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Abstract: Maize is the main crop in Northeast China (NEC), but is susceptible to climate variations.
Using county-level data from 1980 to 2010, we established multiple linear regression models between
detrended changes in maize yield and climate variables at two time windows—whole-season and
vegetative and reproductive (V&R) phases. Based on climate change trends, these regression models
were used to assess climate variability and change impacts on maize yield in different regions of NEC.
The results show that different time windows provide divergent estimates. Climate change over the
31 years induced a 1.3% reduction in maize yield at the time window of whole-season, but an increase
of 9.1% was estimated at the time window of V&R phases. The yield improvement is attributed to an
increase in minimum temperature at the vegetative phase when the temperatures were much lower
than the optimum. Yield fluctuations due to inter-annual climate variability were estimated to be
±9% per year at the time window of V&R phases, suggesting that the impact of climate variability
on maize yield is much greater than climate change. Trends in precipitation were not responsible
for the yield change, but precipitation anomalies contributed to the yield fluctuations. The impacts
of warming on maize yield are regional specific, depending on the local temperatures relative to
the optimum. Increase in maximum temperature led to a reduction of maize yield in western NEC,
but to an increase in mid-east part of NEC. Our findings highlight the necessity of taking into account
the phenological phase when assessing the climate impacts on crop yield, and the importance of
buffering future crop production from climate change in NEC.

Keywords: climate change; climate variability; maize yield; Northeast China; vegetative and
reproductive phases; whole-season

1. Introduction

Maize is a main grain crop in Northeast China (NEC), contributing approximately 34% to the
total maize production in China (National Bureau of Statistics of China, http://data.stats.gov.cn/).
The harvest area of maize in NEC has been increased since 2000 at an annual rate of 439 × 103 ha
(National Bureau of Statistics of China, http://data.stats.gov.cn/). Over the past decades, NEC has
experienced a rapid increase in temperature [1]. The maximum, minimum and mean temperature
during the maize growing season has increased by 0.28◦C, 0.43◦C and 0.34◦C, respectively, per decade
from 1970 to 2009, but no significant change in the precipitation was found due to large interannual
variations [2]. Zhao et al. [3] suggested that 1◦C warming reduced maize yield by 7.4% at global scale
and by 8.0% in China. Efforts to project how climate change will affect future maize production can
benefit from understanding the impacts of changes to date [4].
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Statistical yield-climate relationships are commonly used to assess the impacts of historical climate
change on crop production [5–7]. Several studies have assessed climate change impacts on maize
yield in China and NEC using statistical yield-climate relationships, while these assessments showed
inconsistent results. Based on county level data from 1980 to 2008, Zhang and Huang [8] reported an
average loss of 5.8% in maize yield across China due to increase in growing-season mean temperature,
and the regions with the most decreases were northeast and northwest China. Similar results were
also reported by Zhang et al. [9]. However, Chen et al. [10] reported that maize yield in NEC was
positively correlated with growing-season temperature, particularly with growing-season minimum
temperature. Statistical analyses by Yin et al. [11] also showed the benefit of maize yield from higher
minimum temperature. It should be noted that the average values of climatic factors during growing
season were used in these studies similar to other studies [12–14].

There is much evidence that the effects of climate on maize growth and yield formation are
distinct in the vegetative and the reproductive phase. A review work conducted by Sánchez et al. [15]
indicated that the cardinal temperatures for maize are distinct in different phenological phases,
being particularly sensitive to elevated temperatures during silking and grain filling [16] or in the
reproductive phase [17,18]. The accumulation and partitioning of maize dry matter varied with
temperature, and the responses of dry matter accumulation and partitioning to temperature were quite
distinct at different stages of maize growth [19]. Temperatures higher than the optimum in anthesis
and grain filling increased non-germinated pollen, and reduced pollen viability and individual kernel
mass [20–22]. Maize yields are also highly susceptible to water deficit. A three-year field experiment
indicated that water deficit in one or two sensitive stages (tasseling and/or ear formation) resulted in
serious grain yield reduction [23]. The limited irrigation imposed on maize during reproductive stage
induced more yield reduction than that during vegetative stage under semi-arid climatic conditions [24].
All of these investigations suggested that the assessment of climate change impacts on maize yield
should take the phenological phase into consideration.

Climate change impact on crop yield might be regional or sub-regional specific. Butler and
Huybers [16] found the regional variations on the temperature sensitivity of maize yield in the USA.
Zhang and Huang [8] reported that increases in growing season temperature reduced maize yield in
the southern part but improved maize yield in the eastern part of NEC. Moreover, the climatological
determinants of maize yield were also different across NEC [25]. Using province-scale data in NEC,
Wang et al. [26] found a divergence of climate impacts on maize yield, and thus, they highlighted
future needs in the yield-climate relationships at fine spatial scales.

Attention has been given to the impacts of inter-annual climate variability on crop yield. On a
global scale, climate variation explained a third of crop yield variability [27]. In particular, droughts and
extreme heat could have reduced national cereal production by 9–10% [28]; the change in variability
of the agro-climatic index could explain over 21% of the yield (maize, soybean, rice and wheat)
variability [29]; more than 40% of the inter-annual variability in wheat production was attributed
to heat waves and drought [30]. The role of climate variability and change in maize yield change
in NEC remain largely unknown, though several investigations have focused on climate change
impacts [10,11,25,26,31].

