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Abstract: The flooding caused by heavy rainfall in rice irrigation area and the drought caused by the drop of groundwater level are the research focus in the field of irrigation and drainage. Based on the comparative experiment and farmland water level control technology, this paper studied the average soil temperature under different soil layers (TM), the daily temperature change (TDC), the photosynthetic accumulation of single leaf and canopy in rice, and response of photothermal energy to rice root characteristics and growth factors in the paddy field under drought conditions. The results showed that the peak soil temperature under drought treatment was basically synchronous with the conventional irrigation, and the it was delayed by 2–6 h under flooding treatment compared to the drought treatment. Under different water gradients, the temperature decreased according to TL > TCK > TH (L, H and CK represented water flooding, drought and control treatments), and the TDC was opposite. In addition to milky stage, the daily photosynthetic (Pn) accumulation of single leaf and canopy in the flooding and drought treated paddy fields were lower than conventional irrigation, and had a negative impact on leaf area index (LAI) and yield (YR), but did not form fatal damage. The root characteristic factors, RL (root length), RW (root weight), R-CR (root-canopy ratio) were promoted with drought, and YR under light drought was slightly higher than that under heavy drought. There was a strong positive correlation between TM and R-CR in all rice growth stages, while TDC-5 was negatively correlated with effective panicle number, TDC and R-CR in 20 cm soil layer were positively correlated. The correlation between daily Pn accumulation and YR was low, and the correlation between Pn and YR factors was negative or weak positive or negative. The total Pn was positively correlated with yield factors, and the correlation coefficient was higher than that of daily Pn.
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1  Introduction

Rice grows in the seasons with rain and heat, and water in the field surface with deep flooding cannot be eliminated in time due to the heavy rainfall process, or there is no leakage because of the surrounding water level, resulting in a waterlogging disaster. On the other hand, when the groundwater level descends to a certain depth, the soil moisture of the root layer cannot meet the requirements of the root water absorption. At this time, the rice growth suffers from drought due to water stress. The problem of waterlogging and drought in rice was actually the problem of the farmland water level change [1–3]. The farmland water level refers to the maintained water depth of the paddy field when there has the water layer after rainfall or irrigation, and the groundwater level when there has no water layer in the field. The strategy of maintaining proper water depth or groundwater level through the irrigation and drainage measures in the field is called farmland water level regulation. At present, the response mechanism of farmland water level regulation to crop water saving and emission reduction has become a hot issue in the agricultural water and soil field [4,5].

The temperature of field soil is the most important meteorological element in rice ecological environment. Photosynthesis, respiration, net assimilation rate, tillering rate and nutrient uptake of rice were all related to paddy field temperature [6]. At the same time, soil temperature affected crop root growth, vegetative growth and reproductive growth [7]. Abel found that [8], the absorption of phosphorus decreased under low temperature condition for rice. The conversion of soil organic matter, the release of nutrients and the movement of water and gas in the soil were also affected by soil temperature. However, there were few studies on soil temperature changes under the control of farmland water level, especially the response of soil temperature to crop growth under the control of farmland water level. As one of the most important physiological processes of crops, photosynthesis was the process in which leaves produce organic matter, which can provide energy and material accumulation for crop growth and development [9,10]. For the physiological response of crops under rain disasters and water stress, a lot of research work has been done by domestic and foreign scholars, and also a relatively systematic system has been formed for the response mechanism. Li et al. [11] compared several physiological indicators, growth and yield indicators in the late growth stage (jointing-booting stage and milky stage) of rice after treatment with flooding stress. The results showed that the net photosynthetic rate of fully extended leaves decreased after the flooding, the root injury flow decreased, the root activity decreased, the effective panicle decreased, the seed setting rate decreased significantly, the 1000-grain weight decreased, and the grain yield decreased. Both Candogan et al. [12] and Carroll et al. [13] found that drought had a great influence on the leaf water condition and cell expansion, which in turn affected the extension of leaf area and caused the leaf area decreasing. Ahmadi et al. [14] believed that the responding of roots was prior to aerial parts under water stress conditions, and moderate drought conditions could promote root growth and root ligature, and increase root branching, but it resulted in root growth inhibition, branch reduction, dry matter and root length reduction under severe drought condition. Oikeh et al. [15] carried out experiments on water stress in different growth stages of rice, and the results showed that drought in the heading-milky stage would lead to severe yield reduction, but moderate drought in the vegetative growth stage (before the effective tillering end period) would result in production increasing.

