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The study aimed to relate foliar tissue nutrients to the incidence of canker in two orchards of 14 

southern Brazil. The incidence of European canker was evaluated on 282 trees across two com-15 

mercial orchards located in the municipality of Água Doce, Santa Catarina state, southern Bra-16 

zil. Foliar tissue and soil samples were collected to determine nutrient composition. Plant tissue 17 

nutrients were expressed using three distinct mathematical approaches: raw concentrations, 18 

centered log ratios (clr), and weighted log ratios (wlr). Dual log ratios were weighted by gain 19 

ratios using machine learning algorithms to assess their relative importance. The wlr expression 20 

showed more significant differences in nutrient levels than concentration or clr expressions. The 21 

infected trees indicated higher wlr levels of Mn (p < 0.10), Cu (p < 0.001) and C-H-O (p < 0.05) 22 

and less Zn (p < 0.01) compared to healthy trees. Differences in Mn, Cu and Zn were not signif-23 

icant using the clr expression, supporting the need to consider the importance of dual ratios 24 

regarding the incidence of canker. In conclusion, weighted log-ratio analysis provides a refined 25 

paradigm for plant nutrition diagnosis, demonstrating that enhancing apple tree resilience 26 

against European canker relies on the precise management of interdependent foliar nutrient 27 

balances rather than independent elemental concentrations. 28 

Keywords: Neonectria ditissima; canker lesion; tissue nutrient composition; centered 29 

log ratio (clr); weighted log ratio (wlr); nutrient balance. 30 

  31 

Introduction 32 

European apple canker is a highly destructive fungal disease caused by the wood 33 

pathogen Neonectria ditissima. The infection appears on trunks, branches, twigs and 34 

fruits and can lead to death of organs including fruit rot. The incidence of canker has 35 

been related to mild and humid climatic conditions, soil conditions, actively growing 36 

trees (< 5 years old) and the genetic background of the apple cultivar (Weber & Børve, 37 

2021; Xu et al., 2022; Karlstrom, 2024).  38 



 

Treatments against apple canker include pruning of infected branches, fungicide 39 

sprays (Weber & Børve, 2021), antagonistic microbes (Bozorov et al., 2024) and up-40 

rooting the tree in extreme scenarios (Weber & Børve, 2021). Cultural practices can 41 

partially mitigate the disease spread caused by European Canker, and while varieties 42 

with increased resistance would be the most effective solution to limit disease spread, 43 

none are currently available (Karlstrom, 2024). 44 

A promising solution to alleviate the impact of European Canker in orchards is 45 

to have adequately fertilized trees to improve their immune system, thus enhancing re-46 

sistance to biotic factors (Flors et al., 2024). Indeed, most essential elements such as N, 47 

K, P, Mn, Zn, B, Cl and Si are involved in plant resistance to pests (Chaboussou, 2004; 48 

Dordas, 2008). Plant immunity could thus be increased through appropriate fertilization 49 

(Chaboussou, 2004). Nitrogen fertilization doses above official recommendations in 50 

apple orchards increases plant susceptibility to canker due to vigorous vegetative 51 

growth and high tissue N content (Weber and Børve, 2021), and excessive tissue N lev-52 

els weakens plant structural and physiological defense mechanisms against pests (Mar-53 

tinez et al., 2021; Harteveld et al., 2022). However, severity of canker was also found to 54 

be inversely related to leaf K fertilization and tissue concentration (Peng et al., 2016).  55 

The interactive nutrient balance between essential elements can be diagnosed us-56 

ing tools of Compositional Data Analysis (Parent & Dafir, 1992) and machine learning 57 

methods (Yamane et al., 2022). Treating nutrients as independent variables may com-58 

promise the accurate interpretation of plant nutritional status (Baxter, 2009). While re-59 

cent studies have analyzed individual nutrient thresholds or traditional compositional 60 

data analysis (clr) in plant pathology, they assign equal weight to all nutrient pairs re-61 

gardless of their diagnostic relevance. This study advances the field by integrating ma-62 

chine learning-derived gain ratios to weight dual log-ratios (wlr), isolating key nutri-63 



 

tional interactions associated with Neonectria ditissima susceptibility. We hypothesized 64 

that the incidence of apple canker was related to nutrients in leaf tissue in two orchards 65 

of southern Brazil.   66 

 67 

Material and Methods 68 

Experimental design 69 

The two commercial apple (Malus domestica) orchards used in this experiment were 70 

located in the municipality of Água Doce (Figure 1), in the central Santa Catarina state, 71 

