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Abstract. Global warming has great influences on crop yields. However,
several researchers have concluded that global warming has taken a “hiatus” in
recent years. Here, we hope to identify the temperature trends of the winter
wheat growing seasons and quantitatively estimate the effects of temperature
variations on wheat yields. We carry out trend analysis on daily maximum
(Tmax) and minimum temperatures (Tmin) from 1980 to 2014 in Jiangsu
Province of China. The results indicate there are increasing trends for both Tmax
and Tmin during 35 years, but no significant trends in the years after 2000. In
addition, the increasing rates of the Tmin are larger than those of Tmax over the
35 years within all stations and all growing stages, which suggests that winter
wheat is exposed to asymmetrical warming. The results of correlation analysis
and regression analysis reveal that increases in Tmin have significant adverse
effects on wheat yields.
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1 Introduction

Global warming has received much attention in public and scientific fields. Researchers
have found increases in average temperatures of the land surface, and that the minimum
(mostly nighttime) temperatures, Tmin, and the maximum (mostly daytime) tempera-
tures, Tmax, have increased asymmetrically during the past decades [1, 2]. Asymmetric
warming, which means the rate at which Tmin increases is larger than the rate at which
Tmax increases, has been confirmed in most parts of the world [3-5]. The reason for
this may involve a variety of factors, such as changes in cloud cover and urban growth.
However, as described in [PCC (the Intergovernmental Panel on Climate Change) Fifth
Assessment Report, there has been a slowdown in the increasing trend of global
temperatures since the end of the last century, which was termed as a “hiatus” [6].
Several recent modeling studies have shown that the reason for this anomaly may be
related to a La Nifia-like cooling, volcanic eruptions, or the strengthening Pacific trade
winds over the past twenty years [7—10]. Nevertheless, some other studies do not agree
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with the point that a “hiatus” was appeared in the global warming trend [11, 12]. They
believe that short-term variations do not change the ongoing global warming.

Despite the different opinions about the global warming trend, most scholars
generally share similar views about the threat of increasing temperatures to crop pro-
duction. Many studies have been carried out to reveal the impacts of global warming on
crop production, especially the yield and quality formation, with simulated crop models
and field experiments [13—17]. Scholars found that the global long-term warming trend
had changed crop production, including shortened growing periods and shifting
planting boundaries. However, most of the simulation models used in recent studies are
less accurate at higher temperatures than normal ones [18]. Further, the field experi-
ments with artificial heating have limitations in observing the long-term temperature
trends and have difficulties detecting long-term crop responses to temperature.
Therefore, in this study, we resorted to statistical methods and used observation data to
investigate the effects of temperature on crop yields.

Jiangsu is a major province of agriculture in China, and it has a dense population.
Winter wheat is a staple crop in Jiangsu. Wheat production has an important effect on
the livelihood of the people and the provincial economy. However, the province is
situated in a transition zone between warm temperate zones to subtropical zones.
Extreme climatic events, including extreme temperatures, take place with high fre-
quency in Jiangsu Province. Although the authors of several studies have shown that
Jiangsu became warming obviously in the past decades [16, 25, 29], few of them reveal
the warming trend of winter wheat growing seasons as well as the quantitative esti-
mation of wheat yields variations in the warming circumstance. Therefore, in this
study, the objectives are to analyze the temperature evolution of wheat growing seasons
during the past 35 years in Jiangsu and quantify the wheat yield responses to tem-
peratures to help farmers cope with future climatic changes and ensure there is a
reliable food supply in this area.

2 Materials and Methods

2.1 Data

Daily temperature data from 1979 to 2014 of four meteorological stations in Jiangsu
Province was obtained from the China Meteorological Administration [19]. To analyze
the temperature evolution of winter wheat growing seasons, we divided the whole
growing season into four stages according to the periods mentioned in the main crop
growth period database of the National Agricultural Scientific Data Sharing Center
[20]. The four stages are: seedling stage (S1), overwintering stage (S2), reviving to
anthesis stage (S3), post-anthesis stage (S4). The locations and wheat growing seasons
of the four stations are shown in Table 1. The yearly yields per hectare of the four
stations during 1980-2014 were obtained from the local statistical yearbooks.
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Table 1. Locations and growing seasons of four meteorological stations in Jiangsu Province

