Scientia Horticulturae 297 (2022) 110975

Contents lists available at ScienceDirect

Scientia Horticulturae

journal homepage: www.elsevier.com/locate/scihorti

ELSEVIER

Check for

Apple leaf macro- and micronutrient content as affected by soil treatments  [%&s
with fertilizers and microorganisms

Waldemar Treder, Krzysztof Klamkowski , Katarzyna Wéjcik,, Anna Tryngiel-Ga¢,
Lidia Sas-Paszt, Augustyn Mika, Waldemar Kowalczyk

The National Institute of Horticultural Research, Konstytucji 3 Maja 1/3, Skierniewice 96-100, Poland

ARTICLE INFO ABSTRACT

Keywords:

Fertilization

Beneficial microorganisms
Leaf greenness

Malus domestica

The effects of bacterial and fungal inocula on the nutritional status of ‘Sampion’ apple trees was evaluated in
three-years study (2018-2020). The experiment was set up in a two-factor system: (i) fertilization (without
fertilization or mineral fertilization with nitrogen, phosphorus, potassium); (ii) application of beneficial micro-
organisms (without application, application of fungi or bacteria). The mixture of beneficial soil fungi contained
two species: Aspergillus niger and Purpureocillium lilacinum. The mixture of beneficial bacteria contained three
strains of Bacillus (Bacillus sp., Bacillus amyloliquefaciens and Paenibacillus polymyxa). The analysis of mineral
content and leaf greenness (SPAD index) was performed on the samples collected from the trees in August. The
lack of mineral fertilization caused a significant decrease in the nitrogen content of apple leaves, which resulted
in their lighter color (lower SPAD index). The application of filamentous fungi or bacterial strains had a
modifying effect on the mineral composition of apple leaves, what became evident especially in the third year of
the study. An increase in the concentration of nitrogen, calcium, magnesium, sulphur and most microelements
(except for boron) was found as a result of the influence of tree mineral fertilization and microorganisms applied
to the soil. In the absence of mineral fertilization of the trees, the applied microbial inocula resulted in the
significant increase of concentration of most macro- and microelements in the leaf tissue (except for magnesium
and boron).

1. Introduction herbicides, which could be harmful to soil microorganisms, human be-

ings, animals and the entire natural environment (Boye and Arcand,

Apple (Malus domestica) is one of the most popular and favorite fruits
in the world. Due to its economic importance, apple cultivation has a
significant impact on the development of Polish agriculture. Poland
ranks as the number one producer of apples in Europe and as the third in
the world (GUS, 2017). In 2019, apple orchards accounted for 72.3% of
the fruit-tree cultivation area, and apples accounted for 78.8% of the
fruit harvest in orchards in Poland. The world apple production has
increased from 17.05 to 89.33 million tonnes during the period
1961-2016, showing a rapid growth of global apple consumption (FAO,
2018). The reason for the global increase in apple production is the
delicious flavor and abundant health benefits of the apple fruit (Boyer
and Liu, 2004).

In the past years, very intensive fruit-growing systems have been
developed in all fruit-growing centers. This method of farming requires
application of excessive amounts of chemical fertilizers, pesticides and
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2013; Mosa et al., 2016; Wang et al., 2017; Garima, 2019).

Because of concerns for food and environmental safety, we must
limit the use of chemicals and mineral fertilizers. In the case of fertil-
ization, the proposed solution is to use natural organic fertilizers;
however, their amounts might be limited. Another possible solution is to
reduce mineral fertilization by increasing its efficiency by enriching the
soil with beneficial microorganisms — both fungi and bacteria (Boye and
Arcand, 2013; Derkowska et al., 2015; Kumar et al., 2018; Sas-Paszt
et al., 2019a). Mineral fertilizers and beneficial microorganisms can be
added to the soil separately or in combination as biofertilizers.

Results of numerous experiments have revealed that biofertilizers
enriched with mycorrhizal fungi and filamentous fungi produce stimu-
lating effects on the growth and reproduction of several plant species
(Sas-Paszt et al., 2015, 2019a; Kumar et al., 2018). Beneficial microor-
ganisms assist the roots in absorbing minerals from the soil and
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strengthen plant physiology (Mahdi et al., 2010; Garima, 2019). Mi-
croorganisms play a vital role in maintaining long-term soil fertility and
sustainability by fixing atmospheric di-nitrogen, mobilizing fixed
macro- and micronutrients, or converting insoluble phosphorus (P) in
the soil into forms available to plants (Mahdi et al., 2010).

The effect of inoculation with beneficial bacteria and fungi on the
changes in the content of minerals in soil and nutrients in leaf tissue was
analyzed in the cultivation of apple trees. In the study performed by
Kurek et al. (2013), a phosphate solubilizing bacterium Pseudomonas
luteola BN0834 was introduced into the soil in a young apple tree or-
chard (cv ‘Ligol’). When the ten times higher than the number of native
phosphate solubilizing microorganisms (PSM) in soil (P. luteola BN0834
x 10) was introduced without a mineral fertilizer added near the surface
of the roots, positive correlations were found between the number of
PSM in the tree rhizosphere and the content of available P in
non-rhizosphere soil and also between the number of PSM in the apple
tree rhizosphere and the amount of P, potassium (K) and calcium (Ca) in
plant leaves (Kurek et al., 2013).

Karlidag et al. (2007) showed that root inoculation of strains Bacillus
M3, Bacillus OSU-142 and Microbacterium FSO1 increased leaf nutrient
contents (nitrogen, phosphorus, potassium, calcium, iron, manganese,
zinc) significantly in apples (cv. Granny Smith). The results of this study
suggest that these microorganisms (applied alone or in combinations)
have the great potential for use as plant-growth-promoting rhizobacteria
to increase the yield, growth and nutrition of apple trees (Karlidag et al.,
2007).