Brazil (26.759232 S and 51.32800W for Orchard-1 and 26.758571 S and 51.543452 W 72 

for Orchard-2) were evaluated for the incidence of canker. There were alternating rows 73 

of varieties ‘Maxi Gala’ and ‘Fuji Suprema’ grafted on ‘Marubakaido’ with ‘M9’ as in-74 

ter-stock. There were 21 canker-free trees in total. The trees showing canker lesions to 75 

various degrees represented 92.6% of the population.  76 

 77 

Figure 1. The geographic location of the Água Doce municipality (b), Santa Catarina 78 

state, south of Brazil (a), where the two orchards (c) and the meteorological station are 79 

located. Map created by QGis software version 3.34.3. 80 



 

 81 

The orchards were established in 2010 at a density of 2500 trees ha-1, spaced 1 m 82 

on the row and 4 m between rows. The trees were trained with a central leader (tall spin-83 

dle).  There was no N and P granular fertilization nor foliar fertilization during the whole 84 

survey. The K was surface-applied under the canopy as potassium chloride at a rate of 40 85 

kg K ha-1. The pest management program followed guidelines of the Integrated Produc-86 

tion for Apples using fungicides (mancozeb,  difeconazol, captan, fluazinam, fluxapy-87 

roxade, pyraclostrobina, mainly) acaricides (abamectin,mainly) and insecticides (phos-88 

met, acetamiprid, spinetoram, etofenprox, fenitrotion, lufenuron, methoxyfenozide, no-89 

valuron and malathion, mainly) (Sezerino, 2018).  90 

Sixty georeferenced points were collected in 2018 and 51 in 2019, each point con-91 

sisting of two trees. Only rows of ‘Maxi Gala’ grafted on ‘Marubakaido’ with ‘M9’ as 92 

inter-stock were evaluated by sampling two plants every 13 plants to determine the 93 

number of lesions, sample leaves for mineral analysis and collect soil.  94 

The incidence of European canker was evaluated on two trees as number of lesions 95 

per tree. The assessments were carried out during the last week of January, correspond-96 

ing to the pre-harvest period in the Southern Hemisphere, when apple trees were at the 97 

fruit development stage (BBCH 79). After each production cycle, all branches showing 98 

canker (at least one lesion) were pruned during the months of July and August then re-99 

moved from the orchard.  100 

In the first orchard, the incidence of canker was evaluated in 2018, 2019 and 2020 101 

and related to soil and tissue nutritional status characterized in 2018. In the second or-102 

chard, canker was evaluated in 2019 and 2020 and related to soil and tissue analyses 103 

made in 2019. This timeline accounts for the chronic nature of Neonectria ditissima 104 

infections, where the baseline nutritional balance establishes a long-term physiological 105 



 

predisposition to wood pathogen colonization, combined with a prolonged incubation 106 

period before full symptomatic expression in subsequent seasons (Weber & Børve, 107 

2021). Additionally, orchard management and fertilization practices remained consistent 108 

over the monitoring period, maintaining the baseline nutritional trends stable across 109 

seasons. Hence, a total of 111 individual trees were monitored (60 trees in the first or-110 

chard and 51 trees in the second orchard). Over the multi-year study period, this resulted 111 

in 60 ⤫ 3 longitudinal evaluations in the first orchard and 51 ⤫ 2 longitudinal evalua-112 

tions in the second orchard, compiling a total dataset of 282 time-series observations. 113 

From 2018 to 2019 and 2019 to 2020, the number of injuries varied, generally decreas-114 

ing due to earlier pruning. 115 

 116 

Soil and climate 117 

The soil was classified as a Typic Hapludalf (Soil Survey Staff, 2014). The soil 118 

was well drained and showed no problem of waterlogging. Slope inclination was < 5% 119 

with an east-west orientation. The regional climate was classified as humid subtropical 120 

(Cfb) (Alvarez et al. 2013), characterized by mild temperatures and rainfall with varia-121 

tion throughout the year. Monthly climate conditions are presented in Figure 2 and were 122 

obtained daily from the EPAGRI meteorological station closest 6 km to the orchards 123 

(26.717417 S and 51.505317 W). The rainiest year was 2020 followed by 2018. The 124 

year 2018 showed the highest air humidity. The year 2019 was the driest.  125 



 

126 

 127 

Figure 2. Monthly climatic conditions during the apple crop cycle in the experimental 128 

area in 2018 (a), 2019 (b) and 2020 (c) crop seasons, in southern Brazil. 129 

 130 

Soil and tissue analysis 131 

Soil and leaves were collected during the last week of January (CQFS-RS/SC, 132 

2016). Twenty-five fully expanded healthy leaves per tree were sampled for a total of 50 133 

leaves per two trees, taken from the middle third of healthy, active current-year growing 134 

shoots (free of visible canker symptoms). Tissue and soil analyses were performed ac-135 

cording to Tedesco et al. (1995). The leaves were gently cleaned with distilled water and 136 

oven-dried at 65 °C until constant weight. Leaves were ground in a Wiley mill, sieved < 137 

