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Abstract: Improving rice productivity remains essential under land 

constraints and rising food demand. However, spatial yield variation of super 

hybrid rice across agroecosystems and the mechanisms driving it is not fully 

resolved. We evaluated how thermal regimes, nitrogen management and 

genotype jointly shaped yield differences of super hybrid rice across two 

ecological regions. Field experiments (2021–2022) used three super-hybrid 

cultivars — Liangyoupeijiu (LYPJ), Y-liangyou-1 (YLY1) and Y-liangyou-900 

(YLY900) — under four N rates (0, 150, 240, and 330 kg ha⁻¹) at Longhui and 

Changsha. Averaged across varieties and years, grain yield in Longhui 

exceeded Changsha by 16.8% (2021) and 26.7% (2022). These site differences 

were associated with higher temperatures in Changsha during panicle 

initiation and grain filling, which were accompanied by reductions in spikelets 

per panicle (~5.6%), total spikelets (~7.7%) and seed-setting rate (~10.6%). 

Longhui also exhibited greater leaf area index, dry-matter accumulation, and 

crop growth rate, supporting superior sink formation and grain filling. Partial 

least squares path modeling indicated that crop growth rate, total dry weight, 

and seed-setting rate mediated much of the observed yield gap. Nitrogen at 

240 and 330 kg ha⁻¹ narrowed inter-site yield differences by improving yield 

components and growth traits. Among cultivars, YLY900 achieved the highest 

yield, while YLY1 showed the greatest cross-site stability. Under the tested 

conditions, these results suggest that aligning N management with genotype 

selection relative to local thermal regimes can help reduce temperature-driven 

yield losses in super hybrid rice.

Keywords: Super hybrid rice; Grain Yield; Meteorological Factors; Ecological 

environment; Nitrogen management

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



1. Introduction

Rice (Oryza sativa L.) is a principal staple for more than half of the world’s 

population, and yield stability is crucial for global food security [1]. China 

remains both the largest producer and consumer of rice, contributing about 

29% of global production while accounting for only 19% of the world’s rice 

area [2]. To meet the growing food demand under climate change, coordinated 

efforts in breeding and precision agronomy have been pursued to raise yield 

potential and resilience.

Since the 1980s, China has made remarkable progress in breeding super-

high-yielding rice. The national Super Rice Breeding Program, launched in 

1996, combined ideotype selection with heterosis-based breeding. Across four 

breeding phases, yield targets rose from 10.5 t ha⁻¹ (circa 2000) to 15 t ha⁻¹ 

by 2014 [3,4]. Today, super hybrid rice occupies roughly 30% of China’s rice 

area and plays a vital role in national food security [5].

Compared with conventional hybrids, super hybrid rice typically exhibits 

improved canopy architecture, greater biomass production and enhanced 

resource use efficiency. Traits such as thicker, more erect leaves, a well-

developed upper canopy, vigorous root systems, efficient post-heading dry 

matter translocation, and superior N uptake contribute to improved source–

sink coordination and high yield potential [6,7]. Nevertheless, yield 

performance of these cultivars can be unstable when exposed to diverse 

environments and interannual climatic variability.

Temperature during the reproductive phase strongly affects spikelet 

development, grain filling and final yield [8,9]. Longhui, a high-yield rice zone 

in southwest Hunan, is characterized by cooler and more stable temperatures 

during panicle initiation and grain filling, whereas Changsha in the central 

basin of Hunan experiences higher temperatures and more frequent heat 

stress in the same stages [10]. This contrast provides an opportunity to 
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examine how thermal regimes influence super hybrid rice performance and 

whether genotype selection and nitrogen (N) management can mitigate 

adverse thermal effects [11].

Nitrogen is a key regulator of rice growth and productivity: optimal N 

enhances yield but excessive application raises environmental risks such as 

soil acidification and eutrophication [12]. While studies have explored N use 

in super hybrid rice [13,14], how N interacts with genotype and environment 

to affect yield stability across ecological regions remains inadequately 

resolved. Genotype-specific responses to N inputs are especially 

underexplored, despite evidence that N can improve canopy structure, 

reproductive sink strength, and stress tolerance [15,16]. The phenotypic 

plasticity observed in large-scale super hybrid rice cultivation — driven by 

spatial variability and microclimate differences — complicates extrapolation 

of single-site results.

