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Abstract 23 

Rice is currently benefiting from climate warming in Northeast China, but whether 24 

such positive effects will continue in the future remains unknown. Using county-level 25 

rice yield and climate data in Northeast China from 1980-2015, we examined the 26 

impacts of individual and combined climate variables on rice yields, estimated climate-27 

induced yield changes, and quantified the associated contributions of these climate 28 

variables. The results suggest that climate change has caused a 10.1% yield increase in 29 

Northeast China since 1980. The main reasons are the reduced chilling damage (+5.4%) 30 

and warming below the optimum growth temperature (+4.6%). The influence of 31 

warming beyond the optimum growth temperature (i.e., high-temperature extremes) is 32 

quite limited (-0.054%) at present. However, with continuous warming, the harmful 33 

impact of such high-temperature extremes will outweigh other positive climate effects 34 

when the temperature increases by 3.36°C. Therefore, high-temperature extremes 35 

cannot be ignored despite their influence on rice yield being quite limited in Northeast 36 

China. Climate change mitigation and heat tolerance breeding are thus necessary for 37 

rice production in Northeast China. 38 

 39 
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1. Introduction 40 

Rice is the most important staple food in China, providing 28% of the protein and 41 

20% of the calories for the 8.5 billion people in the country (Peng et al. 2020). Northeast 42 

China is a key rice-growing area that contributes to approximately 17.7% of the annual 43 

national rice production (National Bureau of Statistics 2020), accounting for 60% of 44 

China's high-quality exported rice (Leng 2011). Therefore, maintaining the stability of 45 

rice production in Northeast China is vital and significant for rice supply in China. 46 

A significant climate-warming trend has been observed in Northeast China. The 47 

annual mean temperature in this region has increased by 1.71°C since 1950 (Li et al. 48 

2004, 2010; Ding et al. 2007); this change is approximately 0.51°C higher than the 49 

average warming magnitude in China (Piao et al. 2010). Climate models have projected 50 

that future warming in Northeast China is likely to reach 2–4°C by 2100 under low-51 

greenhouse-gas-emission scenarios and 5–7°C under high-emission scenarios (Wen et 52 

al. 2016; Niu et al. 2018; Xu et al. 2018). Increasing temperature results in higher-53 

frequency heat extremes (daily maximum temperature >35°C); high-temperature days 54 

have been projected to increase by 10-30 days in the 2080s compared to 1980-2010 55 

(Liu et al. 2018). Moreover, climate warming has been reported to reduce the 56 

occurrence of cold events (Zhang et al. 2014; Wen et al. 2016; Li et al. 2019; Chou et 57 

al. 2021). The extreme temperatures recorded in Northeast China from 1961-2003 show 58 

that the number of days with extremely low temperatures (daily minimum temperature 59 

<0°C) has tended to decrease (You et al. 2011). The trend of cold damage events in 60 

Heilongjiang Province has been significantly reduced (Zhu and Liu 2011). Over 2021-61 
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2100, climate models projected that the lowest temperature would be elevated by 1.1°C 62 

and 2.6°C under the Representative Concentration Pathways (RCPs) 4.5 (medium-63 

greenhouse-gas-emission scenarios) and RCP 8.5 (high-emission scenarios), 64 

respectively (Li et al. 2019; Chou et al. 2021). 65 

Climate change has multiple influences on rice growth and production. A 66 

significant number of studies reported a beneficial warming effect on rice yields in 67 

Northeast China (Sun and Huang 2011; Tao et al. 2012; Zhou et al. 2013; Zhang et al. 68 

2014). For example, Zhou et al. (2013) found a 3.6% yield increase for each degree of 69 

warming in the Heilongjiang Province of Northeast China. Likewise, Tao et al. (2012) 70 

estimated that rice yields increased by 4.5–14.6% per degree due to the increased 71 

minimum temperature from 1951-2002. Despite these reported positive effects of 72 

warming on rice, the future warming rate has been projected to be accelerated (Zhou et 73 

al. 2013; Wen et al. 2016) and unprecedented (Li et al. 2019) in Northeast China. 74 

