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Abstract: Although there has been an increase in the cultivation of highbush blueberry (Vac-
cinium corymbosum L.) worldwide for several years now, the availability of suitable soils for this
species remains a problem. Highbush blueberry is a plant that requires acidic soils (pH 3.8-5.5),
which are well aerated and have a stable level of groundwater and high humus content. In the present
study, substances such as urea phosphate fertilizer, sulfur, sulfuric acid, and phosphogypsum were
used to acidify three soils: peat, loamy sand, and loamy silt. The study aimed to lower the pH of the
tested soils and optimize this parameter to cultivate highbush blueberry. The resulting changes in pH,
content of macro- and micro-elements, and enzymatic activity were evaluated. Acidifying substances
mitigated peat and loamy sand’s reaction to highbush blueberry requirements, while the reaction of
loamy silt was changed only slightly, which made this soil unsuitable for plant cultivation. Sulfur
dust acidified the examined soils rapidly and to the highest degree, followed by urea phosphate and
phosphogypsum, while the weakest acidification was achieved with sulfuric acid solutions. The
salt concentration of the soil was increased the most by the highest dose of phosphogypsum, which
indicated that it could not be used to acidify soil for the cultivation of highbush blueberry. Among
the acidifying substances, only urea phosphate showed a stimulating effect on the soils” enzymatic
activity, whereas others did not significantly affect or decrease this parameter.

Keywords: urea phosphate; sulfur; sulfuric acid; phosphogypsum; pH changes; macro- and micro-
elements; soil enzymes

1. Introduction

The low availability of suitable soils for cultivation is one of the main factors limiting
new highbush blueberry (Vaccinium corymbosum L.) plantations. For several years, the
world has seen a rapid increase in interest in the cultivation of this species. Highbush
blueberry is most commonly grown in the USA and Canada, as well as in New Zealand
and South Africa. About 10% of the world’s highbush blueberry crops are in Europe, and
its biggest cultivators are Germany, Spain, and Poland, which ranks fifth in plantation area
worldwide [1-3].

Some of the important chemical properties of soil that affect its microbiological activity
and the bioavailability of nutrients are the granulometric compositions, organic matter
content, and pH [4,5]. The effect of soil pH on plants is determined primarily by their
genetic diversity. Unusual requirements characterize highbush blueberry; it grows on
soils with low pH (3.8-5.5), they are well aerated, exhibit physical properties characteristic
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of light soils, and have high humus content. Therefore, organic soils in which water
ratios are regulated and weak mineral soils in which the chemical properties can be easily
modified are suitable for cultivating this species [6-8]. In natural conditions, its shrubs
grow on forest soils having a low level of nutrients. Generally, peat soils are most suitable
for this species [9]. Currently, all over Europe, there is a decrease in peat bogs [10,11]
due to the dehydration of areas designated for meadows and fields, modernization of the
landscape, and legal protection of peatlands. Although the expenditure on field preparation
is high, blueberry cultivation is economically beneficial. The gains obtained from blueberry
cultivation are huge as the fruit price has been quite stable and remains high over the
years [12].

The interest in the cultivation of highbush blueberry encourages growers to use soils
that are less suitable for this species. The available studies show that one of the most impor-
tant criteria influencing blueberry’s growth is the soil pH [13,14]. Thus, the cultivation of
highbush blueberry can be improved by lowering the pH of the soil by using the following
substances: fragmented coniferous tree bark, high peat, composted pine sawdust, paper
mill sludge, acids, and physiologically acidic fertilizers [15,16]. Gagnon et al. [17] stated
that the soil’s pH could be lowered using primary and secondary peppermill sludge, a good
source of carbon and other nutrients. On the other hand, urea phosphate increases the con-
tent of magnesium and phosphorus and the mineral forms of nitrogen in the soil, especially
N-NHy [18], which causes acidification of the peat substrate [19]. Some authors [20] have
recommended using sulfur to increase the soil acidity for enhancing blueberry cultivation.
According to Starast et al. [21], sulfur can increase nutrient-rich soil’s acidity, but not that
of nutrient-poor soil with a light texture, for which only NPK (nitrogen, phosphorus, potas-
sium) fertilizers are effective. The use of acidifying fertilizers causes an increase in salinity,
which is unfavorable as blueberry is salt-sensitive. Changes in pH and increase in salinity
may significantly affect the biochemical processes taking place in the soil and its enzymatic
activity [22]. Soil enzymes (the so-called decomposing exoenzymes) are secreted outside
the cells, mainly by soil microorganisms and, to a lesser extent, by plants and soil fauna.
These enzymes take part in the transformation of carbon, nitrogen, phosphorus, sulfur, and
other macro- and micro-elements, as well as in the flow of energy, and thus influence the
physical and chemical properties of the soil environment [23,24]. Soil enzymes, namely
catalase, urease, and acid and alkaline phosphatases, are a good indicator of soils’ biological
activity, particularly those subjected to remarkable modifications [25].

