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Abstract: Lodging remains a major constraint to maize (Zea mays L.) productivity 14 

worldwide. Stem diameter (D) and plant height (H) jointly determine stalk mechanical 15 

stability through an allometric relationship rooted in Euler buckling theory, yet how 16 

nitrogen and plant density reshape this allometric basis across commercial hybrids 17 

remains poorly quantified. We analyzed a TerraSentia robot-based phenotyping data 18 

from a nitrogen × density × hybrid field experiment and computed the morphological 19 

lodging resistance index (MLRI = D4/H2) for 370 plant-level observations from six 20 

commercial hybrids across four nitrogen rates (0–336kg N∙ha-1) and three plant density 21 

classes. Linear mixed-effects models with hybrid as random intercept were used to 22 

partition the effects of ln(D), nitrogen, density, and their interactions, with model 23 

comparison by AIC/BIC on a common sample. The best model ( ln (D) × N + density, 24 

marginal R2 = 0.946, conditional R2 = 0.980, LOOCV R2 = 0.923) revealed a dominant 25 

positive effect of stem diameter (β = 3.729, p < 2×10-16) and significant negative 26 

nitrogen main effects (−0.88 to −1.07, all p < 0.001) that were partially reversed by 27 

positive ln (D) × N interactions ( 0.232 to 0.293, all p < 0.01). Plant density showed 28 

contrasting patterns: simple group means declined from 12.4 (low) to 7.6 (high), yet the 29 



partial coefficient was positive (+0.077, p < 2×10-16), indicating two independent 30 

pathways—an indirect one via reduced stem diameter and a direct one via suppressed 31 

plant height. Hybrid identity explained 67% of unexplained variance (ICC = 0.671), 32 

with 13 of 15 pairwise comparisons significant after Tukey adjustment. Three MLRI 33 

formulations (D4/H2, D3/H, D2/H) yielded nearly identical rankings (Spearman ρ≥0.994) 34 

and qualitatively identical coefficients, confirming robustness. The result demonstrate 35 

that nitrogen and plant density shift the allometric balance of morphological lodging 36 

resistance through partially independent pathways, and that D4/H2 provides a rapid, 37 

robot-phenotyping-compatible morphological proxy that may complement mechanical 38 

and field-based lodging assessments. 39 
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1 Introduction 42 

Maize (Zea mays L.) is one of the three most important cereal crops worldwide, 43 

providing food, feed, and industrial raw materials for billions of people. Global maize 44 

production∙has increased steadily over the past decades, largely driven by higher 45 

planting densities and greater nitrogen inputs [1,2].  However, these intensification 46 

practices have also increased the risk of stalk lodging, the permanent displacement of 47 

stems from vertical—which causes an estimated 5–20% annual yield loss worldwide 48 

and up to 60% under extreme weather events [3-5]. Lodging not only reduces 49 

harvestable yield but also interferes with mechanical harvesting, increases grain 50 

moisture at harvest, and reduces grain quality [6,7]. Improving lodging resistance has 51 

therefore become a central objective in maize breeding and agronomic management. 52 

Lodging resistance is a complex trait determined by the interaction of stalk 53 

mechanical strength, stem morphology, root anchorage, and canopy architecture [8,9]. 54 

Among these components, stem morphology plays a particularly important role because 55 

it can be measured non-destructively and at high throughput. Direct mechanical 56 

phenotyping, such as rind penetrometer resistance or three-point bending tests, provides 57 

accurate estimates of stalk strength but is destructive, labor-intensive, and incompatible 58 

with the large populations used in modern breeding programs [10,11]. Morphological 59 



indices offer an attractive alternative, provided they are grounded in a clear physical 60 

model. 61 

Euler's buckling theory provides such a model. For a cylindrical stem of uniform 62 

elastic modulus, the critical buckling load scales as: 63 

 Pcr∝ E×D4

H2                                 (1) 64 

where E is the elastic modulus of stem tissue, D is stem diameter, and H is plant 65 

height. This relationship defines the morphological lodging resistance index (MLRI = 66 

D⁴/H²), which has been applied across cereals including wheat [3], maize [12], and rice 67 

[13]. MLRI captures the fundamental allometric trade-off between radial thickening 68 

and vertical elongation, a trade-off that determines whether a plant invests resources in 69 

mechanical stability or in light capture [14-16]. Because both D and H can be obtained 70 

from the same non-destructive measurements already collected by many high-71 

throughput phenotyping platforms, MLRI is a cost-effective addition to existing 72 

breeding pipelines [17-19]. 73 

The allometric basis of MLRI is not fixed. Both nitrogen and plant density, the 74 

two dominant agronomic drivers of maize canopy architecture, are known to shift the 75 

relationship between stem diameter and plant height, but their effects are complex and 76 

partially opposing [20,21]. Nitrogen typically increases both stem diameter and plant 77 

height, yet the allometric exponent relating them often declines under high nitrogen 78 

availability, producing relatively taller, thinner stems [22,23]. This shift can reduce 79 

mechanical stability per unit stem diameter, even as absolute stem thickness increases. 80 

Plant density has an even more complex effect: increasing density reduces per-plant 81 

stem diameter through inter-plant competition for light, water, and nutrients, but it also 82 

suppresses plant height through shade-avoidance responses and resource limitation 83 

[24,25]. The net effect on MLRI depends on the relative magnitudes of these two 84 

pathways, which may differ across genotypes and environments [26]. 85 

Despite decades of research on nitrogen and plant density individually, three 86 

important gaps remain in our understanding of how they jointly reshape morphological 87 

lodging resistance. First, most studies examine stem diameter and plant height as 88 



independent traits rather than as components of an integrated allometric index [27,28]. 89 

This limits our ability to translate morphological variation into predictions of 90 

mechanical stability, because the two traits interact multiplicatively through the D⁴/H² 91 

relationship. Second, the combined effect of nitrogen and density on the allometric 92 

basis of lodging resistance has rarely been quantified in a mixed-effects framework that 93 

properly separates genotype, environment, and their interaction [23,29]. Without such 94 

a framework, the relative contributions of treatment effects and genetic variation cannot 95 

be disentangled, and hybrid-specific responses may be confounded with block or 96 

replicate effects. Third, previous analyses typically rely on small, single-treatment 97 

designs that cannot simultaneously estimate the independent contributions of nitrogen, 98 

density, and hybrid identity, nor test whether nitrogen effects depend on stem diameter 99 

[30,31]. 100 

Here we address these gaps by asking: how do nitrogen and plant density jointly 101 

reshape the allometric basis of morphological lodging resistance in maize? Using a 102 

publicly available TerraSentia robot-based phenotyping data from a nitrogen × density 103 

× hybrid field experiment, we computed the morphological lodging resistance index 104 

(MLRI = D⁴/H²) and fitted linear mixed-effects models to partition the contributions of 105 

stem diameter, nitrogen, density, and their interactions. Our objectives were threefold: 106 