Therefore, it is still unclear whether the beneficial effects described above will continue 75 

under further warming or whether these positive effects will become negative with such 76 

a magnitude of warming in the future. 77 

Here, we employ long-term rice yield statistics at the county level in Northeast 78 

China to 1) evaluate the impacts of individual and combined climate variables on rice 79 

yields under historical climate conditions from 1980-2015; 2) estimate regional yield 80 

trends and the contributions of historical climate; and 3) project regional yield changes 81 

with future warming. 82 

2. Materials and Methods 83 
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2.1 Study region and data sources 84 

We studied the response of rice yields to climate in Northeast China (Fig. 1a), 85 

including in the provinces of Heilongjiang, Jilin, and Liaoning. The temperature varies 86 

between 13.4 and 24.3°C, with 369.9-669.5 mm precipitation over the rice-growing 87 

season. Since 1980, the rice-growing areas have expanded, with the most rapid 88 

increases in Heilongjiang Province (Fig. 1b). Rice-growing areas increased from 210.4 89 

to 3147.8 ha over the past three decades in Heilongjiang. The rice-growing areas in Jilin 90 

and Liaoning increased from 385.7 to 544.9 ha and from 252.7 to 761.7 ha, respectively. 91 

We obtained county-level rice yield statistics (from 175 counties) in Northeast 92 

China between 1980 and 2015 from the Chinese Academy of Agricultural Sciences. 93 

Climate data recorded at ground-based meteorological observation sites were 94 

downloaded from the China Meteorological Data Sharing Service System 95 

(http://cdc.cma.gov.cn) and then interpolated to the above counties using the DAYMET 96 

algorithm (Thornton et al. 1997). These interpolated climate data have also been used 97 

in our earlier studies (Zhang et al. 2013; Zhang and Huang 2013). 98 

 99 
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Fig. 1 Characterization of the study region. (a) Our study region and the distribution of rice-100 

growing areas; and (b) rice-growing area trends in three provinces. 101 

 102 

2.2 Climate indices 103 

We use the growing degree-day (GDD; (°Cd)), extreme heat degree-day (HDD; 104 

(°Cd)), and cooling degree-day (CDD; (°Cd)) to quantify the effects of the climate and 105 

associated temperature extremes on rice production. A GDD represents warming effects 106 

characterized as the temperature below the optimum growth temperature threshold. An 107 

HDD denotes high-temperature effects when the temperature is beyond the optimum 108 

growth temperature threshold. A CDD represents chilling stress that occurs during the 109 

reproductive phase. In addition to the three temperature-related indices, we also 110 

calculated the growing-season mean radiation (RAD; (MJ·m−2·d−1)). 111 

Following an earlier study (Lobell et al. 2012, 2020), we define the accumulated 112 

degree-days between 𝑇𝑏𝑎𝑠𝑒 and 𝑇𝑜𝑝𝑡 over the rice growing season as GDDs (Equation 113 

1) and the accumulated degree-days above 𝑇𝑜𝑝𝑡 as HDDs (Equation 2). These values 114 

are calculated using the hourly temperatures derived using a cosine interpolation 115 

between the daily minimum and maximum temperatures (Equation 3): 116 

𝐺𝐷𝐷 = ∑ 𝐷𝐷ℎ𝑁
ℎ=1 ;      DDℎ = { 0, 𝑇ℎ < 𝑇𝑏𝑎𝑠𝑒(𝑇ℎ − 𝑇𝑏𝑎𝑠𝑒)/24, 𝑇𝑏𝑎𝑠𝑒 ≤ 𝑇ℎ ≤ 𝑇𝑜𝑝𝑡(𝑇𝑜𝑝𝑡 − 𝑇𝑏𝑎𝑠𝑒)/24, 𝑇ℎ > 𝑇𝑜𝑝𝑡  

(Eq. 1) 