Stations | Latitude | Longitude | S1 S2 S3 S4

Ganyu | 34° 30°N | 119° 04°E | 15™ Oct. ~ 25" Dec. | 26™ Dec. ~ 25" Feb. | 26™ Feb. ~ 25" Apr. | 26™ Apr. ~ 2™ Jun.
Xuzhou | 34° 10N | 117° 05’E
Dongtai | 32° 31'N | 120° 11’E | 25" Oct. ~ 5™ Jan. | 6" Jan. ~ 20™ Feb. | 21™ Feb. ~ 20™ Apr. | 21™ Apr. ~ 28™ May
Nanjing | 32° 00N | 118° 29°E

2.2 Mann-Kendall Test for Temperature Trend Analysis

The nonparametric Mann-Kendall test was used in this study for the trend analysis of
temperatures during winter wheat growing seasons. It is a rank-based testing method
recommended by WMO (the World Meteorological Organization) and is widely used
in meteorology, hydrology, and other fields [21]. Because temperature data does not
always follow normal distribution, like most meteorological data, it is better to choose a
nonparametric test method than a parameter test to avoid using the parameters of
population distributions. The merit of this method is that the data need not to obey the
normal distribution and it can eliminate the interference of a few outliers [22]. The
calculation of Mann-Kendall test is as follows:

Suppose X is a time series (X1, X2, X3 - - - X, ). The original hypothesis (Hp) is that X
has no significant changing trend, while the alternative hypothesis (H;) assumes it has.
Firstly, the S value is calculated thusly:

S=3 0 > sen(—x) (1)

where Xj, Xk are the values in time series X (j > k). The sgn is a sign function, which is
calculated as follows:

+1,x—x >0
sgn(x —x) =< 0,0 —x, =0 (2)
—I,Xj —x: <0

When the sample length (n) is larger than 10, the statistical variable S is supposed

to be approximately normal and the expectation of S is 0. The variance is calculated as
follows:

VAR(S) = % n(n—1)2n+5) =Y eile; — 1)(2e; +5)} (3)

where e; is the number of repeated variables. Then transform S to Z, which follows the
standardized normal distribution.
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S—1
w/VAR(S)’S >
Z=/0, §=0 (4)

S+1

\/VAR(S)’S<O

When |Z| >Z,/,, the alternative hypothesis is accepted at the o significant level.
A positive Z value indicates that sequence X has an increasing trend, while a negative
one indicates that X has a decreasing trend. We use Sen’s slope to compute the value of
the trends following the method described in the paper of Santos et al. [23]. The
formulation of the slope is as follows:

Slope = median((x; — xx) /(j — k)) (5)

where the notations of x; and xi are the same as Eq. (1). Function median is used to
calculate the median.

2.3 Yield De-trending

To evaluate the yield responses to the variability of temperature, we collected data
about annual wheat yields for 35 years. Benefiting from the improvements in culti-
vation techniques and the optimization of government policies, the yields of the four
sites consistently increased in past decades. To eliminate bias caused by technological
improvements, the linear trend was removed from the original yield series, and the
residuals of the yields were obtained as meteorological yields [24]. The statistical
analysis of wheat yield responses to temperatures was performed using the de-trended
yields of four stations. The distribution of the de-trended yields was fitted with the
normal distribution and passed the Kolmogorov-Smirnov (K-S) test which was used to
compute a distance between the empirical and cumulative distribution function of the
de-trended yield sequences [24]. The null hypothesis is that the yield residuals
sequence accord with the theory distribution of normal, and the result indicates that it
cannot be rejected. The frequency histogram of yield residuals is shown in Fig. 1.
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Fig. 1. Frequency histogram of yield residuals of four stations
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2.4 Correlation Analysis and Regression Analysis

The Pearson coefficient was applied in this study to determine the correlation between
wheat yields and growing season temperatures. The calculation was performed in R
software, and the coefficient of the linear association is between —1 and +1.

Multivariate regression was used to estimate the impacts of changes in Tmax and
Tmin on wheat yields. The formula is as follows:

Y = const + o * Tmax + f * Tmin (6)

where Y is the yield residuals. o and B are the coefficients of Tmax and Tmin.

