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Abstract 17 

Background  Increasing the seeding rate can compensate for the yield losses caused by 18 

delayed sowing dates in wheat; however, it also increases the lodging risk of late-sown wheat. 19 

Foliar application of prohexadione-calcium (Pro-Ca) at the jointing stage can effectively reduce 20 

lodging risk and maintain a stable yield. However, the comprehensive effects and underlying 21 

mechanisms of these two measures on wheat production remain unclear. 22 

Results  A two-year field experiment was conducted using three high seeding rates, M1 (360 23 

kg ha-1), M2 (450 kg ha-1), and M3 (540 kg ha-1), and four foliar application rates of Pro-Ca: 24 

C0 (0 g ha-1), C1 (600 g ha-1), C2 (1200 g ha-1), and C3 (1800 g ha-1). The morphological 25 

characteristics of the stems, internode microstructure, biochemical substance synthesis, stem 26 

strength, lodging resistance indicators, field lodging performance, and grain yield parameters 27 

were systematically analyzed for the different treatments. The objective was to identify the 28 

optimal combination of seeding rate and Pro-Ca concentration for late-sown wheat. The goal 29 

was to improve stem traits and yield components, enhance lodging resistance, and increase the 30 

grain yield. The results demonstrated that increasing the seeding rate in late-sown wheat 31 

effectively increased the spike number but significantly reduced the number of grains per spike 32 

and 1000-grain weight. The highest yield was recorded for treatment M2. In contrast, 33 

increasing the seeding rate caused elongation of the basal internodes, decreased internode 34 

diameter and wall thickness, and reduced tissue thickness and number of vascular bundles. It 35 

also reduced lignin and cellulose accumulation, lowered stem breaking strength and lodging 36 

resistance index (LRI), and increased the field lodging rate and lodging index. Foliar 37 

application of Pro-Ca effectively reversed the adverse structural weakening of stems caused by 38 

high seeding rates. It enhanced stem breaking strength and LRI and significantly reduced field 39 

lodging, with treatment C2 exhibiting the most pronounced effects. In addition, based on the 40 
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optimal spike number (M2), C2 increased the number of grains per spike and 1000-grain weight, 41 

thereby improving yield. 42 

Conclusion  In summary, the combination of a moderately increased seeding rate (450 kg ha-43 

1) and an optimized Pro-Ca rate (1200 g ha-1) improved stem structure, optimized yield 44 

components, and synergistically enhanced lodging resistance and yield potential of late-sown 45 

wheat. This study provides a theoretical basis and practical guidance for achieving high and 46 

stable yields in high-density planting systems for late-sown wheat in the Xinjiang region. 47 

Keywords: Pro-Ca; late-sown wheat; stem traits; lodging resistance; yield 48 
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1. Introduction 49 

Wheat (Triticum aestivum L.) is a major global food crop, and maintaining a high and stable 50 

yield is crucial for ensuring food security [1]. However, in recent years, global extreme weather 51 

events have caused widespread delays in wheat sowing dates owing to heavy rainfall during 52 

the planting season [2, 3]. In addition, Xinjiang, China, is a typical cropping region suitable for 53 

slightly more than one harvest per year but insufficient for two harvests. Currently, planting 54 

patterns such as the “wheat–maize” and “wheat/cotton” systems are being actively promoted 55 

to improve land use and solar energy use efficiency. This has created conflicts in the growth 56 

succession between wheat and other crops, further delaying the wheat sowing dates [4]. 57 

Moreover, delayed wheat sowing offers advantages such as reducing the need for pre-winter 58 

irrigation and alleviating conflicts in labor and machinery allocation. These advantages have 59 

contributed to the expansion of the late-sown wheat planting area [5]. 60 

Delayed sowing of wheat adversely affects seed germination, resulting in insufficient 61 

temperature accumulation before winter, increased overwinter mortality, and exposure of post-62 

spring growth to high-temperature stress. This shortens the vegetative growth period. 63 

Combined with the subsequent impact of hot, dry winds, it impedes grain filling. Consequently, 64 

the formation of spike number, grains per spike, and 1000-grain weight is adversely affected, 65 

ultimately reducing the yield [3, 6]. “Compensating for late sowing by increasing density” is a 66 

conventional strategy for maintaining the yield of late sown wheat. This involves increasing 67 

the seeding rate to increase the number of spikes per main stem, thereby compensating for yield 68 

losses caused by reductions in grains per spike and 1000-grain weight, and improving the 69 

overall wheat yield [5, 7]. However, excessively high seeding rates intensify intraspecific 70 

competition, leading to the death of some plants and further reductions in grains per spike and 71 

1000-grain weight, ultimately decreasing yield [5, 8]. In addition, higher seeding rates tend to 72 

reduce stem quality and mechanical strength, increase lodging risk, and limit yield 73 
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improvement [9, 10]. Recent studies conducted in major wheat-producing regions of China, 74 

such as Shandong and Henan provinces, have provided substantial evidence regarding the 75 

effects of planting density on wheat yield and lodging resistance [11, 12]. These studies indicate 76 

that moderately increasing planting density can enhance the population spike number, optimize 77 

the canopy structure, and promote yield formation. However, excessive density intensifies 78 

competition among individual plants, reduces the robustness of basal internodes, weakens stem 79 

mechanical strength and lodging resistance, and ultimately restricts further yield improvement. 80 

Therefore, rationally increasing the seeding rate while simultaneously minimizing lodging risk 81 

is essential for achieving high yields in late-sown wheat. 82 

Wheat lodging is primarily classified into stem and root lodging [13, 14], and the frequency 83 

of stem lodging is significantly associated with the wheat seeding rate [15]. Therefore, this 84 

study focused on improving wheat resistance to lodging. Generally, the morphological and 85 

structural characteristics, anatomical traits, and mechanical strength of plant stems are closely 86 

related to lodging resistance [16-18]. Lodging resistance can be significantly improved by 87 

reducing plant height (PH), basal internode length (IL), and center-of-gravity height (CGH), or 88 

by increasing internode diameter (ID) and stem wall thickness [11, 12]. In addition, stem tissue 89 

structure and vascular bundle number, which are key anatomical traits, are positively correlated 90 

with stem strength and lodging resistance [16]. Lignin and cellulose, the main components of 91 

the cell wall, contribute to stem mechanical strength, thereby reducing the risk of lodging [17, 92 