𝐻𝐷𝐷 = ∑ 𝐷𝐷ℎ𝑁
ℎ=1 ;      DDℎ = { 0, 𝑇ℎ ≤ 𝑇𝑜𝑝𝑡(𝑇ℎ − 𝑇𝑜𝑝𝑡)/24, 𝑇ℎ > 𝑇𝑜𝑝𝑡 (Eq. 2) 

𝑇ℎ = 𝑇𝑚𝑖𝑛 + 𝑇𝑚𝑎𝑥2 + (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛) cos(0.2618(ℎ − 14))2  (Eq. 3) 

where 𝑇ℎ is the hourly temperature (°C),  𝑇𝑚𝑖𝑛 𝑎𝑛𝑑 𝑇𝑚𝑎𝑥  are the minimum and 117 
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maximum temperatures, respectively, h is measured from 1 o'clock to 24 o'clock in a 118 

given day, N is the total number of hours in the rice-growing season (from 1 May to 30 119 

September) (Gao and Li, 1992; Sun and Huang, 2011), and 𝑇𝑏𝑎𝑠𝑒 𝑎𝑛𝑑 𝑇𝑜𝑝𝑡 are the 120 

base growth temperature threshold (8°C) and the optimum growth temperature 121 

threshold (30°C) for rice growth, respectively (Bouman 2001). 122 

To calculate CDD, we adopted the expression shown below (Bouman 2001; 123 

Shimono 2011) to quantify the chilling temperature injury at the flowering stage 124 

(Equation 4): 125 

𝐶𝐷𝐷 = ∑ 𝐷𝐷 ;      𝐷𝐷 = {𝑇𝜃 − 𝑇𝑚𝑒𝑎𝑛, 𝑇𝑚𝑒𝑎𝑛 ≤ 𝑇𝜃0, 𝑇𝑚𝑒𝑎𝑛 > 𝑇𝜃  (Eq. 4) 

where 𝑇𝑚𝑒𝑎𝑛 is the daily average temperature, and the summation of 𝐶𝐷𝐷 is a 126 

cooling degree-day below 22°C during the time from the booting stage to the flowering 127 

stage (Bouman 2001; Shimono 2011). The period from the booting to flowering stages 128 

is determined based on earlier literature (Gao and Li, 1992; Sun and Huang, 2011). 129 

We used the Angstrom equation to calculate the RAD based on sunshine hours 130 

(Angstrom 1924). 131 

𝑅𝐴𝐷 = (𝑎 + 𝑏 𝑛𝑁) 𝑐  (Eq. 5) 

where 𝑅𝐴𝐷  is the total solar radiation (MJ·m−2·d−1); c is the astronomical 132 

radiation (MJ·m−2·d−1)); 𝑛  is the actual sunshine hours (h); 𝑁  is the number of 133 

shineable hours (h); and 𝑎 and 𝑏 are empirical coefficients, referring to the results of 134 

existing studies (Zhu et al. 2010). The calculation of c follows the (Allen et al. 1998). 135 

2.3 Statistical analysis 136 

Panel model regression analyses have been widely used to study climate change 137 
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impacts (Lobell and Burke 2010; Zhang et al. 2016; Lobell et al. 2020). Rice yields and 138 

climate data at the 175 county-level stations collected in three provinces over 1980-139 

2015 were combined into a panel dataset, and then a panel regression model was 140 

conducted. Since the Hausman test for the fixed-effects model was significant (p < 0.05), 141 

a fixed-effect panel data model was established (Equation 6): 142 

Log(Y𝑖,𝑡) = 𝛼𝑖 + 𝛼1𝑖 ∙ 𝑡 + 𝛼2𝑖 ∙ 𝑡2 + 𝛽 ∙ 𝑓(𝐶𝑙𝑖𝑚𝑖,𝑡) + 𝜀𝑖,𝑡  (Eq. 6) 

where Y𝑖,𝑡  is the observed yield at time t at location i. We follow a common 143 

approach of expressing yields in log units, which assumes that a given change in climate 144 

variables will have the same percent impact on yields. 𝑓(𝐶𝑙𝑖𝑚𝑖,𝑡) is a function of the 145 

climate variables at location i and time t; 𝛽  is a parameter vector reflecting the 146 