3 Results

3.1 Temperature Trend

Temperature Trend of the Winter Wheat Growing Season. The air temperature
data about the growing seasons at the four stations were computed. Trend analysis was
used to detect the temperature trends from 1980 to 2014 compared to the trends in the
years before and after 2000. Table 2 shows the annual changes in the Tmax, Tmin, and
Tavg (average daily temperatures) values of the four stations during wheat growing
seasons by Mann-Kendall test and Sen’s slope method.

Table 2. Changes of annual average temperatures during wheat growing seasons

Periods Stations | Trend slope (°C/year)

Tavg Tmax | Tmin

1980-2014 | Ganyu | 0.044** | 0.032*% |0.057*%*
Xuzhou | 0.046** |0.029*% |0.061%*
Dongtai | 0.046%* | 0.044%* | 0.048**
Nanjing | 0.056%* | 0.050%* | 0.071%*
1980-1999 | Ganyu | 0.075 ** | 0.074** | 0.116**
Xuzhou | 0.048* 0.042 | 0.068%*
Dongtai | 0.077#* | 0.076%* | 0.090%*
Nanjing | 0.077%% | 0.077*%* | 0.096%*
2000-2014 | Ganyu |-0.075 |—0.022 |—0.141*
Xuzhou | —0.003 | —0.003 |—-0.014
Dongtai | —0.038 | —0.027 |—-0.049
Nanjing | —0.010 [0.004 |-0.017
Note: Tavg, Tmax, and Tmin represent the average,
maximum, and minimum temperatures of the day,

respectively. **,* indicate trend significance at
P < 0.01, 0.05.
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The result indicates that from 1980 to 2014, the average, maximum, and minimum
daily temperatures in wheat growing seasons significantly increased. Compared to the
other three stations, the southern station, Nanjing, has the largest slope. However, the
Tmin increased faster than the Tmax at all four stations. This result is similar to the
conclusion drawn by Peng et al. [26] in their study of rice yields at latitude 14° 11 N,
longitude 121° 15E. When we divide the period of 35 years into two stages (the last 20
years and the first 15 years of the 20th and 21st century), entirely different trends are
revealed. In the years before 2000, the temperature significantly increased at most of
the stations, and the Tmin increased faster than Tavg and Tmax. On the contrary, in the
years after 2000, the variations of the temperatures are not significant in most stations
and the signs of the slope are negative, indicating that the temperatures have downward
trends. These anomalies in the winter wheat growing seasons are similar to the tem-
perature anomalies mentioned as the “hiatus” in the global warming of this century in
other studies. Nevertheless, whether the changes in the trends are short-term fluctua-
tions is still unknown.

Temperature Trends of Four Growing Stages. Because temperature variations in
different growing stages may lead to different effects on wheat yields, we analyzed the
temperature trends in four stages. The results are shown in Table 3. Because the
average temperature is between the maximum and minimum temperatures and it
evolved similarly as them, it was not taken into consideration.

Different trends were observed in the three study periods and four growing stages.
From 1980 to 2014, the temperatures in the reviving and jointing stages (S3) and post-
anthesis stages (S4) significantly increased. Similarly, Tmin increased faster than Tmax
in most cases, except at Dongtai and Nanjing during S3. Nevertheless, during the 20
years before 2000, temperatures of overwintering stages (S2) increased more pro-
nouncedly than in other stages. Furthermore, during the 15 years after 2000, there are
hardly any obvious trends in the four stages at all stations, except Ganyu in S3.

Figure 2 illustrates the temperature trends over 35 years. It shows that during S3
and S4, Tmax and Tmin were generally higher in this century than in the last century,
except for several low points in the trends, among which the most obvious one is the
anomaly around 2010. In contrast, the peak values of the trends do not show obvious
decreases compared to the temperatures in the years before 2000. This may confirm the
hypothesis that global warming in the 21st century is expected to resume once the
anomalous hiatus ends [7].

