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Micrometeorological monitoring is not just an effective method of determining the impact of heat stress on rice, but also a reliable way of understanding how to screen for heat tolerance in rice. The aim of this study was to use micrometeorological monitoring to determine varietal differences in rice plants grown under two weather scenarios−Long-term Heat Scenario (LHS) and Normal Weather Scenario (NWS)− so as to establish reliable methods for heat tolerance screening. Experiments were conducted with two heat susceptible varieties−Mianhui 101 and IR64−and two heat tolerant varieties, Quanliangyou 681 and SDWG005. We used staggered sowing method to ensure that all varieties flower at the same time. Our results showed that heat tolerant varieties maintained lower canopy temperature compared to heat susceptible varieties, not just during the crucial flowering period of 10 am to 12 pm, but throughout the entire day and night. The higher stomatal conductance rate observed in heat tolerant varieties possibly decreased their canopy temperatures through the process of evaporative cooling during transpiration. Conversely, we found that panicle temperature cannot be used to screen for heat tolerance at night, as we observed no significant difference in the panicle temperature of heat tolerant and heat susceptible varieties at night. However, we also reported that higher panicle temperature in heat susceptible varieties decreased spikelet fertility rate, while low panicle temperature in heat tolerant varieties increased spikelet fertility rate. In conclusion, the results of this study showed that canopy temperature is probably the most reliable trait to screen for heat tolerance in rice.
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1 Introduction

One of the greatest threats facing rice breeders and producers is the increase in temperature, which could be attributed to climate change (Okpala et al., 2021). According to Lu et al. (2014) temperature affects rice germination, growth, tiller number, heading time and yield. Shi et al. (2017) reported that heat stress as a result of high day and night temperature led to decrease in rice yield. Studies conducted in the past six decades by Satake and Yoshida (1978); Matsui et al. (1997); Matsui and Omasa (2002); Prasad et al. (2006), have shown that rice is very susceptible to heat during heading and flowering. Tian et al. (2009) demonstrated that three consecutive days of heat waves led to visible heat damage in rice. Okpala et al. (2020) and Okpala et al. (2021) have shown that high temperature at the onset of heading through maturity had negative impact on rice grain quality. Perdomo et al. (2015) and Yamori et al. (2011) showed that temperature had large effects on the photosynthetic components of rice and total plant biomass. Dillahunty et al. (2001) stated that exposure to high temperature above 50°C for over 12 h has been shown to cause colour degradation in freshly harvested rice grains. Li et al. (2020) and Zhang et al. (2018), reported that heat stress caused more damage in heat susceptible rice varieties, compared to heat tolerant rice varieties.

Sun et al. (2022) modeled rice growth under heat stress at the flowering and filling stages with two heat stress models into the CERES-Rice model and found that in the coming years, heat stress will decrease rice yield in China. Other studies have shown that rice production in the middle and lower reaches of the Yangtze River−which accounts for about two thirds of the country’s rice production area−is constantly and seriously affected by heat (Wassman et al., 2009; Tian et al., 2010; Teixeira et al., 2013; He et al., 2018; Dou et al., 2019). It has been estimated by MODIS and other models that 5.7×106 ha or 35.9% of the total rice area in Yangtze River basin was damaged as a result of heat (Dou et al., 2019). The effect of summer temperatures on rice growth and development ranges from moderate (Tmean≥30°C for more than three consecutive days) to severe (Tmean≥30°C for more than five consecutive days) heat stress (Tian et al., 2009).