sensitivities of climate variables, including GDD, HDD, CDD, and RAD, to yield 147 

changes; 𝜀𝑖,𝑡 is a systematic random error term that represents the effect of factors other 148 

than weather on yield; 𝛼𝑖  and 𝛼1𝑖 ∙ 𝑡  are location-specific and location-year fixed 149 

effects, respectively; and 𝛼2𝑖 ∙ 𝑡2 is the fixed effect of the year squared at a specific 150 

location. Location-specific intercepts account for spatial variations in crop management 151 

and soil quality, and location-specific time trends and location-specific time squared 152 

trends account for yield nonlinear growth due to technological progress. By calculating 153 

the variance inflation factor, the potential presence of collinearity in the model is 154 

negligible (Supplementary Table S1, Note S3). 155 

3. Results 156 

3.1 Temporal trend and spatial distribution of historical climate 157 

Fig. 2 shows the trends of the climate indices in Northeast China from 1980 to 158 
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2015, weighted by the rice-growing area in each county. The mean growing season 159 

temperature in Northeast China varies between 18 and 25°C. In the past 35 years, there 160 

has been a significant warming trend, with the mean growing season temperature 161 

increasing by 0.31°C/10a. The minimum and maximum temperatures grow by 0.33 and 162 

0.29°C per decade, respectively. Fig. 3 demonstrates the spatial distributions of climate 163 

variables in Northeast China from 1980 to 2015. The average temperature trends in 164 

Northeast China ranged from -0.4°C/10a to 0.6°C/10a. The central and northern areas 165 

of Northeast China demonstrated the fastest warming rates (0.36°C/10a). In contrast, 166 

the rates in the southern regions are much slower (0.26°C/10a). (Fig. 3c). The increase 167 

in minimum and maximum temperatures also show an uneven spatial distribution, with 168 

the greatest increase in the central region (Fig. 3a; Fig. 3b). 169 

Regarding the degree-day indices, there is an increase in GDDs, with a rate of 170 

43.5°Cd/10a, while the HDD trend is much slower, presenting an average increase of 171 

only 0.22°Cd per decade (Fig. 3f). For CDDs, a 4.55°Cd decrease per decade is 172 

observed. In terms of its spatial distribution, the GDD trend is lower in the east but 173 

higher in the west (Fig. 3f). The spatial distribution of HDDs also varies, with a 174 

decreasing trend in the northeast and an increasing trend in the southwest (Fig. 3e). The 175 

CDD trends are generally slower towards the north (Fig. 3d). 176 
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177 

Fig. 2 Temporal trends of climate variables from 1980-2015 in Northeast China, weighted by 178 

the rice-growing area. Minimum temperature (a), maximum temperature (b), average 179 

temperature (c), CDD (d), HDD (e), GDD (f). 180 



11 

 

181 

Fig. 3 Spatial distribution of climate variables from 1980-2015. Minimum temperature (a), 182 

maximum temperature (b), average temperature (c), CDD (d), HDD (e), GDD (f). 183 

 184 

3.2 Yield responses to climate 185 

Regression analysis of historical data is used to relate past rice yields to climate. 186 

Table 1, includes climate variables (i.e., GDD, HDD, CDD, and RAD) as explanatory 187 

variables for 𝑓(𝐶𝑙𝑖𝑚𝑖,𝑡)  to examine rice yield variabilities. According to the results 188 

(Table 1), significant positive effects were found on rice yields in GDD and RAD (p 189 

<0.05), while HDD and CDD presented significant negative effects (p <0.05). During 190 

the rice-growing season, for each 10 degree-day increase in GDDs, rice yield increased 191 

by 0.28%. In contrast, CDDs decreased yields, with a 3.54% penalty for each 10 degree-192 
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day increase in CDDs. HDDs reduced yields by 3.03% for each 10 degree-day increase. 193 

In the results of the main text, we did not include the moisture index because the effect 194 

of moisture was insignificant in the regression model (Supplementary Table S3, Note 195 

S2) because 95% of rice in Northeast China is irrigated (Gan and Liu 2005; Wang et al. 196 