At present, most scholars at home and abroad has studied the physiology, growth and physicochemical laws of crops from a single perspective of water-saving irrigation or controlled drainage technology, and response mechanism on growth effects of the light and heat caused by the joint regulation of water-saving irrigation and control drainage (farmland water level regulation) was lacking in research [16,17]. In this paper, the regulation indexes of irrigation and drainage were unified to the farmland water level, to study the changes of soil temperature and cumulative photosynthetic quantity in roots under rain disaster and water stress, exploring the response mechanism on crop growth factors. Compared with soil moisture content, farmland water level had no spatial variability, which was easier to observe and master in practice. The results have a profound understanding of the response mechanism of irrigation and drainage synergy to crop growth in southern rice irrigation districts, and the development of high-efficiency irrigation and drainage agriculture, promoting agricultural sustainable development, enriching crop irrigation and drainage theory, and have important scientific and practical significance.

2  Materials and Methods

2.1 Experimental Site

The experiment was carried out in Key Laboratory of Efficient Irrigation-Drainage and Agricultural Soil-Water Environment in Southern China, Ministry of Education from June to October in 2011~2012. The experimental area belongs to the subtropical humid climate. The average annual rainfall is 1021.3 mm, with about 120 rainfall days. Among them, the rainfall during the flood season (May to September) accounts for more than 60% of the average annual rainfall. The average annual evaporation in this area is 900 mm. The average annual temperature is 15.7°C, and the highest monthly average temperature is 28.1°C. The maximum average humidity is 81%, the annual sunshine hours are 2212.8 h, and the annual frost-free period is 237 d.

There were 32 fixed steaming pits in the test area. The measuring pit (including 28 with bottom and 4 without bottoms) was arranged in two rows from east to west in sequence. The measuring pit size is 2.5 m × 2.0 m × 2.0 m (length × width × depth), The ground part of each pit was equipped with automatic watering solenoid valve equipment, and the corresponding large water column was connected underground. The internal probe can be used to automatically control the groundwater level of the pit. The soil in the measuring pit was clay loam, which was formed by layering back and compacting the local soil. The physical and chemical parameters of 0~30 mm soil in the pit were as follows: the bulk density was 1.46 g/cm3, the pH value was 6.97, the total nitrogen content was 0.9048 g/kg, the available nitrogen content was 27.65 mg/kg, and the total phosphorus content was 0.32 g/kg, the available phosphorus content was 12.5 mg/kg, the soil organic matter content was 2.40%, and the field water holding rate was 25.28%.

2.2 Experiential Design

The rice (Oryza saliva 4038) was transplanted after seedling. Transplanting density was 10 rice plants per m2. Rice was grown using the random block method with three replications. The whole growth period of rice is divided into five stages: re-greening stage, tillering stage, jointing-booting stage, heading-flowering stage and milky stage stage. The re-greening period is the recovery period after rice planting, and the physiological growth of rice in the yellow ripening period has no obvious response to the stress. Therefore, four main growth stages from rice tiller to milky were selected for study. The water level regulation test is designed by combining the water level and water control duration (Tab. 1). There were two fertilizations during whole rice growth stage. Basal fertilizer was compound fertilizer, with ration of N,P,K was 15:15:15, and fertilizer amount was 2000 kg/hm2. The tillering fertilizer was urea, with 46.4% of nitrogen and fertilizet amount of 647 kg/hm2.

Table 1: Water level regulation scheme and water control stages division in 2011 and 2012
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The deep flooding of rice and maintaining a certain leakage strength can be considered to be flooding. Two leakage strengths are designed for the flooding test, with 2 mm/d and 4 mm/d respectively. The rice plants in the tillering stage were shorter, the flooding water level was designed to be 120 mm, and the flooding water level during the jointing to milky stage was 250 mm, with flooding days kept for 10d. The dynamic process of paddy field water level was simulated after a short-term heavy rainfall without replenishing water even water level drops. In the drought test, the groundwater depth is considered as the regulation water level, and two water levels are designed for each growth stage. The water level in the tillering period was −300 mm and −500 mm, while it was −400 mm and −700 mm from jointing to milky stage. The drought test was naturally reduced from the anhydrous layer to the set value, which simulates the dynamics of the groundwater level.

2.3 Indicators and Method

(1) Cumulative photosynthetic: Cumulative photosynthetic is mainly calculated by statistical models based on meteorological factors, and estimated based on single-leaf instantaneous photosynthetic rate measurements, and calculations based on meteorological factors for single-leaf photosynthetic models. The daily cumulative photosynthetic quantity of single-leaf at the end of water control in each growth period of rice under the water level regulation can be easily obtained according to the measured daily variation of net photosynthetic rate. The calculation formula is:


ΣPn(daily)=12⋅∑i=1n−1(Pn(i)+Pn(i+1))⋅Hi
(1)

which, Pn(i), Pn(i+1) were the instantaneous photosynthetic rate values (μ mol · m−2 · s−1) of the single leaf measured for the i-th and i+1th times, respectively, Hi is the time interval (s) of the i-th and i+1th measurements, n is the number of measurements. When calculating the cumulative photosynthetic amount during the growth period, the cumulative values of each day were calculated by the regression equations after the water-controlling during the flood control and the drought-controlled period, while the cumulative values at the other time periods were calculated by the comparison relationship equation, and the canopy photosynthetic rate was estimated by Pn × LAI, which simplifying the simulation of the canopy structure, and the canopy is seen as a horizontally extended blade structure, which promotes the photosynthesis from leaf-scale to canopy scale.