Although several studies have revealed the effect of climate change on maize yield based on a
time window of whole-season [8,9,12–14], it is unclear how climate variability and change at different
growth stages affects maize yield. In light of previous studies [15,16,22,24], we hypothesize that the
responses of maize growth and yield formation to climate variability and change are distinct in different
phenological phases. To test this hypothesis, we used two time windows of climate variable—growing
season average and averages in vegetative phase and reproductive phase (V&R phases)—to examine
the impacts of climate variability and change on maize yield in NEC over the period 1980–2010. Our
objective is to address how climate variability and change in entire growing season (whole-season)
and V&R phases impact maize yield in different regions, and how much climate variability and
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change contribute to the changes in NEC’s maize yield so that policy-makers could make sensible
region-oriented adaption decisions.

2. Materials and Methods

2.1. Study Area

Northeast China (NEC) is located between 39◦ N to 53◦ N with three provinces of Heilongjiang,
Jilin and Liaoning (Figure S1). Annual harvest area of spring maize is approximately 11 million
hectares (National Bureau of Statistics of China, http://data.stats.gov.cn/). Maize growing season is
from late April to September. The vegetative and reproductive phases are generally from late April
to mid-July, and from late July to mid-September, respectively [32]. The mean air temperature of the
growing season ranged from 14.7 to 21.6◦C, decreasing from south to north. The precipitation of the
growing season decreased from the southeast (978 mm) to the northwest (375 mm). The sunshine
hours of growing season ranged from 947 to 1383 h (China Meteorological Data Sharing Service System,
http://data.cma.cn/).

2.2. Data Sources

We obtained county-level data of maize yield and harvest area from the Chinese Academy of
Agricultural Sciences. Maize is currently planted at 190 counties across NEC, while only 52 counties
completely recorded the data from 1980 to 2010. We used these data to establish the yield-climate
relationships. Climate data over the period 1980–2010 were obtained from the China Meteorological
Data Sharing Service System (http://data.cma.cn/), which included 87 county-level weather stations over
NEC. The climate data consisted of daily average temperature (Tave), maximum temperature (Tmax),
minimum temperature (Tmin), precipitation (Pre) and sunshine in hours (SH). The county-level data of
maize yield and climate have been checked and adopted in our previous study [8]. For those counties
where no stations existed, climate data were spatially interpolated using the algorithm described by
Thornton et al. [33].

2.3. Calculations of Climate Variability and Change Impacts on Maize Yield

Firstly, we established multiple linear regression models between detrended changes in maize
yield and climate variables at two time windows—whole-season and vegetative and reproductive
(V&R) phases. The demarcation of two time windows is to test the hypothesis that the responses of
maize growth and yield formation to climate variability and change are distinct in different phenological
phases. The time window of whole-season covers the period from sowing to maturity; the V&R
window includes two periods, i.e., vegetative phase (from sowing to tasseling), and reproductive
phase (from tasseling to maturity). Following Mu et al. [32], the vegetative phase was assigned from
21 April to 20 July, and the reproductive phase was assigned from 21 July to 20 September. This is
consistent with available observations in NEC (Tables S1 and S2). Secondly, we detected the trends in
climate change using a linear regression. Finally, we estimated the yield responses to climate change
and variability in light of the model parameters with the detected trends in climate variables.

2.3.1. Identification of Climate Effects on Maize Yield

Using the first-difference method [34,35], we calculated the year-to-year changes in maize yield
(∆yield; %) and climate (∆X) to remove the possible confounding effects of non-climate factors
(Equations (1) and (2)). The first-difference method was applied in 52 counties where both yearly maize
yield and climate data were available. Correlation analysis between ∆yield and ∆X was conducted
for each county to determine the climatic factors that affect year-to-year changes in maize yield. The
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first-differences of climate included average maximum and minimum temperature (∆Tmax, ∆Tmin),
sunshine (∆SH) and precipitation (∆Pre):

∆yield (%) =
(Yi −Yi−1)

Yi−1
× 100% (1)

∆X = Xi −Xi−1 (2)

where ∆yield (%) represents year-to-year changes in maize yield. Yi and Yi−1 are maize yields (kg
ha−1) in the ith and the (i − 1)th year, respectively. ∆X represents the first-difference value of climate
variables; Xi and Xi−1 are the values of climate variable in the ith and the (i − 1)th year, respectively.

Hierarchical cluster analysis was used to arrange a set of correlation coefficients between ∆yield
and ∆X for each county into clusters, which allows establishing a set of clusters. The cluster analysis
was performed using a measure of similarity levels and Euclidean distance [36]. The correlation
coefficients within a cluster (i.e., region) were more similar to each other than within other clusters [37],
namely, there is a similar relationship between yield and climate variables in a specific cluster. In light
of the hierarchical cluster analysis, the study area was clustered into three regions (Figure S2). Region I
is located at northwest part of NEC. Region II is in the east part of Liaoning Province. Region III covers
the eastern part of Heilongjiang and Jilin Province (Figure S3).