The application of commercial Bokashi biostimulant (containing
more than 60 selected strains of effective microorganisms) to soil of 15-
year-old apple trees (cv. Anna) increased some macro and micro ele-
ments (i.e. N, P, K, Fe, Zn, and Mn) content in soil as compared to the
control one (Sahain et al., 2007). Przybytko et al. (2021) inoculated
several cultivars of apple trees with commercially available microbial
inoculum Micosat F (containing spores and mycelium of arbuscular
mycorrhizal fungi: Glomus mosseae GP11, G. viscosum GC41,
G. intraradices GB67 and plant-growth-promoting rhizobacteria Bacillus
subtilis BA41 and Streptomyces spp. SB19). As a result, the authors
observed better nitrogen nutrition status that promoted vigorous growth
of apple trees and more efficient uptake of magnesium from the soil. On
the other hand, lower phosphorus and potassium content in the tree
leaves was observed. According to the authors, this phenomenon may
have been a result of fungus - plant competition in conditions of this
element deficiency in soil (Przybytko et al., 2021).

Knowledge of mineral nutrition, due to its expressiveness, is of great
importance when recommending a certain amount of fertilizers. Leaf
analysis is a good way to diagnose potential insufficiency or excess, and
offers the possibility of determining the nutritional status of crops and
correcting deficiencies, if necessary (Montaneés et al., 1991). Assessment
of the mineral nutrition status of plants is based on comparing the
concentrations of nutrients in plant tissues with reference concentra-
tions obtained from a population growing under optimal nutrition
(Lucena, 1997; Mourao Filho, 2004).

The nutritional status of plants can also be assessed on the basis of
plant appearance, by assessing their growth vigor and the color of their
leaves. Dark green leaves and vigorous vegetative growth are charac-
teristics of plants with adequate N supply. Leaf color gives a good
indication of the chlorophyll content of leaves, which has a close cor-
relation with plant N status (Treder and Cieslinski, 2003; Uddling et al.,
2007). Minolta Co. (Japan) has developed a chlorophyll metre,
SPAD-502, which can be used to assess foliar N content (Treder et al.,
2016).

The aim of the study was to evaluate the effects of using bacterial and
fungal inocula on the nutritional status of apple trees as expressed by the
concentrations of minerals in their leaves.

Scientia Horticulturae 297 (2022) 110975

2. Material and methods
2.1. Experimental site and material

The experiment was established in the spring of 2018 in the Exper-
imental Orchard of the National Institute of Horticultural Research in
Dabrowice (Central Poland, 51°54'51.1”"N 20°06'41.0"E (51.914188,
20.111389), 145 m a.s.l.) and was run for three consecutive years. The
subjects of the research were dwarf apple trees of the cultivar ‘Sampion’
grafted on M.9 rootstock. They were planted in early April on a podzolic
soil underlaid by sandy loam, rated as soil quality class 3b. At planting
time, the soil pH was slightly acidic at pH 6.2 (in KCl), and the average
humus content of the soil was 1.2%. The levels of minerals in the soil,
including macroelements, was as follows: phosphorus (P) - 75, potas-
sium (K) - 124, magnesium (Mg) - 58 mg kg’l, and microelements:
boron (B) - 2.4, copper (Cu) - 4.8, iron (Fe) - 862, manganese (Mn) - 75.5,
sodium (Na) - 4.35, zinc (Zn) - 3.7 mg kg_l. Available P and K in the soil
were determined using a solution of Ca-lactate (at pH 3.6), and available
magnesium (Mg) was determined using a solution of 0.0125 M Ca-
chloride (Ostrowska et al., 1991). The contents of micronutrients were
determined using 1 M HCl extraction reagent (Mercik, 2004). The details
of used soil analysis methods are presented in the paper by Wojcik and
Filipczak (2015).

The trees were spaced 4 m between rows and 2 m in the row. The
experiment was established in a random block design in four replica-
tions. Each experimental combination was represented by 12 trees.

2.2. Experimental design

The experiment was set up in a two-factor system. fertilization: 1.1
without fertilization, or 1.2 mineral fertilization with NPK beneficial
microorganisms : 2.1 control, 2.2 fungi, or 2.3 bacteria

The experiment included the following experimental treatments:

1 Control (no fertilization).

2 Standard NPK - soil fertilization before planting in doses of 20 g of
Super Fos Dar 40 granulated fertilizer, 160 g of potassium salt per
plot (12 m?) and 55 g of urea were applied under each individual tree
(6 m?).

3 Control + beneficial fungi — beneficial soil fungi on their own in the
amount of 5.25 g per plot were applied. The mixture of beneficial soil
fungi contained two species: Aspergillus niger and Purpureocillium
lilacinum. The fungal spores concentration was approx. 10% cfu g~ .

4 Control + beneficial bacteria — beneficial soil bacteria on their own
in the amount of 3.83 g was applied. The mixture of beneficial
bacteria contained three strains of Bacillus (Bacillus sp., Bacillus
amyloliquefaciens and Paenibacillus polymyxa).

5 Standard NPK + beneficial fungi - soil fertilization as in point 2
combined with the beneficial soil fungi listed in point 3.

6 Standard NPK + beneficial bacteria — soil fertilization as in point 2
and the beneficial bacteria applied to the soil as in point 4.

All the treatments were repeated in the second and third year after
planting (2019, 2020). In the first year of the experiment, mineral fer-
tilizers were applied on the soil surface around the trees at planting time.
The microorganisms were mixed with the soil in the planting hole. In the
second and third year, the fertilizers were applied onto the soil surface,
whereas the microorganisms were mixed with the topsoil. The experi-
mental field was fitted with concrete poles reinforced in tree rows, with
wires stretched between the poles and bamboo canes tied to the wires
and the trees. Drip irrigation was established after planting. The trees
were irrigated in a dry season from May to September (on the basis of
soil moisture monitoring with 5TE dielectric probes (METER Group,
Inc., USA)). In the first year, from the spring to August, the soil was kept
in clean cultivation with rotating mechanical implements, the alleyways
were grassed down and frequently moved. From the second year, ‘Basta’
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herbicide was applied within tree rows to control weeds. To keep the
trees in healthy condition, six sprayings with fungicides and four with
insecticides were essential. In the first year after planting, the flower
buds that appeared on some trees were removed so that the fruit would
not inhibit the growth of the young plants. No flower or fruit thinning
was done in the subsequent years.