However, the occurrence of heat damage is not solely due to temperature, but also due to complex micrometeorological factors in the field−such as, humidity, wind speed, and sunlight intensity−which can affect the temperature of plant tissues and their surroundings (Tian et al., 2010; Siebert et al., 2014; Sathishraj et al., 2016). According to the findings of Matsui et al. (2007) rice that headed and flowered in temperatures above 40°C in New South Wales, Australia, were rarely affected by the heat due to the lower relative humidity and higher wind speed in the area. These two factors probably led to strong transpiration cooling, which might reduce the rice plant body and ambient temperature by 7°C, compared to the air temperature, thus preventing damage. Tian et al. (2010) reported that high temperatures during rice growth at the Yangtze River basin were accompanied by high humidity and low wind speeds. Therefore, rice was prone to damage when daily average temperatures are ≥30°C or daily maximum temperatures are ≥35°C. Tian et al. (2010) also reported that heat stress increased panicle temperature in heat susceptible rice varieties by 1–3°C, compared to the air temperature at the onset flowering. Other studies have shown that heat stress also occurs in the tropics, with similar environmental conditions to the Yangtze River basin, but with lower relative humidity (Ishimaru et al., 2015; Sathishraj et al., 2016).

The impact of high temperature on rice varies from variety to variety (Okpala et al., 2021). The pioneering work of Satake and Yoshida (1978) revealed that rice varieties differed in their response to heat stress by 4–5°C. Subsequent studies have also shown varietal differences in response to heat growth conditions (Prasad et al., 2006; Maruyama et al., 2013; Ishimaru et al., 2015; Shi et al., 2015; Okpala et al., 2020). The reason for these varietal differences as a result of heat stress in rice has not been fully established. However, report by Gong et al. (2023) showed that varietal differences in response to heat stress in rice were associated with stomatal conductance and canopy temperature. Previous studies conducted with wheat and cotton, also showed that varietal differences in response to heat stress were associated to canopy temperature and stomatal conductance (Lu et al., 1994; Lu et al., 1998; Ayeneh et al., 2002; Lopes and Reynolds, 2010; Conaty et al., 2015).

Heat damage has been observed in rice when maximum daily temperatures reached 33–35°C (Satake and Yoshida, 1978; Matsui et al., 1997; Jagadish et al., 2010), with the degree of damage closely related to the duration of exposure prior to and during heading (Tian et al., 2009; Sathishraj et al., 2016). Since the actual temperature of the flower organs more accurately reflect the impact of heat stress, many studies have focused on panicle and canopy temperatures to characterise rice heat damage in the field (Takai et al., 2010; Tian et al., 2010; Siebert et al., 2014; Zhang et al., 2016; Sathishraj et al., 2016). However, most of the studies focused on varietal difference during the crucial flowering period of 10 am to 12 pm in rice. Therefore, there is need to conduct extensive research that would monitor the micrometeorology of rice, not just during the crucial flowering hours of 10 am to 12 pm, but throughout the entire day and night. Therefore, the aim of this study was use to micrometeorological monitoring to determine varietal differences in rice grown under two weather scenarios−normal weather scenario (NWS) and long-term heat scenario (LHS)−in the middle reaches of the Yangtze River in China and to establish key micrometeorological variables for screening of heat tolerance in rice.




2 Materials and methods



2.1 Experimental site, plant materials and management

This study was conducted at the experimental farm of Yangtze University, located in the middle reaches of the Yangtze River basin. We used four indica rice varieties− Mianhui101 (MH101), IR64, Quanliangyou 681 (QLY681) and SDWG005−with contrasting heat tolerance levels for the investigations (Table 1). MH101 and IR64 are heat susceptible varieties, while QLY681 and SDWG005 are heat tolerant varieties.


Table 1 | Varietal information and adjusted sowing dates under the staggered planting system. ‡, and † represent the heat tolerant and heat-susceptible varieties, respectively.



The soil texture at the experimental site was clay loam, with 18.3g/kg organic matter, 1.14g/kg hydrolysable N, 34.25 mg/kg available P, and 105.13 mg/kg available K.

Staggered sowing method was used for the experiment and it was done in four different batches: Batch 1, Batch 2, Batch 3 and Batch 4, as shown in Table 1. Staggered sowing method was used so as to have all four rice varieties flower at the same time. Based on the available phenological data, we determined the sowing dates of each of the four varieties.

