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Abstract: The N fertilization to reach high cranberry (Vaccinium macrocarpon) yields resulted
in high proportions of soft berries. Our objective was to define the mineral nutrient balance
of cranberry to reach a high yield of firm berries. The database comprised 393 observations
on cv. ‘Stevens’. Berries were analyzed for total S, N, P, K, Ca, Mg, B, Cu, Zn, Mn, Fe, Al,
and Si. Random Forest and XGBoost machine learning models were run to predict yield and
firmness classes using raw concentrations, centered log ratios (clr) accounting for nutrient
interactions, and weighted log ratios (wlr) that also considered the importance of each dual
interaction. The wlr returned the most accurate models. The wir standards elaborated from
the high-yielding and nutritionally balanced subpopulation most often differed between
the high-yield class and the high-firmness class. The wir Cu level was significantly (p < 0.01)
too high to reach the high-yielding class in the nutritionally imbalanced subpopulation.
There was excessive Al and shortage of Si and Mg to reach high berry firmness in the
nutritionally imbalanced subpopulation (p < 0.01), indicating the large influence of soil
genesis on berry firmness. Despite statistical evidence, cranberry response to Al and Si
corrective measures should be tested to elaborate site-specific recommendations based on
soil and tissue tests.

Keywords: silicium; aluminum; machine learning; gain ratio; dual log ratio; centered log
ratio; weighted log ratio

1. Introduction

Cranberry is a domesticated perennial fruit crop grown on acid sandy or peaty soils
at low landscape positions to facilitate water transfer for irrigation and flooding [1]. The
greater dependence of cranberry crops on pesticides under climate change requires com-
bining genetic and nutritional strategies. The most desired traits for the release of new
cranberry cultivar are those impacting firmness, fruit size, anthocyanin content, and re-
sistance to fruit rot [2]. Cell wall structure, turgor, cuticle properties, and biochemical
constitution are of utmost importance for fruit firmness, resistance to pests and diseases,
handling, storage, and shipping [3-5]. Mineral concentrations are generally lower in culti-
vars bred for higher yields due in part to the dilution effect of carbohydrates on minerals [6].
Systemic-induced resistance (SIR) acquired through balanced plant nutrition is a comple-
mentary strategy to promote plant resistance mechanisms, reduce the severity of disease
and pest damage and reduce fertilizer and pesticide applications in sustainable agriculture
production systems [7].

The status of N, K, P, Mn, Zn, B, Cl, and Si impacts fruit firmness and plant resistance to
diseases [8]. N increases crop yield but, applied in excess, increases plants’ attractiveness for
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pests and pathogens, and weakens fruit firmness [9,10] and plant defense mechanisms [11].
Excess N produces succulent cranberry plants with long uprights, many more runners,
and fewer fruits, higher plant density and susceptibility to disease, spring frost, insect
feeding, poor fruit quality, delayed color development, and adverse carry-over effects in
the following years [12]. Fruit skin is softened by excess N [9] but strengthened by Ca [13]
and B [14,15]. The K deficiency impairs protein synthesis, increasing the amount of soluble
N compounds made available to pathogens [8].

The Si plays a central role in pest and disease control [16-24] and promotes nutrient
acquisition by plants [25]. On the other hand, soil acidity is maintained low in cranberry
soils by applying elemental sulfur [26,27]. Soil acidity increases the availability of Al, Mn,
Fe, and Si in the soil [28]. The Al is toxic to most cultivated plants at pH < 5.5 [29,30]. Al
impacts the physiology of highbush blueberry (Vaccinium corymbosum) [31] grown under
conditions of acidity that resemble those of cranberry.

While the mineral analysis of a plant or one of its parts is thought to integrate all factors
impacting plant growth [32] its interpretation is made difficult due to multiple nutrient
interactions [33-37] and combinations of related genetic, environmental, and managerial
factors [38—40]. Because N, P, K, Ca, Mg, and B interact to reach high fruit quality [38],
this raises the question of how to integrate the combined effects of nutrients and analyze
them statistically [33-37,41-44]. The Diagnosis and Recommendation Integrated System
(DRIS) [41] was the first model to integrate nutrients as dual ratios [38]. Computational
flaws in DRIS were corrected as Compositional Nutrient Diagnosis [42] in conformity with
the theory of Compositional Data Analysis [45].