2.3. Meteorological data

During the experiment, meteorological data was monitored by the
weather station installed in the orchard (iMETOS, Pessl Instruments,
Austria; Table 1). The average air temperature in the growing season
(April-October) during the measurement period was at the level of the
30-year average. The highest average temperatures were recorded in
2018, with the values 1.97 °C higher than the multi-year average, while
the lowest values were recorded in 2020 (0.52 °C lower than the multi-
year average). The highest total rainfall was recorded in 2020, 176.8
mm higher than the 30-year average. The lowest rainfall occurred in
2019, 74.2 mm lower than the multi-year average.

2.4. Measurements

2.4.1. Assessment of mineral nutrition

Samples of twenty leaves from the middle part of shoots were
selected at random from each replicate in early August to measure leaf
mineral content. Prior to the chemical analyses of the leaves, indirect
measurements of relative chlorophyll content were carried out using a
SPAD-502 metre (Konica Minolta Co., Ltd, Japan).

The concentrations of macro- and microelements in leaf tissue were
analyzed by the Chemical Laboratory of the National Institute of Hor-
ticultural Research in Skierniewice, Poland. The collected samples of the
leaves from each treatment were placed for 48 h in a forced-air dryer at
70 °C. After grinding and wet mineralization in acids, the concentrations
of macronutrients (P, K, Ca, Mg, S) and micronutrients (Fe, Mn, Cu, Zn,
B) were determined using a sequential emission spectrometer with
inductively coupled plasma (ICP Perkin-Elmer model Optima 2000 DV,
Boston, Massachusetts, USA). The selected elements were determined at
their characteristic wavelengths (Boss and Fredeen, 2004). The N con-
tent in plant samples was analyzed using the Kjeldahl method (Latimer,
2012) (the Kjeldahl apparatus Vapodest, Konigswinter, Germany). All
the nutrients were determined in three repetitions.

2.4.2. Deviation from optimum percentage (DOP index)

The DOP index is an alternative method to the traditional diagnosis,
which is capable of accurately defining the quantity and quality of each
nutrient in plants: optimal (DOP = 0), deficiency (DOP < 0), or excess
(DOP > 0) (Montanés et al., 1991). The DOP index was obtained from
leaf chemical analyses by the following formula:

DOP = <%7 1) x 100

o

Table 1
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where:

C, - foliar concentration of the analyzed nutrient

C, — optimum nutrient content for apple trees proposed by Sadowski
et al. (1990).

2.5. Data analysis

The results were statistically analyzed using two-way analyses of
variance with the Duncan test, a = 0.05, using the statistical program
Statistica 13.1. Due to the significant influence of the years, the analyses
were statistically conducted separately for each study year. Data not
significantly different from each other were marked with the same let-
ters. The error bars on the graphs indicate the standard error.

3. Results
3.1. SPAD index

In the first year of the study (2018), the analysis of variance did not
show a significant effect of the applied experimental variants on the
value of the SPAD index of apple leaves (Fig. 1). In the following year,
such an effect was found only after the use of fungal and bacterial
inocula, and in the third year of the study (2020) both for the applied
microorganisms and the applied fertilization. In the second year of
cultivation, the highest values of the SPAD index were those of the
leaves of NPK-fertilized trees growing on the plots where the soil had
been inoculated with the fungi or bacteria. These indices were not only
significantly higher than those measured for the control non-fertilized
trees and the control trees with the soil inoculated with fungi, but also
those fertilized with NPK without the additional soil treatment with
microorganisms (Fig. 1). In the third year of cultivation, the effect of the
lack of fertilization on the color of apple leaves (SPAD index) became
apparent. The leaves of the non-fertilized trees were much lighter than
the leaves of the apple trees for which mineral fertilization had been
applied. Significantly the highest SPAD index was found for the leaves of
the trees growing on the fertilized plots and inoculated with fungi.

3.2. Nitrogen content of leaves

Chemical analyses of the leaves were carried out in 2018 and 2020.
In the first year of the study, no significant influence of the tested factors
on the nitrogen content of apple leaves was found. Such an influence was
proved in the third year of orchard cultivation (Fig. 2). In 2020, a sig-
nificant reduction in the nitrogen content of leaves could be seen on non-
fertilized plots. Significantly the lowest nitrogen content was found in
the leaves of the control non-fertilized trees where no microorganisms
were used. The very addition of the fungal or bacterial inocula had a
significant effect on increasing the nitrogen concentration in apple
leaves. The highest nitrogen concentration was found in apple trees
under mineral fertilization with the simultaneous application of the

Average air temperature and total precipitation in Dabrowice in the 2018-2020 growing seasons in comparison with multi-year averages.

Average air temperature ( °C)

Year/month Apr May Jun Jul Aug Sep Oct Average Apr-Oct
2018 13.2 16.5 18.5 20.3 20.1 15.1 9.6 16.18

2019 9.6 12.5 21.7 18.3 19.8 139 10.0 15.11

2020 8.0 11.1 17.7 16.8 18.9 14.0 9.3 13.68
1991-2020* 8.7 13.7 17.2 19.1 18.5 13.9 8.4 14.21

Total precipitation (mm)

Year/month Apr May Jun Jul Aug Sep Oct Total Apr-Oct
2018 28.6 51.6 30.0 155.0 55.6 70.6 64.8 456.2

2019 15.6 52.2 36.4 50.8 59.2 82.2 26.4 322.8

2020 9.6 81.6 135.0 63.2 110.4 74.8 99.2 573.8
1991-2020* 40.7 60.3 71.7 75.3 55.6 50.1 43.3 397.0

* 30-year average
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Fig. 1. Effect of the use of beneficial microorganisms and mineral fertilization on the value of the SPAD index of apple trees. Statistical analyses are presented
separately for each year. Means marked with the same letters do not differ significantly at a = 0.05, ns — differences not significant.

fungal or bacterial inoculum.