19]. Moreover, the structural traits and mechanical properties of the second basal internode are 93 

considered the most critical determinants of overall lodging resistance in wheat [9]. Therefore, 94 

enhancing the structure and composition of basal internodes is essential for increasing wheat 95 

lodging resistance. 96 

Prohexadione-calcium (Pro-Ca) is a novel cyclohexanecarboxylic acid plant growth 97 

regulator. Its mode of action involves the inhibition of gibberellin biosynthesis, which reduces 98 
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PH and consequently decreases the incidence of lodging [20, 21]. A meta-analysis of 16 growth 99 

regulators demonstrated that exogenous application of Pro-Ca significantly shortened the 100 

lengths of basal internodes in rice, thereby reducing PH. Its effect on lodging resistance was 101 

superior to that of paclobutrazol and uniconazole [22]. In addition, Pro-Ca prolongs the 102 

duration of vegetative growth, promotes reproductive development [20] and enhances stress 103 

resistance. These effects contribute to improved spikelet development and grain set in late-104 

sown wheat, thereby alleviating the conflict between excessive seeding rates and population 105 

quality [23], while compensating for reductions in grains per spike and 1000-grain weight. 106 

Therefore, the foliar application of Pro-Ca represents an ideal field strategy for balancing the 107 

trade-off between lodging resistance and yield in densely planted late-sown wheat, thereby 108 

supporting higher yields. However, current research on Pro-Ca has primarily focused on 109 

horticultural crops, such as pepper [24], cabbage [25], and rapeseed [26]. Its application in 110 

high-density late-sown wheat has received limited attention. Specifically, the optimal 111 

application rate of Pro-Ca remains unclear, and the mechanisms by which it simultaneously 112 

enhances lodging resistance and yield through the regulation of stem structural traits require 113 

further investigation. 114 

Most of the aforementioned studies have focused on conventional sowing dates or major 115 

wheat-growing regions, such as the Huang-Huai-Hai Plain, and studies on the synergistic 116 

regulation of yield and lodging resistance in high-seeding-rate wheat under late-sowing 117 

conditions in Xinjiang remain limited. Accordingly, a two-year field experiment was conducted 118 

using three high seeding rates and four application rates of Pro-Ca. The effects of different 119 

combinations of seeding rate and Pro-Ca concentration on wheat stem morphology, anatomical 120 

traits, lodging resistance parameters, and yield components were systematically evaluated. The 121 

aim of this study was to identify the optimal seeding rate and foliar Pro-Ca concentration under 122 
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late-sowing conditions to synergistically enhance lodging resistance and yield in late-sown 123 

wheat. 124 

2. Materials and methods 125 

2.1. Experimental site 126 

The experiment was conducted over two consecutive wheat growing seasons, 2023–2024 and 127 

2024–2025, at the Tacheng Prefecture Institute of Agricultural Sciences (82°57′ E, 46°43′ N; 128 

altitude 415 m above sea level). The experimental site was located in the northern Xinjiang 129 

winter wheat region, where the cropping system is predominantly single-cropping. However, 130 

in recent years, multiple cropping systems, such as wheat–maize and wheat/cotton cropping 131 

systems, have been increasingly promoted to improve land-use efficiency and the utilization of 132 

light and thermal resources. This has resulted in the delayed harvest of the preceding crops. 133 

Moreover, because autumn sowing is heavily dependent on precipitation to provide adequate 134 

soil moisture, the area of late-sown wheat has increased in recent years. 135 

According to the Köppen climate classification, this region is classified as BSk (semi-arid 136 

steppe), with an annual mean temperature of 6.2℃, annual sunshine duration of 2,832 hours, 137 

and mean annual precipitation of 270 mm. The daily temperature and rainfall during the wheat 138 

growing season are shown in Fig. 1. The experiment was conducted in the same field in both 139 

years, where the preceding crop was spring wheat. The soil type was loam, and the 140 

physicochemical properties of the 0–20 cm soil layer were as follows: organic matter content 141 

23.64 g kg⁻¹, total nitrogen 0.31 g kg-1, pH 8.2, alkali-hydrolyzable nitrogen 47 mg kg⁻¹, 142 

available phosphorus 9.9 mg kg-1, and available potassium 141 mg kg-1. 143 

2.2. Experimental materials and design 144 

In this study, October 25 was designated as the late sowing date, which was more than one 145 

month later than the local conventional sowing date and represented a typical late sowing date 146 
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for this region. The experimental cultivar was Xindong 18, a widely planted local winter wheat 147 

variety with a whole growth period of approximately 275 days, a plant height of about 90 cm, 148 

a compact plant architecture, moderate tillering ability, strong overwintering tolerance, and 149 

good yield stability, which makes it well suited for late-sowing conditions. All wheat seeds 150 

were manually sown in drill rows with a 20 cm row spacing and sowing depth of approximately 151 

4 cm. Each plot measured 10.0 m2 (2.0 m × 5.0 m), and the experiment included four biological 152 

replicates. No irrigation was applied before winter. In spring, drip irrigation belts were installed, 153 

with one tube serving three rows and an interval of 60 cm between the capillary tubes. The 154 

spray reagent was a 15% prohexadione-calcium suspension concentrate (CAS No. 127277-53-155 

6), with calcium 3,5-dioxo-4-propionylcyclohexanecarboxylate as the main active ingredient, 156 

provided by Zhejiang Shijia Technology Co. Ltd. (China). Uniform foliar spraying was 157 

performed 5–7 days before the jointing stage. The spraying criterion was defined as follows: 158 

more than 50% of the wheat plants in the field exhibited the third spring leaf on the main stems, 159 

expanding from tip emergence to full expansion, with a leaf age of approximately 3.5. 160 

Simultaneously, the first basal internode of the main stems showed no distinct elongation and 161 

measured less than 0.5 cm in length. All other field management practices followed the local 162 

high-standard farmland management protocols. The experimental layout is shown in Fig. 2. 163 

A two-factor split-plot design was used in this study. The main plots consisted of three 164 

seeding rate treatments: M1 (360 kg ha-1, approximately 0.75 × 107 seeds ha-1), M2 (450 kg ha-165 