Following Lobell and Field [12], the first-difference values of yield and climate variables were
used to compute a multiple linear regression model (Equation (3)) for each region. Backward stepwise
regression (F-statistic to enter and remove in the model with a p-value of <0.1) was used to identify the
determinants of the model.

∆yield(%) = β0 +
∑

β j∆X j + ε (3)

where ∆Xj represents the first-difference value of the jth climate variable, β0 is the model
intercept, other βs are the coefficients for corresponding climate variable, and ε is the model error.
Multi-collinearity may occur when a large number of variables were considered in the regression
models. We used the variance inflation factor (VIF) to assess multi-collinearity of the models in
the study. The VIF of all the six models were less than 2, while VIF greater than 10 is deemed
multi-collinear [38,39]. Thus, the multi-collinearity of the models was negligible.

Two time windows of the ∆Xj were used in the multiple linear regression models to investigate
climate effects on maize yield. In the time window of whole-season, the X represents the mean value
of a given climate variable over the period from sowing to maturity. In the time window of V&R
phases, the X has two mean values for a given climate variable. One is for the vegetative phase,
and the other is for the reproductive phase. Accordingly, the candidate ∆Xj in the V&R window
included average maximum and minimum temperature (∆Tmax_v, ∆Tmax_r; ∆Tmin_v, ∆Tmin_r)
and precipitation (∆Pre_v, ∆Pre_r) when stepwise regression was performed. The subscripts v and r
represent vegetative and reproductive phases, respectively. The ∆SH was not included in the candidate
∆Xj, because approximately 70% of the counties did not show a significant correlation between ∆yield
and ∆SH.

2.3.2. Estimation of Yield Response to Climate Change

To estimate the effects of climate change on yield, we first detected the trend in climate change
using a linear regression:

Xi = ki × t + c + ε (4)

where Xi is the climate variables in year t for a given county, ki is the slope of the linear regression and
represents the time trend in X, c is an intercept and ε is the residual error for each data series.

We then calculated the changes in maize yield that were attributed to climate change for each
county using Equation (5):

Ychange = 31
∑

βi × ki (5)
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where Ychange represents the changes in maize yield (%) over a 31-year period from 1980 to 2010 for a
given county, βi is the regression coefficient for corresponding climate variable in Equation (3) and
ki is the slope of the linear regression in Equation (4). The calculation of Ychange did not take into
consideration the X that does not show significant trend (p > 0.05) in Equation (4) for a given county.
Regional response of maize yield to climate change was then estimated by:

YCC =

∑
Ychange_i × Si∑

Si
(6)

where YCC is the regional mean of yield change (%) or mean in all counties (NEC) of yield change (%)
and Ychange_i and Si represent the yield change calculated using Equation (5) and harvest area in the ith
county, respectively.

2.3.3. Estimation of Yield Response to Climate Variability

Inter-annual variation in climate was calculated to estimate the impact of climate variability on
yield by:

∆X+ =

∑
(Xi −Xavg)

n
for Xi −Xavg ≥ 0 (7)

∆X− =

∑
(Xi −Xavg)

31− n
for Xi −Xavg < 0 (8)

where ∆X+ and ∆X− represent the positive and negative anomaly for a given climate variable, Xi is
the value of climate variable in year i and Xavg is an average value over the period from 1980 to 2010.
Constant 31 represents the number of years.

The influence of inter-annual climate variations on regional maize yield was estimated by:

YCVR+/− = βi × ∆X+/− (9)

where YCVR+/– is the estimation of positive or negative yield anomaly (the deviation from the 1980–2010
mean; %) that is attributed to the climate anomaly in Equation (7). βi is the regression coefficient for
corresponding climate variable in Equation (3).

Regional influence of inter-annual climate variations on maize yield was estimated by:

YCVR =

∑
YCVR+/−,i × Si∑

Si
(10)

where YCVR is the regional mean of positive or negative yield anomaly or mean in all counties (NEC)
determined by climate anomaly. YCVR+/−,i and Si represent the yield change (%) calculated using
Equation (8) and harvest area in the ith county, respectively.

We estimated the impacts of both climate change and variability on maize yield for each county.
For example, we calculated the yield change attributed to X1 as climate change impact when X1 shows
a significant trend, and the yield change attributed to X2 and X3 as climate variability impact when
these two climate variables do not show significant trend in Equation (4) for a given county.

3. Results

3.1. Climate Change during Whole-Season and V&R Phases

Of the 190 counties, 126 and 170 counties show a significant increase in Tmax (Figure 1a) and Tmin
(Figure 1b) over the growing season. On average, Tmax and Tmin increased by 0.37◦C and 0.41◦C per
decade, respectively. The seasonal total precipitation decreased significantly in 48 counties located at
the central part and north edge of NEC (Figure 1c), at rates ranging from 30 to 71 mm per decade.
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increase in Tmin_v (Figure 1e), but few counties showed increase in Tmin_r (Figure 1h). The mean 
rates of Tmin_v and Tmin_r are 0.55°C and 0.38°C per decade (Table 1), respectively, indicating a 
more pronounced increase in minimum temperature at vegetative phase. Moreover, the mean 
increasing rate of Tmin_v in Region II is lower than in Regions I and III (Table 1). Significant 
increases in Tmax_v occurred mainly in the north part of NEC (Figure 1d), while the increases in 
Tmax_r were primarily distributed in the central part and southward of NEC (Figure 1g). 