(i) to quantify the independent and interactive effects of stem diameter, nitrogen, and 107 

plant density on MLRI, with particular attention to whether nitrogen effects depend on 108 

stem diameter; (ii) to partition the variance attributable to hybrid identity and test 109 

pairwise differences among hybrids using estimated marginal means with Tukey 110 

adjustment; and (iii) to assess the robustness of conclusions across three alternative 111 

MLRI formulations (D4/H2, D3/H, D2/H) through multicollinearity diagnostics, residual 112 

analysis, and leave-one-out cross-validation. We hypothesized that (H1) nitrogen 113 

would exert a dual effect on MLRI, negative at fixed stem diameter but positive via 114 

increased stem diameter, producing a net positive effect across the nitrogen gradient; 115 

and (H2) plant density would show contrasting simple and partial effects, reflecting an 116 

indirect negative pathway via reduced stem diameter and a direct positive pathway via 117 

suppressed plant height. We further expected that stem diameter would dominate MLRI, 118 



consistent with the D4 dependence in Euler buckling theory, and that hybrid identity 119 

would explain a substantial portion of residual variance with stable rankings across 120 

nitrogen levels. 121 

2 Material and Methods 122 

2.1 Data source and experimental design 123 

Phenotypic data were obtained from the publicly available Dryad Digital 124 

Repository (DOI: 10.5061/dryad.bnzs7h4f1), corresponding to a nitrogen × density × 125 

hybrid (N×D×H) field experiment conducted at the Windfall research station in Indiana, 126 

USA, during the 2022 growing season. The dataset (Sheet "Figure 2") contains plant-127 

level morphological measurements collected with a TerraSentia robot phenotyping 128 

platform on 29 July 2022, at the late vegetative stage (approximately V12–V14). 129 

Six commercial maize hybrids (P0825AM, P1093Q, P1108Q, P1213YHR, 130 

P1366YHRCC, and P1442YHRCE) were evaluated across a factorial combination of 131 

four nitrogen rates and three target plant densities. Nitrogen was applied as urea 132 

ammonium nitrate at rates of 0, 112, 224, and 336 kg N∙ha⁻¹ (corresponding to the 133 

original dataset values of 0, 100, 200, and 300 lbs N∙acre⁻¹; 1 lb acre⁻¹ ≈ 1.12085 134 

kg∙ha⁻¹). Target plant densities were 44,500, 69,200, and 118,600 plants∙ha⁻¹ 135 

(equivalent to 4.45, 6.92, and 11.86 plants∙m-2, and corresponding to the original dataset 136 

values of 18,000, 28,000, and 48,000 plants∙acre⁻¹). The experiment was arranged with 137 

four replicates; each plot was uniquely identified by Replicate, Plot, and Range within 138 

the field. Detailed agronomic management, soil characteristics, and site description are 139 

available in the original dataset documentation. 140 

Two morphological traits were extracted from the TerraSentia-based 141 

measurements of stem diameter and plant height: stem diameter (D, mm) and plant 142 

height (H, cm), recorded as STD29July and PLTHT29July in the original dataset, 143 

respectively. Additional variables used for modeling were: nitrogen rate (four-level 144 

factor: 0, 112, 224, 336 kg N∙ha⁻¹), observed plant density (plants∙m⁻²), hybrid identity 145 

(six-level factor), and replicate (four-level factor). 146 

2.2 Morphological lodging resistance index (MLRI) and derived variables 147 

The morphological lodging resistance index (MLRI) was defined following Euler 148 



buckling theory. For a cylindrical stem of uniform elastic modulus, the critical buckling 149 

load (Pcr) scales with the fourth power of stem diameter and inversely with the square 150 

of plant height (Eq. 2). 151 

 Pcr∝ E×D4

H2                                 (2) 152 

where Pcr is the critical buckling load (the maximum load a stem can withstand 153 

before buckling), E is the elastic modulus of stem tissue, D is stem diameter, and H is 154 

plant height. Because E cannot be measured non-destructively, the morphological 155 

component of this relationship was retained as the MLRI (Eq. 3). 156 

MLRI= D4

H2                                  (3) 157 

where D is expressed in mm and H in cm. To evaluate the sensitivity of our 158 

conclusions to the specific exponent, two alternative formulations were also compute 159 

MLRID3 H⁄ = D3

H
 and MLRID2 H⁄ = D2

H
. All three formulations were used in the robustness 160 

analysis. 161 

Natural-logarithm transformations (ln, base e) were applied to all MLRI 162 

formulations to stabilize variance and to allow regression coefficients to be interpreted 163 

as approximate proportional changes. Unlike log₁₀ transformations, natural-log 164 

transformations preserve the direct interpretation of coefficients as elasticities. 165 

Two density-related variables were constructed to capture both continuous and 166 

categorical aspects of plant density. Standardized density was obtained by mean-167 

centering observed plant density (plants∙m-2) and scaling to unit standard deviation, 168 

allowing the coefficient to be interpreted per one standard deviation change. A three-169 

level density class variable was also constructed using natural break points in the 170 

observed density distribution: Low (< 7 plants∙m-2), Medium (7–9 plants∙m-2), and High 171 

(> 9 plants∙m-2). This categorical variable was used only for descriptive statistics and 172 

visualization, not for model fitting. 173 

2.3 Linear mixed-effects models 174 

Linear mixed-effects models were fitted using the “lme4” package [32] in R v4.4.1 175 

[33]. The response variable was ln(MLRI) (Eq. 4). Fixed effects were ln(D), nitrogen 176 

rate (as a four-level factor), standardized density, and their interactions. Hybrid identity 177 



was included as a random intercept to account for the repeated measurement of 178 

genotypes across treatments: 179 

ln(MLRIij)=β0+β1× ln(Dij)+β2×Nij+β3×[ln(Dij)×Nij]+β4×Densityij+u0i+εij   (4) 180 

where ln(Dij)  is the natural logarithm of stem diameter for observation j in 181 

hybrid i; Nij  is the nitrogen rate factor with 0 kg N∙ha⁻¹ as the reference level; 182 

ln(Dij)×Nij denotes the statistical interaction between ln(D) and N (following standard 183 

R formula notation; it is not algebraic multiplication); Densityij  is the standardized 184 

density; u0i~N(0, σu
2)  is the random intercept for hybrid i; and εij~N(0, σ2)  is the 185 

residual error. 186 

A second random intercept for replicate was initially considered, but the model 187 

specification was simplified when the replicate variance component was found to be 188 

non-estimable under the boundary constraint. Following standard practice for mixed-189 

effects model selection [34,35], the final model retained only the hybrid random 190 

intercept, as the simpler specification provided equivalent fit with fewer parameters and 191 

no convergence issues. 192 

Six candidate models were fitted to assess the relative contributions of stem 193 

diameter, nitrogen, density, and their interactions (Table 1). Model m0 contained only 194 

the intercept; m1 added ln(D); m2 added nitrogen as a main effect; m3 introduced the 195 

ln(D) × N interaction; m4 further added standardized density; and m5 replaced the ln(D) 196 