1, approximately 1.00 × 107 seeds ha-1), and M3 (540 kg ha-1, approximately 1.25 × 107 seeds 166 

ha-1). The subplots included four foliar application rates of Pro-Ca: C0 (0 g ha-1, water control), 167 

C1 (600 g ha-1), C2 (1200 g ha-1), and C3 (1800 g ha-1). 168 

2.3. Measured indicators 169 

2.3.1. Stem traits 170 

At anthesis, the milk stage, and the wax ripening stage, ten wheat plants with uniform growth 171 
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were selected from each of the four replicate plots of each treatment. The underground parts 172 

were removed, and the PH and IL of the main stem were measured using a ruler [27]. The 173 

plants were then placed on a fixed fulcrum to determine the balance point, and the distance 174 

from the stem base to the balance point, defined as the center of gravity height, was measured 175 

[27]. Finally, each internode was transversely cut at its midpoint, and the ID and wall thickness 176 

were measured using a digital Vernier caliper. 177 

2.3.2. Internode microstructure 178 

At anthesis, the milk stage, and the wax ripening stage, five uniformly grown wheat plants 179 

were selected from each of the four replicate plots of each treatment. The second basal 180 

internode of the main stem was excised, and thin sections were prepared from the middle 181 

portion of the internode using a blade. The sections were then stained with safranin for 182 

microscopic observations. The microstructural characteristics were analyzed using an optical 183 

microscope (AC 85-256, Shanghai Optical Instrument Factory, China) equipped with the 184 

Mvlmage software (v4.1.1, Beijing Micronet Technology Co., Ltd., China). 185 

2.3.3. Lignin content (LC) and cellulose content (CC) 186 

At the milk stage, five wheat plants with uniform growth were selected from each of the four 187 

replicate plots of each treatment. The second basal internodes of the main stems were excised 188 

and immediately stored at −80°C. LC and CC levels were determined using a double-antibody 189 

sandwich ELISA kit according to the manufacturer's instructions (Shanghai Enzyme-linked 190 

Biotechnology Co., Ltd., Shanghai, China). Absorbance was measured at 450 nm using a 191 

microplate reader. A standard curve was established using a series of standard concentrations, 192 

and a linear regression equation (Y = aX + b) was fitted. The concentration of each sample was 193 

calculated by substituting its absorbance value into the regression equation, and the final LC 194 

and CC values were obtained by multiplying the calculated concentrations by the appropriate 195 

dilution factor. 196 



10 

2.3.4. Stem mechanical traits and lodging resistance index (LRI) 197 

At anthesis, the milk stage, and the wax ripening stage, 20 uniformly grown wheat plants were 198 

selected from each of the four replicate plots of each treatment. The leaf sheaths of the second 199 

basal internodes were removed, and the breaking strength was measured using a stem strength 200 

tester (YYD-1A; Zhejiang Top Instrument Co., Ltd., China). During the measurement, the 201 

middle portion of the second internode was placed perpendicularly on the support, and the 202 

handle was rotated to apply pressure gradually and uniformly until the maximum breaking 203 

strength was recorded. The LRI was then calculated as the ratio of the breaking strength to 204 

CGH, according to the following formula [15]. 205 

LRI = Breaking strength/CGH 206 

2.3.5. Lodging occurrence 207 

The time, severity, and location of wheat lodging were recorded during the growing season 208 

[28]. Lodging severity was scored on a five-grade scale: grade 1, no lodging; grade 2, slight 209 

lodging, with a plant inclination angle of ≤30°; grade 3, moderate lodging, with an angle of 210 

＞30°–45°; grade 4, heavy lodging, with an angle of ＞45°–60°; and grade 5, severe 211 

lodging, with an angle of ＞60°.The lodging rate was defined as the percentage of the actual 212 

lodged area relative to the total plot area. The lodging index (LI) was calculated as the product 213 

of the lodging grade and lodging rate using the following equations: 214 

Lodging rate (%) = (Lodged area / Total plot area) × 100% 215 

LI = Lodging grade × Lodging rate 216 

2.3.6. Yield and yield components 217 

On 15 July, 30 wheat spikes were randomly selected from each of the four replicate plots of 218 

each treatment to determine the number of grains per spike. In addition, three 2-m-long rows 219 

(excluding the border rows) were randomly selected from each plot to determine the spike 220 



11 

number. These samples were manually harvested and threshed to determine the 1000-grain 221 

weight and yield. 222 

2.4. Statistical analysis 223 

Data were processed using Microsoft Excel 2021 (Microsoft Corp., Redmond, WA, USA). 224 

Statistical analyses were performed using SPSS 29.0 (IBM Corp., Chicago, IL, USA). For stem 225 

morphological, anatomical, and mechanical traits measured at anthesis, the milk stage, and the 226 

wax-ripening stage, we first examined the temporal response patterns of the treatments across 227 

the three sampling stages. Because the treatment responses were generally consistent in 228 

direction across the three stages and no stage-by-treatment interaction was observed that altered 229 

the main conclusions, the measurements from the three stages were treated as repeated 230 

temporal observations and averaged to characterize the overall treatment response during the 231 

post-anthesis period. Stage averages were calculated at the plot level and subsequently used for 232 

comparisons among treatments. Multiple plants or repeated measurements sampled within each 233 

plot were first averaged at the plot level and were not treated as independent experimental 234 

replicates. Differences among treatments were assessed using Duncan’s multiple range test. 235 

For the Mantel test, Pearson correlation analysis, and PLS-PM, treatment means were used as 236 

observations. Specifically, for each treatment combination (seeding rate ×  Pro-Ca rate), 237 

values were first averaged across the four replicate plots, the three post-anthesis sampling 238 

stages, and the two experimental years, yielding 12 treatment-level observations (3 seeding 239 

rates × 4 Pro-Ca rates). Multiple plants per plot, repeated measurements across stages, and 240 

year-specific values were not treated as independent replicates, thereby avoiding 241 

pseudoreplication. Mantel and Pearson correlation analyses, together with structural equation 242 

modeling (partial least squares path modeling [PLS-PM]), were conducted using RStudio 243 

(Posit Software, PBC, Boston, MA, USA). The PLS-PM was evaluated using the goodness-of-244 