0.05 mm, and stored in a paper bag.  138 

Eight soil samples were taken in the 0–20 cm soil layer within the canopy projec-139 

tion and composited. Soil analysis was performed according to Tedesco et al. (1995). 140 

This sampling depth (0–20 cm) aligns with the official regional guidelines for orchard 141 

nutrient management in Southern Brazil (CQFS-RS/SC, 2016), capturing the zone with 142 

a) 2018 crop season 

b) 2019 crop season 

c) 2020 crop season 



 

the highest density of active nutrient-absorbing roots and where lime and fertilizer appli-143 

cations are highly concentrated. The nutrient extraction method was Mehlich1. Soil pH 144 

was measured in water (1:1 volume ratio).  Clay content was measured by sedimenta-145 

tion. Soil organic matter was determined using the Walkley-Black procedure.  Phospho-146 

rus was quantified by colorimetry. Exchangeable acidity was assessed from the SMP 147 

buffer pH and cations were quantified by atomic absorption spectrophotometry (Tedesco 148 

et al. (1995). Cation exchange capacity (CEC) was computed as the sum of exchangea-149 

ble cations (Ca, Mg, K) and the SMP-exchangeable acidity on a molar basis. Base satu-150 

ration was computed as the sum of exchangeable cations (Ca, Mg, K) divided by CEC. 151 

The descriptive statistics for canker indices, along with soil and tissue nutritional attrib-152 

utes, are summarized in Tables 1 and 2. 153 

 154 

Statistical analysis 155 

Foliar nutrient data are compositional by nature, meaning that the elements are 156 

parts of a whole and their concentrations are strictly interdependent; an increase in one 157 

nutrient naturally forces a mathematical decrease in the percentage of others due to the 158 

closure capacity of the tissue (100% or 1000 g kg-1). To resolve this redundancy and 159 

eliminate the bias of scale, raw concentrations were transformed into log-ratios. The 160 

centered log-ratio (clr) transformation achieves this by rationing each nutrient concen-161 

tration against the geometric mean of all elements in the sample, shifting the data from a 162 

restricted space to an open, continuous scale suitable for standard statistical analysis. 163 

Subsequently, the weighted log-ratio (wlr) approach refines this by prioritizing specific 164 

nutrient pairs based on their predictive power and relevance to the target condition (Eu-165 

ropean canker incidence), avoiding the equal-weight assumption of traditional clr trans-166 

formations. 167 



 

 168 

Centered log ratio (clr) data transformation 169 

Dual ratios are thought to reflect interactions between nutrients (Sumner, 1978; 170 

Wilkinson et al., 2000). There are several know dual interactions (Sumner, 1978; Wil-171 

kinson et al., 2000; Courbet et al., 2019) and several undocumented ones in the litera-172 

ture.  The dual log ratios were integrated into centered log ratio (clr) variables computed 173 

as follows (Parent & Dafir, 1992): 174 ݈ܿݎ௜ = ݈݊ሺݔ௜ ݃ሾݔሿ = ݈݊ሺݔ௜ሻΤ − ݃ሾݔሿሻ  175 

Where ݃ሾݔሿ is the geometric mean across D components including ݔ௜ nutrients 176 

and the filling value ݔ஽ to close the simplex to the unit of measurement, and 177 

݃ሺݔሻ = ሺ2ݔ1ݔ …  ஽ሻ1ವ  178ݔ

The ݈ܿݎ variable is the average of the ܦ × ሺܦ − 1ሻ dual ratios computable from a 179 

D-parts composition, as follows (Greenacre et al., 2023): 180 ݈݊ ቀ ௫೔௚ሺ௫ሻቁ = 1஽ ቂ݈݊ ቀ௫೔ேቁ + ݈݊ ቀ௫೔௉ ቁ + ݈݊ ቀ௫೔௄ቁ + ݈݊ ቀ ௫೔஼௔ቁ + ݈݊ ቀ ௫೔ெ௚ቁ + ݈݊ ቀ௫೔ௌ ቁ + ݈݊ ቀ௫೔஻ ቁ +181 