The experiment was conducted in randomised blocks and the plot area was 2×3 m2. Pre-germinated rice seeds were sown in seedbeds. After 23 days, rice seedlings were transplanted to the farming field. Each hill has 3 to 4 seedlings, with a hill spacing of 0.20 by 0.30 m. A day before transplanting, compound fertiliser (N:P:K=22:8:12, 150kg/1000m2) was applied in the entire planting field.




2.2 Crop ambient temperature and humidity

The meteorological data used in the study were obtained from two weather stations, as the ambient meteorological variables of the rice plants were used as reference to the data we recorded in the canopy and plant surfaces. The first station (HOBO-U30, ONSET) was set up at the edge of the experimental farm, with sensors set 2 m above the ground and hereafter referred to as the “above the canopy”. The second one was from a nearby (500 m) weather station, Jingzhou Agricultural Meteorological Station, which is hereafter referred to as the “open space”. Open space temperature and ambient temperature are used interchangeably in this article.




2.3 Heat stress based on two weather scenarios

Heat stress was based on two weather scenarios−Normal Weather Scenario (NWS) and Long-term Heat Scenario (LHS)−at the experimental farm of Yangtze University (Table 2).


Table 2 | Classification of the weather scenarios used in the experiment.






2.4 Rice heading date

Heading date was based on when 10 mm of the panicle tip had already emerged from the flag leaf sheath of the rice plant. At the onset of heading, the percentage of rice panicles that emerged from the rice sheath was recorded daily at 5 pm. In other to determine the percentage of panicle emergence in each plot, we randomly selected twenty rice plant hills.




2.5 Leaf and panicle surface temperature

Leaf and panicle temperature were measured in rice plants that had almost the same growth stage. We identified rice plants with almost the same growth stage by marking their fluorescence at the onset of heading. Afterwards, we randomly selected five marked rice plants in each plot for leaf and panicle surface temperature measurements using an infrared thermometer (MI-230, Apogee Instruments). The leaves and panicles of the rice plants were measured each day at 10:00, 14:00 and 20:00 hours, which coincided with flowering, at the highest temperature of the day, and in the evening, respectively. In other to determine the differences under various regimes, we identified 9th August to be the last flowering day for the LHS and 26th August as the last flowering day for the NWS.




2.6 Canopy temperature and humidity

Canopy temperature and humidity were measured by placing Micrometeorological Instrument for the Near-Canopy Environment of Rice (MINCER)—invented by the Institute of Agricultural Environmental Science, Japan (Yoshimoto et al., 2011)—in the middle of each plot, with the sensor targeting the middle position of the panicle (Figure 1). Canopy temperature and humidity were recorded every 3 minutes.




Figure 1 | Infrared thermal photos of the canopy surface taken at critical time of the day (10 am, 2 pm and 8 pm respectively) during the flowering stage in field-grown rice, showing differences in canopy surface temperature between the typical varieties under (A–C) the long-term heat scenario (LHS) and (D–F) the normal weather scenario (NWS) at (A, D) 10:00, (B, E) 14:00, and (C, F) 20:00.






2.7 Stomatal conductance

Stomatal conductance were measured daily with a steady-state porometer (SC-1, Decagon) at 10:00 and 16:00 hours. We measured stomatal conductance by randomly selecting five flag leaves that emerged almost at the same time (determined by the fluorescence marks).




2.8 Spikelet fertility

Spikelet fertility was estimated using the procedures of Prasad et al. (2006). The ratio of filled grains to the total number of reproductive sites (florets) was estimated based on stipulations of Yan et al. (2017) and are expressed in percentage.




2.9 Germinated pollens shed on the stigma

Germinated pollen shed on the stigma was determined using the procedures of Matsui and Kagata (2003). Twenty spikelets were randomly sampled in each plot at 13:00 on the first, third, and fourth days after flowering under NWS and LHS.