A high level of correlation was found between the nitrogen content of
the leaves and the SPAD index values (Fig. 3). This indicates the possi-
bility of using this parameter (the measurement is non-destructive) as an
indicator of the nitrogen nutrition status of apple trees (although it is
necessary to establish the relationship between these parameters for a
specific cultivar, tree development stage, and cultivation technology).

3.3. Phosphorus content of leaves

As in the case of nitrogen, no significant influence of the applied
factors on the phosphorus content of apple leaves was found in the first
year of the study. It was in the third year of the study that the chemical
analyses of leaves showed such an effect. Significantly the lowest
phosphorus content was found in the leaves of NPK-fertilized trees
whose soil had been treated with the inoculum containing fungi or the
inoculum containing bacteria (Fig. 4). Much higher phosphorus con-
centrations were found in the leaves of non-fertilized trees. Here, too,
significant differences were found between the plots treated with the
inocula containing microorganisms and the control plots. Statistically,
the highest concentration of phosphorus was found in the leaves of non-
fertilized trees growing on the plots where the soil was enriched with
beneficial fungi.

3.4. Potassium content of leaves

Already in the first year of the study, the effects of fertilization and of
the use of microorganisms on the potassium content of apple leaves were

evident (Fig. 5). Application of the inoculum containing microorganisms
significantly increased the concentration of potassium in the leaves of
both non-fertilized and fertilized trees. In the third year of cultivation,
the potassium content of the leaves was significantly lower compared
with the results obtained in the first year. In the case of the plots where
no mineral fertilization was applied, the application of fungi or bacterial
inoculum increased the potassium content of apple leaves.

3.5. Calcium content

In the first year of the study, there was no significant influence of the
applied factors on the concentration of calcium in apple leaves (Table 2).
However, such an effect was shown by the chemical analyses of the
leaves in the third year of the study. In 2020, the leaves of the control
trees (without inocula) had significantly the lowest calcium content.
Inoculation of the soil with microorganisms resulted in a significant
increase in the concentration of calcium in apple tree leaves. Such dif-
ferences were found both for the plots without mineral fertilization and
for those where fertilization was applied. The highest calcium content
was found in the leaves of fertilized trees growing in the soil enriched
with inocula containing microorganisms. Statistically, the highest con-
centration of calcium was found in the leaves of NPK-fertilized trees
growing on the plots where the soil was enriched with the inoculum
containing bacteria.

3.6. Magnesium content

As in the case of potassium, the effects of fertilization and of the use
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Fig. 4. Effect of the use of beneficial microorganisms and mineral fertilization on the phosphorus (P) leaf content. Statistical analyses are presented separately for
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of microorganisms on the concentration of magnesium in apple leaves
were demonstrated already in the first year of the study (Table 2). The
analyses performed in the first growing season showed significantly the
highest levels of magnesium in the leaves of the non-fertilized control
trees growing on the plots where the soil had been inoculated with
bacteria. In the case of fertilized plots, the opposite situation was
evident. The trees fertilized and inoculated with the bacterial medium
had significantly the lowest magnesium content in the leaves. A similar
level of magnesium in apple leaves was found in the third year of
cultivation, but in that growing season the highest magnesium concen-
trations were found in the leaves of NPK-fertilized trees growing on the
plots inoculated with microorganisms.

3.7. Sulphur content

In the case of leaf sulphur content, the significance of differences
between the experimental variants was demonstrated in the third year of
cultivation (Table 2). We can see here a marked reduction in the sulphur
content of the leaves on the non-fertilized plots. Significantly the lowest
sulphur content was found in the leaves of the non-fertilized control
trees where no microorganisms were used. The very addition of the
fungal or bacterial inocula had a significant impact on increasing the
sulphur concentration in apple leaves. The highest sulphur concentra-
tion was found in the apple trees under mineral fertilization with the
simultaneous application of fungal or bacterial inocula.

3.8. Microelements

Apart from macronutrients in leaves, the study also assessed the
concentrations of micronutrients such as iron (Fe), boron (B),

manganese (Mn), zinc (Zn), and copper (Cu). For all the estimated mi-
croelements, significant differences between the analyzed results were
found in the third year of the study (Table 3).

Fe

The level of average iron concentrations in leaves in the third
growing season was considerably lower than the results obtained in the
first season. In 2020, significantly the highest iron content was found in
the leaves of the trees under mineral fertilization and growing on the
plots inoculated with bacteria. In the absence of fertilization, the applied
fungal inoculum significantly increased the concentration of this
component in the leaves.

B

In general, the level of boron in apple leaves did not change with the
age of the trees. In the third year of cultivation, significantly the highest
boron concentration was found in the leaves of the control trees. In the
case of both non-fertilized and NPK-fertilized trees, significantly lower
boron levels were found in the leaves of trees growing on the plots where
the soil was inoculated with microorganisms.

Mn

In the third year of cultivation, significantly the lowest manganese
content was found in the leaves of the control trees. Both in the absence
of fertilization and under mineral fertilization, the addition of the fungal
or bacterial inocula had a significant effect on increasing the manganese
concentration in apple leaves. The leaves of the trees under mineral
fertilization with simultaneous application of fungal inoculum had the
highest manganese content.

Zn

The concentrations of zinc in apple leaves in the third growing sea-
son were higher than the results obtained in the first season. In 2020, the
leaves of non-fertilized trees growing on the plots inoculated with fungi
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Table 2

Effect of the use of beneficial microorganisms and mineral fertilization on the
calcium (Ca), magnesium (Mg), and sulphur (S-SO4) content (mg kg’l dw) of
apple leaves.

Macroelement Fertilization Year Microorganisms
None Fungi Bacteria
Ca Control 2018 9319 a 8858 a 7790 a
NPK 9704 a 8858 a 9138 a
Control 2020 15,000 a 17,500 ¢ 16,556 b
NPK 17,767 ¢ 18,867 d 19,767 d
Mg Control 2018 2398 be 2641 cd 2757 d
NPK 2297 b 2360 b 2004 a
Control 2020 2500 ¢ 2520 ¢ 2410 b
NPK 2337 a 2590d 2563 cd
S-SO4 Control 2018 1607 a 1621a 1603 a
NPK 1624 a 1561 a 1554 a
Control 2020 1182a 1327 b 1340 b
NPK 1446 c 1576 d 1619 d

Statistical analyses are presented separately for each year. Means marked with
the same letters do not differ significantly at o = 0.05.

had significantly the highest zinc content. Both in the absence of
fertilization and under mineral fertilization, the addition of the fungal or
bacterial inocula had a significant effect on increasing the concentration
of zinc in apple leaves.