12 

fit statistic (GoF = 0.81) and R² values for endogenous variables, and the significance of path 245 

coefficients was assessed using the bootstrap procedure. 246 

3. Results and Analysis 247 

3.1. Macroscopic stem structure 248 

3.1.1. IL, PH, and CGH 249 

After anthesis, the CGH of wheat plants increased continuously, whereas the other stem traits 250 

remained relatively stable (Fig. 3). Based on the mean values across the two years and three 251 

growth stages, increasing the seeding rate significantly increased PH, the lengths of the first to 252 

third internodes, and CGH in wheat (P < 0.05). At the wax ripening stage, the PH under M2 253 

and M3 increased by 2.62% and 3.73%, respectively, compared with that under M1. Similarly, 254 

the lengths of the first to third internodes increased by 5.05% and 9.07%, respectively, whereas 255 

the CGH increased by 2.00% and 2.84%, respectively. Foliar application of Pro-Ca 256 

significantly reduced PH, the lengths of the first to third internodes, and CGH in wheat. 257 

Compared with C0, PH under C1, C2, and C3 decreased by 3.10%, 5.39%, and 9.79%, 258 

respectively. Similarly, the lengths of the first to third internodes decreased by 5.44%, 9.87%, 259 

and 12.87%, respectively, whereas the CGH decreased by 2.17%, 3.73%, and 5.09%, 260 

respectively. 261 

3.1.2. ID and wall thickness 262 

After anthesis, the wheat stem diameter and wall thickness remained stable (Fig. 4). With 263 

increasing seeding rate, the mean diameter and wall thickness of the second to fourth internodes 264 

followed the order M1 > M2 > M3. In contrast, with increasing Pro-Ca concentration, the 265 

average diameter and wall thickness of the first to fourth internodes first increased and then 266 

decreased, reaching their maximum values under C2. 267 
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3.2. Internode microstructure 268 

3.2.1. Tissue composition 269 

The number of cell layers and tissue thickness in the second wheat internode decreased with 270 

increasing seeding rates (Fig. 5A). Pro-Ca treatment increased the number of cell layers and 271 

tissue thickness. However, this promotive effect weakened at the highest Pro-Ca concentrations. 272 

After anthesis, the number of cell layers remained relatively stable, whereas tissue thickness 273 

increased gradually, particularly from the milk stage to the wax ripening stage (Fig. 5B). These 274 

results indicate that higher seeding rates significantly reduced the number of cell layers and 275 

thickness of both mechanical and parenchymal tissues in the second internode of wheat. 276 

Compared with M1, the number of cell layers and the thickness of the mechanical tissue under 277 

M2 and M3 decreased by 2.31% and 4.90%, and by 5.57% and 12.08%, respectively (based on 278 

the two-year average across the three stages). Similarly, the number of cell layers and thickness 279 

of the parenchymatous tissue decreased by 5.63% and 7.64%, and by 6.48% and 16.86%, 280 

respectively (based on the two-year average across the three stages). Under Pro-Ca treatment, 281 

the number of cell layers and the thickness of both mechanical and parenchymal tissues 282 

increased significantly, following the pattern C1 > C2 > C3, although no significant difference 283 

was observed between C1 and C2. Moreover, the regulatory effect of Pro-Ca diminished as the 284 

seeding rate increased. 285 

3.2.2 Vascular bundle number 286 

After anthesis, the number of large and small vascular bundles in wheat remained relatively 287 

stable, whereas both the seeding rate and Pro-Ca treatment significantly affected the vascular 288 

bundle number (Fig. 6). Compared with M1, the numbers of large and small vascular bundles 289 

under M2 decreased by 4.24% and 7.40%, respectively, whereas those under M3 decreased by 290 

13.18% and 23.34%, respectively (based on the two-year average across the three stages). After 291 

Pro-Ca treatment, the number of vascular bundles first increased and then decreased with 292 
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increasing application concentration, with the highest values observed for C1. Compared with 293 

C1, the numbers of large and small vascular bundles under C0, C2, and C3 decreased by 8.51% 294 

and 18.00%, 1.31% and 7.03%, and 10.77% and 15.73%, respectively (based on the two-year 295 

average across the three stages). 296 

3.3. LC and CC of internodes 297 

To further clarify the effects of increasing seeding rates and Pro-Ca application on the 298 

compound contents in the basal internodes of late-sown wheat, samples were collected at the 299 

milk stage during the two experimental years for further analysis. The results are shown in Fig. 300 

7. As the seeding rate increased, the LC and CC in the internodes of late-sown wheat decreased 301 

significantly. Compared with M1, the LC under M2 and M3 decreased by 7.69% and 17.69%, 302 

respectively, whereas the CC decreased by 5.68% and 13.52%, respectively (based on a two-303 

year average). Pro-Ca application significantly increased LC and CC in wheat internodes. Both 304 

compounds first increased and then decreased with increasing Pro-Ca concentrations. LC 305 

reached a maximum under treatment C2, whereas CC peaked under C1. 306 

3.4. Stem mechanical traits, lodging resistance, and actual lodged area 307 

3.4.1. Breaking strength 308 

After anthesis, the stem-breaking strength of wheat gradually decreased as growth progressed 309 

(Fig. 8). The results showed that both seeding rate and Pro-Ca application significantly affected 310 

stem-breaking strength, although their interaction effect was not significant. Increasing the 311 

seeding rate significantly reduced the stem-breaking strength. Compared with M1, the stem-312 

breaking strength under M2 and M3 decreased by 14.99% and 28.83%, respectively (based on 313 

the two-year average across the three stages). Pro-Ca application significantly affected stem-314 

breaking strength in late-sown wheat, with an initial increase followed by a decrease with 315 

increasing application concentration. Compared with C1, stem-breaking strength under C0, C2, 316 
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and C3 decreased by 23.22%, 8.42%, and 31.06%, respectively (based on the two-year average 317 

across all three stages). 318 

3.4.2. LRI 319 

After anthesis, the LRI of wheat progressively declined as the plants developed (Fig. 9). The 320 

results showed that both seeding rate and Pro-Ca application significantly influenced LRI, 321 

although their interaction effect was not significant. Compared with M1, the LRI under M2 and 322 

M3 decreased by 15.69% and 31.43%, respectively (based on the two-year average across the 323 

three growth stages). Under Pro-Ca treatment, the LRI of late-sown wheat followed the trend 324 