Table 1. Trends in temperature and precipitation over the period 1980–2010 a. 

Item b 
Northeast China Region I Region II Region III 

Mean ± SD c n Mean ± SD n Mean n Mean n 
Tmax 0.37 ±0.08 126 0.39 ± 0.09 72 0.37 ± 0.07 17 0.32 ± 0.05 37 

Tmax_v 0.42 ± 0.13 77 0.43 ± 0.07 50 0.53 ± 0.35 7 0.38 ± 0.06 20 
Tmax_r 0.41 ± 0.13 96 0.43 ± 0.11 65 0.41 ± 0.08 15 0.33 ± 0.09 16 

Figure 1. Spatial distribution of the trends in maximum temperature (Tmax), minimum temperature
(Tmin) and precipitation (Pre) over the period 1980–2010. (a–c) show the trends for the time window of
whole-season; (d–f) show the trends over the vegetative phase in the time window of vegetative and
reproductive (V&R); (g–i) show the trends over the reproductive phase in the time window of V&R.
Only the counties with significant trend (p < 0.05) are presented. The three regions are expressed by I,
II and III, respectively. The bold black lines show the region boundaries.

It is noteworthy that warming in NEC shows remarkable difference not only between vegetative
and reproductive phases (Table 1), but spatial distribution (Figure 1d,e,g,h). Of the 190 counties, 77 and
96 counties showed significant increase in Tmax_v and Tmax_r at the rates of 0.42◦C and 0.41◦C per
decade, respectively (Table 1). By contrast, 182 of the 190 counties showed significant increase in
Tmin_v (Figure 1e), but few counties showed increase in Tmin_r (Figure 1h). The mean rates of Tmin_v
and Tmin_r are 0.55◦C and 0.38◦C per decade (Table 1), respectively, indicating a more pronounced
increase in minimum temperature at vegetative phase. Moreover, the mean increasing rate of Tmin_v
in Region II is lower than in Regions I and III (Table 1). Significant increases in Tmax_v occurred
mainly in the north part of NEC (Figure 1d), while the increases in Tmax_r were primarily distributed
in the central part and southward of NEC (Figure 1g).
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Table 1. Trends in temperature and precipitation over the period 1980–2010 a.

Item b Northeast China Region I Region II Region III

Mean ± SD c n Mean ± SD n Mean n Mean n

Tmax 0.37 ±0.08 126 0.39 ± 0.09 72 0.37 ± 0.07 17 0.32 ± 0.05 37
Tmax_v 0.42 ± 0.13 77 0.43 ± 0.07 50 0.53 ± 0.35 7 0.38 ± 0.06 20
Tmax_r 0.41 ± 0.13 96 0.43 ± 0.11 65 0.41 ± 0.08 15 0.33 ± 0.09 16

Tmin 0.41 ± 0.13 170 0.42 ± 0.13 98 0.42 ± 0.17 27 0.37 ± 0.12 45
Tmin_v 0.55 ± 0.12 182 0.57 ± 0.11 102 0.46 ± 0.13 27 0.56 ± 0.10 53
Tmin_r 0.38 ± 0.18 41 0.40 ± 0.10 25 0.40 ± 0.11 12 0.15 ± 0.47 4

Pre −42.7 ± 15.7 48 −40.8 ± 18.3 29 −60.0 d −44.9 ± 10.4 18
Pre_v −24.9 ± 20.4 9 n.t. e n.t. −24.9 ± 20.4 9
Pre_r −29.9 ± 5.9 74 −31.7 ± 5.1 47 n.t. −26.7 ± 5.9 27
a Only the counties with significant trend (p < 0.05) in temperature and precipitation were included. b ◦C per decade
for trends in temperature; 100 mm per decade for trends in precipitation. c Standard deviation. d Only one county
shows decrease in precipitation. e No trends were tested for all counties.

No significant trends in precipitation in the vegetative phase were detected in most counties of
NEC (Figure 1f, Table 1), while 74 counties showed significant decrease in Pre_r that distributed in
Heilongjiang Province (Figure 1i), with the mean decrease rates of 32 and 27 mm per decade in Region
I and Region III, respectively (Table 1).

3.2. Climatic Determinants of Yield Change

Increase in Tmax led to a reduction of maize yield in region I. The yield decreased by 16.7% for
1◦C warming during growing season, or by 11.2% and 4.6% for 1◦C warming at the vegetative and
reproductive phases (Table 2). By contrast, maize yield benefited from an increase in Tmin, with the
yield increase of 9.1% or 12.6% for 1◦C warming during whole-season or vegetative phase, respectively.
Increase in precipitation at vegetative phase also improved maize yield. However, increase in Tmin at
reproductive phase reduced maize yield by 4.5% for 1◦C warming (Table 2).