2.10 Thermal imaging of the canopy surface

Thermal imaging of the canopy surface was carried out at the same time that panicle and leaf temperature was determined. Thermal imaging was determined using A FLIR ThermaCAMTM S65 system (FLIRSystems Inc., Portland, OR., USA), with a wide-angle camera lens (18 mm IR-LENS). The camera was set up 0.5 m away from the rice plants. The data were analysed with ThermaCAM Researcher Pro 2.7 software (FLIR Systems Inc.).




2.11 Statistical analysis

Data were analysed with DPS 7.5. Tukey’s Least significant difference (LSD) were determined at the probability levels of 5% and 1% between treatments.





3 Results



3.1 Flowering and weather scenario coincidence

Table 3 shows the period when flowering in all four varieties coincided with the two weather scenarios used in this study. Flowering coincided with LHS from 6th August to 9th August, while it coincided with NWS from 24th to 26th August. Table 2 shows the criteria used in determining LHS and NWS. Figure 2 shows the daily main and daily maximum temperature during the reproductive phase of the rice varieties used in this study.


Table 3 | Flowering periods of the four rice varieties under the staggered planting system that.






Figure 2 | Daily course of temperature during reproductive growth in rice in 2018 at the experimental site. The dotted lines show the tentative critical temperatures—30°C for daily mean temperature and 35°C for daily maximum temperature. The X-axis is mm/dd.






3.2 Spikelet fertility and germinated pollen in the stigma under different weather scenarios



3.2.1 Spikelet fertility

As shown in Table 4, we observed that increase in heat stress led to significant decrease in spikelet fertility. Generally in all varieties used in this study, our findings showed that spikelet fertility decreased the most in LHS, compared to NWS. Mianhui 101 had spikelet rate of 80.9 ± 10.4 and 65.4 ± 5.1 for NWS and LHS, respectively. IR64 had spikelet rate of 85.9 ± 3.7 and 66.3 ± 10.1 for NWS and LHS, respectively. Quanliangyou 681 had spikelet fertility of 88.8 ± 2.9 and 80.9 ± 7.4 for NWS and LHS, respectively. Finally, SDWG005 had spikelet fertility of 77.7 ± 8.9 and 74.3 ± 9.8, for NWS and LHS, respectively.


Table 4 | Grain setting rate of the four rice varieties under the two weather scenarios.



We observed that in NWS, Quanliangyou 681 had the highest spikelet fertility of 88.8 ± 2.9%, followed by IR64 with spikelet fertility of 85.9 ± 3.7%. Conversely, SDWG005 had the lowest spikelet fertility of 77.7 ± 8.9% in NWS, followed by Mianhui 101 with spikelet fertility of 80.9 ± 10.4%.

Our findings showed that the impact of heat on spikelet fertility varied among the varieties. In heat tolerant variety, SDWG005, we observed that increase in temperature had no significant difference in the spikelet fertility between NWS and LHS. However, in the second heat tolerant variety, Quanliangyou 681, we observed significant difference−with Pvalue <0.05−in spikelet fertility between NWS and LHS. In heat susceptible varieties, Mianhui 101 and IR64, we found significant difference−with Pvalue <0.01−in the spikelet fertility of NWS compared to the spikelet fertility of LHS in each variety. Our results also showed that heat susceptible varieties, Mianhui 101 and IR64, had significantly lower spikelet fertility, compared to heat tolerant varieties, QLY681 and SDWG005, grown under LHS.




3.2.2 Pollen germination rate

In Table 5 we showed the pollen germination rate on the anther of the rice varieties used in the study. In Mianhui 101 we observed that the pollen germination rate on each anther were 42.1 ± 5.4% and 36.7 ± 5.0 for NWS and LHS, respectively. The pollen germination in IR64 were 50.0 ± 6.9 and 37.2 ± 5.0 for NWS and LHS, respectively. In Quanliangyou 681 we reported the pollen germination rate of 57.0 ± 4.1 and 51.4 ± 7.5 for NWS and LHS, respectively. Finally, in SDWG005 we reported the pollen germination rate of 41.8 ± 15.2 and 37.5 ± 4.9 for NWS and LHS, respectively.