C1 > C2 > C0 > C3, with no significant difference between C1 and C2 (P > 0.05). 325 

3.4.3. Field lodging performance 326 

During the two-year experiment, lodging occurred twice in 2023-2024, whereas no lodging 327 

was observed in 2024-2025 (Table 1). With increasing seeding rate, the lodging rate, lodging 328 

score, and LI increased. In contrast, Pro-Ca application reduced both the frequency and severity 329 

of lodging (Fig. 10). As the Pro-Ca application concentration increased, the lodging rate, score, 330 

and LI decreased. 331 

3.5. Yield and its components 332 

The seeding rate and Pro-Ca application significantly affected the yield and yield components 333 

of late-sown wheat. However, their interaction significantly influenced only the yield (Table 334 

2). Under late-sowing conditions, increasing the seeding rate significantly increased the spike 335 

number, whereas the grain number per spike and 1000-grain weight decreased accordingly. The 336 

yield under M2 was significantly higher than that under M1 and M3 by 3.57% and 8.90%, 337 

respectively. At the same seeding rate, the spike number, grain number per spike, 1000-grain 338 

weight, and yield of late-sown wheat first increased and then decreased with increasing Pro-339 

Ca concentration, with all variables peaking at C2. Overall, considering both the seeding rate 340 
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and Pro-Ca concentration, the M2C2 treatment produced the most balanced performance with 341 

respect to the yield and yield components in late-sown wheat. 342 

3.6. Relationships between lodging-related and yield parameters 343 

Based on Mantel tests and Pearson correlation analyses, this study systematically examined the 344 

statistical and spatial association patterns between 13 key agronomic traits of late-sown wheat 345 

and the LRI, lodging rate, and yield (Fig. 11). The LI was strongly negatively correlated with 346 

plant transverse traits (ID and internode wall thickness [IWT]), anatomical structural traits 347 

(number of mechanical tissue layers [NMTLs], number of parenchyma cell layers [NPCLs], 348 

mechanical tissue thickness [MTT], parenchyma tissue thickness [PTT], number of small 349 

vascular bundles [NSVBs], and number of large vascular bundles [NLVBs]), and chemical 350 

composition traits (LC and CC) (Mantel’s r ≥ 0.6, P < 0.01), indicating that thicker stems, 351 

denser cellular tissues, and higher compound content were associated with stronger lodging 352 

resistance. IL, PH, and CGH were all significantly positively correlated with LI (Mantel’s r ≥ 353 

0.6, P < 0.05), suggesting that greater longitudinal elongation increases the lodging risk. Yield 354 

was significantly positively correlated with PH, and LC (Mantel’s r ≥ 0.4, P < 0.05), implying 355 

that within a certain range, greater PH and LC may enhance yield but simultaneously increase 356 

the lodging risk. 357 

In addition, significant positive correlations were observed among plant transverse traits, 358 

anatomical structural traits, and chemical composition traits (Pearson’s r > 0.5, P < 0.05), 359 

whereas highly significant positive correlations were found among plant longitudinal traits 360 

(Pearson’s r > 0.1, P < 0.01). In contrast, NMTLs, NVBs, and LC were negatively correlated 361 

with IL, PH, and CGH (Pearson’s r < 0), indicating a close link between plant morphological 362 

and structural traits. Therefore, enhancing plant transverse traits, appropriately increasing 363 

longitudinal growth, and increasing internode chemical content may be effective strategies for 364 

optimizing stem anatomical structures and improving lodging resistance. These traits were also 365 
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positively associated, to some extent, with yield-related traits and collectively provide a 366 

structural basis for the coordinated improvement of high yield and lodging resistance in wheat. 367 

3.7. Path relationships between lodging-related and yield parameters 368 

PLS-PM described associations among seeding rate, Pro-Ca, plant morphology, internode 369 

structure, lodging, and yield (Fig. 12). Increasing the seeding rate primarily elevated lodging 370 

risk (total effect = 0.342) by significantly promoting the longitudinal growth of wheat (β = 0.42, 371 

P < 0.001), while exerting a relatively small positive effect on the yield (total effect = 0.077). 372 

In contrast, Pro-Ca enhanced lodging resistance and increased yield through the coordinated 373 

optimization of plant architecture and biomass production. It significantly reduced longitudinal 374 

stem traits (β = -0.53, P < 0.001, R2 = 0.58), while promoting transverse stem traits (β = 0.25, 375 

P = 0.002, R2 = 0.62), microstructural reinforcement (β = 0.31, P < 0.001, R2 = 0.68), and 376 

internode compound accumulation (β = 0.38, P < 0.001, R2 = 0.55), thereby significantly 377 

reducing lodging risk (total effect = -0.600) and increasing yield (total effect = 0.270). 378 

Internode compound content was identified as the most important protective factor against 379 

lodging (β = -0.31, P < 0.001, R2 = 0.68), whereas longitudinal plant traits were the primary 380 

risk factors for lodging, exhibiting the strongest direct effect on LI (β = 0.68, P < 0.001, R2 = 381 

0.71). In addition, the yield pathway (R2 = 0.78) indicated that improving lodging resistance is 382 

an important pathway for increasing the grain yield. Therefore, under an appropriate seeding 383 

rate, the foliar application of Pro-Ca can synergistically enhance wheat lodging resistance and 384 

yield. 385 

4. Discussion 386 

4.1. Increasing seeding rate can achieve high yields in late-sown wheat, but it is 387 

accompanied by lodging risk 388 
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Owing to an ecological niche mismatch, late-sown wheat experiences misalignment between 389 

its growth stages and prevailing climatic conditions. This is evidenced by a low tiller-to-spike 390 

conversion rate, severe degeneration of young spikes, and impaired grain filling, ultimately 391 

resulting in reduced spike number, grain number per spike, and grain weight, thereby causing 392 

yield loss [5, 29]. Compared with other yield-improvement strategies, such as film mulching 393 

or soil warming to protect seedlings, biochar-based pelletized seed treatment to improve 394 

seedling growth and cold resistance, early nitrogen application to promote tillering, and 395 

increased irrigation to enhance tiller spike formation, increasing the seeding rate to improve 396 

the productive spike number is a simpler and more reliable approach for compensating for spike 397 

number loss under late-sowing conditions and maintaining high grain yields [7, 30]. In this 398 