Increase in precipitation generally induced a reduction of maize yield in region II. The yield losses
were estimated to be 2.0%, 6.1% or 3.2%, respectively, when an increase in precipitation of 100 mm
occurred during whole-season, vegetative or reproductive phase in region II (Table 2). Nevertheless,
increase in Tmin increased yield by 13.4% for 1◦C warming at vegetative phase. By contrast, increase
in Tmax at reproductive phase resulted in yield loss of 9.7% for 1◦C warming (Table 2).

Maize yield in region III benefited from an increase in Tmax. The contribution of Tmax increase
to maize yield is more pronounced at vegetative phase than at reproductive phase, with the yield
improvements of 7.0% and 4.5% for 1◦C warming (Table 2).
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Table 2. Summary statistics of regression model (Equation (3)) between maize yield and climate first-differences, 1980–2010.

Time Window Variable/Unit Region I (n = 788) Region II (n = 289) Region III (n = 434)

β a SE b 95% CI c p-Value β SE 95% CI p-Value β SE 95% CI p-Value

Whole-season ∆Tmax/◦C −16.7 1.8 −20.2 – −13.3 0.000 11.5 1.8 7.9 – 15.1 0.000
∆Tmin/◦C 9.1 2.2 4.7 – 13.5 0.000
∆Pre/100

mm −2.0 0.8 −3.7 – −0.4 0.017

VIF d 1.38 1.00 1.00
V&R phases ∆Tmax_v/◦C −11.2 1.7 −14.4 – −7.9 0.000 7.0 1.5 4.1 – 9.9 0.000

∆Tmin_v/◦C 12.6 2.4 8.0 – 17.2 0.000 13.4 2.4 8.6 – 18.1 0.000
∆Pre_v/100

mm 4.2 1.5 1.2 – 7.0 0.006 −6.1 1.5 −9.0 – −3.2 0.000

∆Tmax_r/◦C −4.6 1.7 −7.9 – −1.2 0.008 –9.7 2.0 −13.7 – −5.7 0.000 4.5 1.5 1.6 – 7.4 0.002
∆Tmin_r/◦C −4.5 1.6 −7.5 – −1.4 0.005
∆Pre_r/100

mm −3.2 1.0 −5.4 – −1.4 0.001

VIF 1.73 1.15 1.04
a Coefficients. b Standard error of each coefficient. c Confidence interval of each coefficient. d Variance inflation factor.
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3.3. Yield Change Induced by Climate Change

Using Equation (5), we estimated the changes in maize yield induced by climate change at two
time windows, whole-season (Figure 2a), and the V&R phases (Figure 2b) over the period 1980–2010.
The counties with yield reduction, increase and no significant change accounted for 37%, 27% and
36% of the 190 counties, when climate change over the whole-season was concerned. Yield reduction
due to climate change occurred in the west part of NEC, while yield increase was identified in the
east-central part of NEC. Counties in the eastern edge of NEC did not show a significant change in
maize yield (Figure 2a).
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yield change. 

Figure 2. Spatial distribution of the yield change induced by climate change at two time windows.
(a) Whole-season and (b) V&R phases. The insets at the right top corner show the frequency of yield
change based on the estimates for each county.

When climate change at V&R phases was taken into consideration, however, maize yield was
found to have increased in 81% of the 190 counties. No significant change occurred in the eastern edge
of NEC, and only 4% of all counties showed yield reduction due to climate change (Figure 2b).

Using Equation (6), we estimated the impacts of climate change over the period 1980–2010 on
maize production at three regions (Table 3). Increase in Tmax depressed maize yield, but increase in
Tmin particularly at vegetative phase improved yield in region I. The impact of climate change on
maize yield was estimated to be a loss of 3.7% based on the time window of whole-season, but to show
an increase of 10.4% when the climate change at V&R phases was taken into account. In region II,
an increase in Tmin at vegetative phase improved maize yield by 18.2%, which compensated for the
yield reduction due to an increase in Tmax at reproductive phase. As a result, climate change at V&R
phases in region II increased the maize yield by 10.5%, but no significant impacts on the yield were
detected when the yield-climate relationship was used at the window of whole-season. Rising Tmax
was generally favorable to maize production in region III, but the increase in the yield was different
between two time windows. Overall, trends in precipitation were not responsible for the yield change.
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Table 3. Yield change (%) induced by climate change over the period 1980–2010.

Time Window Variable Region I Region II Region III

Whole-season

Tmax −15.4 7.6
Tmin 11.8
Pre 0.4

Sum −3.7 0.4 7.6

V&R phases

Tmax_v −7.2 2.3
Tmin_v 22.4 18.2
Pre_v

Tmax_r −4.1 −7.7 0.9
Tmin_r −0.7
Pre_r
Sum 10.4 10.5 3.3

Taking into consideration the harvest area of maize at different counties, the area-weighted impact
of climate change on maize production in NEC was estimated to be a reduction of 1.3% at the time
window of whole-season, and to be a total increase of 9.1% at the time window of V&R phases over the
period 1980–2010.

