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Abstract 12 

Background: Growth-vigour classes in even-aged plantations are usually distinguished by 13 

attained size, yet size alone does not show whether social differentiation extends to whole-stem 14 

construction and xylem mechanical state. We tested whether breast-height form represents the 15 

stem as a whole, whether axial geometry and released growth strain differ among vigour classes, 16 

and whether axial descriptors add information beyond tree size and local form. 17 

Results: Twenty-four trees representing four growth-vigour classes in an 8-year-old plantation 18 

of Eucalyptus urophylla × Eucalyptus grandis were measured repeatedly along the stem, and 19 

released growth strain was measured in four cardinal directions at breast height. Breast-height 20 

form showed little agreement with the mean state at the other sampled heights (Lin's 21 

concordance correlation coefficients = 0.025-0.114). Cross sections became more regular 22 

upwards, while normalised major- and minor-diameter trajectories differed among vigour 23 

classes. Mean absolute released growth strain decreased from class A to D, whereas its within-24 

tree standard deviation, range and coefficient of variation increased. In hierarchical models, 25 
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adjusted R² for mean absolute strain increased from 0.225 with tree size to 0.585 after breast-26 

height form was added and to 0.890 after axial form was included; leave-one-tree-out Q² 27 

increased from -0.063 to 0.407 and 0.860. Axial form did not improve models of strain 28 

dispersion. In six purposively selected trees, higher strain tended to coincide with lower 29 

microfibril angle, higher cellulose crystallinity and variation in fibre-wall and relative FTIR 30 

traits. 31 

Conclusions: Growth-vigour differentiation was expressed not only in attained size but also in 32 

whole-stem axial organisation and released-strain pattern. Repeated axial measurements captured 33 

biological variation that was poorly represented by a single breast-height section and added 34 

information specifically about mean strain magnitude rather than circumferential heterogeneity. 35 

Keywords: Eucalyptus; growth vigour; whole-stem form; released growth strain; axial variation; 36 

xylem structure 37 

Background 38 

Even-aged plantations progressively differentiate into dominant and suppressed individuals as 39 

competition changes access to light, growing space, water and nutrients. Diameter at breast 40 

height (DBH), total height and height-to-diameter ratio describe attained size, but they do not 41 

reveal how growth has been distributed within the stem. Competition modifies plantation-tree 42 

allometry [6], growing space affects crown geometry [28], and past growth can leave a structural 43 

legacy in current development [24]. Growth vigour integrates crown position, crown exposure, 44 

relative height and dominance status and is therefore relevant to silvicultural assessment [10]. 45 

The central biological question is whether this social differentiation is expressed only in final 46 

size or also in the spatial construction and mechanical state of the stem. 47 
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Stem form records the cumulative outcome of radial growth, crown architecture, wind 48 

exposure, gravitational loading and developmental history [22]. Taper descriptors show how 49 

diameter is distributed along the bole [19], while information from log end faces and taper can 50 

reveal longitudinal departures in harvested stems [25]. A breast-height cross section characterises 51 

only one local position. Repeated cross sections additionally show how diameter attenuation, 52 

cross-sectional regularity and measured diameter orientations change from the stem base towards 53 

the crown. If growth-vigour classes differ in whole-stem allocation, those differences should be 54 

expressed more clearly in axial trajectories than in a single breast-height section. 55 

Released growth strain provides a functional measure of the mechanical state generated 56 

during xylem maturation. Maturation stresses contribute to posture regulation and reaction-wood 57 

function [1], and their release after harvest is associated with splitting and distortion [15, 29]. In 58 

Eucalyptus plantations, released strain varies among provenances and developmental stages [3, 59 

31]. Water availability [23] and tree-level growth conditions [18] provide further sources of 60 

variation. Mean absolute strain and circumferential dispersion need not respond in parallel: the 61 

former describes average released-strain magnitude, whereas the latter describes how unevenly 62 

that state is expressed around a tree. Growth-vigour differentiation may therefore involve both 63 

the level and the spatial heterogeneity of released strain. 64 

The maturing xylem provides a possible structural context for these mechanical differences. 65 

Microfibril angle influences longitudinal cell-wall organisation and mechanical behaviour [4, 9], 66 

while cellulose crystallinity and fibre morphology describe additional dimensions of wood 67 

structure [2]. Reaction-wood anatomy and wall organisation vary among taxa and mechanical 68 

settings [14, 16], and cellulose microfibril orientation is regulated in a context-dependent manner 69 

during reaction-wood formation [30]. In the present study, these traits were available for only six 70 
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purposively selected trees. They were therefore examined as exploratory structural covariates, 71 

not as a population-level test of mechanism. 72 

We studied 24 trees representing four growth-vigour classes in an 8-year-old plantation of 73 

Eucalyptus urophylla × Eucalyptus grandis. Three hypotheses were tested. H1: growth-vigour 74 

classes would overlap in local breast-height form but differ in size-corrected axial diameter 75 

trajectories. H2: mean absolute released growth strain would decline from dominant to 76 

suppressed trees, whereas circumferential heterogeneity would increase. H3: axial form would 77 

add information about mean absolute released growth strain beyond tree size and breast-height 78 

form. We first evaluated how well breast-height traits represented the mean state of the 79 

remaining sampled stem, then quantified axial geometry and released-strain patterns and finally 80 

tested their tree-level coordination. The six-tree xylem subset was retained as exploratory 81 

structural context. 82 

Methods 83 

Study site and sampling design 84 

The study was conducted in a pure Eucalyptus plantation in the Guigang Afforestation 85 