The present study assumed that acidifying substances can significantly reduce the
soils” pH to values that are optimal for highbush blueberry cultivation. The preliminary
tests carried out in vases under controlled conditions formed the basis for the subsequent
field experiments. The aim of the study was to evaluate the changes in pH, content of
macro- and micro-elements, and enzymatic activity of the three tested soils, which were
acidified with urea phosphate fertilizer, sulfur, sulfuric acid, and phosphogypsum.

2. Materials and Methods
2.1. Soils

The studies were carried out in the Department of Horticulture and Department of
Agroengineering of the West Pomeranian University of Technology in Szczecin.

The experiment determined the ability to reduce the reaction to the requirements of
blueberries of three soils:

e  Peat: pH 6.22, organic matter content 553.1 g in 1000 g soil, organic carbon content
57.6 g in 1000 g soil, EC 0.48 mS/cm.

e Loamy sand (sand 84%, silt 13%, clay 3%): pH 6.36, organic matter content 29.4 g in
1000 g soil, organic carbon content 6.75 g in 1000 g soil, EC 0.24 mS/cm. In which a
natural process of acidification occurred as a result of long-term fallow.

e Loamy silt (sand 43%, silt 53%, clay 4%): pH 7.64, organic matter content 42.1 g in
1000 g soil, organic carbon content 9.87 g in 1000 g soil, EC 0.27 mS/cm.



Agronomy 2021, 11, 44

3o0f24

Soil was dried (air dried) and sieved before experiment in a 2 mm sieve. Skeletal parts
were discarded: loamy sand—0.2%, loamy silt—1%.

2.2. Acidifying Substances
Four substances were used for soil acidification, each in three different doses:

e  Urea phosphate fertilizer (pH 1.2): content of mineral ingredients—N 17.7%; P>Os
44.6%, [CO(NH)-H3PO4]—very good solubility in water. 0.1 g (300 kg fertilizer per
ha =50 kg N/ha), 0.2 g, 0.3 g fertilizer per 1 kg soil was applied.

e Milled dusty sulfur—sulfur content min. 99.85%. 1 g (3000 kg S/ha), 2 g, 3 g sulfur
per 1 kg of soil were used.

e  Water solution of sulfuric acid H,SO4 (pH 2, pH 3 and pH 4), the soil was watered
with 100 mL of water acidified with sulfuric acid per 1 kg of soil.

e  Phosphogypsum (pH 1.33)—waste obtained from Police Chemical Plant, being a side-
product of the process of obtaining phosphoric acid from phosphorites by extraction
with sulfuric acid, 3Ca3(PO4)2-CaF, + 10H,SO, — 10CaSO4 + 6H3PO, + 2HF.

5 g (15 tons/ha), 10 g, 15 g of phosphogypsum per 1 kg of soil were used.
The doses were calculated on the assumption that a 30 cm humus layer will be
acidified.
Scheme of the experiment: 3 soils, 4 acidifying substances, 3 doses of test substances
experience
3 X 4 x 3 =36 objects x 5 repetitions = 180 objects

The soils were dried and mixed before the start of the experiment and sieved to sepa-
rate the skeletal parts and standardize the sample. Then, they were packed in waterproof
vases with a capacity of, for example, 8 kg to allow water evaporation, and substances were
added according to the scheme. The soils in the packages were thoroughly mixed, and
100 mL of redistilled water was added per liter of soil. The soils were gradually watered
every 2 weeks (moisture was kept at the level of 1.7-2.1 pF). For soils acidified with sulfuric
acid, water was acidified to an appropriate pH value before it was added. The changes in
the pH of the studied soils were observed for 12 months, and changes in soil reaction were
measured six times for every 2 months.