Dual ratios are physiologically meaningful expressions reflecting dual interactions [34].
Log-transformed dual ratios (dIr) are more appropriate expressions for conducting statistical
analyses [46]. The dir’s are additive as centered log ratios (clr) [47,48]. Although meaningful
interactions have been documented [36,49], the agronomic importance of each interaction
varies widely across agroecosystems [48,50]. Each dlr should thus be assigned a weighting
coefficient before their integration into weighted log ratios (wlr) to elaborate agronomically
meaningful regional nutrient standards [48,50]. The gain ratio weights each dlr for its
capacity to discriminate between low- and high-performing crops about the selected cutoff
values using machine learning classification models.

It was hypothesized that cranberry mineral composition differs between high-
performing crops regarding yield or firmness. The objective of this paper is to provide
mineral diagnostic tools to reach a high yield of firm berries.

2. Materials and Methods
2.1. Database

Statistical compositional tools were elaborated using a dataset on berry mineral compo-
sition, yield, and firmness collected at plot scale in fertilizer trials during three consecutive
years. The cranberry database comprised 393 observations collected between 2014 and 2018
on cv. ‘Stevens’ in permanent plots at four sites in south-central Quebec (Figure 1). Acid
cranberry soils were classified as Spodosols and Inceptisols. Soil pHywater in the 0-15 cm
layer varied between 4.16 and 5.58 across years with a median value of 4.68.

Fertilizer treatments were duplicated. There were five N rates (0, 15, 30, 45,
60 kg N ha—!) applied as ammonium sulfate (21% N), sulfur-coated urea (24% N, 2% P,
9% K, 5% S), or organic fertilizers (8% N as amino acids; 6% N, 0.4%P, and 0.8% K as
fish emulsions) and four K rates (0, 40, 80, 120 kg K ha~!) applied as potassium sulfate
(0% K, 14% S) or Sul-Po-Mag (18% K, 9% Mg, 18%S). The P, Mg, Cu, and B treatments were
applied together with 45 kg N ha~! and 80 kg K ha~! at rates of 0-15-30 kg P ha~! as triple
super-phosphate (conventional sites) or bone meal (organic site), 0 or 12 kg Mg ha~! as



Horticulturae 2025, 11, 705

30f15

Epsom salt, 0 or 2 kg Cu ha~! as copper sulfate, and 0 or 1 kg B ha~! as Solubor. The P,
Mg, Cu, and B treatments were replaced at three sites in 2016 and 2017 to test N sources
(SCU and organic fertilizers) and elemental sulfur (effect of 0-250-500-1000 kg S ha=! on
soil acidification). Rates of 15 kg P ha=1,12 kg Mg ha=1,2 kg Cu ha—V and 1 kg B ha=1 as
Solubor were applied on those plots. Treatments were broadcast-applied manually on four
occasions during the season as follows: 15% at early flowering (29 June to 2 July), 35% at
50% flowering (July 8 to 11), 35% at 50% fruit set (July 16 to 19) and 15%, 1-2 weeks after
the last application.

e T
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Figure 1. Location of cranberry fields (black rectangle) in Québec, Canada (461610 to 461417.2 N,
715127 to 720211.7 W) [3].

Stands were irrigated to prevent early frost damage and maintain soil matric potential
between —4 and —7 kPa [51]. Berries were hand-picked in four 30 cm x 30 cm quadrats
per 4 m x 3 m plot approximately two weeks before mechanical harvesting. Berry firmness
was quantified using the TA.TX2 Texture Analyzer (Texture Technologies Inc., Scarsdale,
NY, USA) [10].

2.2. Tissue Analyses

One hundred berries were collected randomly in each plot, composited, oven-dried at
65 °C for 24 h to 36 h, ground to pass through a 1-mm sieve, acid-digested [52], and analyzed
fortotal S, N, P, K, Ca, Mg, B, Cu, Zn, Mn, Fe, Al, and Si by plasma emission spectroscopy
(ICP-OES). Total N was quantified by Dumas combustion (Leco-2000 instrument, St-Louis,
MO, USA).