(2) Soil temperature: Since soil temperature mainly changes in the top soil, we collect soil temperature data the measurement every 6 min in 5 cm and 20 cm soil layer by the current source type temperature sensor AD590 embedded in the lysimeter.

(3) Root and yield indicators: After the treatment of the water level control, a single point of rice plant was taken at random. After cleaning, the root length, root weight, root-shoot ratio and white-yellow black root amount were investigated. After tillering start, leaf area index (LAI) was measured every 5 days by LAI-2000 canopy analyzer. Before harvesting, plant sample was randomly selected in each pit, to count the number of panicles and the number of solid glutinous grains in the specified area, and then calculate the seed setting rate. After harvesting, 1000-grain weight and theoretical yield was calculated by randomly selecting 1000 grains of solid particles.

2.4 Statistical Analysis

Simple data calculation and diagramming was completed by Excel 2010. Correlation analysis and regression analysis was carried out by IBM SPSS Statistics 19.

3  Results

3.1 Daily Change of Soil Temperature in Different Soil Layers

The daily change of soil temperature in different soil layers during the growth period of rice under the control of farmland water level in paddy field was shown in Fig. 1. It can be seen that the average soil temperature (TM) of 5 cm soil layer for drought treatment H at the tillering stage was the lowest at 6:00, and was synchronous with CK, which was 2 h ahead of flooding treatment L. The lowest soil temperature was in accordance with TL > TCK > TH order, reaching its peak at 14:00 for drought treatment H, synchronized with CK, while L was delayed until around 18:00, and the highest soil temperature followed the order of TH > TCK > TL. The average daily soil temperature under different water gradients was TL > TCK > TH, and the daily change of soil temperature increased in turn of TL < TCK < TH.
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Figure 1: The daily variation of soil temperature in different soil layers under different water condition. Note: hhmm was the abbreviation of Hour Hour Minute Minute

The soil temperature change at the jointing-booting stage and the heading-flowering stage were consistent with the tillering stage. The soil temperature of the drought treatment H reached the highest value at 14:00, while it was delayed about 2–6 h for the flooding treatment. This was mainly because the water content was low and heat capacity was small for the drought treatment, thus the soil warmed and cooled rapidly, while the water layer for the flooding treatment can play the role of cooling at daytime and heat preservation at nighttime, thus the soil moisture was high and the heat capacity was large, and the temperature raised and cooled slowly.

The soil temperature change at milky stage was basically consistent with the previous three growth stages. The drought treatment H was arranged at the outermost edge of the test area, and the boundary effect was obvious. Therefore, the average soil temperature was higher, and the average temperature was slightly lower than the flooding treatment by 0.19°C. The soil temperature change range of the drought treatment was 4.1°C, which was 3.13°C higher than that of the flooding treatment.

The daily variation of soil temperature in 20 cm soil layer was consistent with that in 5 cm soil layer under different water condition. The soil temperature under drought treatment H was the lowest at 7:00~8:00, which delayed 0~2 h than the control treatment CK, and delayed 2~4 h compared to flooding treatment L, reaching peak at 15:00~16:00, and 2~3 h and 4~6 h ahead of CK and L treatments.

3.2 Daily Accumulation of Photosynthesis of Single Leaf at Growth Stages under Water Regulation

The curve of daily accumulation of photosynthesis (DAP) of rice at the end of each growth stage was shown in Fig. 2. Since the end time water control for drought and flooding treatments was not synchronized, the measurement dates of the first three growth periods were different. It can be seen that the daily cumulative curve of photosynthetic quantity was the S-type growth curve, and the cumulative photosynthetic amount at the end of water control for drought and flooding treatments was lower than the control treatment at tillering stage, the jointing-booting stage, the heading-flowering stage, while at the milky stage it was slightly higher for drought treatment and lower for flooding treatment compared to the control treatment.

For the estimation of the daily cumulative photosynthetic quantity during the rice growth stage without the measured daily variation, considering the dynamic variation of the effect of water level regulation on the photosynthetic rate of rice in a short period of time, this paper used instantaneous photosynthetic rate of the single-leaf at 10:00 am to estimate its corresponding daily accumulation. For regression analysis in Fig. 3, the regression equation and coefficient were as follows:

for control treatment, 
∑Pn(daily)=40.47Pn(10:00)−214.06(R2=0.9911)
;

for flooding treatment, 
∑Pn(daily)=40.05Pn(10:00)−161.16(R2=0.9717)
;

for drought treatment, 
∑Pn(daily)=29.75Pn(10:00)+3.92(R2=0.9794)
.