݈݊ ቀ ௫೔஼௨ቁ + ݈݊ ቀ ௫೔௓௡ቁ + ݈݊ ቀ ௫೔ெ௡ቁ + ݈݊ ቀ௫೔ி௘ቁ + ⋯ + ݈݊ ቀ ௫೔௫ವቁቃ  182 

Where ݔ௜ is the ith quantified concentration and xD is the filling value between meas-183 

urement unit and the sum of quantified elements. The clr values are distributed in the 184 

real space required to run statistical analyses (Aitchison, 1986).  185 

The clr differences between two equal-length compositional vectors at local scale return 186 

nutrient indices as follows: 187 ܫ௫೔ = ௫೔ݎ݈ܿ − ∗௫೔ݎ݈ܿ   188 

Where ݈ܿݎ௫೔ is the clr value of nutrient ݔ௜ for an unhealthy tree, and ݈ܿݎ௫೔∗  is the clr value 189 

for a healthy tree of healthy specimens taken as reference.  190 



 

Nutrient indices used for diagnostic purposes are computed as follows (Parent & Dafir, 191 

1992): 192 

௫೔ܫ = ቀ௖௟௥ೣ ೔−௖௟௥ೣ ೔∗ ቁௌ஽ೣ೔∗   193 

Where ܵܦ௫೔∗  is the standard deviation of the mean ݈ܿݎ௫೔∗  value taken as reference. The clr 194 

index is thus distributed like a t-value. 195 

 196 

Weighted log ratio (wlr) 197 

While the clr expression assigns an equal weight (
1஽) to all dual log ratios, the im-198 

portance of each dual log ratio were reported to vary with the species, growing condi-199 

tions and the growth stage (Kenworthy, 1967). Dual log ratios can be weighted using 200 

coefficients computed as gain ratios to measure of their importance (Parent, 2025; Sri-201 

vastava et al., 2025). A high gain ratio means that the dual log ratio is important for 202 

canker as documented in the database. 203 

The weighted log ratio (wlr) is a clr expression whereby each dual log ratio is weighted 204 

by the corresponding gain ratio ߮௝ regarding the target variable, as follows: 205 

௫೔ݎ݈ݓ = 1஽ ∑ ߮௝஽௝=1 ݈݊ (௫೔௫ೕ) , ݅ ≠ ݆   206 

Where ݔ௜ represents nutrient I, ݔ௝ refers to other elements, and ߮௝ is the gain ratio. The 207 

gain ratio was obtained using the widget “Rank” in Orange Data Mining vs. 3.37 208 

(Lubljana, Slovenia), trees with or without lesion categorial target variable and the 55 209 

log ratios as features. This allows assigning a coefficient of importance to every dual log 210 

ratio. If all ߮௝ = ௫೔ݎ݈ݓ ,1 = ௜ݔ ,௫೔. Computing wlrݎ݈ܿ  is maintained at numerator as of 211 

DRIS indices (Walworth & Sumner, 1987). If ݔ௜ is at denominator in the dual log ratio, 212 

it is moved at numerator by multiplying the dual log ratio by -1, i.e., ݈݊ ቀ௫ೕ௫೔ቁ = −݈݊ (௫೔௫ೕ).  213 



 

Nutrient levels of healthy and canker-infected trees were compared using t-tests 214 

with unequal variance. Although this binary classification collapses the quantitative 215 

gradient of canker counts per tree, it establishes a robust diagnostic threshold focused 216 

strictly on disease onset and initial physiological predisposition. Categorizing trees 217 

based on presence or absence of symptoms is a standard requirement for calibrating 218 

compositional nutrient diagnosis norms, ensuring a clear operational baseline to distin-219 

guish balanced (healthy) from imbalanced (infected) nutritional profiles (Parent & Dafir, 220 

1992). To diagnose a composition, the wlr nutrient index of component ݔ௜ was computed 221 

as follows: 222 

௫೔ܫ = ቀ௪௟௥ೣ ೔−௪௟௥ೣ ೔∗ ቁ௦ௗೣ೔∗   223 

Where ݀ݏ௫೔∗  is the standard deviation about the mean ݎ݈ݓ௫೔∗  value of healthy specimens 224 

taken as reference.  225 

 226 

Results 227 

Characterization of orchard fertility, tissue nutrients, and canker baseline 228 

The comprehensive baseline database detailing soil chemical attributes (such as 229 

pH, organic matter, and available macro- and micronutrients) and cumulative canker 230 

incidence across the monitored orchards is fully presented in Table 1 and 2. Soil nutrient 231 

levels reflected typical regional variations, establishing the chemical background used to 232 

compute the directional relationships with plant tissue composition. 233 

 234 

Table 1. Variation in canker indices and soil variables in the apple canker database of 235 

southern Brazil. 236 

Variable Orchard-1 Orchard-2 Differences 

 Min. Median Max. Min. Median Max. t-test 



 