× N interaction with ln(D) × density. To ensure comparability of information criteria, 197 

all candidate models were fitted on a common dataset containing observations with 198 

complete records for every predictor. The maximum-likelihood estimator was used for 199 

model comparison via AIC and BIC [36,37]; the restricted maximum-likelihood 200 

estimator was used for final parameter inference and hypothesis testing. 201 

Statistical significance of fixed effects was assessed using Satterthwaite's 202 

approximation for denominator degrees of freedom, implemented in the “lmerTest” 203 

package. Type III sums of squares were used for all ANOVA tables to test the effect of 204 

each term after controlling for all other terms, including interactions. 205 



Table 1. Candidate linear mixed-effects models for ln(MLRI).  206 

Model Fixed-effects structure 

m0 Intercept only 

m1 ln(D) 
m2 ln(D) + N 

m3 ln(D)× N 

m4 ln(D) × N + Density 

m5 ln(D) × Density + N 

Note:All models included a random intercept for hybrid identity. The best-fitting model 207 

was selected by AIC and BIC on a common sample. ln(D) = natural logarithm of stem 208 

diameter (mm); N = nitrogen rate (four-level factor); Density = standardized plant 209 

density.  210 

2.4 Post-hoc comparisons and variance partitioning 211 

Hybrid marginal means and pairwise contrasts were obtained from a fixed-effects 212 

version of the best-fitting model using the “emmeans” package [38], with Tukey 213 

adjustment for multiple comparisons across all hybrid pairs [39]. A fixed-effects 214 

specification was used for post-hoc inference because with a small number of hybrids, 215 

random-effect variance components are estimated imprecisely and bootstrap 216 

confidence intervals become excessively wide. 217 

The intraclass correlation coefficient (ICC) (Eq. 5) was computed to quantify the 218 

proportion of unexplained variance attributable to hybrid identity: 219 

ICC= σu
2

σu
2+σ2                                (5) 220 

where σu
2 is the hybrid random-intercept variance and σ2 is the residual variance 221 

[40]. The ICC can be interpreted as the expected correlation between two observations 222 

drawn from the same hybrid. Pairwise contrasts were adjusted for multiple comparisons 223 

using the false discovery rate [41]. 224 

2.5 Model diagnostics, sensitivity, and validation 225 

Multicollinearity among predictors was assessed using generalized variance 226 

inflation factors (GVIF) computed with the “car” package [42]. For terms with more 227 

than one degree of freedom (e.g., the four-level nitrogen factor), we report the adjusted 228 

statistic GVIFadj

( 1
2df)

, as the diagnostic criterion [43]. A threshold of 1.5 was used to 229 

indicate absence of collinearity; values between 1.5 and 2 were considered moderate, 230 



and values above 2 were considered problematic. 231 

Four residual diagnostic plots were generated from the best-fitting model: 232 

residuals versus fitted values with a LOESS smoother, a normal Q-Q plot of 233 

standardized residuals, a histogram of residuals with normal overlay, and residuals 234 

versus ln(D). Formal tests included the Shapiro-Wilk test for normality [44]and the 235 

Breusch-Pagan test for homoscedasticity [45], implemented in the “lmtest” package. 236 

Three robustness checks were performed to assess whether conclusions depend on 237 

specific analytical choices. The best-fitting model was re-fitted using ln(MLRID3 H⁄ ) and 238 

ln(MLRID2 H⁄ ) as alternative response variables. Coefficients for ln(D), nitrogen, density, 239 

and the ln(D) × N300 interaction were compared across the three formulations. 240 

Spearman rank correlations between the three MLRI formulations were also computed 241 

to confirm that genotype and treatment rankings were preserved. Leave-one-out cross-242 

validation was performed on a fixed-effects version of the best model [46] (Stone, 1974). 243 

For each observation, the model was refitted with that observation held out, and the 244 

prediction error was recorded on the natural-log scale. Three metrics were reported: 245 

root mean squared error, mean absolute error, and the squared Pearson correlation 246 

between observed and predicted values. Cross-validation R2 was compared to the 247 

marginal and conditional R2 of the fitted model to assess overfitting. All candidate 248 

models were fitted on the same set of observations to ensure that AIC and BIC values 249 

were directly comparable. This required excluding any observation with a missing 250 

value for at least one predictor. 251 

A random seed was set before all analyses involving random sampling or bootstrap 252 

procedures. Analysis scripts are available from the corresponding author upon 253 

reasonable request. 254 

3 Results 255 

3.1 Phenotypic variation and model selection 256 

Stem diameter increased monotonically with nitrogen, from 25.8 ± 3.3 mm at 0 kg 257 

N∙ha⁻¹ to 28.6 ± 3.3 mm at 336 kg N∙ha⁻¹, while plant height increased from 235 ± 18.9 258 

cm to 250 ± 15.2 cm (Table 2). The derived MLRI rose from 8.63 ± 3.99 to 11.67 ± 259 

5.43, representing a 35% increase across the nitrogen gradient. Plant height showed a 260 



saturation pattern, with most of the increase occurring between 0 and 224 kg N∙ha⁻¹ 261 

(235 → 249 cm), whereas the 336 kg N∙ha⁻¹ treatment added only 0.6 cm on average. 262 

Among the six candidate models, m1 (ln(D) only) already explained 91.5% of 263 

variance in ln(MLRI), confirming stem diameter as the dominant driver of 264 

morphological lodging resistance. Adding nitrogen (m2) and the ln(D) × N interaction 265 

(m3) improved fit marginally (marginal R² = 0.922 and 0.924, respectively). The largest 266 

improvement came from adding standardized density (m4), which reduced AIC by 267 

232.4 units relative to m3 and raised marginal R² to 0.946 (Table 3). Model m5 268 

performed similarly on fit (AIC = −945.5) but required an additional interaction term; 269 

m4 was therefore selected by parsimony. 270 

The best-fitting model m4 achieved marginal R2= 0.946 and conditional R2= 0.980, 271 

indicating that fixed effects explained 94.6% of variance, with an additional 3.4% 272 

attributable to hybrid random effects. Cross-validation R2= 0.923, RMSE = 0.126, and 273 

MAE = 0.099 on the natural-log scale (Table 4), indicating minimal overfitting. The 274 

joint distribution of stem diameter and plant height is shown in Figure S1. 275 

Table 2 Descriptive statistics of stem diameter (D), plant height (H), and 276 

morphological lodging resistance index (MLRI = D4/H2) across four nitrogen rates 277 

Nitrogen rate 

 (kg N∙ha⁻¹) n 
Stem diameter 

(mm) 

Plant height 

 (cm) 
MLRI (D⁴/H²) 