3.4. Yield Response to Climate Variability

Using Equation (8), we estimated yield fluctuations due to inter-annual climate variability. Climate
variability during the whole-season led to maize yield fluctuation in 38% of the 190 counties. By contrast,
the yield fluctuations due to climate variability at V&R phases were found in 95% of the 190 counties.

Using Equation (9), we estimated the effect of inter-annual climate variability on maize yield
for each region (Table 4). On average, the yield fluctuations per year ranged from −2.5% to 2.2% in
region I, from −4.3% to 2.2% in region II and from −1.0% to 1.1% in region III, respectively, when the
inter-annual climate variability was calculated in terms of whole-season window. By contrast, the yield
fluctuations ranged from −9.8% to 9.6% in region I, from −10.5% to 9.4% in region II and from −5.5% to
5.6% in region III, respectively, when the inter-annual climate variability was calculated in terms of
V&R window. The yield fluctuations were principally attributed to the variability in Tmax_v, Tmin_r
and Pre_v for region I, Pre_v and Pre_r for region II and Tmax_v and Tmax_r for region III (Table 4).

Table 4. Yield variation due to climate variability.

Time
Window

Variable
Region I Region II Region III

Climate
Anomaly

Yield Variability
(% per year)

Climate
Anomaly

Yield Variability
(% per year)

Climate
Anomaly

Yield Variability
(% per year)

Whole-season

Tmax/◦C ±0.6 −2.3–2.0 ±0.6 ±0.7 −1.0–1.1
Tmin/◦C ±0.5 −0.2–0.2 ±0.5 ±0.6
Pre/100

mm ±1.0 ±0.9 −4.3–2.2 ±1.4

Sum −2.5–2.2 –4.3–2.2 −1.0–1.1

V&R
phases

Tmax_v/◦C ±0.7 −4.2–3.7 ±0.7 ±0.8 −3.2–3.4
Tmin_v/◦C ±0.6 −0.1–0.1 ±0.6 −0.5–0.6 ±0.6
Pre_v/100

mm ±0.6 −2.1–2.5 ±0.6 −4.2–3.8 ±0.7

Tmax_r/◦C ±0.7 −1.0–0.9 ±0.7 −2.2–2. 3 ±0.6 −2.3–2.2
Tmin_r/◦C ±0.6 −2.3–2.4 ±0.7 ±0.7
Pre_r/100

mm ±0.7 ±0.6 −3.7–2.7 ±1.1

Sum −9.8–9.6 −10.5–9.4 −5.5–5.6

The area-weighted yield fluctuations induced by inter-annual climate variability in NEC were
estimated to be ±2% per year in terms of whole-season window, or ±9% per year in terms of
V&R window.
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4. Discussion

4.1. Diverse Impact of Climate Change on Maize Yield in Different Regions

The optimum temperature for spring maize growth in NES is 26◦C during vegetative phase and
24◦C during reproductive phase, respectively [40]. The response of maize yield change to maximum
temperature was different between region I and region III (Table 2), which is likely attributed to local
temperatures relative to optimum. Tmax in region III was lower than in region I, whether during
the whole-season or V&R phases (Table 5). Moreover, the temperatures in region III (Table 5) were
much lower than the optimum temperature for spring maize growth, and thus, warming in this region
improved maize yield.

Table 5. Climatic condition averaged over the period 1980–2010.

Time Window Climate Variable Region I Region II Region III

whole-season Tmax (◦C) 24.7 25.0 22.8
Tmin (◦C) 13.8 14.6 11.4

Tmean ¶ (◦C) 19.1 19.4 16.8
Pre (mm) 501 766 572

V&R phases Tmax_v (◦C) 23.7 23.8 21.8
Tmin_v (◦C) 12.4 12.8 9.7

Tmean_v (◦C) 18.0 18.0 15.5
Pre_v (mm) 264 376 310
Tmax_r (◦C) 26.1 27.0 24.5
Tmin_r (◦C) 15.9 17.3 14.0

Tmean_r (◦C) 20.7 21.6 18.8
Pre_r (mm) 237 390 262

¶ mean temperature.

Maize was significantly affected by extreme heat [28] and direct extreme heat (over 30◦C) imposed
on reproductive processes reduced yield [41]. However, even the average Tmax was generally lower
than 30◦C in NEC (Table 5) due to relatively high latitude. Furthermore, the extreme heat days in NEC
did not show significant increased trend in the past five decades [42], suggesting that maize yield
change in NEC might not be attributed to the extreme heat.

Maize is highly sensitive to waterlogging and submergence caused by flooding, excessive rains
and poor drainage. Waterlogging reduces germination, survival and growth rate of maize seedlings [43]
and depresses leaf photosynthesis [44]. Dietzel et al. [45] revealed that 430 mm seasonal rainfall
resulted in optimal water use efficiency, whereas yields did not benefit from additional precipitation
above these levels. Another study showed 446–460 mm precipitation can meet the requirement for
potential maize yield in NEC [46]. It should be noted that the precipitation during growing season in
three regions (Table 5) could meet the demand for maize growth. The precipitation in region II was
much higher than in regions I and III, with 375 mm in vegetative phase and 390 mm in reproductive
phase (Table 5). Increase in precipitation appears to raise the risk of waterlogging in region II, and thus,
reduced maize yield (Table 2). This is supported by a more recent study of model simulation [47].