Given the growing complexity of genotype × environment × management 

(G × E × M) interactions under climate change, there is a need for integrative, 

multi-site evaluations. Few studies have simultaneously examined 

temperature variability, gradients of N inputs and contrasting breeding-phase 

genotypes under multi-year conditions. To fill this gap, we conducted a two-

year, two-site experiment using three super hybrid cultivars and four N levels 

to (i) quantify temperature-driven yield variation across ecological regions, (ii) 

assess the capacity of N management to buffer thermal stress, and (iii) identify 

genotype traits associated with yield stability. We further applied random 

forest and PLS-PM analyses to disentangle direct and indirect effects of 

environmental, physiological, and yield component traits, providing 

mechanistic insight for stabilizing super hybrid rice productivity.

2. Materials and Methods

2.1. Experimental sites

Field experiments were conducted during 2021 and 2022 at Longhui (N27°
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28 ′29 ″ , E110°56 ′18 ″ ) and Changsha (N28°12 ′14 ″ , E113°16 ′59 ″ ), Hunan 

Province, China. These two sites were selected to represent ecological 

conditions in South China: Longhui as a high-yield mountainous rice zone with 

stable and cooler temperatures, and Changsha as a general-yielding lowland 

basin prone to thermal stress. This ecological contrast provides an ideal 

framework to assess temperature-induced yield responses in super hybrid rice. 

The average soil properties of the upper 20-cm layer over two years indicated 

that the Changsha sites had a clay loam texture, with a pH of 5.70, organic 

matter content (SOM) of 23.29 g kg⁻¹, total nitrogen content (TN) of 1.41 g 

kg⁻¹, Olsen P (AP) of 5.97 mg kg⁻¹, and available potassium (AK) content of 

198.17 mg kg⁻¹ (Table 1). Similarly, the Longhui field also exhibited a clay 

loam texture, with a pH of 5.83, organic matter content of 33.97 g kg⁻¹, total 

nitrogen of 1.76 g kg⁻¹, Olsen P of 17.82 mg kg⁻¹, and available potassium of 

214.00 mg kg⁻¹. Thus, these site characterizations provide a scientifically 

sound ecological contrast while ensuring experimental comparability.

Table 1. Basic physico-chemical properties of soils in the 2021 and 2022 

experimental plots in Longhui and Changsha.

Year Site pH AN
(mg/kg)

AP
(mg/kg)

AK
(mg/kg)

TN
(g/kg)

TP
(g/kg)

TK
(g/kg)

SOM
(g/kg)

Longhui 2021 6.35±0.01153.33±3.3318.37±0.34195.67±1.671.48±0.030.60±0.0128.47±0.2729.03±0.43
2022 5.30±0.00212.33±0.0017.27±0.00232.33±0.002.04±0.000.82±0.0025.03±0.0038.90±0.00

MEAN 5.83 182.83 17.82 214.00 1.76 0.71 26.75 33.97
Changsha 2021 5.68±0.02132.00±1.53 7.23±0.03 199.00±0.001.42±0.100.57±0.0010.43±0.0723.30±0.20

2022 5.72±0.00140.00±0.00 4.70±0.00 197.33±0.001.40±0.000.58±0.0010.50±0.0023.27±0.00
MEAN 5.70 136.00 5.97 198.17 1.41 0.58 10.47 23.28

AN, available nitrogen; AP, available phosphorus; AK, available potassium; TN, 

total nitrogen; TP, total phosphorus; TK, total potassium; SOM, soil organic matter.

2.2. Plant materials

Liangyoupeijiu (LYPJ), Y-liangyou-1 (YLY1), and Yliangyou-900 (YLY900), 

these three varieties, certified as super rice by the Ministry of Agriculture of 

China in 2005, 2006, and 2017, respectively, were used in the experiments. 

These cultivars represent three distinct breeding phases of the Chinese Super 

Rice Breeding Program [17]. LYPJ first met the Phase I yield target, embodying 
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an early ideotype with large panicles and moderate biomass, YLY1 achieved 

the Phase II target, offering yield stability, and YLY900 set a Phase IV yield 

record, exhibiting high radiation use efficiency, rapid post-heading growth, 

and strong sink capacity [18]. Detailed varietal traits are provided in Table S1.

2.3. Experimental design and field management

The experiments were conducted using a randomized complete block 

design with four nitrogen (N) treatments: N0 (0 kg N ha-1), N1 (150 kg N ha-

1), N2 (240 kg N ha-1), and N3 (330 kg N ha-1), each with three replicates. 