2.3. Data Transformation

The compositional space of berry dry matter comprised 13 elements (S, N, P, K, Ca,
Mg, B, Cu, Zn, Mn, Fe, Al, and Si) and xp, the filling value between the measurement unit
and the sum of quantified elements, closing the simplex to 1000 g kg_l, as follows:

sD = {(S, N, P, K, Ca, Mg, B, Cu, Zn, Mn, Fe, Al, Si, xp:S...xp >0; S+ N+ P+

K-+ Ca+ Mg + B+ Cu+ Zn+ Mn, +Fe + Al + i + xp = 1000 g kg ™' |

)

There are D x (D — 1)/2 dual log ratios in a D-parts composition, hence 91 dual log
ratios for D = 14 including xp. The xp is a catchall feature representing the concentrations
of O, H, and elements not documented in the database. Dual ratios were log-transformed
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to support additivity [31]. The clr is the average of the D x (D — 1)/2 dual log ratios as
follows [47,48]:

1
(e elxl) — (i K EIR L N X =
Clr’_ln(x’/g[x])_ln(xlszx”'XSD> _D[ln(xl)+ln<x2)+...+ln<sD)} (2)

where g[x] = (x1x2...xp) b is the geometric mean across components. To avoid including
zeroes in the logarithmic expressions, concentration values below detection limits were
replaced by 2/3 times the detection limit [47]. Including data that are below the detection
limit but informative contributes to solving complex compositional problems [53].

Although mathematically sound, the clr expression assigns an equal weight () to
every dual log ratio. However, the diagnostic importance of dual log ratios regarding the
target variable varies widely among species, growing conditions, and growth stages [54].
Each dual log ratio can be weighted by its gain ratio regarding the target variable in binary
classification models [48,50]. The gain ratio is an unbiased metric of information gain to
measure how effective a predictor is in classifying data about the selected cutoff value. The
higher the gain ratio, the more important is the predictor regarding the classification of
the target variable, making the gain ratio useful for diagnostic purposes. The weighted
log ratio (wlr) is a clr expression where every dual log ratio is weighted for its importance
using the corresponding gain ratio ¢ as follows [48]:

o 1 Xi Xi Xi
wlry, = D <(plln<x1) + q)zln(xz) +...F (len(xD>> 3)

where D is the number of dual ratios involving x;, and x’s are the components of the
simplex. If all ¢, = 1, wlry, = clry,. To compute the wlr of the element x;, x; is maintained
at the numerator as is the case for calculating DRIS indices [55]. If x; is at the denominator
in the dual log ratio reflecting a given dual interaction [49], it is moved at the numerator by
multiplying the dual log ratio by —1, i.e., In (%) = —In (%) . The wir expression retains
the properties of clr, as follows:
D
Y wlrg =0 4)

£ = \/Ziil(wlrxi — wirt)? (5)

where ¢ is the Euclidean distance between two equal-length compositions and wlry; is

the reference wir value. The Euclidean distance is a useful metric to compare unhealthy
to healthy plants under the ceteris paribus assumption. The elemental distances can be
displayed on a histogram to identify the most limiting elements.

Like the clr index, the wlr index is computed as follows given the normal variation of
wlr values in a subpopulation [42]:

Index wlr;j= M (6)

Swlrxi

*
wlrxi

of nutritionally balanced specimens. The wlr}; and s

where wiry; and s are means and standard deviations of wlr values for a subpopulation

*

» .. are nutrient standards. Index wlry;
X1

is a standardized variable.

2.4. Statistical Analysis

Classification variables were berry yield and firmness. Yield and firmness data were
split into two classes as low- and high-performing specimens split about the upper quartile.
Cutoff values were 6253 g of compression force for berry firmness and 42.7 Mg ha~! for
berry yield. In comparison, cranberry firmness was found to vary from 5000 to more than
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(Number of high yielding and nutritionally balanced) + (number of low yielding and nutritionally imbalanced specimens)

8000 g during the ripening period, depending on the cultivar, including ‘Stevens’ [3]. The
cutoff yield for hand-picked berries is higher compared to the mechanically harvested
berries averaging 32 Mg ha~! in Quebec.

Random Forest and Extreme Gradient Boosting (XGBoost) are decision-tree ML models.
Random Forest is the classical reference model. Gradient Boosting combines weak learners
into a stronger learner by minimizing the loss function. Classification models were run in
cross-validation (10 folds) using the Orange Data Mining freeware vs. 3.37 (University of
Ljubljana, Slovenia).