It showed that there was a good linear relationship between the net photosynthetic rate and the daily cumulative photosynthetic amount, and the net photosynthetic rate at 10 am can be used to estimate the daily cumulative photosynthetic amount. Johnson et al. [18] established a model for calculating cumulative photosynthetic quantity using meteorological factors, which can estimate the cumulative photosynthetic quantity of a certain day, a certain growth stage and the whole growth period. This paper applies linear relationship between net photosynthetic rate and daily cumulative photosynthetic quantity at 10 am, and the calculation process was simpler, and also the calculation result was more reliable.
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Figure 2: The daily photosynthesis accumulation of single rice leaf at the end of each growth stage. (a) Tillering stage, (b) Jointing-booting stage, (c) Heading-flowering stage, (d) Milky stage
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Figure 3: Relationship between net photosynthesis rate and daily cumulative photosynthetic rate of single rice leaf at 10 am under water level regulation

3.3 Photosynthetic Accumulation of Single Leaf and Canopy under Paddy Water Regulation

The daily cumulative photosynthetic amount of the single-leaf and canopy at each growth stage of the rice, the photosynthetic accumulation in the water-control growth period and from tillering to the milky stages were shown in Tab. 2. It can be seen that the daily cumulative photosynthetic amount of the single-leaf and canopy under control treatment at the tillering to the flowering-heading stages was higher than that under drought and flooding treatments, and it was higher at the milky stage under flooding treatment. The cumulative photosynthetic of the canopy from tillering to milky stage under water-controlled treatments of flooding and drought was lower than that of the control. Since the calculation of the cumulative photosynthetic amount of the canopy took consideration of the dynamic change of the leaf area index, it was able to show the photosynthetic accumulation of rice at different water levels and the difference between them. In this paper, the net photosynthetic rate measured at 10 am was used for regression estimation, considering the photosynthetic decline during water level treatment and the compensation effect after rehydration, the regression relationship was obtained under sunny conditions. The calculation of cumulative photosynthetic amount during growth period did not consider cloudy days, therefore, the situation caused a certain estimation error. The controlling factors of photosynthetic rate in canopy were photosynthetic rate of single leaf, leaf area index and canopy structure. Affected by various environmental factors in the canopy, especially the difference in photosynthetically active radiation at different depths within the canopy has a greater impact on the leaves, causing the leaves to exhibit different photosynthetic characteristics [19].

Table 2: Photosynthetic accumulation of single leaf and canopy under water regulation
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3.4 Effect of Water Level Regulation on Root Characteristic and Yield

Rice root color is an important indicator of root activity. Root weight and root-canopy ratio reflect the condition of root growth and dry matter accumulation. Rice roots are closely related to growth of aboveground part and yield formation. The distribution of white, yellow and black roots amount in rice at different growth stages under water level regulation was shown in Fig. 4a. From the whole growth period, the roots of rice were mainly yellow roots, and the black roots were the least. A certain number of white roots were more before and then less after. White roots were much more at the tillering stage, reaching 5% to 25%. After the jointing-booting stage, the number of white roots decreased rapidly, and there was almost none at milky period. A certain number of black roots appeared during the whole growth period, and there were different rules under different water level regulation treatments. During the growth period, the number of black roots under flooding treatments was higher, which was mainly due to the lack of oxygen around the roots caused by flooding, and the increase of reducing substances produced toxic effects, which caused some yellow roots to decay into black roots, while the soil aeration was increased under drought treatment, improving the water, fertilizer, gas and heat conditions in the paddy field, which was beneficial to the metabolic growth of the root system. The changes in root length, root weight and root-canopy ratio of rice at each growth stage was shown in Fig. 4b. It can be seen that during the whole growth period, the root length and root weight was low at the beginning and end of water level regulation, while it was high in the other periods. The root-canopy ratio was on a downward trend. Compared with the control of different water levels, the root length, root weight and root-canopy of rice treated with drought were larger, while they were opposite under the flooding treatment. It illustrated that under the condition of drought, the roots of rice exerted the characteristics of water-promoting, promoting root system growing downward, increasing root length and dry matter accumulation, and increased root-canopy ratio. The rice yield under water level regulation was shown in Fig. 4c. It can be seen that flooding or drought at different growth periods will result in different degrees of yield reduction. Among them, the yield reduction of rice was the most obvious at heading-flowering stage affecting by flooding or drought, and the milkying stage and the jointing-booting stages were the second, while the tillering period had the least impact. The yield under higher leakage (4 mm/d) was slightly higher than that under small leakage (2 mm/d), and it under light drought was slightly higher than that under heavy drought. Xu et al. [20] also found the yield under light drought was higher than that under heavy drought. Water stress occurs at different growth stages, and the mechanism of impact on yield is different.
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Figure 4: Change of rice root color, length, weight and root-canopy ratio (a) Root color composition (b) Root length, weight and root-canopy ratio (c) Rice yield