These N application rates were selected to represent a range from no input to 

typical farmer practices, as well as extended experimental levels commonly 

used in super hybrid rice cultivation. Previous studies have reported that super 

hybrid rice can achieve high grain yield (11.42 t ha⁻¹) at approximately 245.9 

kg N ha⁻¹ [19]. Other research indicated that 300 kg N ha⁻¹ provides a 

favorable balance between yield and nitrogen use efficiency [13]. Therefore, 

we designed a nitrogen gradient covering zero, moderate, optimal, and high 

input levels to comprehensively assess nitrogen × environment × genotype 

interactions under different ecological conditions. 

Individual plot size was 30 m2, and adjacent plots were separated by 50 

cm deep plastic barriers to ensure independent irrigation and nutrient 

management. Nitrogen was applied as urea (46% N) in three splits: 50% as 

basal fertilizer (2 days before transplanting), 20% at the tillering stage (7 days 

after transplanting), and 30% during panicle initiation (Stage II of young 

panicle differentiation). Phosphorus at a rate of 40 kg P₂O₅ ha−1 as single 

superphosphate was applied as a basal fertilizer, and K as potassium oxide at 

100 kg K₂O ha−1 was split equally between the basal and panicle initiation. 

Phosphorus (superphosphate) and potassium (potassium oxide) were applied 

at N:P and N:K ratios of 1:0.6 and 1:1.1, respectively, with phosphorus fully 

applied as basal fertilizer and potassium split into basal (40%), tillering (20%), 

and panicle initiation (40%) applications.

To synchronize heading dates among varieties with differing growth 
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durations, staggered sowing was implemented. In Changsha, YLY900, YLY1, 

and LYPJ were sown on 10 May (first batch), while YLY1 and LYPJ received a 

second sowing on 13 May. In Longhui, YLY900, YLY1, and LYPJ were sown on 

10 April (first batch), followed by YLY1 on 18 April (second batch) and LYPJ on 

20 April (third batch). Seeds were soaked, disinfected, and germinated before 

being sown in wet nursery. Twenty-five-day-old seedlings were transplanted 

at a density of 16.7 cm × 30.0 cm (hill spacing) with two seedlings per hill. 

Post-transplanting water management included maintaining a 3-5 cm water 

layer until tillering, followed by intermittent wetting until mid-tillering. 

Drainage and field drying were applied at peak tillering to suppress ineffective 

tillers, with re-flooding during panicle initiation and subsequent wet-dry cycles 

until 10 days before maturity. Insects, weeds and diseases were intensively 

controlled by chemicals to avoid biomass and yield loss [20, 21].

2.4. Sampling and measurements

Phenological stages (sowing, transplanting, panicle initiation, heading, 

and maturity) and meteorological parameters (daily rainfall, solar radiation, 

and temperature) measured by an on-site weather station (CR800, Campbell 

Scientific Inc., USA) were recorded. At panicle initiation, heading, and 

maturity stage, 12 representative plants per plot were sampled for growth 

analysis. the plant samples were separated into leaves, stems and panicles. 

The green leaf area was measured by a leaf area meter (LI-3000, LI−COR Inc., 

Lincoln, NE, USA) to determine the leaf area index (LAI). The dry weights of 

all the plant parts were determined after oven-dried at 105°C for 30 min and 

80°C to a constant weight, and then the aboveground total dry weight (TDW) 

was calculated. And crop growth rate (CGR) were calculated using the 

following equation:

CGR (g·m-2·d-1) = (W2− W1) / (t2 − t1),

where W1 and W2 represent the total dry biomass measured at two 

consecutive sampling times, and t1 and t2 denote the corresponding 

measurement dates.
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At maturity, the number of panicles from the 12 plants were counted 

before hand-threshed, and then the filled grains were separated from the 

unfilled grains by submerging them into tap water. The empty grains were 

separated from the half-filled grains by winnowing. Three sub-samples of the 

filled (30 g), the half-filled (whole) and the empty (3 g) grains were taken to 

count the grain number. Then the yield components including panicles m-2, 

spikelets per panicle, seed-setting rate, 1000-grain weight) were calculated. 

The grain yield was determined from a 5m2 area in the center of each plot and 

was adjusted to 13.5% moisture content. The grain moisture content was 

determined by a digital moisture tester (DMC-700, Seedburo, Chicago, IL, 

USA). Grain-leaf ratios were calculated as:

Spikelets per leaf area (spikelets cm-2) = total spikelets / heading-stage LAI.