Cu

In 2020, significantly the highest copper content was found in the
leaves of NPK-fertilized trees growing on the plots where the soil had
been inoculated with fungi or bacteria. Both in the absence of fertil-
ization and under mineral fertilization, the addition of the fungal or

Table 3
Effect of the use of beneficial microorganisms and mineral fertilization on the
iron, boron, manganese, zinc, and copper content (mg kg~! dw) of apple leaves.

Microelement Fertilization Year Microorganisms
None Fungi Bacteria
Fe Control 2018 789 a 79.4 a 79.3a
NPK 82.8a 75.8a 75.8a
Control 2020 52.5a 61.0 b 54.1a
NPK 60.9b 59.8b 66.8 ¢
B Control 2018 339a 27.7 a 249a
NPK 31.7 a 22.7 a 24.7 a
Control 2020 41.7 d 33.8¢c 30.2b
NPK 335¢ 28.2 ab 26.4a
Mn Control 2018 75.8 a 8l.1a 66.8 a
NPK 87.1a 70.0 a 8l.5a
Control 2020 16.5a 18.3b 23.1d
NPK 20.6 ¢ 57.0 f 33.7e
Zn Control 2018 24.0a 225a 26.6 a
NPK 26.8a 219a 226 a
Control 2020 29.1b 376 f 345e
NPK 27.0a 32.4d 30.0c
Cu Control 2018 7.5a 7.2a 7.7 a
NPK 7.3a 7.3a 6.7 a
Control 2020 59a 6.6 ¢ 6.3b
NPK 6.3b 6.9d 6.8d

Statistical analyses are presented separately for each year. Means marked with
the same letters do not differ significantly at o = 0.05.
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bacterial inocula had a significant effect on increasing the concentration
of copper in apple leaves.

3.9. Correlations

The statistical analysis showed a number of highly significant cor-
relations between the concentrations of minerals in apple leaves
(Table 4). The nitrogen content of apple leaves was highly positively
correlated (r > 0.7) with the concentrations of potassium, sulphur, iron,
and manganese. Phosphorus showed a highly negative correlation with
nitrogen (r < -0.7). A high negative correlation (r = -0.91) was
demonstrated between the concentrations of potassium and calcium, as
well as calcium and iron. The leaf magnesium content did not correlate
significantly with any of the other analyzed macro- or microelements.
No high correlation coefficients between the analyzed components were
found for copper, zinc, and boron.

3.10. DOP index

The data in Table 5 shows a relative deviation from the optimum leaf
macronutrient content in the treatments. In both years of leaf analyses,
the DOPy (i.e. for potassium) was positive for all the treatments. In the
case of nitrogen, a positive DOPY for all the variants of the experiment
was obtained only in the first year of the study. In the third year, positive
(optimal) DOPy values were obtained only for the fertilized trees
growing on the plots inoculated with the fungal or bacterial inocula. The
DOPp,\i; were negative for all the combinations in both test years.

4. Discussion

Significant differences in most of the analyzed parameters became
apparent only in the third year of the study. This is perfectly normal
when research is done with woody plants grown in a nutrient-rich soil.
During the first stage of growth, a tree can use the reserve compounds
stored in the wood (reutilization) (Cheng et al., 2004). The length of the
apple tree’s response to lack of fertilization depends on the fertility of
the soil, the weather pattern, the strength of tree growth and the yield
(Treder, 2003). The soil analysis carried out prior to establishing the
experiment showed high concentrations of N, P, K, Mg, Ca, and optimal
pH. However, the humus content was very low, only 1.2%. The very low
organic matter content of the soil was not favorable for natural multi-
plication of microorganisms.

Evidence of the influence of mineral fertilization and the microor-
ganisms applied to the soil on the increase in the concentration of most
of the analyzed macro- and microelements was observed in the third
year of cultivation. The lack of mineral fertilization caused a significant
decrease in nitrogen levels in apple leaves, which directly resulted in
their lighter color (lower SPAD index). Similar relationships had been
previously demonstrated by Treder and Cieslinski (2003). The authors
recommend the use of the SPAD-502 m for quick and non-invasive
assessment of plant nutrition with nitrogen (although it is necessary to
establish the relationship between these parameters). In the third year of
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Table 5
DOP index determined from apple leaf macronutrient content after different
treatments with fertilizers and microorganisms.

Element Fertilization Microorganisms
Year None Fungi Bacteria
N Control 2018 6.96 8.70 4.35
NPK 9.13 8.26 4.78
Control 2020 -26.52 -17.83 -17.83
NPK -6.09 0.43 3.04
P Control 2018 -29.29 -33.29 -27.48
NPK -27.19 -35.71 -31.43
Control 2020 -12.38 -5.71 -9.67
NPK -31.76 -44.14 -44.14
K Control 2018 56.34 71.22 72.48
NPK 72.42 101.54 86.66
Control 2020 12.26 21.60 15.74
NPK 20.00 13.86 17.06
Mg Control 2018 -11.19 -2.19 211
NPK -14.93 -12.59 -25.78
Control 2020 -7.41 -6.67 -10.74
NPK -13.44 -4.07 -5.07

cultivation, the estimated DOPy values for non-fertilized trees were
negative.