2017). 197 

 198 

Table 1 Regression coefficients of the panel model and impacts of climate variables on rice 199 

yield (%). Significant test results are indicated by the following symbols behind the numbers. 200 

* p < 0.05, ** p < 0.01, and *** p < 0.001. 201 

Climate variable Estimate Std. Error t value Pr (>|t|) 

GDD 0.0002819 0.00008601 3.278 0.001053*** 

HDD -0.00303 0.001206 -2.512 0.012034* 

CDD -0.00354 0.00034 -10.413 < 2e-16 *** 

RAD 0.003828 0.0008575 4.464 0.000082*** 

RAD2 -0.0000007125 0.0000001633 -4.364 0.00013 *** 

 202 

3.4 Impact of historical climate trends on rice yields 203 

Next, we projected yield changes based on the historical trends in individual and 204 

combined climate variables (Fig. 4). We set the reference period to the beginning of a 205 

five-year period (e.g., 1980-1984). There was no noticeable time trend in the yield 206 

changes induced by HDD (slope=-0.015%/10a, p=0.9). The effects of GDD and CDD 207 

were stronger than those of HDD. On average, the CDD trend resulted in a 5.4% yield 208 
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increase (p<0.01) over the past 35 years, while the GDD-induced yields increased by 209 

4.6% (p<0.01). HDD caused a few yield changes (-0.054%) (Fig 4). Consequently, with 210 

the historical climate trends in Northeast China, the combined trend in temperature 211 

extremes (HDD + CDD) was projected to improve yield by 5.4%; this increase was 212 

slightly greater than that imposed by GDD alone (3.9%). 213 

 214 

Fig. 4 Projected yield changes induced by climate variables relative to the 1980-1984 period. 215 

The shaded areas indicate the 95% confidence interval determined from bootstrapping 216 

methods. 217 

 218 

3.5 Tipping points of warming for rice yields in Northeast China 219 

To investigate the impacts on rice yields induced by continuous warming, we 220 
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artificially increased the historical temperature by 1-6°C and projected yield changes 221 

under each warming scenario. With higher temperatures, rice yields are projected to 222 

initially rise and then decline when the temperature is higher than a certain threshold 223 

(Fig. 5). We present the tipping point temperatures on the map based on the county-224 

level data to facilitate comprehension of this spatial variation. In Fig. 5a, sensitivity to 225 

warming varies by region, and the tipping point temperature gradually increases from 226 

south to north and from west to the east (Fig. 5a). This threshold is the lowest in 227 

Liaoning (2.12°C), while in Jilin and Heilongjiang, the values are 3.78°C and 3.99°C, 228 

respectively. The average tipping point temperature is approximately 3.36°C in the 229 

study region (Fig. 5b). 230 

Fig. 6 exhibits the yield impacts associated with individual climate variables under 231 

various warming scenarios. We found that the positive effect of GDD grows steadily 232 

with warming, while the effect of CDD becomes weaker. HDD shows an increasingly 233 

greater contribution to rice yields as warming increases. For example, in Liaoning, 234 

approximately 1.8% of the yield reduction is attributed to HDD under the 1°C warming 235 

scenario, while the contribution of HDD increases to 31.4% under the 6°C warming 236 

scenario. Such a greater harmful impact of HDD offsets the beneficial effects of GDD 237 

and CDD, and the contribution of HDD becomes dominant with higher warming 238 

scenarios. 239 

 240 
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 241 

Fig. 5 Responses of rice yields to various warming scenarios. Temperature increases were set 242 

within a range of 1-6 degrees. The tipping point temperature refers to the turning point at 243 

which rice yields change from increasing to decreasing. (a) Tipping point temperatures are 244 

presented on the map based on county-level data. (b) Average tipping point temperature for 245 

the three provinces. 246 

 247 

 248 
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 249 

Fig. 6 Impacts of changes in GDD, HDD, and CDD on rice yields with temperature increases 250 

of 1°C, 2°C, 3°C, 4°C, 5°C, and 6°C in Liaoning, Jilin, and Heilongjiang Provinces. 251 

