to the east of the Songnen black soil
sub-region, while the lowest drought risk index values occurred in the Sanjiang black soil
sub-region and the north of the eastern Inner Mongolia black soil sub-region (Figure 9a).
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Under the RCP 8.5 scenario, when the global temperature increased by 1.5 °C, the distri-
bution of the drought risk index in the northeast black soil region was basically consistent
with that of the reference period (Figure 9b), but the risk index of the central and western
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parts of the Songnen black soil sub-region increased greatly, and the risk index in the
southwest and northwest parts of the Songnen black soil sub-region and the southeastern
part of the eastern Inner Mongolia black soil sub-region decreased (Figure 9d). When the
global temperature increased by 2.0°C, the overall distribution of the drought risk index in
the northeast black soil region was basically the same as that in the previous two periods
(Figure 9¢). Compared with the risk under the 1.5°C temperature rise, when the global tem-
perature increased by 2.0°C, the risk index values in the central part of the Songnen black
soil sub-region and the north of the eastern Inner Mongolia black soil sub-region increased
significantly, whereas the risk index values for the central and western parts of the Songnen
black soil sub-region and the northeast of the Sanjiang and Songnen black soil sub-regions
decreased substantially (Figure 9e¢).

4 Discussion
4.1 Characteristics of the crop response to climate change

From 2000 to 2017, the average temperature in the black soil area of northeast China
fluctuated sharply, with a stagnation in the warming phenomenon that was relatively con-
sistent with the global change, and then the temperature rose again rapidly, at a rate above
the average level (0.10°C/a) of the northwest region from 2012 to 2019 (Li et al., 2020). The
annual precipitation in this area decreased significantly after 2012, and the warming and
drying trend should be a serious concern. With the warming and drying of the climate, about
30% of the whole area experienced a significant delay to the SOS (p < 0.10), while only
8.01% of the whole area experienced a significant advance in the SOS. Some studies have
shown that the start of the vegetation growth season in the northern hemisphere was only 0.2
days earlier from 2000 to 2008, which was about 92.31% less than that in 1982—-1999 (Jeong
et al., 2011), and the beginning of the winter wheat growth season in north China was obvi-
ously delayed from 1999 to 2013. The delay was about 4.3 days/10a (Liu et al., 2017),
which was consistent with our results. The SOS in most areas in the north and south of the
northeast black soil region was positively correlated with precipitation in the previous
months, and negatively correlated with the average temperature and maximum/minimum
temperature in the previous months, which was related to the hydrothermal situation and its
variation. The average temperature in northeast China is relatively low, and the precipitation
decreased over an arc-shaped area from the northwest to southeast. Precipitation in eastern
Inner Mongolia, western Jilin, and southwest Heilongjiang is very scarce (Wu et al., 2021).
The northern and southern parts of the region are cold but have relatively abundant precipi-
tation. In these areas the temperature rise in the early stage promoted an early SOS, while
the increase in precipitation in this stage resulted in a decrease in sunshine intensity and
temperature to a certain extent, which led to a growth delay (Shen et al., 2015). In contrast,
in eastern Inner Mongolia, western Jilin, and southwest Heilongjiang, where the precipita-
tion is relatively low, early warming may cause drought and inhibit crop growth (Piao et al.,
2015). From 2000 to 2017, there was an advance in the EOS, in 58.36% of the whole area, in
the black soil region. This finding differed from the results of previous studies and may be
related to the study period (Yang et al., 2017a). Yang et al. (2015) reported that, compared
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with the 1980s, the delaying trend in the EOS in northern China in the 2000s had weakened,
and some regions displayed an advancing trend. The relationships between the EOS and
precipitation and temperature were generally the opposite, which also reflected the interac-
tive effect of water and temperature on crop growth in the climate change sensitive area. The
positive correlation between the EOS and minimum temperature in the north of the black
soil area may be related to low temperature stress (Yang et al., 2017b).