2.5. Statistical analysis

Data were processed in Excel (Microsoft Office 2019), with results 

expressed as mean ± standard error (SE). Statistical analyses included 

ANOVA with LSD post-hoc tests (R 4.1.2), random forest modeling (Python 3.6) 

to rank trait contributions to yield, and partial least squares path modeling 

(PLS-PM; SmartPLS 3) for causal inference. PLS-PM validity was assessed by 

R² for endogenous variables and the Goodness-of-Fit (GoF) index [22], with 

GoF > 0.7 indicating strong model reliability. To isolate environmental effects 

from genotypic variability, all traits were normalized as relative values (actual 

value / multi-year, multi-site mean). Yield stability was evaluated using two 

standard indices: the coefficient of variation (CV), reflecting overall yield 

fluctuation across environments, and Finlay–Wilkinson regression coefficient 

(bi), indicating yield responsiveness to environmental quality. These indices 

were calculated across sites and years to support genotype-specific 

interpretations.

3. Results

3.1. Meteorological Conditions and Growth Duration
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Significant climatic differences were observed between the two sites, 

particularly in thermal conditions (Figure S1 a–d). Changsha consistently 

exhibited higher air temperatures across both growing seasons, especially 

during the panicle initiation and grain-filling stages (Table S2). Daily maximum 

air temperatures in Changsha frequently exceeded 35 °C, which is known to 

suppress leaf expansion and biomass accumulation in addition to impairing 

reproductive development [23], whereas Longhui maintained air temperatures 

within the optimal range for spikelet fertility (25–32°C; [24]). In addition, 

Changsha experienced greater variability in solar radiation (Figure S1 i–l) and 

more frequent high-intensity rainfall events (Figure S1 m–p). In contrast, 

Longhui maintained relatively stable relative humidity and light conditions 

during key reproductive periods (Table S2).

3.2. Grain yield and yield components

Grain yield and its components were significantly influenced by ecological 

site, nitrogen level, and genotype (Figure 1). Longhui consistently 

outperformed Changsha in grain yield across all varieties and nitrogen 

treatments. Averaged over varieties and nitrogen levels, yields in Longhui 

were 16.8% and 26.7% higher than in Changsha in 2021 and 2022, 

respectively. Correspondingly, Longhui exhibited higher values for key yield 

components, with increases of 1.8% in panicle number, 5.6% in spikelets per 

panicle, 7.7% in total spikelets, 10.6% in seed-setting rate, and 2.0% in 1,000-

grain weight over the two-year period (Figure 2).

Figure 1. Grain yield of three super hybrid rice cultivars (LYPJ, YLY1, YLY900) 
under four nitrogen levels (N0–N3) at Longhui (high-yielding) and Changsha 
(general-yielding) sites in 2021 and 2022. Error bars denote SE (n=3). Bars 
sharing the same lowercase letter within a subplot indicate no significant 
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difference (LSD, p < 0.05).

 

Figure 2. Yield components (panicles per m2, spikelets panicle-1, total 
spikelets, seed-setting rate, 1000-grain weight) of three super hybrid rice 
cultivars (LYPJ, YLY1, YLY900) under four nitrogen levels (N0–N3) at Longhui 
(high-yielding) and Changsha (general-yielding) sites in 2021 and 2022. Error 
bars denote SE (n=3). Bars sharing the same lowercase letter within a subplot 
indicate no significant difference (LSD, p < 0.05).

Nitrogen application gradually narrowed the inter-site yield difference. 

Yield differences between Longhui and Changsha declined from 43.6% under 

N0 to 13.8%-15.3% under N1-N3, respectively. Nitrogen inputs effectively 

mitigated the temperature-induced reduction in spikelet number and seed-

setting. Specifically, inter-site differences in spikelets per panicle and seed-
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setting rate declined from 8.1% and 18.5% under N0 to 4.8% and 8.0% on 

average under nitrogen fertilization (Figure S2). In contrast, inter-site 

differences in panicle number and 1,000-grain weight remained relatively 

stable across nitrogen treatments.

Genotypic differences significantly modulated yield stability. Among the 

three varieties, YLY900 consistently produced the highest grain yield across 

all conditions, followed by YLY1 and LYPJ. However, YLY1 exhibited the 

highest yield stability across ecological regions (Table S3). Averaged over two 

years, the inter-site yield differences were 27.1%, 14.3%, and 23.8% for LYPJ, 

YLY1, and YLY900, respectively. Notably, under nitrogen application, the yield 

differences for YLY1 between Longhui and Changsha were only 4.0% in 2021 

and 7.7% in 2022, which is much lower than the yield difference between 

locations under N0 conditions.