 252 

4. Discussion 253 

In this study, we collected data on climate and rice yields representing the 1980-254 

2015 period from 175 counties to examine the effects of climate change on rice yields 255 

in Northeast China. We established a panel data model to estimate the impacts of 256 

climate on rice yields and project the contributions of individual and combined climate 257 

variables under future warming scenarios. 258 

Our study employed three temperature indices, i.e., GDD, HDD, and CDD, and 259 

quantified the effects of these individual climate variables on rice yields. GDDs 260 

represent the effects of temperatures lower than the optimum growing temperature. 261 
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HDDs and CDDs represent heat effects and chilling stress, respectively. Our results 262 

suggest that historical warming is beneficial for rice yields in Northeast China. 263 

Warming causes greater HDDs, but such harmful effects are quite limited, with only a 264 

0.015% yield reduction per decade. Comparably, the historical increase in GDDs and 265 

decrease in CDDs pose much stronger positive effects. Greater GDDs cause a 1.3% 266 

yield increase per decade, and the declining CDD results in a 1.5% yield increase per 267 

decade. Overall, the combined beneficial effect of GDD and CDD play a more 268 

dominant role than HDDs on yields in Northeast China during 1980-2015. 269 

Our estimates differ from those reported in earlier studies (Liu et al. 2013; Tao et 270 

al. 2013a). For example, Liu et al. (2013) found that the yields associated with cold-271 

temperature injuries fluctuated over time and did not result in any clear trend in yield 272 

impacts over time. This discrepancy could be interpreted by the use of different 273 

temperature indices to reflect extremely low temperatures. Liu et al.'s study quantified 274 

the effects of extremely low temperature based on the number of days with temperatures 275 

below the lowest temperature threshold and did not account for the effects of 276 

cumulative temperature on rice chilling (Supplementary Note S1; Table S2). We re-277 

estimated the effects of low-temperature extremes using the same indices 278 

(Supplementary Table S4) and found that the index that was based on the number of 279 

days with temperature below the lowest temperature threshold also returned a negative 280 

regression coefficient (Supplementary Table S4), but the model projection did not show 281 

an obvious time trend over 1980-2015 (Supplementary Figure S1). This suggests that 282 

the cumulative temperature calculation used when considering extremely low 283 
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temperature does have an effect and projects different results compared with those 284 

obtained by counting only low-temperature days, as performed in earlier studies (Liu 285 

et al. 2013). 286 

Despite the dominant effects of CDDs in the historical period, such beneficial 287 

effects were projected to decrease with future warming in Northeast China. In contrast, 288 

the contribution of HDDs was projected to become more dominant with warming. From 289 

the model projections obtained under a future warming scenario, we determined the 290 

tipping point temperature relevant for yield changes. Rice yields increased when the 291 

warming was lower than the corresponding threshold and then declined when the 292 

warming was beyond the threshold. The tipping point temperatures were 2.12°C for 293 

Liaoning, 3.78°C for Jilin, 3.99°C for Heilongjiang, and 3.36°C for all of Northeast 294 

China. When the warming was lower than these thresholds, the negative effect of HDDs 295 

was less than the combined positive effects of CDDs and GDDs, returning a positive 296 

yield trend. However, when the warming degree was greater than the threshold values, 297 

the contribution of HDDs rapidly increased, and yields began to decline. For example, 298 

in Liaoning, with 2.12°C warming, the negative effects of HDDs outweighed the 299 

positive effects of GDDs and CDDs, and continuous warming to 4.1°C resulted in 300 

yields lower than the baseline yield level. This result suggests that the harmful impacts 301 

of high temperature should not be ignored as future warming, and this conclusion is in 302 

contrast to the findings reported in earlier studies (Sun and Huang 2011; Tao et al. 2013a; 303 

Wang et al. 2014; Zhang et al. 2014) that addressed the beneficial effects of warming 304 

exclusively. 305 
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Based on our results, two methods can be suggested to reduce the climate risks 306 

faced by rice. First, climate-warming trends should be mitigated to 3°C in Northeast 307 