study, the yield of late-sown wheat during the 2023–2024 growing season was significantly 399 

higher than that of the 2024–2025, which was likely attributable to less favorable climatic 400 

conditions in the latter season (Fig. 1). Specifically, the 2024–2025 growing season was 401 

characterized by relatively low overall precipitation, an early onset of low temperatures before 402 

winter, and insufficient snow cover, which increased overwinter mortality. In addition, the rapid 403 

rise in spring temperatures inhibited tillering and young spike differentiation, thereby 404 

contributing to the lower yield (Table 2). Nevertheless, data from both growing seasons 405 

consistently demonstrated that increasing the seeding rate increased the number of spikes per 406 

unit area, resulting in improved grain yield, with the highest yield observed under the M2 407 

treatment in both years. However, an inherent trade-off exists between late sowing and 408 

increased seeding rates in terms of lodging resistance. Late-sown wheat generally exhibits 409 

greater lodging resistance owing to a shortened growth period, reduced vegetative plant size, 410 

lower plant height, and shortened internode length [27]. However, the yield loss caused by late 411 

sowing is commonly compensated for by increasing the seeding rate, a high-density planting 412 

strategy that intensifies interplant competition for light, water, and nutrients (Tian et al. 2025). 413 
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This competition promotes excessive elongation of the basal internodes while reducing their 414 

diameter and wall thickness, thereby weakening stem quality and increasing lodging risk [10, 415 

31, 32]. Moreover, previous studies have demonstrated that excessively high seeding rates 416 

result in excessive population density, intensifying interplant competition and inhibiting plant 417 

development, thereby reducing key yield components, such as grain number per spike and 418 

1000-grain weight, ultimately limiting yield [33]. Consistent with these findings, this study 419 

revealed that when the seeding rate increased to the M3 level, the spike number increased 420 

significantly; however, the balance among spike number, grain number per spike, and 1000-421 

grain weight was disrupted, resulting in a lower rather than higher yield (Table 2). In addition, 422 

under the experimental conditions, a comprehensive analysis of the relevant data indicated that 423 

the positive effect of seeding rate on yield was relatively limited (Fig. 11). This may have 424 

resulted from the relatively high seeding rates evaluated in this experiment, which restricted 425 

the realization of yield potential in late-sown wheat. Therefore, increasing the seeding rate can 426 

effectively compensate for the reduction in spike numbers caused by late sowing. However, 427 

excessive seeding rates reduce grain number per spike and 1000-grain weight while increasing 428 

lodging risk. Overall, M2 treatment (450 kg ha-1) effectively balanced the trade-off between 429 

spike formation and individual plant development, representing an optimal cultivation strategy 430 

for achieving high and stable yields in late-sown wheat. 431 

4.2. Spraying Pro-Ca restores the quality of individual plants in densely planted wheat 432 

and improves lodging resistance 433 

The rational application of plant growth regulators can not only optimize stem structural traits 434 

and enhance lodging resistance in wheat under high seeding rates but also improve yield 435 

components, thereby synergistically increasing the crop yield [34, 35]. Previous studies have 436 

confirmed that uniconazole strengthens stem mechanical strength and alleviates lodging stress 437 

by reducing PH and ear height while increasing ID and stem fullness [36]. Furthermore, 438 
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spraying a Pro-Ca–uniconazole composite regulator increased LC and CC in rice stems, 439 

thereby enhancing lodging resistance [37].In this study, Pro-Ca application was associated with 440 

improved stem-breaking strength (Fig. 8), lodging-related traits (Table 1, Fig. 9), stem 441 

morphology (Figs. 3 and 4), and structural compound contents (Fig. 7). Similar to the effects 442 

of chlormequat and gibberellin [15], Pro-Ca can increase the number of grains per spike and 443 

1000-grain weight in wheat, thereby improving yield [38]. Consistent with these findings, this 444 

study showed that spraying Pro-Ca synergistically increased the spike number, grain number 445 

per spike, and 1000-grain weight, thereby improving the wheat yield (Table 2). Notably, owing 446 

to climatic differences (Fig. 1), the baseline population size in the 2023–2024 growing season 447 

was significantly higher than that in the 2024–2025, as reflected by the harvested spike number 448 

(Table 2). Unfortunately, lodging occurred only during the 2023–2024 growing season, 449 

resulting in yield loss. The larger population size, combined with frequent strong winds and 450 

heavy rainfall after anthesis (Fig. 1), was likely the primary cause of lodging in that season. 451 

Nevertheless, yields across all treatments in 2023–2024 remained higher than those in 2024–452 

2025, suggesting that Pro-Ca application may exert a more pronounced yield-enhancing effect 453 

under larger wheat populations. However, excessive application of plant growth regulators can 454 

interfere with normal growth, disrupt the balance of yield components, and ultimately reduce 455 

yield [36, 39]. For example, Wang et al. (2015) demonstrated that high concentrations of 456 

uniconazole negatively affected yield formation in alfalfa, resulting in a reduced yield. In this 457 

study, when the Pro-Ca application rate increased to C3, it inhibited the development of stem 458 

tissues (Fig. 5) and vascular bundles (Fig. 6), suppressed the synthesis of LC and CC (Fig. 7), 459 

reduced the LRI (Fig. 9), and negatively affected wheat yield components, ultimately leading 460 

to reduced yield. Therefore, an appropriate Pro-Ca application rate can effectively restore stem 461 

structural quality in high-density wheat populations, thereby establishing a structural basis for 462 

improved lodging resistance. In addition, the observed improvements in yield components may 463 
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be related to these changes in plant development and stem traits. This study indicates that the 464 