3.5 Response on Soil Temperature, Root Characteristic and Yield Factors

The relationship between soil temperature and root characteristics and yield factors in different growth stages was shown in Tab. 3. It can be seen that the average soil temperature of at different soil layers at tillering stage was negatively related to root weight (RW) and root-canopy ratio (R-CR), while it was positively correlated with effective panicle number (EPN) and yield (YR). The daily soil temperature of each soil layer was positively correlated with root length (RL), RW and fruit set rate (SSR), while it was strongly negatively correlated with EPN, number of kernels per spike (GNPP) and YR. The average soil temperature of 5 cm and 20 cm soil layer at jointing-booting stage was negatively correlated with TGW (1000-grain weight) and RW (root weight), while it was positively correlated with RL, SSR and TGW (thousand grain weight), and negatively correlated with EPN and YR. The average temperature of each soil layer during heading-flowering stage was negatively correlated with RL, RW and R-CR, and it was strongly negatively correlated with R-CR. The daily temperature of each soil layer was positively correlated with RW and R-CR. The daily temperature change of 5 cm soil layer was negatively correlated with TGW, and the average temperature of 5 cm soil layer at milky stage was positively correlated with RW and R-CR, while it was negatively correlated with EPN, TGW, YR. The average temperature of 20 cm soil layer was positively correlated with RL, SSR, TGW, YR, and negatively correlated with GNPP. Contrary to the average temperature change, the daily temperature was positively correlated with GNPP and negatively correlated with RL and SSR. The average temperature of each soil layer was positively correlated with R-CR during the whole growth period, and the daily variation of 5 cm soil temperature was negatively correlated with EPN, while the daily variation of 20 cm soil temperature was positively correlated with R-CR.

Table 3: Relationship between soil temperature and root characteristic and yield factors under water level regulation
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Combined with the results in Section 3.1, it can be seen that the lowering of the groundwater level will cause the roots of the rice to be tied down, and the strong water-absorbing area of the roots will be moved downwards, which can improve the root-canopy ratio to a certain extent, improving rice growth and saving irrigation water. However too lower groundwater level may make the rice difficult to absorb water and suffer from drought stress. At the same time, the temperature difference between day and night had a certain effect on the growth of rice. The higher temperature difference between day and night was conducive to the accumulation of dry matter in rice. Although the flooding treatment could maintain certain temperature for paddy soil, the temperature difference between day and night was reduced, having a certain adverse effect on the accumulation of dry matter in rice.

3.6 Correlation between Photosynthetic Accumulation and Population Quality and Yield Factors

The correlation between the cumulative photosynthetic amount of rice at different growth stages and the yield factors and population quality was shown in Tab. 4. It can be seen that there was a strong positive correlation between the photosynthetic indicators and EPN at the tillering stage and the jointing-booting stage. There was a strong positive correlation between the photosynthesis index and GNPP at the heading-flowering stage, and there was a strong positive correlation between the total photosynthetic amount and the SSR and TGW at the milky stage. The daily cumulative photosynthetic amount was negatively correlated with the SSR and TGW. There was a strong positive correlation between the photosynthetic index and YR at the milky period. According to whole growth stage, there was a significant positive correlation between the total cumulative photosynthetic amount and YR, and the correlation between daily cumulative photosynthetic and YR was very low. There was a weak positive or negative correlation between daily cumulative photosynthetic quantity and yield component (weak positive correlation with EPN and TGW, negative correlation with GNPP and SSR). Correlation between total photosynthetic quantity and yield component were positive, and the correlation coefficient was higher than the daily cumulative photosynthetic amount. There was a negative correlation between photosynthetic index and R-CR. There was a positive correlation between photosynthetic index and LAI at each growth stage. There was a strong positive correlation between photosynthesis index and plant height (PH) at jointing-booting stage.

Table 4: The correlation between the cumulative photosynthetic amount and the yield factors and population quality of rice
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4  Discussion

The soil temperature change for H was the closest to the temperature change trend, which was because the change of the soil moisture was the main factor affecting the soil temperature when the ambient temperature conditions were similar. Usually, when the soil moisture content was high, the soil respiration rate was low, therefore the soil temperature was correspondingly low, and the soil moisture content and soil temperature were significantly negatively correlated [21,22]. Due to the certain hysteresis of soil heat transfer to the deep layer, the average daily soil temperature and daily variation of the soil decreased with the depth of the soil layer increasing, and the time when the soil temperature reached the highest value was also delayed. Chen et al. [23] analyzed the effects of different soil moisture on soil temperature of spring wheat, and studied the effects of soil water deficit on soil heat and temperature under film irrigation. The study mainly focused on the effects of irrigation methods and agronomic practices on soil temperature, without considering the impact of farmland water level regulation on soil temperature.