0 93 25.8 ± 3.3 235.0 ± 18.9 8.63 ± 3.99 

112 93 26.4 ± 3.1 244.4 ± 16.0 8.75 ± 4.22 

224 93 27.0 ± 3.0 249.2 ± 14.1 9.12 ± 3.93 

336 91 28.6 ± 3.3 249.8 ± 15.2 11.67 ± 5.43 

Note: Values are means ± standard deviation. N = number of plant-level observations. 278 

D in mm; H in cm; MLRI in (mm⁴∙cm⁻²). 279 

Table 3 Comparison of six candidate linear mixed-effects models for ln(MLRI) 280 

Model Fixed-effects structure AIC BIC Marginal R² Conditional R² 

m0 Intercept only 453.7 465.4 0 0.072 

m1 ln(D) −662.8 −647.2 0.915 0.955 

m2 ln(D)+ N −713.4 −686.0 0.922 0.962 

m3 ln(D) × N −717.9 −678.8 0.924 0.963 

m4 ln(D) × N + Density −950.3 −907.3 0.946 0.98 

m5 ln(D) × Density + N −945.5 −910.3 0.946 0.98 

Note: All models were fitted on a common sample of n = 370 observations. The best-281 

fitting model (m4) is shown in bold. 282 



Table 4. Leave-one-out cross-validation (LOOCV) performance of the best-fitting 283 

model. 284 

Metric Value 

RMSE (ln scale) 0.126 

MAE (ln scale) 0.099 

R2 0.923 

Note: LOOCV was performed on the fixed-effects version of the best model. RMSE = 285 

root mean squared error; MAE = mean absolute error; R2= squared Pearson correlation 286 

between observed and predicted values. 287 

3.2 Dual effects of nitrogen on the allometric basis 288 

In the best model (Table 5), ln(D) had the strongest positive effect on ln(MLRI) (β 289 

= 3.729, SE = 0.057, p < 2×10-16), consistent with the D4 dependence of Euler buckling. 290 

This coefficient indicates that a 1% increase in stem diameter was associated with 291 

approximately a 3.73% increase in MLRI, demonstrating that radial thickening is the 292 

primary mechanism through which plants achieve morphological lodging resistance. 293 

Nitrogen showed a negative main effect across all levels relative to the 0 kg N∙ha⁻¹ 294 

control: β = −0.930 for 112 kg N∙ha⁻¹, β = −1.069 for 224 kg N∙ha⁻¹, and β = −0.879 for 295 

336 kg N∙ha⁻¹ (all p < 0.001). At a fixed stem diameter, higher nitrogen reduced MLRI 296 

by 0.88–1.07 ln units, equivalent to a 15–22% reduction on the original scale. 297 

However, nitrogen also showed a positive ln(D) × N interaction across all levels: 298 

+0.262, +0.293, and +0.232 for 112, 224, and 336 kg N∙ha⁻¹, respectively (all p < 0.01). 299 

These positive interactions indicate that the negative nitrogen main effect weakened as 300 

stem diameter increased, that is, nitrogen's suppressive effect on MLRI was partially 301 

offset in thicker-stemmed plants. 302 

The combination of negative main effects and positive interactions reveals a dual 303 

mechanism. At a fixed stem diameter, higher nitrogen reduced MLRI, consistent with 304 

nitrogen-driven internode elongation increasing plant height disproportionately. But 305 

nitrogen also increased stem diameter by 2.8 mm on average from 0 to 336 kg N∙ha⁻¹, 306 

and this increase dominated the net effect through the D4 term. The result was a net 307 

positive MLRI increase of 35% across the nitrogen gradient (Table 6, Figure 1).All 308 

main effects and the ln(D) × N interaction as significant: ln D (F₁,₃₅₆ = 11527.2, p < 309 



2.2×10-16), nitrogen rate (F₃,₃₅₆ = 7.66, p < 0.001), density (F₁,₃₅₆ = 321.2, p < 2.2×10-
310 

16), and ln D × N (F₃,₃₅₆ = 6.13, p < 0.001). The relationship between ln(MLRI) and 311 

stem diameter or plant height is shown in Figure S2. 312 

Table 5 Fixed-effect coefficients of the best model (m4) 313 

Term Estimate SE df t value p value 

(Intercept) −10.031 0.188 345.2 −53.35 < 2×10-16 *** 

ln D 3.729 0.057 356 65.62 < 2×10-16 *** 

N 112 −0.930 0.252 356.1 −3.70 0.00025 *** 

N 224 −1.069 0.259 356 −4.13 4.6×10-5 *** 

N 336 −0.879 0.256 356.1 −3.43 0.00067 *** 

Density 0.077 0.004 356.1 17.92 < 2×10-16 *** 

ln D × N 112 0.262 0.077 356.1 3.4 0.00076 *** 

ln D × N 224 0.293 0.079 356 3.7 0.00025 *** 

ln D × N 336 0.232 0.078 356.1 2.99 0.00297 ** 

Note: Estimates are on the natural-log scale. N112, N224, N336 refer to nitrogen rates 314 

of 112, 224, 336 kg N∙ha-1, respectively; the reference level is 0 kg N∙ha-1. df = 315 

Satterthwaite denominator degrees of freedom. Significance codes: *** p < 0.001; ** 316 

p < 0.01; * p < 0.05. 317 

Table 6 Morphological lodging resistance index (MLRI = D4/H2) across four nitrogen 318 

rates. 319 

Nitrogen rate (kg N∙ha⁻¹) n MLRI mean SD SE 

0 93 8.63 3.99 0.414 

112 93 8.75 4.22 0.437 

224 93 9.12 3.93 0.407 

336 91 11.67 5.43 0.569 

Note: Values are means ± SD; SE = standard error. 320 



 321 

Figure 1. Morphological lodging resistance index (MLRI = D⁴/H²) across four 322 

nitrogen rates (0, 112, 224, 336 kg N∙ha⁻¹). Bars represent means; error bars show 1 323 

SE. Sample sizes: n = 93, 93, 93, 91. 324 

3.3 Two-pathway effects of plant density 325 

Plant density showed contrasting patterns across analytical levels. Group means 326 

declined monotonically from Low (12.4 ± 4.9, n = 105) to Medium (10.4 ± 4.2, n = 76) 327 

to High (7.6 ± 3.5, n = 189) (Table 7, Figure 2), representing a 39% reduction from low 328 

to high density. The reduction was not uniform across density classes: the drop from 329 

Low to Medium was 2.0 MLRI units (a 16% decrease), whereas the drop from Medium 330 

to High was 2.8 MLRI units (a 27% decrease), suggesting that density effects on MLRI 331 

intensify at the upper end of the density range.  332 

In contrast, the partial coefficient for standardized density in the best model was 333 

strongly positive (β = +0.077, SE = 0.004, p < 2×10-16). After controlling for stem 334 

diameter and nitrogen, higher density was associated with higher MLRI, a direct effect 335 

opposite in sign to the group mean trend. The effect size is substantial: a one-standard-336 

deviation increase in density (equivalent to approximately 3.1 plants∙m⁻² in this dataset) 337 

was associated with a 7.7% increase in MLRI at a fixed stem diameter. 338 

The apparent paradox resolves into two independent pathways acting on the 339 



allometric basis of lodging resistance: (1) Indirect pathway: high density → reduced 340 

stem diameter → lower MLRI; (2) Direct pathway: high density → suppressed plant 341 

height → higher MLRI. 342 

The partial coefficient captures only the direct pathway, whereas group means 343 

reflect the combination of both. Density and ln(D) were not collinear (GVIFadj

( 1
2df)= 1.283 344 

and 1.351, respectively; Table 8), with all predictors below the 1.5 threshold, supporting 345 

the statistical separability of the two pathways. VIF values are visualized in Figure S3. 346 