4.2. Importance of Phenological Phase in Assessing Climate Change Impacts on Crop Yield

Similar to other studies [9,48,49], climate change over the course of a growing season reduced maize
yield by 1.3% in NEC. However, the trends in temperatures and precipitation at V&R phases differed
from the trends under the time window of whole-season (Figure 1). It has been well recognized that
responses of maize growth and yield formation to climate are distinct in different phenological phases [15,16].
Early season low temperature affects germination, seedling growth and leaf development [50]. The mean
temperature at vegetative phase was 18◦C in regions I and II, and 15.5◦C in regions III (Table 5), much lower
than the optimum temperature of 26◦C [40]. Furthermore, the minimum temperature at vegetative
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phase (Table 5) approached the low threshold of 12◦C [40]. An increase in Tmin_v would no doubt
increase maize yield (Table 5).

Consistent with Liu et al. [51], an increase in low temperature increased maize yield in regions I
and II, and this benefit was more pronounced at vegetative phase than the whole-season (Tables 2
and 3). Note that 96% of counties showed a significant increase in Tmin_v (Figure 1e), but few counties
showed an increase in Tmin_r (Figure 1h). Over the period 1980–2010, minimum temperature at
vegetative phase increased 1.8◦C in region I and 1.4◦C in region II. This slowed down greatly the
negative effects of rising Tmax on maize yield, resulting in an overall 10% improvement of yield
(Table 3). As an interpretable case, we suggest that the assessment of climate change impacts on crop
yield should take the phenological phase into consideration.

The county-level data of maize phenology over 31 years in NEC appears to be difficult to obtain.
Available observations from 12 Agro-meteorological Experimental Stations located at NEC (Table S1)
show that the occurrence dates of maize phenology are relatively stable (Table S2) and agree well
with the assignment of V&R phases, though new cultivars were frequently introduced over the time
(Table S1). However, using the maize phenology from Mu et al. [32] may limit the accuracy of our
estimations, although the data from the 12 Agro-meteorological Experimental Stations are comparable
with Mu et al. [32]. It is expected that the assessment of climate change impacts on maize yield could
be more robust when the county-level data of phenology are available.

4.3. Yield Variability against Inter-Annual Variation of Climate

Much attention has been given to the climate change impacts on crop yield in China [1,9,49],
but little is known about the effects of climate variability. Zhang and Huang [52] reported that
inter-annual variations in precipitation and solar radiation have driven changes in cereal yields in
China over the period 1980–2008. Tao et al. [53] addressed the variability in crop yields associated with
climate anomalies in China, and found that high variability in crop yields occurred in northern and
northeastern China. Our study further quantified the yield variability induced by climate anomalies in
northeastern China, deepening our understanding of the effects of climate variability on maize yield.

Changes in maize yield induced by climate variability in NEC was estimated to be ±9% per year in
terms of V&R phases, lower than global crop yield variability due to climate variation [27]. The impact
of climate change on maize yield over the 31 years (9.1%) is equivalent to the yield variability per
year. This not only improves our understanding of the attribution of climate to yield change, but also
highlights the importance of buffering future crop production from climate variability.

It is noteworthy that the variability in precipitation was very large in NEC, with±100 mm in region
I, ±90 mm in region II and ±140 mm in region III (Table 4), although no significant droughts occurred
in maize season over the period 1970–2009 [2]. NEC has experienced a rapid increase in temperature
over the last decades (Figure 1). The temperature in NEC will most likely continue to increase at a
higher warming rate in the future [54], which may induce drought particularly in region I and III.
A development of irrigation system is expected to reduce the risk of yield loss caused by drought.

4.4. Comparison with Other Studies

Previous studies dedicated to Northeast China showed a common picture that increase in Tmin
increased maize yield, which is in agreement with our study (Table 6). Nevertheless, our study further
demonstrated that the yield increase in response to increased Tmin is in the vegetative phase rather
than in the reproductive phase (Tables 3 and 6). This is also attributed to a significant increase in
Tmin_v in the majority of counties (96%). By contrast, only 22% of the counties showed a significant
increase in Tmin_r (Table 1), which may not affect maize production overall (Table 3).
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Table 6. Comparison with previous studies in NEC.

Study Period Methods Time Window Spatial
Resolution Climatic Variable Climate Change during Maize

Growing Season Impacts on Maize Yield Reference

1965–2008 LR Monthly 3 provinces Tave, Tmax, Tmin,
Pre

Tave, Tmax, Tmin increased
significantly.
No significant changes in Pre
were found.

1◦C increase in Tmin in May or in
September could lead to an increment
of 303 kg ha−1 or 284 kg ha−1 in yield.

[10]

1980–2009 MLR Whole-season 36 refectures Tmax, Tmin, Pre Did not report 1◦C increase in Tmin could lead to a
10.0% increase in yield, but 1◦C
increase in Tmax could reduce yield
by 13.4%.

1961–2010 MLR Pre-F and Post-F
phases

44 stations Tmin, Pre, Rad,
Aridity

Tmin showed significant increase.
Pre-F Rad decreased. No significant
changes in other climatic factors
were detected.