Table 5 | Pollen germination rate on each anther of the four rice varieties under the two weather scenarios.



Our finding showed that in NWS, Quanliangyou 681 had the highest percentage of pollen germination (57.0 ± 4.1%), followed by IR64 with 50.0 ± 6.9%. SDWG005 had lowest percentage of pollen percentage (41.8 ± 15.2%), followed by Mianhui 101 with 42.1 ± 5.4%.

The impact of heat on pollen germination in the four varieties varied drastically. The results of our statistical analysis showed that in heat tolerant variety, SDWG005, heat stress had no significant impact in the pollen germination of rice grown in NWS compared to LHS. In the second heat tolerant variety, Quanliangyou 681, we observed significant difference−with Pvalue <0.05−in rice grown in NWS compared with LHS. However, in heat susceptible varieties, Mianhui 101 and IR64, we observed that heat had profound impact on the pollen germination rates. In Mianhui 101 we observed significant difference−with Pvalue <0.01−in the pollen germination rate of rice grown in NWS compared to LHS. In IR64 our findings showed significant difference−with Pvalue <0.01−in the pollen germination rate of rice grown in NWS compared to LHS.





3.3 Leaf and panicle temperature monitored during flowering under different weather scenarios

Our results as shown in Table 6 reveal that at 10:00 and 14:00, SDWG005 and Quanliangyou681−heat-tolerant varieties grown under LHS−had significantly lower leaf and panicle temperatures compared to Mianhui 101 and IR64 which are heat susceptible varieties.


Table 6 | Leaf and panicle temperatures at 10 am, 2 pm and 8 pm during flowering under LHS.



During the period that LHS coincided with flowering; we observed higher panicle temperatures compared to leaf temperature in all four varieties at 10:00 and 14:00. However, at 20:00 we observed slightly higher leaf temperatures−that’s not statistically significant−compared to panicle temperatures in all four rice varieties as shown in Table 6. Our results showed that at 10:00 and 14:00, Mianhui 101 and IR64 which are heat susceptible varieties, had significantly higher leaf and panicles temperatures, compared to SDWG005 and Quanliangyou 681 which are heat-tolerant varieties. We observed that at 20:00 the leaf and panicles temperatures of both the heat-tolerant and heat susceptible varieties were not significantly different.

However, when NWS coincided with flowering as shown in Table 7; our findings showed mostly significantly higher panicle temperature compared to leaf temperature in all four varieties at 10:00 and significantly higher leaf temperatures compared to panicle temperature at 20:00. We observed that the difference between leaf and panicle temperature at 14:00 were mostly not significant. We equally observed that at 10:00, 14:00 and 20:00, leaf and panicle temperatures of all four varieties−both the heat-tolerant and heat intolerant varieties−were not significantly different.


Table 7 | Leaf and panicle temperatures at 10 am, 2 pm and 8 pm during flowering under NWS.






3.4 Canopy temperature and humidity monitored during flowering under different weather scenarios

The results of the canopy temperature of rice plants grown under LHS are shown in Figure 3. Our findings showed that at 10:00 (onset of daytime flowering) and at 12:00 (towards the end of daytime flowering) heat tolerant variety maintained lower canopy temperature compared to the above canopy temperature and open space temperature. Conversely, our findings showed that heat susceptible variety, had higher canopy temperature compared to above canopy temperature and open space temperature at 10:000 and 12:00. However, after 12:00 the canopy temperature of heat susceptible variety began to drop. We observed that at 20:00−when temperature had dropped to a relatively lower levels−both the heat tolerant and the heat susceptible variety maintained lower canopy temperature compared to open space and above canopy temperature. Our entire data showed that heat tolerant variety significantly maintained lower canopy temperature day and night throughout the entire flowering period, compared to heat susceptible variety. The differences observed in above canopy temperature and open space temperature during that period is also noteworthy. At 10:00 we observed higher above canopy temperature, compared to ambient temperature, but by 14:00−when daytime flowering had ended−ambient temperature began to increase and by 20:00 we observed higher ambient temperature compared to canopy temperature.