pHwater 4.7 5.7 7.2 4.9 5.6 6.4 ns 

 %  

Clay 31 40.5 53 28 35 43 * 

Organic matter 3.1 6.7 7.5 2.9 3.5 8.3 * 

Base saturation 48.6 79.3 93.9 48.0 78.1 91.5 ns 

 cmolc dm-3  

Ca test 7.0 13.2 15.9 42.3 65.4 77.4 * 

Mg test 1.0 1.7 5.7 4.4 9.2 19.8 ns 

H++Al3+ test 1.3 4.2 9.7 1.5 4.0 11.4 ns 

Cation exchange capaci-
ty 

16.0 19.7 23.1 14.6 18.3 24.3 * 

 mg dm-3  

P test 4.7 39.3 98.3 9.7 26.9 215 ns 

K test 108.0 294.0 428.0 52.0 208.0 312.0 * 

Zn test 6.5 14.9 20.6 6.5 14.9 18.5 ns 

Cu test 1.4 3 4.7 1.4 2.9 4.7 ns 

Mn test 2.6 9.4 27.4 2.6 10.2 27.4 * 

Fe test 20.1 40.9 85.4 20.1 39.7 83.5 ns 

Significant differences between Orchard-1 and Orchard-2 according to Student’s t-test (p < 0.05) are 237 

indicated with an asterisk (*). Non-significant differences are indicated as "ns". 238 

 239 

Table 2. Descriptive statistics of foliar nutritional attributes and European canker indices 240 

across the monitored apple orchards. 241 

Variable Orchard-1 Orchard-2 Differences 

 Min. Median Max. Min. Median Max. t-test 

 Canker index  

2018 0 0.9 10.5 - - - NA 

2019 0 4.3 19.5 1.0 8.0 25.0 * 

2020 0 4.0 9.0 3.0 7.0 15.5 * 

 Tissue analysis  

 g kg-1  

N 17.0 21.0 28.0 11.0 16.0 25.0 * 

P 1.3 2.0 5.9 1.6 2.2 4.9 ns 

K 14.0 21.0 26.0 16.0 23.0 30.0 * 



 

Ca 8.0 16.0 23.0 8.3 11.2 18.3 * 

Mg 1.8 2.8 4.5 1.9 2.9 4.2 ns 

Fe 22.3 53.3 91.6 7.2 25.4 50.2 * 

Mn 81.1 184.4 345.9 102.6 160.2 289.4 * 

Zn 174.6 348.9 2502.0 16.9 31.6 51.6 * 

Cu 1.3 2.6 5.9 5.3 8.0 9.8 * 

B 37.5 51.5 86.3 16.6 28.3 50.7 * 

Significant differences between Orchard-1 and Orchard-2 according to Student’s t-test (p < 0.05) are 242 

indicated with an asterisk (*). Non-significant differences are indicated as "ns". "NA" means "not applica-243 

ble", used when the statistical test could not be performed due to insufficient data. 244 

 245 

Gain ratios 246 

The gain ratios varied from 0.001 to 0.022 (Table 3). This wide range demon-247 

strates that nutritional relationships do not affect European canker development uniform-248 

ly, highlighting that specific nutrient balances exert a much stronger regulatory effect on 249 

the tree's defensive framework than others. This variation indicates that the differential 250 

importance of each dual log-ratio regarding the incidence of canker must be considered 251 

in the diagnostic model. Consequently, the gain ratios were applied as weighting coeffi-252 

cients to their corresponding dual log-ratios to compute weighted log-ratio (wlr) varia-253 

bles, mathematically prioritizing the key physiological imbalances while filtering out 254 

non-influential background nutritional noise. The wlr expression removed the distortions 255 

inherent to raw concentration values and traditional clr variables, hence providing a 256 

more accurate and biologically meaningful assessment of nutrient imbalance in canker-257 

infected trees. 258 

 259 

Table 3. Diagnostic importance (gain ratio weights) of specific dual nutrient log-ratios in 260 

differentiating healthy from European canker-infected apple trees 261 

Log Gain Log Gain Log Gain Log Gain Log Gain 



 