Division of Liangfengjiang Forest Farm, Guangxi Zhuang Autonomous Region, China. The site 86 

has a subtropical humid monsoon climate, with a mean annual temperature of 18-22 °C, mean 87 

annual precipitation of approximately 1200 mm, an elevation of 70-100 m and gentle slopes of 3-88 

5%. The soil was locally classified as lateritic red soil. Liangfengjiang Forest Farm is a state-89 

owned forest farm directly administered by the Forestry Administration of Guangxi Zhuang 90 

Autonomous Region. Permission to conduct the study and collect plant material was granted by 91 

Liangfengjiang Forest Farm, which manages the study site. Sampling was conducted in 92 

accordance with relevant institutional and national guidelines and regulations. 93 
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The plantation was established in June 2017 and sampled in mid-July 2025. The 8-year-old 94 

Eucalyptus urophylla × Eucalyptus grandis DH32-26 trees were planted at 2 m × 3 m, 95 

corresponding to approximately 1667 trees ha⁻¹. Two 20 m × 20 m plots were established. All 96 

trees with DBH > 5 cm were measured for DBH, total height and height-to-diameter ratio (H/D, 97 

m cm⁻¹; Table 1). 98 

The planted material was the cultivated, clonally propagated hybrid DH32-26 (Eucalyptus 99 

urophylla U16 [female] × E. grandis G46 [male]), bred by Guangxi Dongmen State-owned 100 

Forest Farm and registered as improved forest-tree clone Gui S-SC-EUG-001-2004. Clone 101 

identity was verified from the plantation establishment records held by Liangfengjiang Forest 102 

Farm rather than inferred from a wild-collected specimen. DH32-26 is registered commercial 103 

planting material, and no wild plants were collected or described in this study; therefore, the 104 

requirement for a wild-plant voucher specimen was not applicable. 105 

Table 1. Stand characteristics of the experimental plantation. 106 

Plot Mean 

DBH (cm) 
Mean 

height (m) 
H/D (m 

cm⁻¹) 
Canopy 

closure 
Elevation 

(m) Slope (°) Soil type n 

1 18.17 ± 

2.92 
22.86 ± 

2.37 1.28 ± 0.16 0.9 80 3 Lateritic 

red soil 79 

2 17.27 ± 

2.70 
23.68 ± 

2.37 1.39 ± 0.14 0.8 84 5 Lateritic 

red soil 65 

Values are means ± standard deviations; n is the number of trees with DBH > 5 cm. 107 

Following Kraft classification, trees were assigned to four growth-vigour classes from crown 108 

position, crown exposure, relative height and dominance status: A, dominant; B, subdominant; 109 

C, intermediate; and D, suppressed. Class assignment was made consistently by the same 110 

observer from field crown status and relative tree position; the operational field rubric is 111 

provided in Additional file 1. Six trees were sampled per class, with three trees from each plot. 112 

Six trees were purposively selected to span classes A-D and the observed released-strain range 113 

for exploratory xylem analyses. 114 
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Surface-released growth strain 115 

Surface-released growth strain (GS) was measured at breast height (1.3 m) in the east, south, 116 

west and north directions of each tree. Bark, phloem and cambium were removed to expose a 117 

fresh xylem surface. A BE120-10AA-P150 resistance strain gauge was bonded parallel to the 118 

grain and connected to a YJW-8 static strain indicator. After zeroing, grooves approximately 5 119 

mm deep were cut above and below the gauge, and the stable released-strain value was recorded 120 

[32]. 121 

Raw values retained their signs. Reported magnitudes and coefficients of variation used 122 

absolute values because the objective was to compare released-strain magnitude and 123 

circumferential heterogeneity rather than tensile or compressive sign. A signed-strain sensitivity 124 

analysis was also conducted to verify that this transformation did not alter the growth-vigour 125 

pattern. 126 

Mean absolute GS = (1/4) Σd |GSd|    (Eq. 1) 127 

CVGS (%) = SD(|GSd|) / Mean absolute GS × 100    (Eq. 2) 128 

where d represents the four cardinal directions. 129 

Disc sampling and axial stem-form descriptors 130 

Discs 2-5 cm thick were cut at 1 m intervals from 0.3 m above ground until the remaining top 131 

section was shorter than 3 m. The cylindrical coordinate system used for stem-form 132 

measurements is shown in Fig. S2. North was defined as 0°, east as 90°, south as 180° and west 133 

as 270°. For each disc, the longest and shortest measured cross-sectional diameters and their 134 

azimuths were recorded. These were operational measurements of major and minor diameters; 135 

no ellipse fitting, inertia-moment calculation or eigenvector decomposition was applied. 136 

Cross-sectional diameter ratio (%) = Dmin / Dmax × 100    (Eq. 3) 137 
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Radial symmetry ratio (%) = Rshort / Rlong × 100    (Eq. 4) 138 