3.3. Leaf area index and grain–leaf ratio

Leaf area index (LAI) and grain–leaf ratio (GLR) differ notably across 

ecological regions and nitrogen levels (Figure 3). LAI values in Longhui were 

consistently higher than those in Changsha, with average increases of 113.5% 

in 2021 and 35.3% in 2022. Nitrogen application significantly increased LAI 

for all varieties at both sites and effectively reduced the inter-site differences. 

Compared to N0 (139.6%), the average LAI gap between Longhui and 

Changsha under nitrogen treatments (N1, N2, N3) was reduced to 54.7%, 

49.8%, and 51.4%, respectively. Despite the difference in magnitude between 

years, the pattern of higher LAI in Longhui was consistent. 
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Figure 3. Leaf area index at heading stage (LAI_HD) and grain-leaf ratio (GLR) 
of three super hybrid rice cultivars (LYPJ, YLY1, YLY900) under four nitrogen 
levels (N0–N3) at Longhui (high-yielding) and Changsha (general-yielding) 
sites in 2021 and 2022. Error bars = SE (n=3). Bars with shared lowercase 
letters within a panel are statistically similar (LSD, p < 0.05).

In contrast, GLR exhibited an opposite trend, with generally higher values 

observed in Changsha than in Longhui. Overall, as nitrogen application rates 

increased, GLR values showed a declining trend, accompanied by a 

progressive reduction in inter-site variation. Specifically, the relative 

differences in GLR between the two sites under the N0, N1, N2, and N3 

treatments were 39.4%, 26.8%, 26.0%, and 23.8%, respectively.

3.4. Dry matter accumulation, crop growth rate and harvest index

Dry matter accumulation (DMA) and crop growth rate (CGR) varied 

significantly across sites, nitrogen levels, and varieties. Longhui consistently 

showed higher DMA at both the heading (HD) and maturity (MA) stages, as 

well as higher CGR from HD to MA, compared to Changsha (Figure 4). On 

average, DMA at HD in Longhui was 14.5% and 6.1% higher than in Changsha 

in 2021 and 2022, respectively. The differences became more pronounced at 

the MA stage, reaching 15.6% and 26.9% in the two years. Similarly, CGR in 

Longhui exceeded that in Changsha by 73.1% in 2021 and 14.6% in 2022.
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Figure 4. Dry matter accumulation (DMA) at heading (HD) and maturity (MA) 
stages and crop growth rate (CGR) from HD to MA of three super hybrid rice 
cultivars (LYPJ, YLY1, YLY900) under four nitrogen levels (N0–N3) at Longhui 
(high-yielding) and Changsha (general-yielding) sites in 2021 and 2022. Error 
bars = SE (n=3). Bars with common lowercase letters within a subplot are not 
significantly different (LSD, p < 0.05).

Nitrogen application significantly enhanced DMA in both ecological 

regions. It also effectively narrowed the inter-site differences. Under N0, the 

differences in DMA at HD and MA, as well as in CGR, between Longhui and 

Changsha reached 22.5%, 41.2%, and 87.7%, respectively. With nitrogen 

application (N1–N3), these differences were reduced to averages of 6.2%, 

14.6%, and 29.2%, respectively.

Interestingly, YLY900 generally exhibited greater dry matter 

accumulation and CGR than LYPJ and YLY1 across all treatments. However, 

YLY1 showed the smallest inter-site differences in DMA and CGR. The average 

inter-site differences in DMA at HD and MA, and CGR for YLY1 were 8.6%, 

17.0%, and 29.2%, respectively, notably lower than those for LYPJ (11.3%, 

20.5%, and 66.2%) and YLY900 (12.8%, 23.7%, and 42.3%).

In contrast, harvest index (HI) remained relatively stable across sites and 

years, ranging from 54.0% to 55.4%(Figure S3). Although HI tended to decline 
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slightly with increasing nitrogen input, this trend was statistically non-

significant.

3.5. Factors affecting Yield formation

Random Forest and Partial Least Squares Path Modeling (PLS-PM) were 

used to identify key environmental, agronomic, and yield component variables 

associated with yield differences between ecological regions (Figure 5). 

According to the random forest results, accumulated temperature during the 

grain filling stage (AT_GFS), daily mean temperature during grain filling stage 

(DMT_GFS), and maximum temperature during panicle initiation (Tmax_PI) 

were the top three environmental drivers, collectively accounting for over 50% 

of the total relative importance (Figure 5a). Among agronomic traits, total dry 

weight at maturity (TDW_MA), leaf area index at heading (LAI_HD), and crop 

growth rate from heading to maturity (CGR_HD–MA) each contributed more 

than 20% to the variation in yield differences (Figure 5b), indicating that post-

heading biomass accumulation and canopy development are key factors. 