Table 7 Morphological lodging resistance index (MLRI = D4/H2) across three plant 347 

density classes. 348 

Density class Range (plants∙m⁻²) n MLRI mean SD SE 

Low < 7 105 12.4 4.92 0.48 

Medium 7–9 76 10.37 4.22 0.484 

High > 9 189 7.6 3.47 0.252 

Note: Values are means ± SD; SE = standard error. Density classes: Low (< 7 plants∙m-
349 

2), Medium (7–9 plants∙m-2), High (> 9 plants∙m-2). 350 

Table 8 Generalized variance inflation factors (VIF) for predictors in the mixed-351 

effects model. 352 

Predictor GVIF df 
GVIFadj

( 1
2df

)
 Status 

ln(D) 1.826 1 1.351 No collinearity 

N rate 1.195 3 1.03 No collinearity 

Density 1.646 1 1.283 No collinearity 

Note: GVIFadj

( 1
2df) accounts for the degrees of freedom of multi-level factors. Values < 353 

1.5 indicate no collinearity. df = degrees of freedom. 354 



 355 

Figure 2. Morphological lodging resistance index (MLRI = D⁴/H²) across three plant 356 

density classes (Low: < 7 plants∙m-2, n = 105; Medium: 7–9 plants∙m-2, n = 76; 357 

High: > 9 plants∙m-2, n = 189). Bars: means; error bars: 1 SE. 358 

3.4 Hybrid-specific allometric strategies 359 

The hybrid random intercept variance was 0.0082 and residual variance 0.0040, 360 

giving an ICC of 0.671 (Table 9). Hybrid identity accounted for 67% of the unexplained 361 

variance in ln(MLRI), a substantially larger proportion than typical genotype-by-362 

environment trials for morphological traits. 363 

Hybrid marginal means ranged from 2.009 (P1442YHRCE) to 2.252 364 

(P1366YHRCC) on the natural-log scale (Table 10), corresponding to a 27% difference 365 

on the original MLRI scale.When expressed as deviations from the grand mean, four of 366 

six hybrids differed significantly from zero: P1366YHRCC (+0.103), P1213YHR 367 

(+0.075), and P1093Q (+0.022) were significantly above the mean, whereas P1108Q 368 

(−0.070) and P1442YHRCE (−0.139) were significantly below; only P0825AM 369 

(+0.009, p = 0.205) did not differ from the mean (Figure 3). Pairwise comparisons 370 

revealed that 13 of 15 hybrid pairs differed significantly (p < 0.001; Table S1). The two 371 

non-significant pairs were P0825AM vs. P1093Q (p = 0.880) and P1213YHR vs. 372 

P1366YHRCC (p = 0.158). Hybrid BLUP values are provided in Table S2, and mean 373 



MLRI values for each hybrid × nitrogen combination are provided in Table S3. Simple 374 

effects of hybrid within each nitrogen level are provided in Table S4. 375 

The heatmap of MLRI across hybrid × nitrogen combinations (Figure 4) showed 376 

that hybrid rankings were largely consistent across nitrogen levels. P1366YHRCC 377 

maintained the highest MLRI at every nitrogen level (10.2–14.7), whereas 378 

P1442YHRCE consistently showed the lowest values (5.9–9.2). The divergence 379 

between these extremes was largest at 336 kg N∙ha⁻¹ (14.7 vs. 9.2, a difference of 5.5 380 

MLRI units), suggesting that high-nitrogen environments were particularly informative 381 

for discriminating allometric strategies among genotypes. Hybrid differences within 382 

each nitrogen level showed no evidence of rank reversals. 383 

Table 9 Variance components and intraclass correlation coefficient (ICC) for hybrid 384 

identity. 385 

Component Variance ICC 

Hybrid (random intercept) 0.0082 — 

Residual 0.004 — 

ICC — 0.671 

Note:ICC= σhybrid
2 (σhybrid

2 +σresidual
2 )⁄ . The ICC represents the proportion of unexplained 386 

variance attributable to hybrid identity. 387 

Table 10 Hybrid marginal means of ln(MLRI) and contrasts against the grand mean. 388 

Hybrid emmean SE 95% CI Deviation p value 

P1366YHRCC 2.252 0.0082 (2.235, 2.268) 0.103 < 0.0001 

P1213YHR 2.224 0.0083 (2.208, 2.240) 0.075 < 0.0001 

P1093Q 2.171 0.0082 (2.154, 2.187) 0.022 0.0039 

P0825AM 2.158 0.0081 (2.142, 2.174) 0.009 0.205 

P1108Q 2.079 0.0082 (2.063, 2.095) −0.070 < 0.0001 

P1442YHRCE 2.009 0.008 (1.993, 2.025) −0.139 < 0.0001 

Note: Marginal means were obtained from a fixed-effects version of the best-fitting 389 

model. Deviation = contrast of each hybrid against the grand mean (FDR-adjusted). 390 

Values are on the natural-log scale. Hybrids are ordered by decreasing marginal mean. 391 

Tukey-adjusted pairwise comparisons are provided in Table S1. 392 



 393 

Figure 3 Hybrid deviations from the grand mean of ln(MLRI) with 95% confidence 394 

intervals. Red: significantly above the grand mean; blue: significantly below; gray: 395 

not significantly different. Estimates are on the natural-log scale. n = 370 observations 396 

across six hybrids. 397 

 398 

Figure 4 Heatmap of MLRI across hybrid × nitrogen combinations. Nitrogen rates on 399 

the x-axis are shown in metric units (0, 112, 224, 336 kg N∙ha-1). Numbers in each cell 400 

indicate mean MLRI. Red: high lodging resistance; blue: low. 401 

3.5 Robustness and model diagnostics 402 

Three MLRI formulations were nearly identical in rank order (Table 11): 403 

Spearman ρ = 0.9942 for D⁴/H² vs. D³/H, ρ = 1.0000 for D⁴/H² vs. D²/H, and ρ = 0.9942 404 



for D³/H vs. D²/H (all p < 2.2×10-16). The near-unity correlation between D⁴/H² and 405 

D²/H reflects the fact that stem diameter dominates MLRI variance in this dataset (r² > 406 