2.3. Elemental Analysis

The pH of the soil in KCl and salinity was measured potentiometrically by the EL-
METRON CX 742 instrument. The pH of each soil sample was measured in 1 mol KCl
solution (pHgcp) at ratio 1:5. 10 mL portions of soil, previously dried, ground, sieved
(2 2 mm sieve), and thoroughly mixed, were placed in 100 mL beakers, and 50 mL 1 mol
KCl were added. After manual stirring, the suspensions are left for 24 h at room temper-
ature. Suspensions were mixed twice before pH measurement. The measurement was
conducted potentiometrically, after calibration based on standard solutions in a pH range
of 4-7.

The estimation of the content of minerals in dry weight was carried out in accordance
with the Polish Standard [26] using certified reagents. Tests were performed in three repli-
cations. The analyses were performed at the beginning of the experiment (control) and
after 12 months—the end of the experiment. In the soil available, K and P were determined
by extracting in C¢H190CaOg and Ca; Mg by extracting in CoH30,NHj. Total nitrogen
concentration was determined by the Kjeldahl distillation method using a Gerhardt 30. The
content of potassium and calcium was measured with the atomic emission spectrometry,
whereas magnesium content with the flame atomic absorption spectroscopy using iCE
3000 Series. Phosphorus content was determined with the colorimetric method at wave-
length 470 nm, employing spectrophotometer Marcel s 330 PRO. The content of available
micronutrients (Cu, Zn, Mn, Fe) was by extracting in 1 Mol HCl. Measured with the flame
atomic absorption spectroscopy using SAA Solaar [27,28].
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2.4. Analysis of Soil Enzymes

Urease was determined by the method developed by Kandeler and Gerber [29]. Five g
of soil (were incubated with 0.08 M aqueous or buffered urea solution (pH 10.0) at 37 °C
for 2 h. The accumulated ammonium was subsequently extracted with a solution that
contained 1 N KCL and 0.01 N HCL. The ammonium was quantified by spectrophotom-
etry at 690 nm. The activity of catalase was determined following Johnson and Temple
method [30] by back-titrating residual HyO, with KMnOj. The mixture of 5 g of dry soil
and 0.3% hydrogen peroxide solution was shaken at 120 rpm for 20 min and then 1.5 M
H,504 was added. Afterwards, the solution was filtered and we titrated the liquid using
0.IM KMnOy. Acid phosphatase activity was measured according to Tabatabai and Brem-
ner [31] modified by Margesin [32]. After the addition of buffered p-nitrophenyl phosphate
solution, soil samples (5 g) were incubated for 1 h at 37 °C. The p-nitrophenol released
by phosphomonoesterase activity was extracted and colored with sodium hydroxide and
determined photometrically at 400 nm.

2.5. Statistical Analysis

All statistical analyses were performed using Statistica 12.5 (StatSoft Polska, Cracow,
Poland). Non-parametric methods (Kruskal-Wallis test) were used if neither the homo-
geneity of variance nor the normality of distribution was established previously. Statistical
significance of the differences between means was determined by testing the homogeneity
of variance and normality of distribution, followed by ANOVA with Tukey’s post hoc test.
The significance was set at p < 0.05. Multivariate analysis was performed by applying
principal component analysis (PCA). The data were auto-scaled during pre-processing.

3. Results and Discussion
3.1. Soil pH

Highbush blueberry is a plant that requires very acidic soils (pHgc 3.8-5.5) and is
thus one of the few grown on a larger scale. In this study, the analyzed soils’ reaction
ranged from slightly acidic in the case of loamy sand and peat, to alkaline for loamy silt
(Table 1). All acidifying substances used significantly lowered the pH of the tested soils
in comparison with the control object. The decrease in the soil pH intensified over time,
which was in line with the results shown in the studies of Krzebietke and Benedycka [19]
and Ochmian et al. [33]. Fertilization can directly or indirectly change the soil’s chemical,
physical, and microbiological properties, thereby influencing its productivity [34,35].