Water stress occurs at different growth stages, and the mechanism of impact on yield is different. The mechanism of water stress on yield under different growth stages was different, and the early stage will have an aftereffect on the later growth and development. The water stress at the tillering stage will greatly reduce the number of panicles, while the 1000-grain weight and the number of panicles will increase. The number of panicles and the number of grains per ear at the jointing-booting stage will be slightly reduced. The number of grains per panicle and the weight of 1000-grain weight will decrease during the heading-flowering stage, while 1000-grain weight reduced at milkying stage. Hamamoto et al. [24] found that during the reproductive growth stage, the plants under lightly flooding accumulated more dry matter, and the dry matter of the vegetative organs during flowering period was higher, thus the empty shell rate at maturity stage decreased, and the grain yield increased, which was consistent with the results of this paper.

Numerous studies have shown that about 95% of dry matter comes from photosynthesis assimilation of CO2, and the formation of yield is directly or indirectly derived from photosynthetic products, indicating a positive correlation between crop yield and photosynthetic rate [25,26]. From the perspective of photosynthetic performance, the economic yield of crops depends on the leaf area, photosynthetic time, photosynthetic rate, respiration rate and economic coefficient. Photosynthetic rate is only one of several factors in the formation of yield, and the true correlation is easy to be covered by the effects of complex changes in other factors [27].

The temperature difference between day and night was greatly improved by drought treatment, which was conducive to the secretion of root auxin and the accumulation of dry matter, promoting plant growth. Molbak et al. [28] determined the relationship between soil temperature change and root growth and metabolic activity of hybrid rice in different planting seasons and growth stages. The results showed that the average temperature of 20 cm soil layer was significantly positively correlated with root-canopy ratio, which was consistent with the analysis results in this paper.

5  Conclusion

In this paper, the farmland water level regulation technology was used to study the changes law of soil temperature and cumulative photosynthetic quantity in roots under drought and flooding treatments, and its responding mechanism on crop growth factors. The results were as follows:

(1) The lowest or highest soil temperature in the 5 cm soil layer under drought was basically synchronous with the control treatment. The soil daily average soil temperature and daily variation were both reduced.

(2) The cumulative photosynthetic quantity of single leaf and canopy under control treatment from the tillering to the flowering stages was higher than that under the flooding and drought treatments. The cumulative photosynthetic quantity of the canopy during the water control period and the whole growth period under flooding and drought was lower than that under the control treatment.

(3) The growth rate of leaf area index was negatively affected by drought and flooding in paddy field, but no fatal injury was formed. In addition, keeping large amount of leakage in flooding was conducive to yield promotion, and the yield for light drought was slightly higher than heavy drought.

(4) There was a strong negative correlation between TM and RW at tillering, jointing-booting and heading-flowering stages. TDC was positively correlated with root characteristics RL/RW, while it was opposite at milky stage. TM-20 and YR was positively correlated at tillering and milkying stage, and TDC was negatively correlated or significantly positively correlated with EPN, GNPP and SSR. There was a strong positive correlation between TM and R-CR in different soil layers during the whole growth period. TDC-5 was negatively correlated with EPN, and TDC was positively correlated with R-CR in 20 cm soil layer.

(5) Photosynthetic index (daily ∑Pn, total ∑Pn) was positively correlated with EPN at the tillering and jointing-booting stages, and it was positively correlated with GNPP at the heading-flowering stage, and positively correlated with YR at the milky stage. In the whole growth period, there was a significant positive correlation between total ∑Pn and YR, and the correlation between daily ∑Pn and YR was very low. There was a weak positive or negative correlation between daily ∑Pn and yield components, and total ∑Pn was positively correlated with yield components, and the correlation coefficient was higher than that of daily ∑Pn.
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Growth Y Pn Yield and its components Population quality indicators
stage (gCO,/m?) Ep