Figure 3 | Monitoring crop canopy temperature (QLY681 and MH101), in comparison with the ambient temperature and the above canopy under the long-term hear scenario (LHS). Data was recorded from 5 August 2018 at 08 am to 9 August 2018 at 12 am. (A) continuous day-round temperature tendency in five days; (B) magnification of (A) during the day on 9 August.



In Figure 4 we showed that heat tolerant variety had higher canopy relative humidity, compared to above canopy relative humidity and open space relative humidity. Similarly, we found that heat susceptible variety also had higher canopy relative humidity, compared to above canopy relative humidity and open space relative humidity. However, we observed that heat tolerant variety maintained a lower relative humidity, compared to heat susceptible variety throughout the entire period. Our findings also showed that above canopy relative humidity were mostly higher than open space relative humidity throughout the entire period.




Figure 4 | Monitoring relative humidity (Rh) within the rice canopy under a long-term heat scenario (LHS), in comparison with the ambient temperature and above the canopy.



In Figure 5 we revealed the results of the canopy temperature of rice grown under NWS. The results showed that the canopy temperature of the heat tolerant and heat susceptible rice varieties were similar throughout the entire period. Our results also showed that at 10:00 and 12:00, there were similarities in the canopy temperature of heat tolerant and heat susceptible rice varieties, compared to open space temperature and above canopy temperature. However, from 14:00 the canopy temperature of heat tolerant and heat susceptible varieties began to drop drastically and by 20:00 we observed significantly lower canopy temperature of heat tolerant and heat susceptible rice varieties, compared to open space temperature and above canopy temperature. We also observed differences in the open space and above canopy temperatures. At 20:00 we reported that open space temperature was higher than above canopy temperature, but at 10:00 and 14:00, they were similar. In Figure 6, we also observed that the canopy relative humidity of both the heat tolerant and heat susceptible varieties grown under NWS were similar throughout the entire period. However, we also observed that both the heat tolerant and heat susceptible rice varieties had higher canopy relative humidity compared to above canopy relative humidity and open canopy relative humidity. Our findings showed that above canopy relative humidity were mostly higher than open space relative humidity throughout the entire period.




Figure 5 | Monitoring crop canopy temperature (QLY681 and MH101) in comparison with the ambient and the above the canopy in a normal weather scenario. Data was recorded for five consecutive days during the flowering stage. (A) continuous day-round temperature tendency; (B) magnification of (A) on the day 26 August.






Figure 6 | Monitoring relative humidity (Rh) within rice canopy under a normal weather scenario (NWS) in comparison with that in open space and above the canopy.






3.5 Stomatal conductance under different heat regimes

Stomatal conductances were measured at 10:00 and 16:00 and our findings are shown in Table 8. Our results showed that heat tolerant varieties, SDWG005 and Quanliangyou 681, had higher stomatal conductance compared to heart susceptible varieties, Mianhui 101 and IR64.


Table 8 | Stomatal conductance in four rice varieties under two weather scenarios during flowering under LHS and NWS.



At 10:00 rice plants grown under LHS had the highest levels of stomatal conductance, while rice plant grown at NWS recorded the lowest levels in all four varieties. Conversely, at 16:00 we observed that rice plants grown in LHS had the lowest levels of stomatal conductance, while rice plants grown at NWS recorded the highest levels of stomatal conductance in all four varieties. Our results also showed that at 10:00 in all four varieties, there are significant difference−with Pvalue of <0.01−in stomatal conductance of NWS and LHS. However, at 16:00 we observed significant difference with Pvalue of <0.05 in stomatal conductance of NWS and LHS; except in Mianhui 101 and IR64 which had Pvalue of <0.01 between NWS and LHS.