Of the analyzed soils, the least acidification was observed in loamy silt (Table 1). It
was observed that the extent of acidification depended on the soil texture. Loamy silt
is characterized by a high ability to maintain a constant pH. The substances used in the
study lowered the alkaline nature of this soil (7.64) to slightly acidic (5.56-6.59) and neutral
(6.60-7.09). The lowest pH was found in loamy silt fertilized with 3 g of sulfur dust; in
relation to the original value, a decrease in pH to 5.56 (i.e., by 2.08 units) was recorded.
Peat has a lower buffer capacity than loamy silt (against changes in soil pH) because it
consists mainly of humidified organic matter with a high proportion of humus and mineral
acids, acidifying the soil environment. In this study, peat was found to be highly acidified.
Depending on the type and dose of the substance used, the pH of this decreased from
6.22 to >4.5 (strong acidic reaction) and <5.5 (acidic reaction). The highest acidifying effect
was noted with the application of sulfur dust at a dose of 1, 2, and 3 g. After adding
this substance, the pH decreased to 3.99, 3.55, and 2.34 (i.e., by 2.33, 2.67, and 3.88 units,
respectively). Among the analyzed soils, the loamy sand has the smallest soil sorption
complex and the lowest buffer capacity. Therefore, even a small inflow of acidic substances
can cause acidification, which is confirmed by this study’s results. Similar to loamy silt and
peat, the lowest pH was recorded in loamy sand after the application of sulfur dust. As the
dose of this substance increased to 1, 2, and 3 g, the examined loamy sand’s pH decreased
to 4.26,3.17, and 2.84 (i.e., by 2.1, 3.19, and 3.52 units), respectively. This agrees with the
previous study’s results [36], which confirmed soil acidification after sulfur fertilization.
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After its addition to the soil, sulfur gradually oxidizes to sulfate, causing a significant
salinity increase [37,38]. Oxidation of sulfur leads to hydrogen release, which acidifies
the soil environment [39]. The addition of urea phosphate causes soil acidification due to
phosphoric acid in its composition [40]. Changes in soil pH caused by urea phosphate are
also associated with the presence of nitrogen. The transformation of nitrogen is considered
one of the main mechanisms responsible for changing the soil pH [41]. In the present study,
the application of urea phosphate, regardless of the dose, lowered the pH of peat and
loamy sand to the range recommended to cultivate highbush blueberry. The acidifying
effect of urea phosphate, which can be favorable for highbush blueberry cultivation, was
also confirmed by Ochmian et al. [33]. Comparable results were obtained after applying
phosphogypsum in loamy sand, but these were not confirmed by Sosulski et al. [42], as the
authors did not find any significant change in the pH of soil toward acidity with the use of
phosphogypsum.