Regarding yield components, total spikelets number (24.12%), seed-setting 

rate (SSR, 21.64%), and 1,000-grain weight (GW, 21.44%) were identified as 

the most influential factors associated with inter-site yield variation (Figure 

5c).
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Figure 5. Mechanistic drivers of yield variations in super hybrid rice across 
contrasting ecological zones. (a–c) Relative importance of environmental 
variables (a), agronomic traits (b), and yield components (c) in explaining yield 
differences, as quantified by Random Forest modeling. (d) Direct and indirect 
effects of meteorological factors, yield components, and agronomic traits on 
yield variations under Partial Least Squares Path Modeling (PLS-PM). Path 
coefficients represent standardized beta values (p < 0.05), with arrow 
thickness proportional to effect magnitude. (AT: Accumulated temperature; 
DMT: Daily mean temperature; SR: Solar radiation; Tmax: Maximum 
temperature; Tmin: Minimum temperature; GW/LA: Grain weight per leaf area; 
FG/LA: Filled grains per leaf area; HI: Harvest Index; TDW: Total dry weight; 
CGR: Crop growth rate; GW: Grain weight; SPP: Spikelets per panicle; SSR: 
Seed setting rate; HD: Heading stage; GFS: Grain filling stage; PI: Panicle 
initiation stage; VGS: Vegetative growth stage; MA: Maturity stage)

The PLS-PM analysis further exposed the causal pathways underlying 

inter-site yield differences (Figure 5d). The PLS-PM model demonstrated 

strong high explanatory power (R² = 0.97 for yield difference) and high overall 

validity (GoF = 0.88), indicating a good model fit and robust reliability. SSR, 

total spikelets, and GW had significant direct effects on the yield difference 

between sites. Additionally, CGR_HD–MA and TDW_MA positively affected 
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SSR and GW, respectively, with CGR having direct positive effects on both 

traits. The impact of environmental factors on yield differences between 

locations can either directly affect yield components or indirectly affect 

agronomic traits, thereby affecting yield differences. Notably, Tmax_PI had 

negative effects on both SSR and total spikelets, while DMT_GFS suppressed 

SSR and GW and reduced CGR_HD–MA and TDW_MA.

4. Discussion

4.1. Ecological differences in temperature influence spikelet development and 

fertility, driving yield gaps

Temperature is one of the key environmental factors affecting rice yield, 

with the reproductive phase being particularly sensitive to thermal 

temperature. Understanding the response of spikelet development to 

ecological temperature variation is important for improving yield stability in 

super hybrid rice. Previous studies have shown that elevated temperatures 

during panicle initiation and grain filling can adversely affect reproductive 

development, including disrupted anther development, reduced pollen 

viability and germination which in turn result in lower seed-setting rate and 

yield [8,25]. In addition, higher temperature often shortens the grain-filling 

period and limits the availability of assimilates, further constraining final grain 

weight and yield [26].

In the present study, rice yield was consistently higher in Longhui 

compared to Changsha across two years, while divergent thermal regimes 

between the two geographical locations were identified as a key 

environmental driver. Changsha experienced higher daily maximum and mean 

temperatures during the panicle initiation and grain-filling stages (Table S2). 

Moreover, previous syntheses suggest that vapor pressure deficit (VPD) 

exceeding ~2 kPa is widely used as an indicator of “atmospheric drought” or 

strong evaporative demand [27], which can intensify crop transpiration, alter 

canopy temperature, and potentially reduce yield. In our study, the cumulative 
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hours with VPD > 2 kPa reached 167.82 and 262 h · kPa in Longhui and 

Changsha in 2021, and 279.25 and 470.5 h ·kPa in 2022(Table S4), further 

demonstrating the greater atmospheric stress in Changsha. The greater yield 

variation observed in 2022 aligns with a sharper thermal contrast between 

sites that year. These thermal conditions, characterized by frequent exposure 

to maximum temperatures exceeding 35°C during panicle initiation (Figure 

S1), were closely associated with reductions in spikelets per panicle and seed-

setting rate. Both the random forest and PLS-PM approaches indicated that 

temperature-induced changes in spikelet traits contributed significantly to the 

yield difference between sites (Figure S4; Figure 5). Daily maximum 

temperatures in Changsha frequently exceeded 35 °C during the reproductive 

phase (Figure S1), which appeared to limit sink formation and reduce source–

sink coordination. These findings highlight that temperatures during panicle 

initiation and grain filling is primarily responsible for sink formation, 

ultimately leading to pronounced yield variations across ecological regions.