Radial-growth CV (%) = SD(RGm) / Mean(RGm) × 100    (Eq. 5) 139 

Here, Dmin and Dmax are the minor and major diameters, Rshort and Rlong are the shorter 140 

and longer radii on the major-diameter axis, and RGm is radial growth in direction m. 141 

Major- and minor-diameter azimuths were treated as axial data with 180° periodicity. Their 142 

acute included angle was calculated as: 143 

δ = |αmax − αmin| mod 180°; θ = min(δ, 180° − δ)    (Eq. 6) 144 

Thus, θ ranged from 0° to 90° and described the angular relationship between the measured 145 

diameter orientations. Diameter-axis reorientation at height h was calculated relative to the 0.3-m 146 

reference disc using the shortest 180°-periodic angular difference: 147 

Δαh = 0.5 atan2[sin 2(αh − α0.3), cos 2(αh − α0.3)]    (Eq. 7) 148 

Positive and negative values indicate opposite directions of reorientation relative to the 149 

reference disc. The measure does not assume continuous clockwise or counter-clockwise 150 

twisting. Relative height was calculated as disc height divided by the analysis tree height. 151 

Maximum major- and minor-diameter reorientation and the across-height range of the acute 152 

included angle were summarised at tree level. 153 

To evaluate how well a single breast-height measurement represented the remainder of the 154 

stem, the value at 1.3 m was compared with the mean of all other sampled heights within the 155 

same tree. This comparison was made for cross-sectional diameter ratio, radial symmetry ratio, 156 

radial-growth CV and acute included angle. 157 

Xylem structural measurements 158 

The six-tree subset was purposively selected to span growth-vigour classes A-D and the 159 

observed released-strain range and included two class-A trees, one class-B tree, one class-C tree 160 
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and two class-D trees with complete directional strain and xylem data. East, south, west and 161 

north samples corresponded to the strain measurement positions. Measurements included 162 

microfibril angle (MFA), cellulose crystallinity index (CrI), fibre dimensions, double wall 163 

thickness, lumen diameter, wall-lumen ratio and relative FTIR peak-height ratios. 164 

MFA and CrI were determined by X-ray diffraction. MFA was estimated with the 0.6T 165 

approach [26] from βT scans between 50° and 150° at a 0.50° step and 10° min⁻¹. CrI profiles 166 

were collected over 5-40° 2θ with a 0.020° step and 0.2-s count time at 40 kV and 100 mA. CrI 167 

was calculated by the Segal method [20, 27]. 168 

CrI (%) = [(I002 − Iam) / I002] × 100    (Eq. 8) 169 

FTIR spectra were collected by the KBr-pellet method over 4000-400 cm⁻¹ with 64 scans and 170 

4 cm⁻¹ resolution. Each tree-direction sample was measured once. Baseline-corrected, 171 

normalised peak-height ratios were interpreted as relative spectral indicators rather than chemical 172 

concentrations. Fibre length and width were measured for at least 5000 fibres per tree-direction 173 

sample. Double wall thickness and lumen diameter were based on 30 measurements per sample. 174 

Statistical analysis 175 

Tree identity was the biological replicate. Measurements across heights and directions were 176 

treated as repeated observations within trees rather than as independent biological replicates. 177 

Unless stated otherwise, values are reported as mean ± standard deviation, and P < 0.05 was used 178 

as the nominal significance level. 179 

Tree-level class comparisons were analysed with linear models containing growth-vigour 180 

class and plot as fixed effects. Model residual normality and variance homogeneity were 181 

assessed using Shapiro-Wilk and Levene tests, respectively. Type II F tests were used for overall 182 

class effects, followed by Tukey HSD comparisons when applicable. Direction-level absolute 183 
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released growth strain was analysed with a linear mixed-effects model containing direction, 184 

growth-vigour class, plot and the direction-by-class interaction as fixed effects and a random 185 

intercept for tree. Fixed effects were evaluated by likelihood-ratio tests under maximum 186 

likelihood. A GEE analysis with tree as the clustering unit was retained as a sensitivity analysis 187 

in Additional file 1. 188 

The representativeness of breast-height form was evaluated at the tree level by comparing 189 

each 1.3-m value with the mean of the remaining sampled heights. Spearman's rank correlation 190 

quantified consistency in tree ranking, whereas Lin's concordance correlation coefficient 191 

quantified absolute agreement. Mean signed bias, mean absolute error and the mean within-tree 192 

absolute deviation from the breast-height value were also calculated. Spearman P values for the 193 

four traits were adjusted by the Benjamini-Hochberg false-discovery-rate procedure. 194 

Axial trajectories were analysed with linear mixed-effects models containing plot, growth-195 

vigour class, relative height, relative height squared, and the interactions of class with both 196 

height terms as fixed effects. Tree-specific random intercepts and relative-height slopes 197 

accounted for repeated discs and individual trajectory differences. Fixed effects were evaluated 198 

by likelihood-ratio tests under maximum likelihood, and Benjamini-Hochberg false-discovery-199 

rate correction was applied across the five response traits for each tested effect. For visualisation, 200 

fitted curves were restricted to the observed relative-height range of each growth-vigour class. 201 