N GNPP SSR TGW YR SW  RCR LAl  PH
Tiller-  SL-Daily 0.647* 0281 0283 0236 —0222 —0.067 —0.862** 0.866** 0.311
ing C-Daily  0.665* 0230 0.186 0246 0.112 0021  —0.941** 0.945%* 0373
SBEC Sl Total  0.754%  —0.079 0348  0.610% 0.723* 0431 -0.704* 0.647% 0.631*
C-Total  0.724*  —0.641* 0.627* 0546 0542 0376  —0.758% 0.801** 0.704*
Jointing- SL-Daily 0.871%  —0.551 0408 -0.472 0.805%% 0.057 0548 0417  0.627*
booting  C.paily  0.717% 0244 -0.080 -0.190 0.816** 0.187 0360  0.756* 0.806**
SEC ol Total 0.732%  0.564 —0.120 0.115  0.918%* 0.160 -0279  0.807** 0.805**
C-Total  0.631* 0562  0.015 0.167 0.855%* 0252 —-0.199  0.883%* 0.970%*
Heading- SL-Daily —0.008  0.841%* 0.044 —0.781* 0594 —0.083 0.574 0300 —-0.952%%
flower-  C.Daily 0326  0.889%* 0344  —0.652% 0.604* -0.094 0410  0.643  —0.884%*
;‘tlagge SL-Total ~ 0.888%* 0.959%* 0.820%* 0.602* 0.883** 0291  —0.608* 0.713* 0.136
C-Total  0.817%  0.912%* 0.733* 0.627* 0.826** 0370 —-0.711* 0.648* 0.209
Milky ~ SL-Daily —0.944%* 0.934** 0432 0241 0.850%* —0.054 0.161  0.717% 0.672*
stage  C.Daily  —0.949%* 0.934%* 0434 0252 0.770%* 0064 0.165  0.706% 0.495

SL-Total  0.164 -0.140  0.686* 0.911** 0.907** 0.808** —-0.732* 0.672* 0.529
C-Total 0.152 -0.059 0.839** 0.807* 0.771* 0.931** —0.772* 0.616* 0.338
Whole  SL-Daily 0.113 -0.288 -0.283 0.167 0.052 -0.151 -0.070 0.185 —-0.078

growth  C.paily 0268 0489 0253 0.050 0016 0557 —0.858%% 0.938%* 0.726%*
SEC ol Total  0.463*  0.641* 0379 0279  0.645% —0.135 0286 0303  —0256

C-Total 0.391 0.700* 0.388  0.467* 0.794* 0.182  0.090 0.186  0.009

Notes: (1) SL and C represented simple leaf and canopy of rice; EPN, GNPP, SSR, TGW and YR represented effective panicle number, grain number
per panicle, seed setting rate, thousand grain weight and yield of rice, respectively; SW, RCR, LAI and PH represented stem weight, root-canopy ratio,
leaf area index and plant height, respectively. (2) Among Y Pn indexes, SL/C-Daily and SL/C-total represented the daily and total accumulated
photosynthesis of single leaf/canopy of each growth stage, respectively.
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Treatments Y Pn(gCO,/m*)—Single leaf accumulation ¥ Pc(gCO,/m?*)—Canopy accumulation

Water level control period  Tillering~  Water level control period  Tillering~
Daily =~ Water level control Milky Daily =~ Water level control Milky
L1 23936 631.092 2201.364 31.596 833.041 6523.021
o L2 23496 628.628 2207.084 25235 675.146 6458.258
STtglg‘fc““g Hl 24.640 638748 2214872 29.979 777.143 6598.985
H2 25212 624.800 2199.692  31.263 774.752 6587.473
CK 33.572  760.716 / 51.031 1290.655
L3 30.328 572.748 2189.968  135.074 2203.260 6458.648
Jointing- L4 30.448  569.932 2187.152 122.471 2143.549 6398.936
booting H3 26.576 546.964 2164.184  111.088 2072.798 6328.185
stage H4 25960 541.772 2158.992  107.638 2049.385 6304.772
CK 30.536  588.588 / 139.507 2384.494
L5 27.940 376.508 2203.608 103.603 1485.840 6605.044
Heading- L0 28204 369.248 2196.348  106.329 1454.523 6573.727
flowering H5 28.788 384.120 2167.176  109.467 1437.377 6454.740
stage H6 28.424 377.476 2160.576  104.885 1392.886 6432.267
CK 28.864 378.708 / 109.834 1520.677
L7 22.088 393.316 2197.624  79.529 1438.502 6609.651
] L8 22.044 391.556 2195.864 79.506 1432.310 6603.459
Is\i[;;l;y H7 19.756 392.216 2196.524  71.243  1435.057 6606.206
H8 21.560 406.076 2210384  77.616  1454.887 6656.036

CK 21.604 401.456 2230.712  77.789 1468.732 6664.559
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Growth  Soil tempreture Root system character Yield and its components
stage