3.2 Correlation Between Yield and Temperature

The correlation between winter wheat yield and temperature was analyzed by using the
Pearson correlation coefficient and regression analysis. We used yield and temperature
residuals to calculate the Pearson coefficients for all 35 years. The result indicates that
average temperature of the whole growing season has a significantly negative influence
on wheat yields (r = — 0.24). Tmin has a very significant (P < 0.01) influence on
wheat yields (r = — 0.30) while Tmax has a less pronounced correlation with wheat
yields. In addition, the correlations between yield and Tmax and Tmin during the four
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Table 3. Changes in the maximum and minimum temperatures during the four growing stages

Periods Stations Trend slope (°Cl/year)
S1 S2 S3 S4
1980-2014 | Ganyu |Tmax |0.014 |0.024 |0.055* |0.046
Tmin | 0.049% |0.048 |0.063** |0.056**
Xuzhou | Tmax | 0.010 | 0.029 |0.055* | 0.025
Tmin | 0.047%% | 0.057** | 0.077** | 0.066**
Dongtai | Tmax | 0.018 {0.033 | 0.096** | 0.055%*
Tmin | 0.039% |0.037 |0.060%* |0.052%*
Nanjing | Tmax | 0.017 |0.026 | 0.116 ** | 0.054*
Tmin | 0.082%%* | 0.066** | 0.083** | 0.068**
1980-1999 | Ganyu |Tmax |0.058 |0.126%*|0.022 0.028
Tmin | 0.116% |0.153*%|0.110%* | 0.077*
Xuzhou | Tmax | 0.046 | 0.114* | —0.003 |—0.044
Tmin | 0.057 | 0.124%%|0.084* | 0.031
Dongtai | Tmax | 0.068 | 0.072%* | 0.085* |0.040
Tmin | 0.092% |0.093* |0.086* |0.093*
Nanjing | Tmax | 0.057 | 0.090* |0.075 0.015
Tmin | 0.089* |0.095* |0.087 0.081%*
2000-2014 | Ganyu |Tmax  —0.003 | —0.019 |—-0.107 |0.088
Tmin | —0.126 |—0.153 |—0.176* | —0.037
Xuzhou | Tmax | 0.053 | —-0.032 |—0.102 |0.041
Tmin | —0.019 |—0.012 |—0.049 |0.043
Dongtai | Tmax | 0.022 | 0.001 —0.037 |0.060
Tmin | —0.086 | —0.060 |—0.060 |0.034
Nanjing | Tmax | 0.024 | —0.004 | —0.036 |0.058
Tmin | 0.010 |—0.028 |—0.020 |0.016

Note: S1, S2, S3, and S4 represent seedling stage, overwintering stage,
reviving and jointing stage, and post-anthesis stage, respectively. **, *

indicate a significant trends at P < 0.01, 0.05, respectively.

growing stages have been computed (see Table 4). Besides S4, the Tmin values of the
other three stages have significant negative relationships with wheat yields from the
four stations.

3.3 Yield Responses to Temperature

The regression model (Formula 7) shows that yield residuals are significantly affected
by Tmin (P < 0.001) but not significantly affected by Tmax. This result indicates that
the increasing minimum temperatures of the wheat growing season have more adverse
effects on the yield. A 0.1°C increase in minimum temperature will cause wheat yield
losses of 28.5 kg/ha.
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Fig. 2. The maximum and minimum temperatures in seedling stage (S1), overwintering stage
(S2), reviving and jointing stage (S3), and post-anthesis stage (S4). Note: (a), (c), (¢), and (g) are
the maximum temperatures of the four stations during S1, S2, S3, and S4, respectively. (b), (d),
(f), and (h) are the minimum temperatures of the four stations during S1, S2, S3, and S4,

respectively.
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Table 4. The Pearson correlation coefficients of wheat yields and temperatures over 35 years

Stage Tmax | Tmin
Whole growing season | —0.12 | —0.30%**
S1 —0.12 | —0.20*
S2 —0.13 | —0.28%**
S3 —0.18 | —0.27**
S4 0.21* | —0.09

Note: S1, S2, S3, and S4 represent seedling
stage, overwintering stage, reviving and
jointing stage, and post-anthesis stage,
respectively. ***, ** and * indicate
correlation significance of P < 0.001, 0.01,
and 0.05, respectively.