ratio ratio ratio ratio ratio ratio ratio ratio ratio ratio 

N/P 0.009 P/Ca 0.005 K/Mn 0.008 Ca/xD 0.002 Fe/xD 0.011 

N/K 0.011 P/Ma 0.008 K/Zn 0.018 Mg/Fe 0.010 Mn/Zn 0.017 

N/Ca 0.003 P/Fe 0.009 K/Cu 0.016 Mg/Mn 0.003 Mn/Cu 0.011 

N/Mg 0.009 P/Mn 0.003 K/B 0.018 Mg/Zn 0.017 Mn/B 0.004 

N/Fe 0.006 P/Zn 0.019 K/xD 0.011 Mg/Cu 0.016 Mn/xD 0.003 

N/Mn 0.004 P/Cu 0.012 Ca/Mg 0.005 Mg/B 0.012 Zn/Cu 0.017 

N/Zn 0.017 P/B 0.014 Ca/Fe 0.005 Mg/xD 0.001 Zn/B 0.022 

N/Cu 0.016 P/xD 0.005 Ca/Mn 0.002 Fe/Mn 0.005 Zn/xD 0.017 

N/B 0.005 K/Ca 0.002 Ca/Zn 0.017 Fe/Zn 0.016 Cu/B 0.017 

N/xD 0.022 K/Mg 0.001 Ca/Cu 0.018 Fe/Cu 0.022 Cu/xD 0.016 

P/K 0.004 K/Fe 0.012 Ca/B 0.004 Fe/B 0.005 B/xD 0.016 

xD = filling value between measurement unit and the sum of quantified elements 262 

 263 

Nutrient status of healthy and infected trees  264 

Statistics of nutrient levels in the 21 trees that remained completely free of canker 265 

lesions across all multi-year assessments are presented in Table 4. There were five sig-266 

nificant differences between the mean concentrations of healthy and infected specimens. 267 

In comparison, there were eight significant differences using the clr expression and nine 268 

significant differences and one trend (p ≤ 0.10) using the wlr expression.  269 

Comparing raw concentrations revealed that infected trees exhibited significantly 270 

lower levels of N (10.7% decrease; p < 0.001), Fe (24.6% decrease; p < 0.01), and B 271 

(12.0% decrease; p < 0.001), along with a 66.7% increase in Cu (p < 0.001) relative to 272 

healthy controls (Table 4). However, raw concentrations failed to capture critical micro-273 

nutrient interactions.  The wlr diagnosis successfully resolved these balances, highlight-274 

ing clear statistically significant deviations in infected trees:  Copper (Cu) showed the 275 

most severe excess in infected trees, with a positive wlr index nearly 5.0-fold higher 276 



 

than the healthy baseline (p < 0.001).  Zinc (Zn) exhibited the most critical deficit, drop-277 

ping to a negative wlr index 2.3-fold lower than healthy trees (p < 0.001).  Manganese 278 

(Mn) displayed a significant accumulation trend, reaching a positive wlr index 1.8-fold 279 

greater than healthy specimens (p < 0.001).  Filling value (xD) increased significantly in 280 

infected plants, yielding a wlr index 2.7-fold higher than controls (p < 0.001), indicating 281 

a relative accumulation of unquantified structural components (C, H, O).  Unlike raw 282 

concentrations or clr expressions—which showed non-significant differences for Mn (p 283 

> 0.10)—the wlr method specifically isolated Cu, Zn and Mn imbalances as the primary 284 

nutritional drivers associated with canker occurrence. 285 

 286 

Table 4. Statistics of nutrient compositions (Mean±SD) of the 21 healthy trees and 261 287 

infected trees.  288 

Element Concentration clr wlr 

 Healthy Infected Healthy Infected Healthy Infected 

 ---------- g kg-1 ------- ----------------------------- unitless ------------------------------ 

N 21.5±2.3 19.2***±3.3 2.776±0.135 2.780ns±0.131 0.0024±0.00027 0.0024ns±0.00022 

P 2.2±1.0 2.3ns±0.8 0.437±0.342 0.638*±0.359 0.0021±0.000359 0.0026***±0.00064 

K 21.1±1.9 21.3ns±3.2 2.756±0.115 2.890***±0.262 0.0062±0.00031 0.0066***±0.00059 

Ca 16.0±3.9 14.6ns±3.5 2.458±0.246 2.495ns±0.177 0.0041±0.00023 0.0043***±0.00021 

Mg 2.9±0.6 2.9ns±0.5 0.767±0.212 0.879*±0.260 0.0032±0.00020 0.0034***±0.00043 

Fe 0.057±0.019 0.043**±0.021 -3.213±0.330 -3.450**±0.467 -0.0024±0.00039 -0.0026*±0.00072 

Mn 0.198±.061 0.187ns±0.055 -1.952±0.311 -1.876ns±0.256 -0.0003±0.00019 0.00006***±0.00032 

Zn 0.457±0.357 0.320ns±0.416 -1.228±0.500 -2.051***±1.195 -0.0021±0.0020 -0.0068***±0.00399 

Cu 0.003±0.001 0.005***±0.003 -6.073±0.342 -5.649***±0.719 -0.0176±0.00047 -0.0153***±0.00196 



 