4.2. Ecological variation affects leaf area and biomass accumulation, 

modulating yield formation

Vegetative growth traits such as leaf area index (LAI), dry matter 

accumulation (DMA), and crop growth rate (CGR) determine source capacity 

and serve for reproductive development in rice. Favorable environments 

enhance canopy structure and photosynthetic efficiency, facilitating larger LAI 

and greater biomass accumulation, which positively correlated with spikelet 

development and grain filling [28,29,30]. However, higher temperatures often 

limits vegetative growth, constraining source capacity and thereby limiting 

yield potential [10].

In the study, Longhui exhibited significantly greater LAI and biomass 

accumulation than Changsha, particularly at heading and maturity. This 

advantage was closely associated with a consistently longer field growth 

duration (from transplanting to maturity, TP–MA), which was primarily driven 

by an extended period from transplanting to panicle initiation (TP–PI) (Table 
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S5). The cooler vegetative-phase environment in Longhui, where the mean 

daily maximum temperature from transplanting to heading was 28.8 ° C 

compared with 32.5 ° C in Changsha, likely prolonged and enhanced the 

efficiency of photosynthetic accumulation and sink formation, thereby 

contributing to the yield advantage observed at this site. Furthermore, the 

observed interannual variation in LAI underscores the dynamic response of 

canopy development to environmental conditions. The more favorable canopy 

development in Longhui during 2021, for example, also can be attributed to 

that year's superior solar radiation and early-season thermal accumulation—

highlighting the acute environmental sensitivity of super hybrid rice's 

vegetative growth. These advantages translated into higher CGR and greater 

source support during grain filling. In contrast, the reduced LAI and DMA 

observed in Changsha suggest a source-limited condition, which likely 

hindered grain growth and contributed to lower yields. Interestingly, although 

Changsha exhibited a higher grain–leaf ratio (GLR), this did not result in 

increased yield. This observation indicates that GLR, in this case, reflects a 

source deficiency rather than improved assimilate use efficiency. Similar 

patterns have been observed under heat stress, where source constraints 

prevent full sink realization despite favorable GLR values [31]. Therefore, in 

super hybrid rice, ecological conditions modulate yield through source-sink 

relationships, with temperature influences on canopy structure and biomass 

accumulation constituting a critical pathway for environmental impacts on 

yield formation.

4.3. Nitrogen Management and Genotypic Traits Alleviate Temperature-

Induced Yield Losses by Enhancing Yield Components and Agronomic 

Performance

Rice yield formation depends on the coordination between genetic traits, 

crop management practices and environmental conditions. Differences in 

panicle structure, biomass partitioning, and physiological traits among 

genotypes interact with nitrogen (N) input to regulate both source and sink 
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capacity. A key genotypic trait influencing this interaction is varietal growth 

duration. In our study, the field growth duration significantly varied among 

genotypes, ranking as LYPJ < YLY1 < YLY900, a trend that was strongly and 

positively correlated with final grain yield (r = 0.78, p < 0.05). This 

underscores the intrinsic link between a cultivar's maturity period and its yield 

potential.  Previous studies have reported that super hybrid rice cultivars show 

considerable variation in growth response and nitrogen use efficiency across 

environments [7,32]. Genotypes characterized with large panicles, enhanced 

post-heading biomass accumulation, and efficient assimilates translocation 

typically demonstrate superior performance under suboptimal temperature 

conditions. Furthermore, nitrogen application significantly prolonged the 

growth duration of all three varieties, particularly during the heading to 

maturity (HD-MA) stage. This N-induced phenological shift likely extended the 

grain-filling period, enhancing the accumulation of photoassimilates and 

thereby mitigating yield losses under stressful conditions, such as the higher 

temperatures in Changsha. Meanwhile, appropriate N application improves 

spikelet numbers and sustains grain filling by maintaining physiological 

activity during reproductive development [6,18].