Machine Learning (ML) models classify specimens into four categories in a confusion
matrix (Figure 2), as follows:

e High-yielding and nutritionally balanced specimens.

e Low-yielding and nutritionally balanced specimens where features other than the
ones included in the model limit berry yield or quality.

e High-yielding and nutritionally imbalanced specimens due to luxury consumption,
suboptimal concentration, or contamination.

e Low-yielding and nutritionally imbalanced specimens.

High-yielding High-yielding
Nutritionally balanced Nutritionally imbalanced

Low-yielding Low-yielding
Nutritionally balanced Nutritionally imbalanced

Figure 2. Confusion matrix to set apart the performing crops of high-yielding and nutritionally
balanced and the low-yielding and nutritionally imbalanced specimens.

Model accuracy is computed as follows:

Accuracy =

@)

Total number of specimens
The area under the curve (AUC) separates signal from noise in binary classifica-
tion models.

3. Results
3.1. Berry Composition, Yield, and Quality

There were wide ranges of berry elemental composition, yield, and firmness over the
years (Table 1). Berry Al mean and standard deviation were the highest in 2016, when the S
treatments were initiated to acidify the soil. Berry Si was the highest in 2018. The average
berry yield was lowest in 2017. Berry firmness was the highest in 2018.
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Table 1. Statistics of berry elemental composition, yield, and firmness (sd = standard deviation).

Element 2016 2017 2018
mean sd mean sd mean sd
S 0.380 0.064 0.435 0.053 0.481 0.104
N 3.300 1.602 3.567 0.425 3.513 0.720
P 0.715 0.122 0.914 0.116 0.834 0.152
K 8.372 1.268 5.791 0.495 7.860 1.217
Ca 0.559 0.182 0.518 0.099 0.627 0.201
Mg 0.475 0.055 0.327 0.045 0.542 0.087
B 0.006 0.004 0.007 0.002 0.006 0.001
Cu 0.003 0.001 0.005 0.001 0.004 0.001
Zn 0.006 0.001 0.005 0.000 0.007 0.001
Mn 0.018 0.007 0.011 0.005 0.021 0.007
Fe 0.020 0.006 0.011 0.004 0.027 0.010
Al 0.248 0.355 0.015 0.007 0.018 0.006
Si 0.060 0.032 0.046 0.013 0.195 0.032
Mg ha™!
Yield 38.6 12.2 20.1 11.0 37.1 10.3
g (compression force)
Firmness 5390 347 5521 467 6333 533

3.2. Gain Ratios

The top three gain ratios for yield classification were K, Zn, and Mg for raw con-
centrations, Cu, P, and B for clr, and Cu, Mg, and Zn for wlr (Figure 3), highlighting the
importance of considering nutrient interactions for the classification. The top gain ratios
regarding firmness classes were Si, Fe, Ca, and Al for raw concentrations, and Si, Al, Fe,
and B for clr and wlr (Figure 4), indicating the great importance of soil weathering (Si, Al,
Fe) for berry firmness.

Concentration clr

K Cu
In

o
wE BET e~

Zn
Ca Mn

Si
Si

S

|1
.I|||H|

0.000 0.010  0.020 0.030 0.040 0.050

Gain ratio

0.060

Ca

0.000

0.020

0.040 0.060

Gain ratio

0.080

wlr

Cu
Mg
Zn
Fe
xD
r
B
K
Si
Al
Mn
Ca
N ==
S mm

I I I I )
0.000 0.020 0.040 0.060 0.080 0.100

Gain ratio

Figure 3. Gain ratios of mineral expressions regarding berry yield. Raw concentrations that do not
consider nutrient interactions produce distorted nutrient rankings. The clr and wlr expressions
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account for nutrient interactions as dual log ratios. The wlr expression further accounts for the
importance of each dual ratio as gain ratio, modifying nutrient rankings compared to clr. Cu ranked

first for both clr and wlr.

Concentration clr
Si Si
Fe Al
Ca Fe
Al B ——
Mg ——— Mg S——
Mn E———— xD  e——
B maaaa— N —
K m— P e—
Zn K o—
P — Cu  —
S m— Ca m—
Cu Mn =——
xD  m=m Zn
N o= ; ; S ) ) ) ) ) )
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.000 0.020 0.040 0.060 0.080 0.100 0.120

Gain ratio Gain ratio

wlr

z

Ca

0.000 0.020 0.040 0.060 0.080 0.100 0.120

Gain ratio

Figure 4. Gain ratios of mineral expressions regarding berry firmness. Raw concentrations that do
not consider nutrient interactions produce distorted nutrient rankings. The clr and wlr expressions
account for nutrient interactions as dual log ratios. The wir expression further accounts for the
importance of each dual ratio as a gain ratio, modifying nutrient ranking compared to clr. Si ranked

first for the three expressions.