Hierarchical tree-level models tested whether axial form added information about released 202 

growth strain beyond tree size and breast-height form. The size block contained plot, DBH and 203 

H/D. The breast-height block contained the first two principal-component scores from diameter 204 

ratio, radial symmetry ratio, radial-growth CV and acute included angle. The axial block 205 

contained the first two principal-component scores from the axial slopes of diameter ratio, radial 206 
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symmetry ratio and radial-growth CV, the relative mean-diameter attenuation rate, maximum 207 

major-diameter reorientation and the across-height range of the acute included angle. Principal-208 

component loadings and explained variance are reported in Additional file 1. 209 

The increments associated with the breast-height and axial blocks were additionally tested 210 

using 9,999 Freedman-Lane residual permutations restricted within plot. Out-of-sample 211 

performance was assessed by leave-one-tree-out cross-validation; standardisation, principal-212 

component analysis and model fitting were repeated within each training fold. Predictive 213 

performance was summarised by root mean squared error (RMSE) and Q². Bootstrap 95% 214 

confidence intervals for RMSE and Q² were obtained by resampling the 24 held-out observation-215 

prediction pairs 10,000 times. 216 

Single-trait sensitivity analyses paired each breast-height descriptor with its corresponding 217 

axial descriptor. These models included plot and growth-vigour class before the breast-height 218 

and axial terms were entered sequentially. Standardised regression coefficients and 95% 219 

confidence intervals were reported for axial descriptors. Benjamini-Hochberg false-discovery-220 

rate correction was applied across the six single-trait tests. 221 

Primary analyses were conducted in Python 3.12.14 using NumPy 2.5.1, pandas 3.0.3, SciPy 222 

1.18.0 and statsmodels 0.14.6. IBM SPSS Statistics 26.0 was retained for the previously 223 

established tree-level and GEE analyses. Figures were prepared using Origin 2021 and 224 

Matplotlib 3.11.0. 225 

Use of generative AI-assisted technologies 226 

During manuscript preparation, the authors used OpenAI Codex for English-language 227 

refinement, document organisation, and assistance in checking statistical reporting and figure 228 

formatting. The authors verified all text, numerical results and figures against the original data 229 
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and take full responsibility for the manuscript. No generative AI was used to create or alter 230 

experimental data or microscopy images. 231 

Results 232 

The sampling gradient captured differentiation in attained tree size 233 

The 24 sampled trees formed the intended growth-vigour gradient, with six trees per class and 234 

equal representation of all classes in both plots. Mean DBH decreased from 21.25 ± 0.68 cm in 235 

class A to 14.08 ± 0.77 cm in class D; mean total height declined from 24.18 ± 0.50 to 19.20 ± 236 

1.07 m, while H/D increased (Fig. 1). These contrasts confirmed the Kraft-based sampling 237 

gradient used to test the hypotheses; they were not treated as an independent biological result. 238 

 239 
Fig. 1 Tree-size differentiation among growth-vigour classes. Panels show (a) diameter at breast height (DBH), (b) 240 

total height and (c) height-to-diameter ratio (H/D). Coloured symbols represent individual trees; open circles and 241 

error bars show class means ± standard error. The analysis included 24 trees (n = 6 per class). Overall class effects 242 

are shown in each panel; Tukey HSD pairwise results are provided in Additional file 1. These contrasts confirm the 243 

intended Kraft-based sampling gradient 244 

Breast-height form did not represent the mean axial state 245 

At breast height, cross-sectional diameter ratio, radial symmetry ratio, radial-growth CV and 246 

the acute included angle between the measured major- and minor-diameter orientations 247 
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overlapped broadly among growth-vigour classes (Fig. S1). Their breast-height values also 248 

showed only weak correspondence with the respective means from the remaining sampled 249 

heights (Fig. 2; Table 2). 250 

Absolute agreement was low for all four traits, with Lin's concordance correlation 251 

coefficients of 0.025-0.114. Compared with the means at other heights, breast-height values were 252 

lower by 4.77 percentage points for diameter ratio, 5.51 percentage points for radial symmetry 253 

ratio and 10.47° for included angle, but higher by 2.82 percentage points for radial-growth CV 254 

(Table 2). Thus, a breast-height section retained limited ranking information for radial-growth 255 

CV and included angle but did not reproduce the average geometric state along the sampled 256 

stem. 257 

Table 2. Agreement between breast-height form and the mean of the remaining sampled heights. 258 