The complete lack of fertilization caused the nitrogen content to drop
to a deficit level (below 1.8% according to the reference values recom-
mended for apple by Sadowski et al. 1990). The application of micro-
organisms to the soil resulted in a significant increase in the nitrogen
content of leaves of the non-fertilized trees (the N content was above
1.8% - a threshold value of the low range proposed by Sadowski et al.
(1990). This beneficial effect might be of big importance for the man-
agement and optimization of plant nutrition with this element. What is
very important is the fact that the microorganisms also had a significant
impact on the increase in nitrogen content in relation not only to the
control trees but also those fertilized with NPK. Significantly the highest
nitrogen content was found in the leaves of NPK-fertilized trees growing
in the soil inoculated with beneficial bacteria. Sas-Paszt et al. (2019b),
too, while conducting research on strawberry, had found that an NPK
fertilizer with bacteria significantly increased the nitrogen (N) level in
the leaves. In 2018, the DOPy values for the NPK-fertilized trees growing
in the soil inoculated with microorganisms were positive, close to zero,
which proves the optimal nitrogen content.

Our research has also shown a positive effect of microorganisms
(when using mineral fertilization) on the nutrition of apple trees with
calcium, magnesium, and sulphur. These results are especially impor-
tant when we relate them to the growth and yielding of trees, which
were also the highest for these variants of the experiment (article in
preparation). The influence of microorganisms on the nitrogen nutrition
of apple trees was so strong that even with relatively vigorous tree
growth there was no “dilution” effect, described by Tagliavini et al.
(1992) as a tendency to lower the concentrations of N, Ca, and Mg in
leaves due to the more vigorous tree growth. According to Olszewski
(2001), the potassium content decreases with the age of trees, which was
also confirmed by our study. In the first year of cultivation, the leaf

Table 4
Correlations between the concentrations of individual components in apple leaves (n = 36).
P K Ca Mg S Fe Mn Cu Zn B
N -0.72 0.70 -0.55 -0.09 0.86 0.82 0.80 0.57 -0.65 -0.46
P -0.21 -0.01 -0.06 -0.60 -0.34 -0.49 -0.07 0.52 0.18
K -0.91 -0.26 0.51 0.77 0.74 0.53 -0.68 -0.49
Ca 0.18 -0.40 -0.75 -0.68 -0.57 0.63 0.33
Mg -0.05 -0.11 -0.18 0.16 0.16 0.13
S 0.75 0.75 0.65 -0.28 -0.64
Fe 0.78 0.67 -0.56 -0.36
Mn 0.47 -0.53 -0.37
Cu -0.14 -0.59

Zn -0.01
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potassium concentration reached a very high level (according to the
reference values for apple trees described by Sadowski et al. 1990). In
the case of both non-fertilized and fertilized trees, the highest potassium
content was found in the trees growing on the plots where the inocula
with fungi or bacteria were applied. In the third year of cultivation, the
potassium concentration in the leaves was much lower, but it was still
within an optimal range (1-1.5%) recommended for apple by Sadowski
et al. (1990). No beneficial effect of microorganism application on the
potassium nutrition of the trees (grown under mineral fertilization) was
found here.

The phosphorus content in the leaves was inversely correlated with
the nitrogen content. The lowest phosphorus content was found in the
leaves of the trees well-nourished with nitrogen, whose soil had been
treated with the microbial inocula. For both the trees (fertilized)
growing on control and microbiologically enriched plots, the leaf
phosphorus concentration was within the low range (< 0.15%, accord-
ing to Sadowski et al. 1990). The decrease of P content observed after
the application of microbial inocula might negatively affect tree vigor
and this effect should be taken into consideration during optimization of
fertilization strategy for high yields and high nutrient use efficiencies.

Treder (2003) had demonstrated the phenomenon of a marked in-
crease in phosphorus content with a decrease in nitrogen content in
non-fertilized apple trees. Bojic et al. (1985), too, had shown a decrease
in the phosphorus content of apple leaves with an increase in nitrogen
fertilization rates. In the case of the non-fertilized trees, a significant
increase in the phosphorus content in a leaf tissue, after application of
microbial inocula was observed. However, for both control and inocu-
lated plants the recorded concentration of this element was within the
optimal range (0.15-0.26%) described by Sadowski et al. (1990).

The influence of the applied factors on the concentration of micro-
elements in apple leaves was demonstrated only in the third year of the
study. The concentration of boron, which is a trace element essential for
normal growth and development of apple trees was within the optimal
level (Wojcik et al., 2008; Wojcik, 2009). The highest concentrations of
this element were found in the leaves of the trees growing on the control
plots. The boron content of apple leaves was inversely correlated with
the nitrogen content.

Enriching the soil with the microbial inocula significantly increased
the concentrations of manganese (Mn), zinc (Zn), and copper (Cu) in
apple leaves. Addition of the fungal substrate (fertilized plots) resulted
in an increase of content of Mn to the optimal level (within the range of
41-100 mg kg! proposed by Sadowski et al. 1990). In a study with
strawberry, Sas-Paszt al. (2019b) had shown similar relationships only
for zinc (Zn). For the other microelements (Fe, Zn, Cu), the recorded
concentrations were within the optimal or even high range (according to
Wojcik 2009). In the case of iron, an increase in the content of this
element was confirmed only for the fungal inocula used on the control
plots without fertilization and the bacterial inocula where mineral
fertilization was applied.

5. Conclusions

The presence of filamentous fungi and bacterial strains had a
modifying effect on the mineral composition of apple leaves.

Significant variation in most of the analyzed parameters became
evident in the third year after tree planting. At that time, an increase in
the concentration of most macro- and microelements was observed as a
result of the influence of mineral fertilization and the microorganisms
applied to the soil.

The intensity of the green color of the leaf is a sensitive indicator of
changes in nitrogen content. The lack of mineral fertilization caused a
significant decrease in the nitrogen content of apple leaves, which
directly resulted in their lighter color (lower SPAD index).

Scientia Horticulturae 297 (2022) 110975
CRediT authorship contribution statement

Waldemar Treder: Conceptualization, Methodology, Writing —
original draft, Supervision. Krzysztof Klamkowski: Methodology,
Investigation, Writing — original draft, Writing — review & editing.
Katarzyna Wojcik: Investigation, Formal analysis, Writing — original
draft. Anna Tryngiel-Ga¢: Investigation, Formal analysis, Writing —
review & editing. Lidia Sas-Paszt: Conceptualization, Methodology.
Augustyn Mika: Investigation. Waldemar Kowalczyk: Investigation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Publication financed (co-financed) by the National Center for
Research and Development under the BIOSTRATEG programme, con-
tract number BIOSTRATEG3/347464/5/NCBR/2017.