Y = 0.091 * Tmax — 0.285 * Tmin (7)

Table 5 reveals the quantitative yield responses to temperature of the four growing
stages. We can conclude that the Tmin of each growing stage is significantly related to
wheat yields and Tmin increases would lead to yield losses. Moreover, the Tmin in S4
has the biggest influence according to the coefficients. This may be due to the fact that
the late growth stage of winter wheat is more important in yield formation. Interest-
ingly, only in S4 was Tmax found to have a significant positive correlation with wheat
yields. This implies that the effects of temperatures on wheat yields are unbalanced for
day and night. Zhang et al. [27] report that low night temperatures can significantly
prolong the relative steady phase (RSP) of chlorophyll content and photosynthetic
active duration (PAD) and, thereby, increase the leaf source capacity and wheat yields
[27]. Zhang et al. [28] also report that nocturnal warming significantly reduces soil
microbial biomass carbon and nitrogen content and microbial respiration rate. There-
fore, it affects soil nutrient supply and winter wheat growth [28]. For these reasons, the
minimum temperatures, which have obviously increased in recent decades, deserve
much attention due to their adverse effects. The Tmax of the post-anthesis stage, which
does not increase as significantly as Tmin, has positive effects on wheat yield
improvement because it promotes photosynthesis, increasing the enzyme activity of the
crop and enlarging the diurnal temperature range (DTR) [16, 29]. The results of the
regression analysis suggest that the Tmax and Tmin of each growing stage account for
only 2.8% to 9.3% of the yield variations. It appears that the asymmetric warming
during the past 35 years did not seriously affect the wheat yields in Jiangsu Province.
A similar conclusion was obtained by Hou et al. [30] in the study of the North China
Plain (NCP) [30].
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Table 5. The regression analysis of wheat yield residuals

Stage Tmax Tmin R?
W | Coef. |0.091 —0.285*** 1 0.080
p-value | 0.310 0.0006 0.001
S1|Coef. |-0.017 | —0.105* 0.028
p-value | 0.715 0.047 0.051
S2 | Coef. |0.031 —0.147** 10.070
p-value | 0.399 0.002 0.003
S3 | Coef. |0.004 —0.144* 0.061
p-value | 0.935 0.014 0.005
S4 | Coef. |0.140%** | —0.196%* |0.093
p-value | 0.0002 0.003 0.0004

Note: W, S1, S2, S3, and S4 represent the
whole growing season, seedling stage,
overwintering stage, reviving and jointing
stage, and post-anthesis stage, respectively.
Coef. represents coefficient. *, ** and ***
indicate statistical significance of P < 0.05,
0.01, and 0.001.

4 Discussion and Conclusions

Besides the impacts of temperature, winter wheat yields are influenced by many other
meteorological factors, such as precipitation, solar radiation, and wind speed. However,
a comparison of these other meteorological factors shows that temperature has the most
obvious changing trend in Jiangsu, which may change precipitation frequency and
intensity according to the results of studies on other areas in Asia [31]. Therefore,
temperature variations have considerable influences on wheat production.

In this study, the Tmax and Tmin changes in the winter wheat growing seasons
display a significantly asymmetrical warming trend in Jiangsu Province. The increasing
rate of Tmin is obviously larger than that of Tmax over the 35 years examined in this
study. We cannot confirm the existences of a global warming “hiatus” because there are
no significant increasing or decreasing trends for both Tmax and Tmin during all
growing stages of 2000-2014. The temperatures of the four growing stages display
similar asymmetrical trends in Tmax and Tmin. Moreover, the Tmin values of the pre-
anthesis stages have negative influences on wheat yields, while the Tmax values of the
post-anthesis stages have positive influences on wheat yields. The regression model
indicates that Tmin has had more adverse influences on wheat yields than Tmax,
regardless of growth stage, during the past 35 years. Generally, according to our study,
the impacts of temperature increase on wheat yields over the past three decades are not
serious. This result partly reflects the adaptability of crop production in Jiangsu
Province.
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The present research is conducted on four stations. The next step of our research is

to collect observations from a dense grid of stations in Jiangsu and obtain accurate
results that cover the whole province.
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