Trait n Spearman ρ FDR P Lin CCC Bias (BH-

other) MAE 
Mean 

within-tree 

deviation 
Cross-

sectional 

diameter 

ratio 

24 0.251 0.315 0.025 -4.77 4.77 4.64 

Radial 

symmetry 

ratio 
24 0.199 0.351 0.033 -5.51 5.51 5.49 

Radial-

growth CV 24 0.500 0.026 0.028 2.82 2.82 2.79 

Acute 

included 

angle 
24 0.503 0.026 0.114 -10.47 10.47 10.99 
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 259 
Fig. 2 Representativeness of breast-height form for the remainder of the stem. Breast-height values are compared 260 

with the mean across all other sampled heights for (a) cross-sectional diameter ratio, (b) radial symmetry ratio, (c) 261 

radial-growth CV and (d) acute included angle between the measured major- and minor-diameter orientations. Each 262 

point represents one tree (n = 24); colours and shapes indicate growth-vigour classes. The grey dashed line is the 1:1 263 

line. Spearman's ρ describes rank consistency and Lin's concordance correlation coefficient (CCC) describes 264 

absolute agreement 265 

Growth-vigour classes diverged in axial diameter trajectories 266 

Stem geometry changed systematically with relative height. Cross-sectional diameter ratio 267 

and radial symmetry ratio generally increased upwards, while radial-growth CV decreased; 268 
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major and minor diameters declined over the same interval (Fig. 3). Relative-height effects were 269 

detected for all five variables (all P < 0.001; Table 3). 270 

Once major and minor diameters were expressed relative to their tree-specific breast-height 271 

values, their trajectories differed among growth-vigour classes. Class-by-height effects were 272 

retained for relative major diameter (likelihood-ratio χ²(6) = 30.24, FDR P < 0.001) and relative 273 

minor diameter (χ²(6) = 29.83, FDR P < 0.001). By contrast, no FDR-significant interaction was 274 

detected for diameter ratio (FDR P = 0.136), radial symmetry ratio (FDR P = 0.063) or radial-275 

growth CV (FDR P = 0.218; Table 3). The first hypothesis was therefore supported for 276 

normalised diameter trajectories, whereas upward cross-sectional regularisation was broadly 277 

shared among classes. 278 

Table 3. Mixed-effects tests of size-adjusted axial stem-form trajectories. 279 

Response Height LRT χ²(2), FDR P Class LRT χ²(3), FDR P Class × height LRT χ²(6), 
FDR P 

Major diameter relative to 

breast height 176.37, < 0.001 3.63, 0.507 30.24, < 0.001 

Minor diameter relative to 

breast height 180.94, < 0.001 8.46, 0.116 29.83, < 0.001 

Cross-sectional diameter ratio 118.72, < 0.001 1.06, 0.894 10.40, 0.136 
Radial symmetry ratio 124.72, < 0.001 0.61, 0.894 13.33, 0.063 

Radial-growth CV 83.13, < 0.001 7.99, 0.116 8.28, 0.218 

Tree-specific random intercepts and relative-height slopes accounted for repeated disc 280 

measurements. P values were adjusted within each effect family using the Benjamini-Hochberg 281 

false-discovery-rate procedure. 282 
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 283 
Fig. 3 Axial trajectories of stem geometry along relative height. Panels show (a) cross-sectional diameter ratio, (b) 284 

radial symmetry ratio, (c) radial-growth CV, (d) major diameter relative to its breast-height value and (e) minor 285 

diameter relative to its breast-height value. Light symbols show repeated disc observations from 24 trees (n = 6 per 286 

class); class-specific symbols, line styles and fitted quadratic curves distinguish growth-vigour classes. Each curve is 287 

restricted to the observed relative-height range of its class. Mixed-model tests are reported in Table 3 288 

Diameter orientations were reorganised independently along height 289 

Major- and minor-diameter azimuths changed with height relative to the 0.3-m reference disc 290 

(Fig. 4). Across trees, maximum major-diameter reorientation ranged from 17° to 82° (median 291 

46°), and maximum minor-diameter reorientation ranged from 33° to 87° (median 57.5°). The 292 

acute included angle generally increased towards 90° at greater relative heights. Signed 293 

reorientation differed among trees and showed no common clockwise or counter-clockwise 294 

sequence. 295 
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 296 
Fig. 4 Diameter-axis reorientation along relative height. Panels show (a) major-diameter reorientation, (b) minor-297 

diameter reorientation and (c) the acute included angle between the measured diameter orientations. Light symbols 298 

show repeated disc observations from 24 trees (n = 6 per class). Class-specific symbols and line styles distinguish 299 

growth-vigour classes; descriptive segments connect class-wise binned means and are not inferential fits. 300 

Reorientation was calculated relative to the 0.3-m reference disc using the shortest 180°-periodic angular difference 301 

Released-strain magnitude and circumferential heterogeneity diverged across vigour 302 

classes 303 

Mean absolute released growth strain declined from 854.2 ± 105.4 µε in class A to 681.5 ± 304 

111.1 µε in class D (F(3, 19) = 3.49, P = 0.036, partial η² = 0.355; Fig. 5a; Table 4). 305 

Circumferential heterogeneity changed in the opposite direction: within-tree SD increased from 306 

139.5 ± 16.5 to 192.9 ± 44.8 µε, the range increased from 301.3 ± 36.6 to 428.3 ± 100.7 µε, and 307 

CV increased from 16.5 ± 2.5% to 28.1 ± 2.8% (Fig. 5b-d). Class effects were detected for SD 308 

(F(3, 19) = 3.34, P = 0.041, partial η² = 0.345), range (F(3, 19) = 4.41, P = 0.016, partial η² = 309 