References

Bojic, M., Jankovic, R., Veljovic, P., 1985. Effect of different rates of urea on the
nitrogen, phosphorus, potassium, calcium and magnesium content of apple leaves.
Agrohemija 4, 283-289.

Boss, C.B., Fredeen, K.J., 2004. Concepts, Instrumentation, and Techniques in
Inductively Coupled Plasma Optical Emission Spectrometry, 3rd ed. Perkin Elmer,
Shelton, CT, USA. Available online. https://www.perkinelmer.com/lab-solutions
/resources/docs/GDE_Concepts-of-ICP-OES-Booklet.pdf. (accessed 5 January 2021).

Boye, J., Arcand, Y., 2013. Current trends in green technologies in food production and
processing. Food Eng. Rev. 5, 1-17. https://doi.org/10.1007/512393-012-9062-z.

Boyer, J., Liu, R., 2004. Apple phytochemicals and their health benefits. Nutr. J. 3, 5.
https://doi.org/10.1186/1475-2891-3-5.

Cheng, L., Ma, F., Ranwala, D., 2004. Nitrogen storage and its interaction with
carbohydrates of young apple trees in response to nitrogen supply. Tree Physiol. 24,
91-98. https://doi.org/10.1093/treephys/24.1.91.

Derkowska, E., Sas-Paszt, L., Dyki, B., Sumorok, B., 2015. Assessment of mycorrhizal
frequency in the roots of fruit plants using different dyes. Adv. Microbiol. 5 (1),
54-64. https://doi.org/10.4236/aim.2015.51006.

FAO, 2018. FAOSTAT. http://www.fao.org/faostat/en/#data/QC (accessed January
2021).

Garima, J., 2019. Biofertilizers-a way to organic agriculture. J. Pharmacogn. Phytochem.
8 (4S), 49-52.

GUS, 2017. Statistical Yearbook of the Republic of Poland, 2017 (in Polish). Statistics
Poland (GUS). https://stat.gov.pl (Accessed 10 Jan 2021).

Karlidag, H., Esitken, A., Turan, M., Sahin, F., 2007. Effects of root inoculation of plant
growth promoting rhizobacteria (PGPR) on yield, growth and nutrient element
contents of leaves of apple. Sci. Hortic. 114, 16-20. https://doi.org/10.1016/j.
scienta.2007.04.013.

Santhos, M., Kumar, M.S., Reddy, G.C., Phogat, M., Korav, S., 2018. Role of bio-fertilizers
towards sustainable agricultural development: A review. J. Pharmacogn.
Phytochem. 7 (6), 1915-1921.

Kurek, E., Ozimek, E., Sobiczewski, P., Stomka, A., Jaroszuk-Scisel, J., 2013. Effect of
Pseudomonas luteola on mobilization of phosphorus and growth of young apple
trees (Ligol)-pot experiment. Sci. Hortic. 164, 270-276. https://doi.org/10.1016/].
scienta.2013.09.012.

Latimer, G., 2012. Official Methods of Analysis, 19th ed. AOAC International,
Gaithersburg, MD, USA. ISBN 978-0-935584-83-7.

Lucena, J.J., 1997. Methods of diagnosis of mineral nutrition of plants. A critical review.
Acta Hortic. 448, 179-192. https://doi.org/10.17660/ActaHortic.1997.448.28.
Mahdi, S., Hassan, G., Samoon, S., Rather, H., Dar, S., Zehra, B., 2010. Bio-fertilizers in

organic agriculture. J. Phytol. 2, 42-54.

Mercik, S., 2004. Theoretical and Practical Aspects of Fertilization. SGGW, Warsaw,
Poland (in Polish).

Montanés, L., Heras, L., Sanz, M., 1991. Deviation from optimum percentage (DOP). A
new index for interpretation of plant analysis. Anal. Aula Dei 20, 93-107 (in
Spanish).

Mosa, W.F.A.E., Sas-Paszt, L., Frac, M., Trzcinski, P., 2016. Microbial products and
biofertilizers in improving growth and productivity of apple — a review. Polish J.
Microbiol. 65 (3), 243-251. https://doi.org/10.5604,/17331331.1215599.

Mourao Filho, F.A.A., 2004. DRIS: concepts and applications on nutritional diagnosis in
fruit crops. Sci. Agric. 61, 550-560. https://doi.org/10.1590/50103-
90162004000500015.

Olszewski, T., 2001. The influence of selected agrotechnical factors on apple tree vigour,
fruiting and leaf and fruit mineral content. Zeszyty Naukowe ISK. Monografie i
Rozprawy 91, 41 (in Polish).


http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0001
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0001
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0001
https://www.perkinelmer.com/lab-solutions/resources/docs/GDE_Concepts-of-ICP-OES-Booklet.pdf
https://www.perkinelmer.com/lab-solutions/resources/docs/GDE_Concepts-of-ICP-OES-Booklet.pdf
https://doi.org/10.1007/s12393-012-9062-z
https://doi.org/10.1186/1475-2891-3-5
https://doi.org/10.1093/treephys/24.1.91
https://doi.org/10.4236/aim.2015.51006
http://www.fao.org/faostat/en/#data/QC
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0009
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0009
https://stat.gov.pl
https://doi.org/10.1016/j.scienta.2007.04.013
https://doi.org/10.1016/j.scienta.2007.04.013
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0024
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0024
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0024
https://doi.org/10.1016/j.scienta.2013.09.012
https://doi.org/10.1016/j.scienta.2013.09.012
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0012
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0012
https://doi.org/10.17660/ActaHortic.1997.448.28
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0014
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0014
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0016
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0016
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0016
https://doi.org/10.5604/17331331.1215599
https://doi.org/10.1590/S0103-90162004000500015
https://doi.org/10.1590/S0103-90162004000500015

W. Treder et al.

Ostrowska, A., Gawlinski, S., Szczubiatka, Z., 1991. Analysis of soils and plants (in
Polish).