4 Discussion

Advances in technology have improved the efficiency and reliability of micrometeorological monitoring in plants (Deery et al., 2016). In the 1990s, Chtioui et al. (1999) used micrometeorological data measured from 1993 to 1995 to estimate moisture occurrence at the flag leaf level of wheat and used generalised regression neural network to correctly predict 92.7% of the moisture duration periods critical to disease development. Liu and Xu (2018) noted that micometerologoical methods are the most commonly used to determine evapotranspiration in plants due to the high temporal resolution, large spatial observation scale, and relatively high accuracy. Yoshimoto et al. (2022); Cheabu et al. (2019) and Gong et al. (2023) have used micrometeorological monitoring to study the impact of heat stress on rice varieties.

Varietal heat tolerance screening with specific phenotypic traits and meteoro-physiological variables is paramount to heat tolerant breeding in rice. However, we do not know for sure which of the numerous phenotypic traits and meteoro-physiological variables could be reliable for screening of varietal heat tolerance in the field. In the present study, we used micrometeorological monitoring to determine varietal differences in rice grown under two different weather scenarios in heat –prone area; so as to form a reliable and effective method for varietal screening.

Michaletz et al. (2016) stated that canopy temperature of rice is controlled by changes in the environmental heat balance and heat conduction within the plant. Jiang et al. (2022) noted that leaves are the most sensitive organ for the short-term regulation of canopy temperature. The findings of this study showed that leaf temperature played some roles in regulating canopy temperature. Our results (Tables 6, 7) reveal that from 10 am to 2 pm, heat susceptible varieties grown under LHS had higher leaf temperature, compared to heat tolerant varieties grown under the same scenario. However, within the same time frame, we observed no significant difference in the leaf temperature of heat susceptible and heat tolerant varieties grown under NWS. We also observed that both the heat tolerant and heat susceptible varieties had lower leaf temperature in NWS, compared to LHS. Our results showed that high leaf temperature correlated with high canopy temperature, while low leaf temperature resulted in low canopy temperature.

In indica rice varieties diurnal flower opening time, otherwise known as floret-opening time begin around 10 am (Wang et al., 2022; Wang et al., 2023). We reported that heat tolerant varieties grown under LHS maintained lower canopy temperature−not just during the crucial daytime flowering period of 10 am to 12 pm, but throughout the entire day and night−compared to heat susceptible varieties grown under the same scenario. Meanwhile, from 8 am to 2 pm−just before, during and just after flowering−we observed higher canopy temperature in heat susceptible varieties compared to ambient temperature, while in heat tolerant varieties we recorded lower canopy temperature compared to ambient temperature. After 2 pm we observed lower canopy temperature in both heat tolerant and heat susceptible varieties compared to the ambient temperature; however, heat tolerant varieties still maintained significantly lower temperature of 1 to 2 °C, compared to heat susceptible varieties throughout the day and night. Since rice leaves are the most sensitive organ responsible for short term regulation of canopy temperature, the results of our study suggest that the leaves of heat susceptible varieties are more sensitive to heat stress compared to the leaves of heat tolerant varieties. Therefore, the high sensitivity of the leaves of heat susceptible varieties to heat stress is likely the reason for their high canopy temperature. Our results showed that canopy temperature can be used to distinguish heat tolerant varieties from heat susceptible varieties in rice grown under heat stress. Furthermore, our findings also showed that canopy temperature can be used to screen for heat tolerance, not just during the flowering hours, but throughout the entire day and night.

In heat tolerant and heat susceptible varieties grown under NWS, we didn’t observe significant difference in their canopy temperature throughout the entire day, except between 8 am and 2 pm−just before, during and just after flowering−when heat tolerant variety had slightly higher temperature compared to heat susceptible varieties. These findings show that canopy temperature cannot be used as a distinguishing trait to screen for heat tolerance in rice plants grown under normal weather conditions.