0.411) and CV (F(3, 19) = 10.08, P < 0.001, partial η² = 0.614), supporting the predicted 310 

divergence between mean magnitude and circumferential heterogeneity. 311 

Direction-level absolute released growth strain differed among cardinal directions (mixed-312 

model likelihood-ratio χ²(3) = 69.57, P < 0.001) and growth-vigour classes (χ²(3) = 10.53, P = 313 



17 

0.015). The direction-by-class interaction was not significant (χ²(9) = 7.34, P = 0.601), indicating 314 

a similar broad directional pattern across classes (Fig. 5e). The GEE sensitivity analysis gave the 315 

same qualitative inference (Additional file 1). All 96 raw direction-level values were negative; 316 

hence, each tree's signed mean was the exact negative of its mean absolute released growth 317 

strain, and the class-model R² was unchanged (0.361 in both parameterisations). 318 

Table 4. Tree-level growth-vigour class effects on released growth-strain traits. 319 

Response F(3,19) P Partial η² 
Mean absolute released 

growth strain 3.49 0.036 0.355 

Within-tree SD 3.34 0.041 0.345 
Within-tree range 4.41 0.016 0.411 

Strain CV 10.08 <0.001 0.614 



18 

 320 
Fig. 5 Released growth-strain magnitude and circumferential heterogeneity among growth-vigour classes. Panels 321 

show (a) mean absolute released growth strain, (b) within-tree standard deviation (SD), (c) within-tree range, (d) 322 

strain coefficient of variation (CV) and (e) direction-level absolute released growth strain. In panels a-d, class-323 

specific symbols represent 24 individual trees (n = 6 per class), and open circles with error bars show means ± 324 

standard error; overall class effects are reported in Table 4. In panel e, light points show four direction-level 325 

observations within each tree, and class-specific symbols, line styles and error bars show means ± standard error. 326 

Mixed-model direction, class and interaction tests are reported in the text and Additional file 1 327 

Axial form added information about mean released strain 328 

Hierarchical models assessed whether axial descriptors added information about released 329 

growth strain beyond tree size and breast-height form (Fig. 6; Table 5). The first two breast-330 

height PCs explained 68.4% of variance in that block, and the first two axial PCs explained 331 
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74.4%; their loadings are reported in Additional file 1. For mean absolute released growth strain, 332 

adjusted R² increased from 0.225 for the size model to 0.585 after adding breast-height form and 333 

to 0.890 after adding axial form. The axial increment was supported by restricted permutation (P 334 

< 0.001). Leave-one-tree-out Q² increased from -0.063 to 0.407 and 0.860 across the same 335 

sequence. The full model had an RMSE of 42.17 µε (bootstrap 95% CI 26.43-56.57) and Q² of 336 

0.860 (95% CI 0.721-0.942). 337 

Axial form did not yield comparable gains for circumferential dispersion. For within-tree 338 

strain SD, the full model had an adjusted R² of 0.111, the axial block was not significant 339 

(permutation P = 0.621), and leave-one-tree-out Q² was -0.328. For strain CV, adjusted R² 340 

changed from 0.537 after breast-height form was included to 0.528 after axial form was added 341 

(permutation P = 0.362); Q² changed from 0.359 to 0.350. The incremental information in axial 342 

form was therefore specific to mean absolute released growth strain rather than SD or CV. 343 

Single-trait sensitivity analyses indicated which axial descriptors contributed to that 344 

increment. After the corresponding breast-height trait, growth-vigour class and plot were 345 

accounted for, mean absolute released growth strain was negatively associated with the axial 346 

slopes of cross-sectional diameter ratio and radial symmetry ratio and positively associated with 347 

the axial slope of radial-growth CV and maximum major-diameter reorientation (Fig. 6c; Table 348 

5B). The 95% confidence intervals for these four coefficients excluded zero, whereas those for 349 

relative mean-diameter attenuation and included-angle range did not. 350 

Table 5. Hierarchical released-growth-strain models and single-trait axial sensitivity analyses. 351 

(A) 352 

Outcome Model Adjusted R² AICc Incremental F, 

P Permutation P LOOCV Q² 

Mean absolute 

released growth 

strain 
Size 0.225 67.74 - - -0.063 
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Outcome Model Adjusted R² AICc Incremental F, 

P Permutation P LOOCV Q² 

Mean absolute 

released growth 

strain 

Size + BH 

form 0.585 57.05 9.68, 0.001 <0.001 0.407 

Mean absolute 

released growth 

strain 

Size + BH + 

axial form 0.890 30.99 25.99, <0.001 <0.001 0.860 

Within-tree 

strain SD Size 0.241 67.23 - - -0.107 

Within-tree 

strain SD 
Size + BH 

form 0.174 73.56 0.19, 0.828 0.816 -0.243 

Within-tree 

strain SD 
Size + BH + 

axial form 0.111 81.14 0.37, 0.697 0.621 -0.328 

Strain CV Size 0.522 56.10 - - 0.415 

Strain CV Size + BH 

form 0.537 59.66 1.32, 0.293 0.272 0.359 

Strain CV Size + BH + 

axial form 0.528 65.96 0.82, 0.456 0.362 0.350 

(B) 353 

Axial descriptor Standardised β 95% CI Incremental adjusted 

R² 
FDR P 

Cross-sectional 

diameter-ratio slope 
-0.891 -1.088 to -0.695 0.548 <0.001 

Radial-symmetry-ratio 

slope 
-0.646 -0.890 to -0.402 0.357 <0.001 

Radial-growth-CV 

slope 
0.935 0.560 to 1.310 0.292 <0.001 

Included-angle range 0.400 -0.203 to 1.002 0.029 0.216 
Maximum major-

diameter reorientation 
0.553 0.232 to 0.873 0.297 0.003 

Relative mean-

diameter attenuation 
0.133 -0.312 to 0.578 -0.027 0.537 
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 354 
Fig. 6 Incremental information from breast-height and axial stem form in 24 trees. Panels show (a) adjusted R² and 355 