1◦C increase in Tmin during
pre-flowering phase could lead to an
increase of 204 kg ha−1 in yield.

[11]

1980–2010 SMLR Whole-season 190 counties;
divided into three
regions

Tmax, Tmin, Pre 66% and 89% of the counties showed
significant increase in Tmax and Tmin.
25% of the counties showed significant
increase in Pre.

1◦C increase in Tmin could lead to a
yield change of +9.1% in region I. 1◦C
increase in Tmax could lead to yield
changes of −16.7% in region I but
+11.5% in region III.
A 1.3% reduction in maize yield was
estimated across NEC.

This study

1980–2010 SMLR V&R phases 190 counties;
divided into three
regions

Tmax_v, Tmax_r,
Tmin_v, Tmin_r,
Pre_v, Pre_r

96% and 22% of the counties showed
significant increase in Tmin_v and
Tmin_r.
41% and 51% of the counties showed
significant increase in Tmax_v and
Tmax_r.
5% and 39% of the counties showed
significant increase in Pre_v and Pre_r.

1◦C increase in Tmin_v could lead to
yield changes of +12.6% in region I
and +13.4% in region II. 1◦C increase
in Tmax_v could induce yield
changes of −11.2% in region I and
+7.0% in region III. 1◦C increase in
Tmax_r could lead to yield changes
of −4.6% in region I and −9.7% in
region II but +4.5% in region III.
A 9.1% increase in maize yield was
estimated across NEC.

This study

Abbreviation. LR: linear regression; MLR: multiple linear regression; SMLR: stepwise multiple linear regression; Pre-F: pre-flowering; Post-F: post-flowering; Tave: mean temperature;
Tmax: maximum temperature; Tmax_v and Tmax_r: maximum temperature in vegetative and reproductive phases; Tmin: minimum temperature; Tmin_v and Tmin_r: minimum
temperature in vegetative and reproductive phases; Rad- solar radiation; Pre: precipitation.
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Wang et al. reported that maize yield in NEC decreased by 13.4% in response to a 1◦C increase in
growing season mean Tmax. However, our study showed region-specific responses of yield to increased
Tmax—yield decreased in regions I and II but increased in region III (Tables 3 and 6). This further
suggests the importance of spatial scale when the yield-climate relationships are determined.

It should be noted that the data used in this study have not only higher spatial resolution but two
developmental phases in comparison with previous studies (Table 6). This could lead to a convincing
case to some extent. Moreover, the present study is dedicated to quantitatively assessing climate
change and climate variability impacts on maize yield in NEC, which could help policy-makers to
make sensible region-oriented decisions on climate change impact on crop production.

5. Conclusions

Climate change over the period 1980-2010 has indeed impacted maize yield in Northeast China
(NEC), but different time windows of climate provides divergent estimates of this impact. Climate
change at the time window of whole-season induced a reduction in maize yield, while an increase
in the yield was estimated at the time window of vegetative and reproductive phases. This yield
increase is interpretable in terms of three cardinal temperatures of maize growth. Yield fluctuations
due to inter-annual climate variability were equivalent to the impact of climate change on maize
yield over the 31 years. The impacts of climate variability and change on maize yield show region
specific, depending on the local climate relative to the optimum. Precipitation anomalies contributed
to the yield fluctuations, but were not responsible for the trends in yield change. The inter-annual
variability in precipitation was very large in NEC. The temperature in NEC will most likely continue
to increase at a higher warming rate in the future, which may induce drought particularly in region I
and III. Increase in precipitation appears to raise the risk of waterlogging in region II, and thus, would
reduce maize yield. Policy-makers should pay special attention to this regional-oriented potential
risk. The development of irrigation-drainage systems and an adoption of maize cultivars with low
sensitivity to water stress are expected to reduce the risk of yield loss caused by drought and/or
waterlogging. Our findings not only improve the understanding of the attribution of climate to yield
change, but also show the importance of buffering future crop production from climate change in NEC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/23/6659/s1,
Figure S1. Geographical location of study area. Yellow area shows three provinces of Heilongjiang, Jilin and
Liaoning in Northeast China. Green area shows the counties where maize was planted. Fine lines are county
boundaries. Solid circles show the location of meteorological stations, Figure S2. Dendrogram of hierarchical
cluster analysis. x-axis is the rescaled distance cluster combine, and y-axis is the county code. The red marks show
the three clusters. Variables using in the hierarchical cluster analysis are a set of correlation coefficients between
the yield change (∆yield %) and the changes in climate variable (∆X) for each county. The X includes Tmax, Tmin,
Pre and SH during entire growing season, and Tmax_v, Tmin_v, Pre_v, SH_v, Tmax_r, Tmin_r, Pre_r and SH_r
in the time window of V&R phases, Figure S3. Three regions were oriented in light of the hierarchical cluster
analysis in Figure S2, Table S1. Information about the period of observation and the number of cultivars planted
at 12 agrometeorological stations in NEC, Table S2. Descriptive statistics for the observed date (mm/dd) of sowing,
tasseling and maturity at 12 agrometeorological stations in NEC.
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