0.91 between ln(D) and ln(MLRI)), so the choice of exponent has only a marginal effect 407 

on treatment and genotype rankings. 408 

Mixed-effects models fitted to each formulation produced qualitatively identical 409 

coefficients (Table 12). The ln(D) × N300 interaction was significant under all three 410 

formulations (+0.232, +0.116, +0.116; all p < 0.01), as was the density effect (+0.077, 411 

+0.038, +0.038; all p < 2×10-16). Marginal R² ranged from 0.939 to 0.974, and 412 

conditional R² from 0.980 to 0.992 (Table S5) . The rank order of hybrid effects was 413 

also preserved: P1366YHRCC remained highest and P1442YHRCE lowest under all 414 

three formulations. These results confirm that the main conclusions of this study are not 415 

artifacts of the specific exponent chosen for MLRI. A visual comparison of coefficients 416 

across formulations is provided in Figure S4, and hybrid BLUP values are shown in 417 

Figure S5.  418 

Residual diagnostics (Table 13, Figure 5) revealed mild non-normality (Shapiro-419 

Wilk W = 0.9858, p = 0.0011) and heteroscedasticity (Breusch-Pagan BP = 45.09, df = 420 

8, p = 3.5×10-7). Residuals showed no systematic patterns across fitted values, ln(D), 421 

or the Q-Q plot. The mild departures from ideal diagnostic assumptions are common in 422 

large field phenotyping datasets with n > 300 and do not invalidate coefficient inference 423 

given the large sample size (n = 370). Cross-validation performance (R² = 0.923, RMSE 424 

= 0.126; Table 4) closely matched the model's marginal R² (0.946), indicating no 425 

substantial overfitting. 426 

Table 11. Spearman rank correlations among three morphological lodging resistance 427 

index formulations. 428 

Pair Spearman ρ p value 

D⁴/H² vs D³/H 0.9942 < 2.2×10-16  

D⁴/H² vs D²/H 1.0000 < 2.2×10-16  

D³/H vs D²/H 0.9942 < 2.2×10-16  

Note: All correlations were computed on 370 observations.  429 

Table 12. Sensitivity analysis of key model coefficients across three MLRI 430 

formulations. 431 



MLRI form Term Estimate SE p value 

D⁴/H² ln D 3.729 0.057 < 2×10-16  

D⁴/H² N 112 −0.930 0.252 0.00025 

D⁴/H² N 336 −0.879 0.256 0.00067 

D⁴/H² Density 0.077 0.004 < 2×10-16  

D⁴/H² ln D × N336 0.232 0.078 0.003 

D³/H ln D 2.864 0.028 < 2×10-16  

D³/H N 112 −0.465 0.126 0.00025 

D³/H N 336 −0.439 0.128 0.00067 

D³/H Density 0.038 0.002 < 2×10-16  

D³/H ln D × N336 0.116 0.039 0.003 

D²/H ln D 1.864 0.028 < 2×10-16  

D²/H N 112 −0.465 0.126 0.00025 

D²/H N 336 −0.439 0.128 0.00067 

D²/H Density 0.038 0.002 < 2×10-16  

D²/H ln D × N336 0.116 0.039 0.003 

Note: Estimates are on the natural-log scale. All models include a random intercept for 432 

hybrid. The reference level for nitrogen is 0 kg N∙ha⁻¹. N112, N224, N336 refer to 433 

nitrogen rates of 112, 224, 336 kg N∙ha-1, respectively. 434 

Table 13 Residual diagnostics for the best-fitting model (m4). 435 

Test Statistic df p value Conclusion 

Shapiro-Wilk (normality) W = 0.9858 — 0.0011 Mild non-normality 

Breusch-Pagan (homoscedasticity) BP = 45.09 8 3.54×10-7 Heteroscedastic 

Note: Shapiro-Wilk tests the null hypothesis that residuals are normally distributed. 436 

Breusch-Pagan tests the null hypothesis of homoscedasticity. With n = 370 and 437 

Satterthwaite approximation, coefficient inference remains robust to these mild 438 

departures. 439 



 440 

Figure 5 Residual diagnostics of the best-fitting mixed-effects model (m4). (A) 441 

Residuals versus fitted values with a LOESS smoother; (B) normal Q-Q plot of 442 

standardized residuals; (C) histogram of residuals with normal density overlay; (D) 443 

residuals versus ln(stem diameter). The model showed mild non-normality (Shapiro-444 

Wilk W = 0.9858, p = 0.0011) and heteroscedasticity (Breusch-Pagan BP = 45.09, df 445 

= 8, p = 3.5×10-7), which are common in large field phenotyping datasets and do not 446 

invalidate coefficient inference given the sample size (n = 370). 447 

4 Discussion 448 

4.1 Nitrogen reshapes the allometric basis through a dual mechanism 449 

Our results reveal that nitrogen reshapes the allometric basis of morphological 450 

lodging resistance through two opposing mechanisms. At a fixed stem diameter, higher 451 

nitrogen reduced MLRI (negative N main effect), consistent with allometric theory 452 

predicting a lower D–H scaling exponent under high resource availability [22, 23, 47]. 453 

Nitrogen-driven internode elongation increases plant height at a faster rate than stem 454 

diameter, so plants become relatively taller for a given diameter, an architectural shift 455 



that reduces mechanical stability. 456 

However, nitrogen also increased stem diameter by an average of 2.8 mm from 0 457 

to 336 kg N∙ha⁻¹, and this increase dominated the net effect through the D⁴ term. The 458 

result was a 35% net increase in MLRI across the nitrogen gradient. This finding 459 

reconciles two seemingly contradictory observations in the literature: that high nitrogen 460 

promotes stem thickness (positive effect on lodging resistance) yet is often associated 461 

with increased lodging incidence in the field (negative effect) [21,23]. The resolution 462 

is that MLRI responds to the allometric balance between D and H, not to either trait 463 

alone. 464 

This has practical implications for breeding and agronomy. Simple 465 

recommendations to "increase nitrogen for stronger stems" are incomplete: high 466 

nitrogen can reduce lodging resistance in plants with already-large stem diameters, 467 

while smaller-diameter varieties may benefit more from nitrogen-driven thickening. 468 

Future work should test whether the observed allometric trade-off can be decoupled 469 

through genetic selection targeting the D–H scaling exponent [31], or through chemical 470 

regulation of allometric trait behavior [48]. 471 

4.2 Density reshapes the allometric basis through two independent pathways 472 

Plant density showed opposite patterns in simple and partial analyses. This is not 473 

a contradiction but the expected consequence of two independent pathways acting on 474 

the allometric basis of lodging resistance. High density reduces stem diameter 475 

(lowering MLRI) and suppresses plant height (raising MLRI). The net effect on simple 476 

means reflects the relative magnitude of both pathways; the partial coefficient isolates 477 

the direct effect of density on MLRI via plant height. 478 

That density remained significant even after controlling for stem diameter and 479 

nitrogen indicates that plant height plasticity is an independent contributor to 480 

morphological lodging resistance. This is consistent with agronomic observations that 481 

dense canopies produce shorter, more compact plants, an architectural response that 482 

partially offsets the mechanical penalty of thinner stems [5,25]. Breeding programs 483 

targeting high-density tolerance should therefore evaluate MLRI under realistic dense-484 

canopy conditions, not under low-density spacing. 485 



The statistical separability of the two density pathways, confirmed by VIF analysis 486 