The gain ratios of dlr’s ranged from 0.004 to 0.097 for berry yield and from 0.000 to
0.157 for berry firmness. There was no significant correlation between the gain ratios of dlr
variables regarding berry yield or firmness (Figure 5), implying that cranberry nutrition
should be addressed differently depending on the target variable (yield or firmness).

Gain ratio
0.100 .

L ]
§ 0.080 .
S, 0.060 ‘ade®, o
5 . .. . ... * a
;E 0.040 :. o ‘: o’ .
£ 0.020 So0 ™ e 4 s ‘s .

.
0.000 “ © o 00 : e l PYSL)
0.000 0.040 0.080 0.120 0.160

Firmness class

Figure 5. The relationship between gain ratios of dual log ratios regarding berry yielding and firmness
classes. The correlation coefficient was 0.190 (p > 0.05).
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3.3. Classification Models

Area under the curve (AUC), model accuracy, and numbers of high-yielding and nutri-
tionally balanced specimens and low-yielding and nutritionally imbalanced specimens are
presented in Table 2 for the two ML classification models. Classification models performed
reasonably well. XGBoost performed slightly better than Random Forest. Models were
more accurate for berry firmness than berry yield, indicating more genetic control on
berry firmness.

Table 2. Performance of ML classification models as area under the curve (AUC) and accuracy using
the wlr expression.

Class Machine Learning Model Relating the Target Class to wlr Values
Random Forest XGBoost
AUC Accuracy HYNB LYNI AUC Accuracy HYNB LYNI
Yielding 0.832 0.791 47 264 0.851 0.796 47 266
Firmness 0.917 0.873 67 276 0.926 0.891 72 279
HYNB = high-yielding nutritionally balanced subpopulation. LYNI = low-yielding nutritionally imbalanced
subpopulation.

The XGBoost model was selected to derive statistics for the high-yielding and nutri-
tionally balanced subpopulations (Table 3). The standard deviation of wir variables was
higher across the yield than the firmness performing classes. The Al level at high berry
firmness was lower and less variable than the Al level at high berry yield, indicating that
firmness was more sensitive than yield to Al. The Si level at high berry firmness was much
higher and less variable than the Si level at high berry yield, indicating that firmness was
more sensitive than yield to Si. Si showed the second most important difference between
the firmness and yield classes, followed by B. The B level at high berry firmness was higher
and less variable than the B level at high berry yield, indicating that firmness was more
sensitive than yield to B. The reference wir standards depended on the target variable.
Table 3. Statistics for wlfirmness and wlryielq (sd = standard deviation) for the high-yielding nutrition-
ally balanced subpopulation in the yielding (n = 47) and firmness (n = 72) classes.

Element Firmness Yield Mean Difference t-Test §
wlr mean wlr sd wlr mean wlr sd Wit rmness — WI”yield Bilateral
S 0.059312 0.003225 0.056439 0.004698 +0.002874 o
N 0.089563 0.002888 0.087108 0.006188 +0.002455 *
P 0.072344 0.003266 0.067212 0.006429 +0.005132 o
K 0.077613 0.002570 0.082549 0.004216 —0.004936 ok
Ca 0.056079 0.003397 0.052858 0.004714 +0.003221 o
Mg 0.034284 0.002247 0.034209 0.003444 +0.000075 ns
B —0.119389 0.004682 —0.138039 0.017744 +0.018650 ok
Cu —0.222593 0.005790 —0.232493 0.008016 +0.009900 ok
Zn —0.113897 0.002938 —0.111281 0.003733 —0.002616 o
Mn —0.043308 0.005606 —0.040380 0.006240 —0.002928 *
Fe —0.065753 0.008715 —0.069454 0.006994 +0.003701 *
Al —0.068227 0.008426 —0.010906 0.036754 —0.057321 e
Si 0.015177 0.002899 —0.005233 0.010066 +0.020410 o
xD 0.223028 0.003215 0.221800 0.003634 +0.001227 T