Przybytko, S., Kowalczyk, W., Wrona, D., 2021. The effect of mycorrhizal fungi and PGPR
on tree nutritional status and growth in organic apple production. Agronomy 11 (7),
1402. https://doi.org/10.3390/agronomy11071402.

Sadowski, A., Nurzynski, J., Pacholak, E., Smolarz, K., 1990. Fertilizer needs of fruit
crops. Rules, Threshold Values, and Fertilizer Rates. SGGW, Warsaw, Poland (in
Polish).

Sahain, M.F.M., El-Motty, E.Z.A., El-Shiekh, M.H., Hagagg, L.F., 2007. Effect of some
biostimulant on growth and fruiting of Anna apple trees in newly reclaimed areas.
Res. J. Agric. Biol. Sci. 3 (5), 422-429.

Sas-Paszt, L., Malusa, E., Sumorok, B., Canfora, L., Derkowska, E., Gtuszek, S., 2015. The
influence of bioproducts on mycorrhizal occurrence and diversity in the rhizosphere
of strawberry plants under controlled conditions. Adv. Microbiol. 5 (1), 40-53.
https://doi.org/10.4236/aim.2015.51005.

Sas-Paszt, L., Sumorok, B., Derkowska, E., Trzcinski, P., Lisek, A., Grzyb, S.Z., Sitarek, M.,
Przybyl, M., Frac, M., 2019a. Effect of microbiologically enriched fertilizers on the
vegetative growth of strawberry plants under field conditions in the first year of
plantation. J. Res. Appl. Agric. Eng. 64 (2), 29-37.

Sas-Paszt, L., Sumorok, B., Derkowska, E., Trzcinski, P., Lisek, A., Grzyb, S.Z., Sitarek, M.,
Przybyt, M., Frac, M., 2019b. Effect of microbiologically enriched fertilizers on the
vegetative growth of strawberry plants in container-based cultivation at different
levels of irrigation. J. Res. Appl. Agric. Eng. 64 (2), 38-46.

Tagliavini, M., Scudellari, D., Marangoni, B., Bastinel, A., Franzin, F., Zamborlini, M.,
1992. Leaf mineral composition of apple tree: sampling date and effects of cultivar

10

Scientia Horticulturae 297 (2022) 110975

and rootstock. J. Plant Nutr. 15 (5), 605-619. https://doi.org/10.1080/
01904169209364344.

Treder, W., 2003. The influence of fertigation with nitrogen and multicompound
fertilizers on soil mineral content, growth and fruiting of apple trees. Zeszyty
naukowe ISK. Monografie i Rozprawy 97, 77 (in Polish).

Treder, W., Cieslinski, G., 2003. Assessment of apple nutrition with nitrogen using the
SPAD-502 meter. Folia Hortic. Supl. 3, 168-170.

Treder, W., Klamkowski, K., Kowalczyk, W., Sas, D., Wdjcik, K., 2016. Possibilities of
using image analysis to estimate the nitrogen nutrition status of apple trees.
Zemdirb. Agric. 103, 319-326. https://doi.org/10.13080/2-2.2016.103.041.

Uddling, J., Gelang-Alfredsson, J., Piikki, K., Pleijel, H., 2007. Evaluating the
relationship between leaf chlorophyll concentration and SPAD-502 chlorophyll
meter readings. Photosynth. Res. 91, 37-46. https://doi.org/10.1007/s11120-006-
9077-5.

Wang, L., Li, J., Yang, F., Raza, W., Huang, Q., Shen, Q., 2017. Application of bioorganic
fertilizer significantly increased yield and shaped bacterial community structure in
orchard soil. Microb. Ecol. 73, 404-416. https://doi.org/10.1007/500248-016-0849-

y.

Wojcik, P., Wojcik, M., Klamkowski, K., 2008. Response of apple trees to boron
fertilization under conditions of low soil boron availability. Sci. Hortic. 116, 58-64.
https://doi.org/10.1016/j.scienta.2007.10.032.

Wojcik, P., 2009. Fertilizers and Fertilization of Fruit Trees. Hortpress, Warszawa (in
Polish).

Wojcik, P., Filipczak, J., 2015. Growth and early fruit production of ‘Tiben’ blackcurrants
fertilised with preand post-planting applications of mineral fertilisers and swine
manure. Sci. Hortic. 185, 90-97. https://doi.org/10.1016/j.scienta.2015.01.027.


http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0020
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0020
https://doi.org/10.3390/agronomy11071402
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0022
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0022
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0022
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0023
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0023
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0023
https://doi.org/10.4236/aim.2015.51005
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0027
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0027
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0027
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0027
https://doi.org/10.1080/01904169209364344
https://doi.org/10.1080/01904169209364344
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0030
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0030
https://doi.org/10.13080/z-a.2016.103.041
https://doi.org/10.1007/s11120-006-9077-5
https://doi.org/10.1007/s11120-006-9077-5
https://doi.org/10.1007/s00248-016-0849-y
https://doi.org/10.1007/s00248-016-0849-y
https://doi.org/10.1016/j.scienta.2007.10.032
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0035
http://refhub.elsevier.com/S0304-4238(22)00101-7/sbref0035
https://doi.org/10.1016/j.scienta.2015.01.027

	Apple leaf macro- and micronutrient content as affected by soil treatments with fertilizers and microorganisms
	1 Introduction
	2 Material and methods
	2.1 Experimental site and material
	2.2 Experimental design
	2.3 Meteorological data
	2.4 Measurements
	2.4.1 Assessment of mineral nutrition
	2.4.2 Deviation from optimum percentage (DOP index)

	2.5 Data analysis

	3 Results
	3.1 SPAD index
	3.2 Nitrogen content of leaves
	3.3 Phosphorus content of leaves
	3.4 Potassium content of leaves
	3.5 Calcium content
	3.6 Magnesium content
	3.7 Sulphur content
	3.8 Microelements
	3.9 Correlations
	3.10 DOP index

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