B 0.050±0.006 0.044***±0.013 -3.281±0.120 -3.342*±0.219 -0.0063±0.00040 -0.0062†±0.00039 

xD 935.5±2.9 939.0***±5.7 6.554±0.060 6.685***±0.180 0.0109±0.00022 0.01150***±0.00065 

ns, †,  *, **, ***: difference between healthy and infected specimens non-significant and significant at the 289 

0.10, 0.05, 0.01, and 0.001 levels, respectively. Clr: centered log ratios; wlr: weighted log ratios. 290 

 291 

Nutrient indices were computed only using the clr and wlr expressions that are ad-292 

ditive as compositional variables (Figure 3). The clr expression (Figure 3a) showed a 293 

single significant index, xD, that indicated an accumulation of C, H, O and other un-294 

quantified elements relative to quantified elements in the infected specimens. Hence, 295 

there was no clear indication of nutrient imbalance in infected specimens. In contrast, 296 

the wlr (Figure 3b) expression provided evidence that Cu, xD and, to a lesser extent, Mn 297 

were in relative excess and that Zn was in relative shortage in the average infected spec-298 

imens. 299 

 300 
 301 

 302 

Figure 3. Centered log ratios (Clr) (a) and weighted log ratios (wlr) (b) diagnosis of the 303 

mean values for the infected specimens using the mean and standard deviation of healthy 304 

specimens. †, *, **, ***: significant at the 0.10, 0.05, 0.01 and 0.001 levels, respective-305 

ly. 306 

 307 
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4 Discussion 308 

This study demonstrated that evaluating nutrients as an interdependent composi-309 

tional system, rather than as independent variables, provides a highly accurate diagnostic 310 

framework for European apple canker susceptibility. Our model successfully isolated 311 

specific multi-elemental imbalances that predispose apple trees to Neonectria ditissima 312 

infection, leveraging the gain ratio as a biological weight to identify key diagnostic 313 

pairs. Furthermore, the establishment of stable nutritional norms from trees that re-314 

mained completely symptom-free over multiple seasons confirms that orchard longevity 315 

and immunity are tightly linked to homeostatic nutrient ratios, particularly involving 316 

structural and metabolic balancing elements. 317 

4.5 Nutrient diagnosis 318 

Several tissue nutrients, especially K, showed some connection with the incidence 319 

of canker (Peng et al. (2016). The critical leaf K concentration was reported to be 10 g K 320 

kg-1 at high apple yield in Canada (Parent & Granger, 1989) compared with 13 g K kg-1 321 

to resist apple canker in China (Peng et al., 2016). Excessive K levels impact other key 322 

nutrients (Parent & Granger, 1989; Peng et al., 2016; Kuzin & Solovchenko, 2021) in-323 

cluding those involved in plant resistance to diseases like N, P, Ca, Mn, Zn, B, Cl and Si 324 

(Dordas, 2008; Martinez et al., 2021). The Si plays a central role in pest and disease 325 

control (Deshmukh et al., 2017; Coskun et al., 2018; Frew et al., 2018).  326 

Plant availability of Al, Fe and Si increases in acid soils (McKeague & Cline, 327 

1963; Schaller et al., 2025; Zheng et al., 2021). The Al can be toxic at pH < 5.5 (Rout et 328 

al., 2001; Vardar & Unal, 2007), potentially weakening plant defense mechanisms. In the 329 

two orchards, 37% of soil analyses showed pH values less than 5.5. The Al3+ can be 330 

detoxified in the vacuoles of root cells depending on plant species (Alarcón-Poblete et 331 

al., 2018). However, tissue Al, S and Si as well as soil Si and S were not analyzed. Plant 332 



 

defense against pests requires balanced nutrition (Dordas, 2008). Diatomaceous earth 333 

(Sandhya et al., 2018) and the alkaline silicate slag (Savant et al., 1999), Ca silicate 334 

(Paim et al., 2003), and potassium silicate (USDA, 2003; USEPA, 2007) can supply Si. 335 

Gypsum can tackle Al and supply S (Sumner, 1993). 336 

Results of the wlr diagnosis (Figure 3b) showed that Mn, Cu, and Zn levels dif-337 

fered in the leaves of healthy and canker-infected trees. This divergence occurs because 338 

Neonectria ditissima targets the vascular system of the host, where wood necrosis physi-339 

cally restricts xylem and phloem transport, disrupting the upward translocation of essen-340 

tial micronutrients to the foliage. Additionally, the localized modulation of Mn, Cu, and 341 

Zn reflects the host's activation of enzymatic defense mechanisms, as these microele-342 

ments are essential cofactors for superoxide dismutase (SOD) and are heavily recruited 343 

during oxidative stress responses, lignification, and compartmentalization processes at 344 

infection sites (Tadayon & Sadeghi, 2023; Mertoğlu et al., 2024). Apple orchards of the 345 