(b) leave-one-tree-out Q² for models containing tree size, tree size plus breast-height form, and the preceding blocks 356 

plus axial form; (c) standardised coefficients with 95% confidence intervals for axial descriptors from the single-trait 357 

sensitivity models. Positive Q² indicates out-of-sample predictive skill. The axial block significantly improved the 358 

model for mean absolute released growth strain (restricted permutation P < 0.001) 359 

Exploratory xylem traits covaried with the released-strain gradient 360 

The purposively selected six-tree xylem subset spanned growth-vigour classes A-D and the 361 

observed range of mean absolute released growth strain. Across these trees, higher strain tended 362 

to coincide with lower MFA and higher CrI (Fig. 7). Fibre-wall traits and several relative FTIR 363 

peak-height ratios also varied along the strain gradient. These patterns are descriptive and do not 364 

estimate population-level association strength. 365 
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 366 
Fig. 7 Exploratory xylem variation along the mean absolute released growth-strain gradient in six purposively 367 

selected trees. Panels show the relationships of mean absolute released growth strain with (a) cellulose crystallinity 368 

index (CrI), (b) microfibril angle (MFA) and (c) standardised fibre-wall traits; (d) z-scores of relative FTIR peak-369 

height ratios and (e) normalised FTIR spectra. Lines in panels a-c are descriptive fits for n = 6 and are not 370 

confirmatory estimates of population-level association strength. Tree labels include growth-vigour class 371 

Discussion 372 

Growth-vigour differentiation extends beyond attained size 373 

H1 was supported for whole-stem diameter trajectories. The four breast-height form traits 374 

overlapped broadly among vigour classes and showed little absolute agreement with the 375 

corresponding means from the rest of the sampled stem. In contrast, normalised major- and 376 
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minor-diameter trajectories differed among classes. Breast-height form and axial organisation 377 

therefore captured related but non-interchangeable dimensions of tree development. 378 

This distinction extends the interpretation of growth vigour beyond attained size. Competition 379 

contributes to size hierarchy and modifies growth and allometric relationships within stands [6, 380 

11, 12], while growth history can remain embedded in current tree structure [24]. Crown and 381 

tree-ring attributes have likewise been combined to evaluate vigour and management needs [10]. 382 

In the present Eucalyptus stand, repeated discs revealed another component of this structural 383 

history: cross sections generally became more regular upwards, but the attenuation of major and 384 

minor diameters differed among vigour classes. Axial gradients in wood density, stiffness and 385 

microfibril angle have also been reported in Eucalyptus [17]. Whole-stem differentiation thus 386 

involved the spatial allocation of radial growth, not only differences in final DBH and height. 387 

Growth vigour separates strain magnitude from circumferential heterogeneity 388 

H2 was also supported. Mean absolute released growth strain declined from dominant to 389 

suppressed trees, whereas within-tree standard deviation, range and coefficient of variation 390 

increased. Average strain magnitude and circumferential heterogeneity therefore represented 391 

different components of mechanical state. Dominant trees combined greater mean magnitude 392 

with comparatively even circumferential expression, whereas suppressed trees combined lower 393 

magnitude with greater directional imbalance. 394 

Released strain in Eucalyptus varies with provenance and developmental stage [3, 31], and 395 

spatially heterogeneous maturation stress has been documented within plantation stems [8]. 396 

Water availability can modify released strain [23], while tree-level growth traits provide 397 

additional correlates [18]. The observed class pattern is consistent with growth vigour integrating 398 

crown status, resource access and developmental history. Because the study was observational, 399 
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however, it cannot distinguish whether social position altered strain development or whether 400 

both arose from shared growth conditions. 401 

The absence of a direction-by-class interaction adds an important qualification. Classes 402 

differed in overall magnitude and within-tree dispersion, but the broad cardinal-direction pattern 403 

was similar. Growth-vigour differentiation therefore affected the level and unevenness of 404 

released strain without producing a class-specific circumferential arrangement. This separation 405 

also explains why models of mean strain and models of SD or CV responded differently to axial-406 

form information. 407 

Whole-stem organisation adds information about mean released strain 408 

H3 was supported for mean absolute released growth strain. Tree size alone provided limited 409 

out-of-sample information. Breast-height form improved model fit and leave-one-tree-out 410 

performance, and axial-form components produced a further, larger increment that remained 411 

significant under plot-restricted residual permutation. Within the sampled trees, whole-stem 412 

organisation was associated with strain variation not represented by DBH, H/D or local cross-413 

sectional form alone. The absence of a comparable increment for strain standard deviation and 414 