§ns, 1, ****: non-significant and significant at the 0.10, 0.05, and 0.001 levels, respectively.
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3.4. Diagnosis of Nutritionally Imbalanced and Low-Yielding Specimens

The wilr means of low-yielding and nutritionally imbalanced specimens were diag-
nosed against wir standards (wlr means and standard deviations for nutritionally balanced
specimens) and displayed in a histogram (Figure 6). The wlr indices for firmness showed
significance (p < 0.01) for Mg, Al, and Si imbalance, indicating relative Mg and Si shortage
and relative Al excess. Only the wilr Cu index was significant (p < 0.01) for the yielding class,
indicating Cu excess in the average low-yielding and nutritionally imbalanced specimen.
Cranberry nutrition is thus a compromise to reach the elemental balance needed to produce
high yields of firm berries.

Berry yield Berry firmness
6.000 -~ 6.000

4.000 | 4.000

®
2.000 r H < 2000 | H
[ il 2 :
0.000 |4 u U LJ g 0.000 7 y
S N P C1 B Cu 1 Si xD g S N P K C1 B CuZn Al xD

-2.000 2 -2.000

\i &3}
-4.000 -4.000
-6.000 L -6.000 -

Figure 6. Diagnosis of the wlr means of low-yielding and nutritionally imbalanced specimens against
wlr standards (means and standard deviations of the nutritionally balanced subpopulation in Table 3).
Yellow bars indicate that differences are highly significant (p < 0.01). Positive wlr indices indicate
relative excess and negative wlr indices indicate relative shortage in the low-yielding and nutritionally
imbalanced subpopulation.

4. Discussion
4.1. The wlr Expression

The agronomic level is the one at which fertilization decisions are taken. However, the
interpretation of interactions among elements poses a great challenge [48,50]. Interactions
alter concentration ranges used for diagnostic purposes [33]. The clr transformation inte-
grates dual log ratios, removing noise attributable to interactions. The wir transformation
that considers the importance of dlr’s for the target variable adjusts mineral standards to
the information provided by the database. Accuracy and AUC of ML classification models
were improved using wlr to predict berry yield and firmness.

Plants react to the availability of elements through “signaling” and “crosstalk” [35,36].
Sulfur interacts with metals, N, P, K, Mo, and B at agronomic, physiological, biochemical,
metabolomics, and transcriptomics levels [56-59]. While the number of binary interactions
in plants is large, the molecular mechanisms and physiological signaling pathways in
plants remain poorly understood. The wlr expression integrates all dual interactions in the
multivariate system under study after weighting them in conformity with the information
available in the dataset and the selected cutoff value. The analysis of cranberry fruit
composition showed that wlr expressions for Al and Si impacted berry firmness significantly.
Those results are supported by a body of literature.

4.2. Plant Elemental Composition

Excess N reduces tissue Si content the activity of key enzymes involved in phe-
nol metabolism, weakening the structural and biochemical defense mechanisms against
pests and pathogens [8,11]. Silicium enhances the lignification, strengthens physical bar-
riers and activates antioxidant systems [60]. Excess N stimulates vegetative growth [61]
and decreases lignification [62] and the concentration of insecticidal phenolics like triter-
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penes [63,64] that also varies with cranberry source [65]. In the present study, N, K, Ca, and
B, known to impact berry firmness [14-16,66], were not found to be the most discriminating
elements between berry firmness classes. Low firmness was associated with lower S, N, P,
K, Ca, Mg, B, Cu, Zn, and Si and higher levels of Mn, Fe, and Al, indicating that growers
had little control over elements like Al, Fe, Mn, and Si. Si is a key element for controlling
biotic stresses [17-25].

4.3. Soil Quality

As shown by wlr indices (Figure 6), berry firmness appeared to be more sensitive than
berry yields to Al excess and Si shortage. Spodosols and acidic Inceptisols, where cranberries
are grown, are subject to the podzolization process, where Al-, Fe- and Si-containing minerals
undergo profound transformations [67,68]. The hardpans frequently formed in cranberry soils
contain variable proportions of organic matter, Al, Fe, and Si [69-72]. Reactive Si, dissolved
silicic acid, and uncharged amorphous silica contribute to soil health [73]. Si varies widely
from less than 1 to more than 20 mg L~! in the soil solution [74], likely explaining the large
variation in berry Si content. The adsorption of silicate onto hydrous oxides in acid soils,
the importance of phytogenic Si in agricultural soils, crop removal of Si, and pH-dependent
Si availability [75,76] require further investigations.