C2 concentration of Pro-Ca (1200 g ha-1) provided a favorable balance between lodging-related 465 

traits and yield under the tested conditions. 466 

4.3. Rational matching of increased seeding rate and Pro-Ca can optimize stem 467 

anatomical structure and synergistically improve lodging resistance and yield in late-468 

sown wheat 469 

Stem tissue thickness and the number of vascular bundles are key factors in enhancing lodging 470 

resistance and yield formation [37]. This study confirmed that increasing the seeding rate 471 

significantly reduced both MTT and the number of vascular bundles (Figs. 5 and 6), which may 472 

explain why high seeding rates increased lodging risk and reduced yield in late-sown wheat. In 473 

contrast, Pro-Ca application was associated with a reversal of this trend, possibly through 474 

improvements in stem structure, including increased tissue thickness and vascular bundle 475 

number (Figs. 6 and 6). The underlying mechanism may be that well-developed tissue thickness 476 

and a dense vascular bundle system provide a strong mechanical support framework, thereby 477 

enhancing lodging resistance [40]. In addition, an improved vascular network facilitates 478 

nutrient transport and the distribution of photosynthates, thereby increasing the number of 479 

grains per spike and 1000-grain weight, ultimately supporting yield improvement [41, 42]. In 480 

this study, increasing the seeding rate represented population-level regulation, whereby yield 481 

loss in late-sown wheat was compensated by increasing population density. In contrast, Pro-Ca 482 

application regulated at the individual-plant level improved stem morphology to enhance 483 

lodging resistance and nutrient translocation efficiency. This, in turn, promoted a higher grain 484 

number per spike and 1000-grain weight per plant. Although the interaction between seeding 485 

rate and Pro-Ca treatment was not significant, their coordinated and complementary effects 486 

were evident because they acted through different regulatory pathways. A comprehensive 487 

analysis showed that, under the conditions of this experiment, M2C2 (450 kg ha-1 seeding rate 488 
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and 1200 g ha-1 Pro-Ca) combined high yield with improved lodging-related traits in this 489 

experiment. This combination warrants further evaluation as a management option for late-490 

sown wheat in Xinjiang. It is noteworthy that the wheat in this study was sown exceptionally 491 

late, reaching only a one-leaf stage before winter. Combined with the severe winter cold and 492 

rapid spring warming in northern Xinjiang, this results in high overwinter mortality and a 493 

substantial reduction in tiller-derived spikes. Under these circumstances, adopting a relatively 494 

high seeding rate effectively compensated for the insufficient number of harvested spikes by 495 

increasing the number of main stem spikes. In contrast, in major wheat-producing regions, such 496 

as the Huang-Huai-Hai area, where winters are milder and springs are more humid, late-sown 497 

wheat typically experiences low overwinter mortality, greater tiller survival, and spike 498 

formation. Therefore, density regulation strategies in these regions should be designed 499 

cautiously. Although the seeding rate may be moderately increased, excessively high rates 500 

should be avoided. 501 

5. Conclusion 502 

Under the tested conditions, the combined treatment of a seeding rate of 450 kg ha-1 and foliar 503 

Pro-Ca application at 1200 g ha-1 provided a favorable balance between yield and lodging 504 

resistance. This combination improved stem mechanical strength, increased grain number per 505 

spike and 1000-grain weight, and enhanced both lodging resistance and wheat yield. 506 

Furthermore, the findings support further evaluation of this combination in late-sown wheat, 507 

with validation across different sites and cultivars required before wider application. 508 
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Tables 

Table 1 Effects of seeding rate and Pro-Ca concentration on wheat lodging 

Seeding rate Pro-Ca 
2023-2024 Anthesis 2023-2024 Milk stage 

Lodging rate Lodging score LI Lodging rate Lodging score LI 

M1 

C0 4.88% 3 0.1464 42.13% 4 1.6852 

C1 3.60% 2 0.0720 19.73% 4 0.7892 

C2 0.23% 2 0.0046 3.00% 2 0.0600 

C3 0% 1 0 0% 1 0 

M2 

C0 15.13% 4 0.6052 54.58% 4 2.1828 

C1 7.90% 4 0.3160 45.30% 4 1.8120 

C2 1.10% 3 0.0330 11.30% 3 0.3390 

C3 0% 1 0 4.45% 2 0.0890 

M3 

C0 30.43% 5 1.5215 65.13% 5 3.2565 

C1 18.38% 5 0.9190 58.90% 5 2.9450 

C2 7.18% 3 0.2154 33.53% 4 1.3412 

C3 3.70% 2 0.0740 20.78% 3 0.6234 

Note: M1, M2, and M3 represent seeding rates of 360, 450, and 540 kg ha-1, respectively. C0, C1, C2, and C3 represent Pro-Ca application rates 

of 0, 600, 1200, and 1800 g ha-1, respectively. 
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Table 2 Effects of seeding rate and Pro-Ca concentration on wheat yield and yield components 

Seeding 
rate 

Pro-Ca 

2023-2024 2024-2025 

Spikes number 
(104 ha-1) 

Grain number 
per spike 

1000-grain 
weight（g） 

Yield (kg 
ha-1) 

Spikes number 
(104 ha-1) 

Grain number 
per spike 

1000-grain 
weight（g） 

Yield (kg 
ha-1) 

M1 

C0 693.67c 39.42b 39.67b 7280.29c 676.50b 30.63b 46.13b 5956.15b 

C1 755.83a 39.89b 40.30a 7848.44b 739.75a 35.58a 46.38b 6727.21ab 

C2 758.61a 40.19a 40.78a 8712.75a 746.00a 35.65a 46.64a 6848.73a 

C3 733.33b 39.47b 39.90b 8150.00b 715.50a 34.70a 46.25b 6529.67ab 

Average 735.36c 39.74a 40.16a 7997.87b 719.44c 34.14a 46.35a 6515.44b 

M2 

C0 814.79b 36.36b 38.24b 7268.10c 793.50a 28.45b 45.14b 6042.46c 

C1 849.17a 37.58ab 39.18ab 8823.13a 820.25a 31.08ab 45.86ab 7058.65a 

C2 850.28a 38.78a 39.90a 8870.50a 824.25a 31.70a 46.06a 7115.00a 

C3 833.61ab 37.92ab 39.10ab 8134.33b 813.50a 29.95ab 45.58ab 6890.13b 

Average 836.96b 37.66b 39.10b 8274.02a 812.88b 30.29b 45.66b 6776.56a 

M3 

C0 916.17ab 32.97b 37.91b 6962.73b 877.50ab 24.60a 44.46b 5862.15c 

C1 919.04ab 34.61a 38.32a 7048.19b 896.75a 26.93a 45.18ab 6121.56b 

C2 939.93a 35.31a 39.07a 8388.13a 904.00a 27.30a 45.73a 6526.10a 

C3 898.96b 34.17ab 38.17a 7837.56a 864.75b 25.28a 45.10ab 6535.10a 
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Average 918.52a 34.26c 38.37c 7559.15c 885.75a 26.03c 45.12c 6261.23c 

F 

M 46.26** 110.67** 24.08** 12.41** 26.65** 74.24** 19.12** 8.94** 

C 7.45** 6.23** 3.86** 13.69** 10.72** 9.21** 5.26** 16.83** 

M×C 0.29ns 0.68ns 0.12ns 0.31* 1.72ns 0.68ns 0.37ns 0.32* 

Note: Different lowercase letters indicate significant differences at P < 0.05. M1, M2, and M3 represent seeding rates of 360, 450, and 540 kg 

ha-1, respectively. C0, C1, C2, and C3 represent Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-1, respective. 