Stomatal conductance is another trait associated with determining heat tolerance in rice. Stomatal conductace plays an important role in transpiration, which has been reported as an important process in canopy temperature regulation in rice (Jones, 1999; Yoshimoto et al., 2022). In Table 8 we showed that at 10 am and 4 pm, heat tolerant varieties grown under LHS had higher stomatal conductance, compared to heat susceptible varieties grown under the same scenario. In other words, we observed higher stomatal conductance in heat tolerant varieties, compared to heat susceptible varieties throughout the entire day in rice plants grown under LHS. In heat tolerant varieties, increase stomatal conductance due to high temperature increased their transpiration rate. Higher transpiration can lead to increase in evaporative cooling, which ultimately transfers heat away from heat tolerant varieties. Consequently, the high stomatal conductance observed in heat tolerant varieties played significant roles in reducing their canopy temperature. Based on the results of this study, we can speculate that stomatal conductance can also be used to determine the level of heat tolerance in rice.

In this study we also monitored the micrometeorology of rice panicle. We reported that between 10 am and 2 pm, heat tolerant varieties grown under LHS had lower panicle temperature compared to heat susceptible varieties grown under the same scenario, but at 8 pm no significant difference was observed in both heat tolerant and heat susceptible varieties. However, when grown under NWS, we observed no significant difference throughout the entire day in the panicle temperature of both the heat tolerant and heat susceptible rice varieties. These findings suggest that panicle temperature can be used to screen for heat tolerance in rice grown under heat stress during the day. However, it’s not clear why there was no difference in their panicle temperature at night. We can speculate that the higher rate of evaporative cooling as a result of transpiration in the leaves during the day, played some roles in the significant difference in panicle temperature of heat tolerant and heat susceptible varieties observed between 10 am and 2 pm. Our findings also showed correlation between high canopy relative humidity and increase in panicle temperature. However, the correlations still didn’t explain why we observed no significant difference in panicle temperature at night. Therefore, there is need to carry out further studies to determine the reason for the similarities observed in the panicle temperature of both the heat tolerant and heat susceptible varieties at night.

Spikelet fertility can also be used to screen for heat tolerance in rice grown under heat stress, as it has been widely reported that high temperature had negative impact on them (Prasad et al., 2006; Tenorio et al., 2013; Huang et al., 2016; Prasanth et al., 2016; Cheabu et al., 2019). Spikelet fertility, otherwise known as seed-setting rate, is an important component of yield (Prasad et al., 2006). In this study, we also found that canopy temperature and panicle temperature affected spikelet fertility in rice. According to Zhang et al. (2016), heat stress causes more damage to spikelets than leaves of rice plants, due to the higher tissue temperatures in spikelets than in leaves. Yoshimoto et al. (2022) noted that evaluating heat induced spikelet sterility in rice requires researchers to account for micrometeorological differences between the ambient air above the rice canopy and conditions inside the plant canopy. The effect of canopy temperature and panicle temperature in mitigating heat induced spikelet sterility in rice plant is not yet well understood. We observed that from 10 am to 12 pm−crucial daytime flowering time window−heat tolerant varieties grown under LHS, had lower canopy temperatures and panicle temperature, compared to heat susceptible varieties grown under the same scenario. Consequently, we observed that between 10 am and 12 pm heat susceptible varieties grown under LHS, had significantly lower spikelet fertility rate, compared to heat tolerant varieties (Table 4). The results of this study showed that high canopy temperature and high panicle temperature decreased spikelet fertility in rice grown under heat stress. Similarly, we also found higher spikelet fertility in both the heat tolerant and the heat susceptible varieties grown under NWS, compared to those grown under LHS.




5 Conclusion

Varietal heat tolerance screening with specific phenotypic traits or meteoro-physiological variables is of crucial importance in rice breeding for heat tolerance. Micrometeorological monitoring is reliable way to ascertain the impact of heat stress in rice plants. The results presented in this study have shown that canopy temperature, panicle temperature and stomatal conductance can all be used to screen for heat tolerance in rice grown under heat stress; however, canopy temperature is the most reliable among them.
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