(all GVIFadj

( 1
2df) < 1.5), supports an interpretation in which density acts as a canopy-level 487 

architectural signal rather than as a simple stressor. This distinction could be 488 

incorporated into canopy-level lodging risk models by treating density as an 489 

architectural modifier rather than a stress factor. This distinction may be useful for 490 

modeling canopy-level lodging risk in dense production systems [20]. 491 

4.3 Hybrid-specific allometric strategies and breeding implications 492 

Hybrid identity explained 67% of the unexplained variance in ln(MLRI), and 13 493 

of 15 pairwise comparisons were significant. The magnitude of these differences (0.243 494 

ln units between P1366YHRCC and P1442YHRCE, equivalent to a 27% difference in 495 

MLRI) is agronomically meaningful and suggests that selection for morphological 496 

lodging resistance is feasible within existing commercial germplasm [26]. 497 

The consistent ranking across nitrogen levels, with P1366YHRCC always highest 498 

and P1442YHRCE always lowest, indicates that genetic differences in the allometric 499 

basis of lodging resistance are stable across environments. This stability makes MLRI 500 

an attractive selection criterion for breeding programs, especially when combined with 501 

robot phenotyping for high-throughput field evaluation [17]. The divergence between 502 

the two extreme hybrids was largest at 336 kg N∙ha⁻¹ (14.7 vs. 9.2), suggesting that 503 

high-nitrogen environments are particularly informative for discriminating allometric 504 

strategies among genotypes. 505 

4.4 Methodological contributions and limitations 506 

This study demonstrates several methodological contributions relevant to 507 

morphological phenotyping. Mixed-effects modeling properly separates genotype from 508 

fixed treatment effects and enables variance partitioning through the ICC [40]. 509 

Common-sample fitting ensures comparability of AIC and BIC across candidate models 510 

[37]. Robustness checks across three MLRI formulations confirm that results are not 511 

driven by the specific exponent. Finally, estimated marginal means with Tukey 512 

adjustment provide reliable hybrid comparisons even with only six genotypes, avoiding 513 

the overly wide bootstrap confidence intervals that arise when random-effect variances 514 



are estimated from a small number of levels [39]. 515 

Several limitations should be acknowledged. First, all data come from a single 516 

site-year, limiting generalization; multi-environment validation is needed before the 517 

specific hybrid rankings can be extended to other production environments. Second, 518 

MLRI = D⁴/H² is theoretically grounded but does not capture stem tissue mechanical 519 

properties such as rind thickness or elastic modulus; mechanical validation on a subset 520 

of genotypes is a necessary next step [10, 11,19]. Third, stem diameter alone does not 521 

guarantee lodging resistance in the field: thick-stemmed plants can still lodge if they 522 

are tall, have thin stem walls, low lignin or cellulose content, poor root anchorage, or 523 

high wind exposure. MLRI is therefore a morphological proxy for lodging resistance 524 

potential, not a direct measure of actual lodging resistance. It should be used to 525 

prioritize genotypes for subsequent mechanical testing, anatomical characterization, 526 

and field-based lodging assessment, rather than as a stand-alone selection criterion. 527 

Fourth, the dataset contains only morphological traits, and future studies should link 528 

MLRI to actual grain yield and lodging incidence under natural or artificial lodging 529 

conditions. Fifth, residual diagnostics showed mild non-normality and 530 

heteroscedasticity, though with n = 370 and the Satterthwaite approximation, 531 

coefficient inference remains robust. 532 

4.5 Implications for high-throughput phenotyping 533 

The strong fit of the model (marginal R2 = 0.946) and the robustness of MLRI 534 

across formulations (Spearman ρ ≥ 0.994) support the use of D4/H2 as a high-throughput 535 

proxy for lodging resistance screening. Unlike mechanical phenotyping, which requires 536 

destructive sampling of individual stalks, MLRI can be computed from the same robot-537 

derived D and H measurements that are already collected in many breeding programs  538 

[17,19]. This makes MLRI a cost-effective addition to existing phenotyping pipelines, 539 

particularly for early-generation selection where destructive sampling is impractical. 540 

5 Conclusion 541 

Lodging remains a major constraint to maize productivity worldwide, and 542 

understanding how agronomic practices reshape the morphological basis of lodging 543 

resistance is essential for both breeding and crop management. This work provides a 544 



quantitative framework for that question by combining robot-phenotyping data with 545 

mixed-effects models. The results indicate that stem diameter remains the dominant 546 

driver of the morphological lodging resistance index (MLRI = D⁴/H²), but nitrogen and 547 

density each act through two opposing pathways. Nitrogen reduces MLRI at a fixed 548 

stem diameter yet increases it indirectly by promoting stem thickening, producing a net 549 

35% gain across the nitrogen gradient. Density reduces stem diameter (lowering MLRI) 550 

but also suppresses plant height (raising MLRI), and these two pathways are statistically 551 

separable. Hybrid identity explains 67% of the residual variance, with stable rankings 552 

across nitrogen levels, indicating that genetic differences in D–H allometry are 553 

consistent and selectable. The index is robust across three formulations and can be 554 

derived from existing TerraSentia-based measurements of stem diameter and plant 555 

height, making it a practical morphological proxy that can be used to prioritize 556 

genotypes for subsequent mechanical and field validation. Because this study is limited 557 

to one site-year and morphological traits, future work should validate MLRI against 558 

mechanical strength and field lodging incidence in multi-environment trials before it is 559 

widely adopted in breeding programs. 560 
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Supplementary Materials 728 

Table S1 Tukey-adjusted pairwise comparisons of hybrid marginal means of 729 

ln(MLRI). 730 

Contrast Estimate SE df t ratio p value 

P1366YHRCC − P1442YHRCE 0.2423 0.0115 356 21.1 < 0.0001 

P1213YHR − P1442YHRCE 0.2147 0.0115 356 18.74 < 0.0001 

P1093Q − P1442YHRCE 0.1614 0.0114 356 14.13 < 0.0001 

P0825AM − P1442YHRCE 0.1488 0.0114 356 13.06 < 0.0001 

P1108Q − P1213YHR −0.1454 0.0115 356 −12.60 < 0.0001 

P0825AM − P1366YHRCC −0.0936 0.0114 356 −8.21 < 0.0001 

P1093Q − P1108Q 0.092 0.0115 356 8.02 < 0.0001 

P1093Q − P1366YHRCC −0.0810 0.0115 356 −7.06 < 0.0001 

P0825AM − P1108Q 0.0794 0.0114 356 6.94 < 0.0001 

P1108Q − P1442YHRCE 0.0693 0.0114 356 6.07 < 0.0001 

P0825AM − P1213YHR −0.0659 0.0115 356 −5.73 < 0.0001 

P1093Q − P1213YHR −0.0533 0.0115 356 −4.62 < 0.0001 

P1213YHR − P1366YHRCC −0.0277 0.0115 356 −2.40 0.1582 

P0825AM − P1093Q −0.0126 0.0114 356 −1.10 0.8797 

Note: Values are on the natural-log scale. Tukey adjustment was applied for all 15 731 

pairwise comparisons. Pairs are ordered by absolute effect size. Positive values indicate 732 

that the first hybrid had higher MLRI than the second. 733 

Table S2 BLUP values of hybrid random intercepts from the mixed-effects model 734 