33 

Figure legends 

Fig. 1 Meteorological variables during the wheat growing season at the experimental 

site from 2023 to 2025 

Fig. 2 Experimental layout 
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Fig. 3 Effects of seeding rate and Pro-Ca concentration on wheat IL, PH, and CGH 

Note: Different lowercase letters indicate significant differences between treatments at 

P < 0.05, and vertical bars represent the standard error of the mean. M1, M2, and M3 

represent seeding rates of 360, 450, and 540 kg ha-1, respectively. C0, C1, C2, and C3 

represent Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-1, respectively 
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Fig. 4 Effects of seeding rate and Pro-Ca concentration on wheat ID and wall thickness 

Note: ID and wall thickness are expressed in millimeters (mm), respectively. This figure 

was drawn using proportional scaling based on the actual measured values of wheat 

stem ID and wall thickness to reflect typical cross-sectional structural characteristics. 

M1, M2, and M3 represent seeding rates of 360, 450, and 540 kg ha-1, respectively. C0, 

C1, C2, and C3 represent Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-1, 

respectively 
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Fig. 5 Effects of seeding rate and Pro-Ca concentration on tissue composition in wheat 

internode cross-sections 
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Note: Panel A shows an anatomical micrograph of the second internode at the grain-

filling stage in the 2023–2024 wheat growing season. In Panel B, tissue-related traits 

were measured in the second basal internode of the wheat. Different lowercase letters 

indicate significant differences at P < 0.05, and horizontal bars represent the standard 

error of the mean. M1, M2, and M3 represent seeding rates of 360, 450, and 540 kg ha-

1, respectively. C0, C1, C2, and C3 represent Pro-Ca application rates of 0, 600, 1200, 

and 1800 g ha-1, respectively 

Fig. 6 Effects of seeding rate and Pro-Ca concentration on large and small vascular 

bundles in wheat internode cross-sections 

Note: The number of vascular bundles in the figure was measured in the second basal 

internode of wheat, and the morphology of the large and small vascular bundles is 

shown in Fig. 6A. Different lowercase letters indicate significant differences in the 

number of vascular bundles at P < 0.05, and horizontal bars represent the standard 
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error of the mean. M1, M2, and M3 represent seeding rates of 360, 450, and 540 kg 

ha-1, respectively. C0, C1, C2, and C3 represent Pro-Ca application rates of 0, 600, 

1200, and 1800 g ha-1, respectively 

Fig. 7 Effects of seeding rate and Pro-Ca concentration on lignin and cellulose levels 

in wheat internodes 

Note: LC and CC in the figure were determined for the second basal internode of wheat. 

Different lowercase letters indicate significant differences between treatments at P < 

0.05, and bars represent the standard error of the mean. M1, M2, and M3 represent 

seeding rates of 360, 450, and 540 kg ha-1, respectively. C0, C1, C2, and C3 represent 

Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-1, respectively 
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Fig. 8 Effects of seeding rate and Pro-Ca concentration on breaking strength of wheat 

internodes 

Note: Breaking strength shown in the figure was measured at the second basal internode 

of wheat. Different lowercase letters indicate significant differences between treatments 

at P < 0.05, and vertical bars represent the standard error of the mean. M1, M2, and M3 

represent seeding rates of 360, 450, and 540 kg ha-1, respectively. C0, C1, C2, and C3 

represent Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-1, respectively 
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Fig. 9 Effects of seeding rate and Pro-Ca concentration on wheat LRI. 

Note: The LRI shown in the figure was calculated using the second basal internode of 

wheat. Different lowercase letters indicate significant differences between treatments 

at P < 0.05, and vertical bars represent the standard error of the mean. M1, M2, and 

M3 represent seeding rates of 360, 450, and 540 kg ha-1, respectively. C0, C1, C2, and 

C3 represent Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-1, respectively 
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Fig. 10 Effects of seeding rate and Pro-Ca concentration on actual field lodging of 

wheat. 

Note: The field lodging photographs in the figure were taken at anthesis on May 26, 

2024. M1, M2, and M3 represent seeding rates of 360, 450, and 540 kg ha-1, respectively. 

C0, C1, C2, and C3 represent Pro-Ca application rates of 0, 600, 1200, and 1800 g ha-

1, respectively 
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Fig. 11 Heatmap of Mantel and Pearson correlation analyses of wheat yield, lodging-

related parameters, plant morphology, internode anatomical structure, and chemical 

composition traits 

Note: The upper half of the figure shows the Mantel correlation coefficients (thin lines 

indicate correlation coefficients < 0.4, medium lines indicate 0.4–0.6, and thick lines 

indicate ≥ 0.6) and their significance levels (orange indicates P < 0.01, purple indicates 

P = 0.01–0.05, and gray indicates P ≥ 0.05). The lower half shows Pearson correlation 

coefficients, with colors ranging from red to blue representing values from -0.5 to 1.0; 

* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and no * indicates 

P > 0.05. YLD represents yield 
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Fig. 12 PLS-PM of seeding rate, Pro-Ca, plant morphology, internode anatomical 

structure and chemical composition 

Note: Panel A shows the positive and negative effects of the relevant indicators in PLS-

PM. Panel B shows the standardized total effect of these indicators. Blue arrows 

indicate positive effects, red dashed arrows indicate negative effects, and R2 values 

indicate the variance explained by each endogenous variable. * indicates P < 0.05, ** 

indicates P < 0.01, *** indicates P < 0.001, and no * indicates P > 0.05; blue or red 

dashed lines indicate non-significant effects. The bar chart shows the standardized total 

effects, including the direct and indirect contributions 
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