Climate change plays an important role in crop production. Previous studies have reported
that, compared with the 1980s, the contribution rate of climate change to the rice yield in
Heilongjiang Province in the 1990s was 23.2%-28.8% (Fang et al., 2004), and for the corn
yield in the Songnen Plain it was 26.78% (Wang ef al., 2007). In the North China Plain, the
overall contribution rate of climate variables to the corn yield in the past 30 years was about
15%-30% (Xiao and Tao, 2016). Our results found that the average ability of climate change
to predict agricultural production in the black soil region of northeast China was about
36.31%, which was relatively consistent with these studies. The differences may be related
to the study period and regional scope. As important points in the vegetation growth period,
the SOS and EOS are not only affected by climate change but also have an important effect
on vegetation physiological processes and photosynthetic production capacity (Wang et al.,
2020). The combined consideration of climate change and crop phenology can effectively
improve the ability to predict crop productivity. The predictive ability of the combination of
both factors increased by 70.23% and the predictive area expanded by 85.04% compared
with that of climate change in the growing season period, which was a useful approach to
establish a large-scale crop yield estimation model.

4.2 Risk prediction for grain production and coping strategies

In recent decades, with the variations in the regional climate and resource conditions, the
planting area and output of the major grain crops, such as rice, wheat, and corn, in the black
soil area of northeast China have shown an increasing trend (Li e al., 2016; Hu et al., 2019).
Based on the perspective of climate change—food production—future risk, we adopted the
gradual climate change risk assessment method (Wu et al., 2019) and introduced the 6 in-
terpolation method to correct the simulated grain production. The use of this method com-
prehensively identified the grain production variation characteristics under different temper-
ature rises. Compared with the approaches taken in previous studies, this method had a clear
objectives, high reliability, and strong operability characteristics. In addition, a joint consid-
eration of the 1.5 and 2.0°C global warming targets was considered instructive to identify
the possible risks faced by grain production in this region (Guo et al., 2017; Pu et al., 2020).
The planting area of rice, wheat, corn, and other major grain crops in the northeast black soil
region seemed uneven. Rice planting was mainly concentrated in the middle and east of the
Songnen and Sanjiang black soil sub-regions. Wheat was mainly planted in the north of the
Songnen and eastern Inner Mongolia black soil sub-regions. The planting area of corn basi-
cally covered the northeast black soil region. Under the warming and wetting variation, the
rice and wheat outputs were likely to be stable or to increase slightly, but the corn yield will
decrease with the temperature rise, especially in the Songnen black soil sub-region where
corn is planted intensively. Climate change and extreme events may have a more adverse
impact on corn production, and further strengthening agricultural climate resources assess-
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ment, constructing agricultural infrastructure, and vigorously developing resilient agriculture
to cope with future climate change will be required.

Generally, based on multiple sources of data, including climate data, remote sensing
products, and statistical yearbooks, this study comprehensively investigated the phenological
response characteristics and potential risks of crop production, but there were some uncer-
tainties. First, although land use masking was used to eliminate the interference of land use
change as much as possible, the potential impact of land use changes and mixed pixels could
not be avoided. Second, although the EVI product with a high spatio-temporal resolution
had certain advantages in accurately describing crop phenological characteristics in the
black soil region of northeast China, the length of these time series was still limited. In addi-
tion, the global climate and crop models would also result in some uncertainty in grain pre-
diction estimation. Multi-mode ensemble research should be conducted and the impact of
crop varieties, planting patterns, irrigation, fertilization, and agricultural technology and
management should be comprehensively investigated to develop climate change adaptation
measures.

5 Conclusions

Based on the whole chain of climate change—phenological response—productivity dynam-
ics—risk assessment, the cascade effect of climate change on agricultural production and the
future grain production risk in the black soil region of northeast China were systematically
investigated. With global climate change, precipitation in this region significantly increased
from 2000 to 2017, but the average annual temperature revealed a stagnation in the warming
phenomenon that was consistent with the global data from 2000 to 2011. There was a wide-
spread advance in the SOS and the EOS was delayed. The SOS was positively correlated
with precipitation, and negatively correlated with the average temperature in the previous
months, but the lag time for temperature was much longer. The EOS was more closely re-
lated to climate change in previous months, and the relationship had a spatial differentiation
from south to north. The predictive ability of climate change alone, in the period corre-
sponding to crop production, was very limited and the combined consideration of climate
change and phenological variation effectively improved the predictive ability, which may be
useful for crop yield predictions. Under the RCP8.5 scenario, the total grain productivity
displayed an upward trend, but the risk to grain production increased in the south and de-
creased in the north, and risk area expanded. When the global temperature rise was 2.0C,
the maximum reduction in grain productivity in the south of the Songnen black soil
sub-region was close to 10%. There is an urgent need to develop regional climate change
adaptation measures to ensure food production security.
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