The impact of Al on plant growth and development depends on growing conditions,
AI3* concentration, duration of exposure, and plant species [77]. Low soil acidity increases
plant availability of Al, Fe, and Si in the soil [28]. However, soil pH was reported to
vary seasonally [78] by 0.8 units [79]. Acid soil pH is currently maintained or lowered in
cranberry soils using ammonium sulfate and elemental sulfur, which causes even more
seasonal variation in pH, as ammonium contributes to supplying protons to the soil-plant
system, and S is oxidized into sulfuric acid at site-specific rates depending on the activity
and amounts of S-oxidizing microbes. Soil pH may also vary periodically in the 0-15 cm
layer following irrigation, flooding, and sanding, influencing the availability of Al. The
Al is toxic to most cultivated plants at pH < 5.5 [29,30]. Excess Al appeared to impact
berry firmness negatively in the present study. Excess Al is known to inhibit cranberry root
growth more than shoot growth [80]. Indeed, there is a limit to cranberry tolerance for Al
stress [80], as is the case for highbush blueberries (Vaccinium corymbosum) [81].

4.4. Suggestive Corrective Measures

The wlr diagnosis suggested that lowering Al levels and increasing Si levels in the
berry could improve berry firmness without impairing berry yield. However, those results
were obtained statistically. The next step is to evaluate whether corrective measures are
effective. Can elements supplied by fertilizers and amendments increase berry firmness to
reach an acceptable level, or at least to a level at which other cultural practices or biocides
are less expensive and more successful?

Si can be supplied as diatomaceous earth [82] and silicate slag [83], as well as Ca, potas-
sium, and sodium silicates [84,85] and other sources [86]. Silicates are alkaline products that
should be tested for their effects on the pH of cranberry soil. Sanding the cranberry beds is
a practice that stimulates plant growth and provides temporary protection against pests
and diseases [1]. Sand contains Al and Si. The Al3* can be detoxified through reactions
with sulfate in the solution of acid soils after adding gypsum [87]. Gypsum tackles soil
AI3* and supplies Ca and S to the plant. Given the potential effect of Mg on berry firmness,
Mg fertilizers could also be considered to detoxify Al [88] and supply Mg to the plant.
Soil testing for Si, Al, Mg, and S would be complementary to berry tissue tests. Soil Al, S,
Mg, and Si availability can be tested using the Mehlich-3 method and then quantified by
high-throughput ICP spectroscopy [89-94].
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4.5. Limitations of This Study

The mycorrhizal associations [95] that could impact Al and Si acquisition by cranber-
ries have not been quantified in the present study. The contribution of genetic, managerial,
pedological, and meteorological factors to the variation in wir values could be considered in
future models using a larger and more diversified database. The statistical results presented
in this paper are provisionary diagnostic tools. They require calibrating soil and tissue tests
against corrective measures before making recommendations to growers [75,76].

5. Conclusions

The wir expression integrates interactions among elements and their importance
regarding the target variable, two useful concepts to diagnose nutrients. The provisionary
wlr standards to network berry mineral composition most often differed between berry
yield and berry firmness, showing that the action to reach a high yield of firm berries would
involve the right combination of nutrients.

The challenge for sustainable cranberry production is to use fewer chemicals and
provide economic and environmental benefits. To increase cranberry defense mechanisms,
secure yields and minimize pesticide applications, the relationship between fertilization
and pest and disease management must be clarified in future research to meet the objectives
of less pesticide use and higher fertilizer-use efficiency. Correction measures are proposed
to alleviate the potential Al and Si imbalances in cranberries. Soil and tissue tests could be
calibrated against plant response to Al and Si corrective measures by conducting field trials
in cranberry-producing areas. Critical levels of pH, Al, Si, and S in cranberry soils should
be developed before elaborating recommendations to growers.

The berry database could grow rapidly with the collaboration of researchers, growers,
crop advisers, and food processors. While berries were hand-picked in the present study;,
cranberry firmness decreases during mechanical harvesting. Berry variables could be
evaluated following truck unloading to enhance the database rapidly.
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Research Council of Canada grant NSERC-2254.
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