In this study, nitrogen application contributed significantly to narrowing 

the yield gap between ecological regions by reducing differences in multiple 

yield-related traits. Under relatively higher temperatures in Changsha, 

nitrogen application at N2 and N3 levels effectively improved agronomic and 

reproductive characteristics, including LAI, DMA, CGR, spikelets per panicle 

and seed-setting rate. These enhancements reduced the spatial disparity in 

source–sink coordination, which played a central role in stabilizing yield across 

sites. Genotypic performance further modulated the extent of inter-site 

variation. Although YLY900 maintained the highest grain yield, it exhibited 

larger differences in traits such as CGR, DMA, and seed-setting rate between 

Longhui and Changsha. In contrast, YLY1 exhibited the most stable yield 

across different nitrogen levels and ecological zones, as evidenced by its 
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lowest coefficient of variation (16.2%) and the lowest bi value across 

environments (Table S3). It maintained relatively stable DMA and CGR. These 

findings indicate that YLY1 possesses stronger environmental adaptability due 

to its stable trait expression under varying thermal conditions. Such genotypic 

consistency is essential for securing yield stability across ecological regions.

Although molecular or biochemical analyses were not conducted in this 

study, previous research has shown that nitrogen can enhance sink strength 

and stress resilience through hormonal and antioxidant pathways. For 

example, appropriate N supply promotes cytokinin activity, delays senescence, 

and improves spikelet formation [33]. It also enhances antioxidant defense 

under heat stress, which may explain the higher seed-setting rate observed in 

Changsha under N input [34]. Future biochemical and gene-level validation 

would be valuable.

Our findings emphasize that genotype × nitrogen interactions play a 

critical role in stabilizing yield across thermal environments. The interplay 

between varietal duration and N management is a critical component of these 

interactions. Longer-duration varieties like YLY900 can maximize yield in 

favorable, cooler environments (e.g., Longhui) but may suffer greater yield 

penalties under heat stress, whereas medium-duration varieties like YLY1 

offer greater resilience. For instance, YLY1 maintained high stability under 

moderate N, while YLY900 achieved maximum yield under high N in optimal 

zones, suggesting that climate-smart, genotype-specific N strategies can 

reduce N input by 20–30% without yield penalties [35]. Although our two sites 

represent distinct agroclimatic zones in South China, broader multi-site 

validation is needed to generalize these findings across more diverse 

environments.

5. Conclusions

This study highlights the influence of temperature differences between 

ecological regions on yield formation in super hybrid rice. Elevated 
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temperatures during panicle initiation and grain filling in Changsha reduced 

spikelet formation and seed-setting rate by 5.6–10.6%, driving a 16.8–26.7% 

yield gap compared to the cooler ultra-high-yield region Longhui. Higher leaf 

area index, dry matter accumulation, and crop growth rate in Longhui 

supported greater yield stability under favorable thermal conditions. 

Nitrogen application at N2 and N3 levels reduced inter-site yield 

differences by up to 30%, primarily by narrowing the gaps in spikelet number, 

seed-setting rate, LAI, GLR, DMA, and CGR between regions. These 

improvements helped stabilize yield formation under varying temperature 

conditions. Notably, genotypic differences further influenced yield stability, 

super hybrid rice genotypes YLY1 maintained higher crop growth rate (CGR), 

dry matter accumulation under variable thermal conditions, exhibiting greater 

yield stability. Together, these results underscore the interactive roles of 

ecological temperature, nitrogen management, and genotype in regulating 

rice yield, and demonstrate the potential of genotype specific nitrogen 

strategies to improve rice yield stability and support climate-resilient rice 

production in regions with similar ecological conditions.

Supplementary Materials: Figure S1: Air temperature (daily mean 

temperature, daily minimum and daily maximum temperature) (a-d), daily 

mean relative humidity (e-h), daily solar radiation (i-l) and rainfall (m-p) within 

the rice growing seasons in Changsha and Longhui in 2021 and 2022; Figure 

S2: Percentage differences in grain yield and yield components between 

Longhui and Changsha under different nitrogen treatments in 2021 and 2022; 

Figure S3: Harvest index (HI) of three super hybrid rice cultivars (LYPJ, YLY1, 

YLY900) under four nitrogen levels (N0–N3) at Longhui (high-yielding) and 

Changsha (general-yielding) sites in 2021 and 2022; Figure S4 Correlation 

analysis between environmental variables and yield components of super 

hybrid rice across ecological regions; Table S1: Information about varieties 

used in the experiment; Table S2: Monthly averages of daily solar radiation, 
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precipitation, air temperature, relative humidity, and maximum temperature 

at Changsha and Longhui during the field growth period (May to September) 

in 2021 and 2022; Table S3: Yield stability parameters of three super hybrid 

rice varieties across nitrogen levels and ecological regions; Table S4: 

Cumulative hours with VPD > 2.0 kPa in Longhui and Changsha (2021–2022); 

Table S5: Effects of nitrogen fertilizer on the growth period of super hybrid 

rice under different ecological conditions in 2021 and 2022.
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