(m4), compared with estimated marginal mean deviations reported in Table 10. 735 

Hybrid BLUP (random-effects) Deviation (fixed-effects) Difference 

P1366YHRCC 0.1021 0.103 < 0.001 

P1213YHR 0.0747 0.075 < 0.001 

P1093Q 0.0218 0.022 < 0.001 

P0825AM 0.0093 0.009 < 0.001 

P1108Q −0.0695 −0.070 < 0.001 

P1442YHRCE −0.1383 −0.139 < 0.001 

Note: BLUP from the random-effects model (m4) and deviation from the fixed-effects 736 

model differ by less than 0.001 ln units because the hybrid ICC (0.671) indicates 737 

minimal shrinkage. Both estimates are reported for transparency. 738 

Table S3 Mean MLRI across hybrid × nitrogen combinations. 739 

Hybrid 
Nitrogen rate (kg N∙ha⁻¹)  

0 112 224 336 

P0825AM 9.09 (16) 9.47 (15) 8.90 (16) 11.67 (15) 

P1093Q 7.88 (16) 9.14 (16) 8.73 (14) 11.81 (15) 

P1108Q 7.51 (15) 8.59 (16) 8.51 (16) 9.15 (14) 

P1213YHR 8.83 (14) 8.38 (15) 9.93 (16) 13.25 (15) 

P1366YHRCC 10.17 (16) 11.26 (15) 10.80 (15) 14.75 (16) 

P1442YHRCE 8.28 (16) 5.86 (16) 7.90 (16) 9.18 (16) 

Note: Values are means of MLRI = D⁴/H². Numbers in parentheses are the number of 740 



plant-level observations (n) for each hybrid × nitrogen combination. Nitrogen rates are 741 

given in kg N∙ha⁻¹. 742 

Table S4 Simple effects of hybrid (identical across all nitrogen levels). 743 

Contrast Estimate SE df t ratio p value 

P1366YHRCC − P1442YHRCE 0.2424 0.0115 356 21.1 < 0.0001 

P1108Q − P1366YHRCC −0.1730 0.0115 356 −15.06 < 0.0001 

P1213YHR − P1442YHRCE 0.2147 0.0115 356 18.74 < 0.0001 

P1093Q − P1442YHRCE 0.1614 0.0114 356 14.13 < 0.0001 

P0825AM − P1442YHRCE 0.1488 0.0114 356 13.06 < 0.0001 

P1108Q − P1213YHR −0.1454 0.0115 356 −12.60 < 0.0001 

P0825AM − P1366YHRCC −0.0936 0.0114 356 −8.21 < 0.0001 

P1093Q − P1108Q 0.092 0.0115 356 8.02 < 0.0001 

P1093Q − P1366YHRCC −0.0810 0.0115 356 −7.06 < 0.0001 

P0825AM − P1108Q 0.0794 0.0114 356 6.94 < 0.0001 

P1108Q − P1442YHRCE 0.0693 0.0114 356 6.07 < 0.0001 

P0825AM − P1213YHR −0.0659 0.0115 356 −5.73 < 0.0001 

P1093Q − P1213YHR −0.0533 0.0115 356 −4.62 < 0.0001 

P1213YHR − P1366YHRCC −0.0277 0.0115 356 −2.40 0.1582 

P0825AM − P1093Q −0.0126 0.0114 356 −1.10 0.8797 

Note: Values are on the natural-log scale. Tukey adjustment was applied for all 15 744 

pairwise comparisons. Positive estimates indicate that the first hybrid had higher MLRI 745 

than the second. Because the best-fitting model did not include a hybrid × nitrogen 746 

interaction term, comparisons were identical across all four nitrogen levels (0, 112, 224, 747 

336 kg N∙ha⁻¹) and are therefore presented once. 748 

Table S5 Sensitivity analysis: R2 and AIC across MLRI formulations. 749 

MLRI form Marginal R² Conditional R² AIC 

D4/H2 0.939 0.98 −897.4 

D3/H 0.974 0.992 −1397.9 

D2/H 0.939 0.98 −1397.9 

Note: All models included the same fixed-effects structure (ln(D) × N + Density) and a 750 

random intercept for hybrid. AIC = Akaike information criterion. The main conclusions 751 

(significance of ln(D) × N300 interaction and density effect) were preserved across all 752 

three formulations. 753 



 754 

Figure S1 Joint distribution of stem diameter and plant height by nitrogen rate. Each 755 

point represents one plant-level observation (n = 370). Colors denote nitrogen rate (0, 756 

112, 224, 336 kg N∙ha-1). 757 

 758 

Figure S2 Relationship between ln(MLRI) and stem diameter or plant height. (A) 759 

ln(MLRI) versus stem diameter; (B) ln(MLRI) versus plant height. Solid lines 760 

represent linear fits; shaded bands represent 95% confidence intervals. Each point 761 

represents one plant-level observation (n = 370). 762 



 763 

Figure S3 Multicollinearity diagnostics (VIF). Adjusted generalized variance 764 

inflation factors (GVIFadj

( 1
2df)) for the three predictors in the best-fitting mixed-effects 765 

model. The dashed line indicates the moderate collinearity threshold (1.5); the dotted 766 

line indicates the high collinearity threshold (2.0). All predictors fell below 1.5: ln(D) 767 

= 1.35, N rate = 1.03, density = 1.28. 768 

 769 

Figure S4 Sensitivity analysis across three MLRI formulations. (A) Comparison of 770 

key coefficient estimates with 95% confidence intervals across three MLRI 771 

formulations (D4/H2, D3/H, D2/H). (B) Marginal R² for each formulation. The 772 

significance and direction of all key coefficients were preserved across formulations, 773 



confirming the robustness of the main conclusions. 774 

 775 

Figure S5 Hybrid BLUP values for the random intercept of ln(MLRI). Best linear 776 

unbiased prediction (BLUP) values from the mixed-effects model (m4). The dashed 777 

line indicates zero. Hybrids are ordered by decreasing BLUP. Because the hybrid ICC 778 

was 0.671 (minimal shrinkage), BLUP values were nearly identical to the estimated 779 

marginal mean deviations reported in Table 10 of the main text and are therefore 780 

presented here only for completeness. 781 
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