RL RW RCR EPN GNPP SSR TGW YR
Tiller-  TM-5 L0283 -0.814%% _0.842%* 0.747% 0418  -0.568 0246  0.713*
ing TM-20 L0311 —0.780% —0.873** 0.675% 0442  —0.618* 0.133  0.641*
SBge pcss 0.943%% 0.867%% 0370  —0.571 —0.954** 0.951** 0239  —0.616*
TDC-20 0.848%*  0.934%% 0503  —0.692% —0.904** 0.917%% 0.137  —0.720*
Jointing- TM-5 L0372 0236 0050 0174 0542 0243 -0.761* —0.534
booting 20 ~0.772*  -0.600* 0.447 0201 0109  —0.189 -0.779* 0.033
Stage  rpes 0.915%% 0486 0553  —0.764* 0499  0.630* 0.775*  —0.501
TDC-20 0.899%* 0477 0588  —0.784* 0522  0.640* 0.747%  —0.528
Heading- TM-5 _0.617% —0.756* —0917** —0.169 0.115  -0309 0260  —0.111
flower- TM-20 0540  —0.752% —0.974** —0.039 0065  -0.163 0419  0.011
;‘t‘agge TDC-5 0308  0.961%% 0.852%% 0284 0544 —0.184 —0.769* —0.421
TDC-20 0302  0.796*  0.762* 0269 0266 0378 —0.435  0.123
Milky ~ TM-5 0.158  0.739%  0.749%  -0.843%* 0268  —0.152 —0.804%* _(.835%*
stage  TM-20 0.763* 0272 -0259 0443  —0.629% 0.821%* 0.665*  0.626*
TDC-5 ~0.793*  —0.121 0355 0102 0.644*  —0.772* —0252  —0.191
TDC-20 _0.823** —0.114 0399  -0.142 0.642* —0.777% —0317  -0.256
Whole ~ TM-5 L0237 -0.640% 0.925%* 0317 0122 0234 0321  -0.144
growth )20 0113 -0.551  0.887%* 0277 0162 0.196 0453  -0.093
Sage pess 0075 0299 0571  -0611* —0.146  0.035 0256  -0.421
TDC-20 0337 -0.581 0.719* 0585 0027 0291 0219  —0.285

Notes: (1) TM and TDC represented mean value and daily change of temperature; RL, RW and R-CR represented root length, root weight and root-
canopy ratio of rice; EPN, GNPP, SSR, TGW and YR represented effective panicle number, grain number per panicle, seed setting rate, thousand grain
weight and yield of rice, respectively. (2) Among soil temperature indexes, TM/TMD-5 and TM/TMD-10 mean value or daily change of temperature
in 5 cm and 20 cm soil layer, respectively.
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Treatments Tillering Jointing-Booting Heading-Flowering Milky Starting/
Ending Time

(07.05~08.05) (08.06~08.26) (08.27~09.09) (09.10~10.10)
L1 120 mm/2 mm/day ~ —300~30 mm —300~30 mm 300~30 mm 07.19~07.28
L2 120 mm/4 mm/day ~ —300~30 mm —300~30 mm 300~30 mm
L3 —200~20 mm 250 mm (2 mm/day)  —300~30 mm 300~30 mm 08.14~08.23
. L4 —200~20 mm 250 mm (4 mm/day)  —300~30 mm 300~30 mm
Water Flooding
L5 —200~20 mm -300~30 mm 250 mm (2 mm/day) 300~30 mm 08.30~09.08
L6 —200~20 mm —300~30 mm 250 mm (4 mm/day)  300~30 mm
L7 —200~20 mm —300~30 mm —300~30 mm 250 mm (2 mm/day)  09.12~09.21
L8 —200~20 mm —300~30 mm —300~30 mm 250 mm (4 mm/day)
H1 —300 mm —300~30 mm -300~30 mm —300~30 mm 07.19~07.28
H2 =500 mm —300~30 mm —300~30 mm —300~30 mm
H3 —200~20 mm —400 mm -300~30 mm —300~30 mm 08.14~08.23
H4 —200~20 mm =700 mm —300~30 mm —300~30 mm
Water Drought
H5 —200~20 mm -300~30 mm —400 mm —300~30 mm 08.30~09.08
H6 —200~20 mm —300~30 mm =700 mm —300~30 mm
H7 —200~20 mm -300~30 mm —300~30 mm =400 mm 09.12~09.21
H8 —200~20 mm —300~30 mm —300~30 mm =700 mm
Contrast treatment CK —300~30 mm —300~30 mm —300~30 mm —300~30 mm

Notes: (1) During the water control period, water level and duration was controlled according to Tab. 1. After that, water level was recovered to
reasonable upper water level limit. (2) Water ﬂoodmg test lasted for 10 days, and it was controlled according to the preset leakage amount. At
other stages, the leakage amount was set at 2 mm d ' when there was a water layer, while it was 0 mm/d when there was no water layer. At
water control stage, there was no water supplement when water table was decreasing. (3) Starting time for water flooding and drought at each
growing stage was same. As for water drought test, it covered the one from no water layer decreasing to the set value. According to the water
controlling days, once to twice drought was carried out at each growing stage.