China. At such a warming rate, the general effects of climate change on rice would be 308 

beneficial. Climate models have projected that temperature would increase by 2°C in 309 

Northeast China under the RCP2.6 scenario (Sun et al. 2019) and that increasing 310 

temperature will not exceed the threshold temperature by the mid to late 21st century. 311 

However, under the RCP4.5 and RCP8.5 scenarios, climate models have projected that 312 

temperature will increase by 4°C under RCP4.5 and 6°C under RCP8.5 by 313 

approximately 2050 (Chong-Hai and Ying 2012; Zhang 2012; Chu et al. 2017; Sun et 314 

al. 2019; Zhang et al. 2021) , thus exceeding the threshold temperature inferred from 315 

our study. To control warming, we should constrain greenhouse gas emissions. This 316 

may be achieved by the development of clean energy or through the implementation of 317 

reasonable policies. The second method involves reducing the sensitivity of rice to heat, 318 

as the contribution of extreme heat temperature was low under historical climate 319 

conditions but will become more dominant under future warming scenarios. This may 320 

be achieved by breeding (Matsui et al. 2001; Lawas et al. 2019; Malumpong et al. 2020) 321 

to introduce more heat-resistant cultivars or by adjusting the sowing date (Pal et al. 322 

2017; Bai et al. 2019) to reduce the exposure of rice to temperature extremes. Future 323 

investigations regarding the priority of these adaptation measures are needed to enable 324 

efficient adaptations to cope with future climate risks. 325 

Several limitations and uncertainties of our study need to be addressed. First, 326 

similar to other statistical models, statistical models fix time windows and cannot 327 
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consider changes in sowing time and rice phenology over time. However, an earlier 328 

study showed that the rice heading dates and the growth period length remained 329 

nearly constant over time due to the widespread late-maturity rice cultivars planted 330 

(Tao et al. 2013b). We conducted sensitivity analyses for different calendar period 331 

windows, and the results showed that shifting the time window had no significant 332 

impact on the output of the statistical model. (Supplementary Table S5). Second, 333 

statistical models assume that the climate sensitivity (e.g., regression coefficients in 334 

the model) is derived based on the historical climate applied to warmer scenarios. It 335 

should be stressed that nonclimatic factors, e.g., the introduction of heat-tolerant 336 

cultivars (Lobell et al. 2012; Li et al. 2018; Tayade et al. 2018) or changes in sowing 337 

densities (Lobell et al. 2020), can potentially alter the regression coefficient. 338 

Therefore, our results presented in this study should be viewed as a model projection 339 

based on historical yield responses and existing agronomic technologies; they indicate 340 

that the future will demand improvements in agronomic technologies to achieve 341 

sustainable agricultural development in Northeast China. 342 

5. Conclusion 343 

We employed a fixed-effect panel model to examine the effects of climate change 344 

on rice yields in Northeast China using recorded county-level rice yield statistics. 345 

Historically, climate change has been favourable for rice in the study region, mainly 346 

due to the positive effects of CDDs (i.e., low-temperature extremes) and GDDs 347 

outweighing the negative effects of HDDs (i.e., high-temperature extremes). The 348 

contribution of CDDs to yield changes was 1.15 times greater than that of GDDs and 349 
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100 times greater than that of HDDs under current climate conditions. Therefore, the 350 

decline in CDDs is currently the most significant climate variable driving rice yields 351 

over time in Northeast China. However, with future climate change, continuous 352 

warming would result in fewer CDDs and greater HDDs. The contribution of HDDs 353 

would thus become more dominant over the contributions of the other temperature 354 

indices. Such a shift in climate influences was used to determine tipping point 355 

temperatures; the yield trends would change from increasing to decreasing with 3.36°C 356 

of warming in our study region. Our results suggest that despite the relatively weak 357 

impact of HDDs under historical climate conditions, the harmful impacts of HDDs will 358 

become more dominant as future warming progresses, and adaptations to high-359 

temperature extremes should not be overlooked in rice production activities in 360 

Northeast China. 361 
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