'Golden Delicious' cultivar exhibiting a high fire blight (Erwinia amylovora Burr.) sever-346 

ity index were also characterized by reduced leaf Zn and elevated leaf Mn concentra-347 

tions, consistent with the findings observed in our study  (Tadayon & Sadeghi, 2023). 348 

Pathogens can affect nutrient uptake, utilization, and translocation, ultimately impacting 349 

the relationship between leaf nutrient balances and the incidence of canker. This can 350 

occur through various mechanisms, including direct consumption of plant nutrients, 351 

interference with nutrient transport, and modification of plant metabolism (Huber et al., 352 

2012).  To make adequate fertilization decisions to mitigate the incidence of canker 353 

using foliar diagnosis, plant nutrition and pest control should be disentangled. 354 

 355 



 

Methodological limitations and future perspectives 356 

There were only 21 healthy specimens among 282 observations in the database. The 357 

database should be expanded to include more variables and more observations. An in-358 

fected specimen can also be compared to a healthy one under otherwise comparable 359 

conditions (Munson & Nelson, 1990) by difference between two equal-length composi-360 

tions to compute the Euclidean distance separating them and display the clr (Aitchison, 361 

1986) or wlr (Parent, 2025) differences on a histogram.   362 

While the compositional weight-based model (wlr) successfully identified key nutri-363 

tional balances associated with European canker, certain limitations in our current data-364 

base must be addressed to enhance its predictive robustness. First, our soil and tissue 365 

nutritional baseline was captured during a single specific phenological window (late 366 

January, pre-harvest). Because nutrient translocation and Neonectria ditissima infection 367 

dynamics fluctuate throughout the season—particularly during high-risk windows like 368 

leaf fall and pruning—incorporating multi-temporal sampling is critical to capture sea-369 

sonal ionic shifts. Second, our model currently relies on a binary classification (healthy 370 

vs. infected), which collapses the quantitative gradient of disease severity (canker counts 371 

per tree). Expanding the database to include continuous disease severity scales will al-372 

low machine learning algorithms to transition from basic susceptibility screening to 373 

predicting aggressive symptom progression. Lastly, incorporating multi-year climate 374 

data and a wider range of commercial cultivars will prevent regional overfitting, ensur-375 

ing these compositional norms can be universally applied as reliable diagnostic tools in 376 

diverse apple-producing regions.  377 

In parallel with expanding environmental and genetic variables, future database up-378 

dates must also broaden the chemical spectrum of the ionome; specifically, tissue Al, S, 379 

and Si should be quantified to measure elemental balances that are currently overlooked 380 



 

but mechanically linked to soil toxicity mitigation, metabolic defense, and cell wall rein-381 

forcement. Soil S and Si availability should be determined and calibrated using the 382 

Mehlich-1 method (Vergutz et al., 2015) or other acidic extraction methods (Snyder, 383 

2001; Wang et al., 2009). However, the solubility of monosilicic acid in soils is reduced 384 

as the amount and crystallinity of Al oxides diminishes (Jones & Handreck, 1963). Ad-385 

dressing more predictors will require more observations, hence a much larger and diver-386 

sified database to document numerous site-specific features to increase ML model’s 387 

capacity to generalize.  388 

 389 

Conclusion 390 

This study confirms the hypothesis that European apple canker incidence is di-391 

rectly associated with leaf tissue nutrient imbalances when evaluated as an interdepend-392 

ent compositional system. By replacing unweighted diagnostic tools with machine 393 

learning-weighted log-ratios (wlr), we demonstrated that disease susceptibility is driven 394 

by specific microelemental disruptions rather than individual nutrient deficiencies.   395 

Mechanistically, the marked surplus of foliar Cu and Mn paired with a severe 396 

deficit in Zn in infected trees reflects both vascular disruption caused by Neonectria 397 

ditissima wood necrosis and the intense recruitment of microelemental cofactors (such 398 

as superoxide dismutase) for oxidative stress defense and tissue lignification. Further-399 

more, the relative accumulation of the structural filling fraction (xD) illustrates a meta-400 

bolic shift toward unquantified carbon-rich compounds in response to pathogenesis. In 401 

conclusion, enhancing apple tree resilience to European canker depends on maintaining 402 

balanced dual-nutrient ratios—specifically balancing Zn uptake while managing Cu and 403 

Mn levels—rather than applying isolated fertilizations. Future diagnostic frameworks 404 



 

must expand the ionomic spectrum to include Si, S and Al to account for soil acidity 405 

constraints and structural defense mechanisms. 406 
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