coefficient of variation shows that this additional information was specific to average strain 415 

magnitude. 416 

Single-trait analyses located this additional information in rates of axial change in diameter 417 

ratio, radial symmetry ratio and radial-growth CV, together with maximum major-diameter 418 

reorientation. Major- and minor-diameter azimuths changed substantially among discs, but their 419 

signed changes differed among trees and did not form a common clockwise or counter-clockwise 420 

sequence. Reorientation was therefore treated as a shortest 180°-periodic angular difference 421 

rather than as continuous bole twisting. Because diameters were measured directly rather than 422 
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derived from ellipse fitting, this result concerns measured diameter axes, not formal geometric 423 

principal axes. Strain was measured only at breast height, so the model links a local functional 424 

measurement to whole-stem structure and does not demonstrate axial variation in strain itself. 425 

Xylem traits provide exploratory structural context 426 

The six-tree subset provided exploratory evidence of structural variation along the released-427 

strain gradient. Higher mean absolute strain tended to coincide with lower microfibril angle and 428 

higher cellulose crystallinity, while fibre-wall traits and several relative FTIR peak ratios also 429 

varied across the selected trees. Microfibril angle is closely related to longitudinal cell-wall 430 

organisation and mechanical behaviour [4, 9]. Cellulose organisation has also been linked to 431 

maturation-strain generation [7], and context-dependent control of microfibril orientation is 432 

increasingly recognised during reaction-wood formation [30]. These tendencies are compatible 433 

with a cell-wall contribution to released-strain expression, but they neither identify the 434 

underlying mechanism nor estimate population-level effects. 435 

The FTIR variables likewise represent relative spectral indices rather than direct 436 

measurements of lignin, cellulose or hemicellulose content. In addition, the subset comprised 437 

only six purposively selected trees spanning the sampled growth-vigour and strain ranges. These 438 

results provide exploratory structural context; they cannot estimate population-level correlation 439 

strength or establish a complete mechanism. 440 

Biological and silvicultural implications 441 

DBH and total height remain indispensable for plantation inventory, and a breast-height 442 

section is appropriate when a local part of the bole is the object of interest. The present results 443 

show that growth-vigour classes can also differ in whole-stem organisation and released-strain 444 

state. Repeated axial measurements revealed class-dependent diameter trajectories and added 445 
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information about mean released strain when local breast-height traits overlapped. This 446 

distinction is biologically relevant because trees occupying different social positions can reach 447 

different mechanical and structural states through the spatial allocation of growth. 448 

The study did not measure end splitting, sawing distortion or dimensional stability, so the 449 

models should not be interpreted as predictions of processing performance. Growth stress is 450 

nevertheless a recognised source of processing difficulty [15]. Released stress has been 451 

examined through log splitting in Eucalyptus [5], and interactions between growth stress and 452 

grain can influence splitting among hybrid clones [13]. Forest management increasingly seeks to 453 

balance productivity and wood quality [21]. Axial geometry and circumferential strain 454 

heterogeneity are therefore suitable candidates for future tests of how stand differentiation 455 

translates into usable-wood outcomes. 456 

Limitations and future tests 457 

Inference is limited to 24 trees from two plots within one plantation. Accounting for plot, 458 

restricting permutations within plot, correcting for multiple testing and using leave-one-tree-out 459 

validation strengthened the within-sample analysis, but these procedures cannot establish 460 

causality or population-wide generality. Coefficients from the hierarchical models remain 461 

sample-dependent. Replication across plantations, genetic materials, stand densities and 462 

environmental conditions is needed to determine whether the observed vigour-form-strain 463 

relationships are general. 464 

Released growth strain was measured at breast height, whereas geometry was measured 465 

repeatedly along the stem. Future studies should pair strain, geometry and xylem sampling at 466 

matched heights and directions. The xylem subset should also be expanded beyond six 467 

purposively selected trees before MFA, CrI, fibre-wall traits or relative FTIR indices are used for 468 
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class-level inference. Independent plantations and direct measurements of processing outcomes 469 

are required to test the practical consequences of the axial descriptors. Within the present limits, 470 

the study shows that growth-vigour differentiation encompasses axial stem organisation and 471 

distinct components of released-strain state that conventional size measurements do not describe 472 

on their own. 473 

Conclusions 474 

Growth-vigour differentiation in this plantation extended beyond attained DBH and height. 475 

Breast-height form was a local descriptor and showed little agreement with the mean geometric 476 

state of the rest of the sampled stem, whereas repeated measurements revealed class-dependent 477 

axial diameter trajectories, upward cross-sectional regularisation and substantial reorientation of 478 

measured diameter axes. Dominant trees had greater mean absolute released growth strain but 479 

lower circumferential heterogeneity than suppressed trees. Whole-stem axial form added 480 

information about mean strain beyond tree size and breast-height form, but did not improve 481 

models of strain standard deviation or coefficient of variation. The six-tree xylem subset 482 

provided exploratory structural context rather than mechanistic evidence. Together, these results 483 

identify whole-stem construction and released-strain heterogeneity as complementary biological 484 

dimensions of growth-vigour differentiation in plantation Eucalyptus. 485 
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