3.2. Soil Salinization

Due to the high sensitivity of highbush blueberry to increase the salinity of the soil,
fertilizers that maintain the specific conductivity (EC) at <2 mS/cm should be used in
its cultivation [43]. In the present study, the soils’ salinity was influenced by their buffer
capacity and the type and dose of the acidifying substance used (Table 2). Most salts
were introduced after the application of phosphogypsum, followed by sulfur and urea
phosphate. Due to low buffer capacity, the highest salinity was recorded in loamy sand
among the analyzed soils. After applying phosphogypsum at a dose of 15 g/vase, the
salinity of loamy sand was 8.31 g/kg NaCl. Sulfuric acid (H,SO4) reacts with the calcium
present in the soil, converting it into a soluble form, while the calcium ions in the soil
solution cause the displacement of exchangeable sodium. As a result, the salinity levels are
reduced, permeability and soil aggregation are increased, and the sodium sulfate in the soil
solution is washed out of the soil [44], which is confirmed by this study. The most favorable
salinity level for the cultivation of highbush blueberry was achieved after applying H,SO4
solution (average: 0.22 for loamy silt, 1.48 for peat, and 1.37 g/kg NaCl for loamy sand),
regardless of the pH of the substance. Similar results were observed after applying sulfur
by El-Sharkawy et al. [45] and Zayed et al. [44]. The salinity levels recommended for
blueberry cultivation were also recorded after the addition of urea phosphate in loamy
silt. Compared to the control, urea phosphate slightly affected salinity, which changed,
depending on the dose applied, from 0.77 to 1.27 g/kg NaCl. The principle component
analysis (PCA) showed that regardless of the acidifier used, an increase in salinity of
loamy silt, peat and loamy sand was associated with a decrease in soil pH. In some cases,
the effect of an increase in the cations of calcium on the increase in salinity is observed,
especially when phosphogypsum is used. However, this relation was not found, e.g., when
ammonium sulfate was used in peat (Figures 1 and 2). The increase in assimilable calcium
has a positive effect on the development of plants on saline soils [46].
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Table 1. Effect of acidifying substances on the change in pH of loamy silt, peat and loamy sand.

Measurement—Month

Acidifying Substance  Dose 2 4 6 8 10 12

Loamy Silt—pH 7.64

pH2 6.96 6.91 6.67 6.58 6.52 6.44 BD?
H,SO4 water solution ~ pH 3 7.29 7.11 6.85 6.79 6.80 6.72 DE

pH4 745 722 718 704 707  7.09 F
5g 742 711 685 663 655 651  BD
Phosphogypsum 10g 744 717 678 657 652 644  BD

15¢ 7.48 7.09 6.86 6.51 6.44 6.35 BC

lg 7.43 7.32 7.24 7.11 6.92 6.87 EF

Sulfur dust 2g 7.45 6.89 6.62 6.45 6.37 6.25 B
3g 7.47 6.67 6.22 6.04 5.82 5.56 A

01g 7.68 7.32 7.21 7.06 6.73 6.60 CE

Urea phosphate 02g 7.73 7.40 7.18 7.00 6.78 6.59 CD
03g 7.79 7.30 7.03 6.84 6.55 6.42 BC
Control 7.67 7.63 7.59 7.58 7.64 7.60 G
Peat—pH 6.22
pH2 6.11 5.72 5.35 4.66 4.35 4.32 D
H,SO4 water solution ~ pH 3 6.17 6.39 6.03 5.55 5.23 4.98 EF
pH4 6.06 6.59 6.22 5.74 5.70 5.51 G
5g 6.15 6.30 6.02 5.63 5.57 5.28 FG
Phosphogypsum 10g 6.14 6.22 5.97 5.56 5.42 5.34 G
15¢g 6.20 6.35 5.90 5.36 5.17 4.95 E
lg 6.12 5.97 5.46 4.27 412 3.99 C
Sulfur dust 2g 6.14 5.98 5.38 4.79 3.89 3.55 B
3g 6.11 5.67 5.21 3.61 2.93 2.34 A
0lg 6.04 5.77 5.36 4.93 4.90 4.88 E
Urea phosphate 02g 5.95 5.52 5.23 4.77 4.62 4.45 D
03g 5.78 5.04 4.92 471 4.58 4.36 D
Control 6.27 6.32 6.31 6.29 6.25 6.27 H
Loamy Sand—pH 6.36
pH2 6.08 5.43 5.11 5.03 4.87 4.57 F
H,50,4 water solution ~ pH?3 6.13 5.47 5.36 5.25 5.20 5.08 G
pH4 6.25 6.06 5.80 5.73 5.61 5.45 H
5g 6.13 5.43 5.39 5.36 5.29 5.20 GH
Phosphogypsum 10g 5.74 5.44 5.20 5.01 497 4.55 EF
15¢g 5.59 5.37 5.08 4.83 4.46 4.28 DE
lg 6.20 5.81 5.58 4.73 4.49 4.26 D
Sulfur dust 2g 5.88 5.15 4.67 4.11 3.68 3.17 B
3g 5.43 4.93 4.45 3.71 3.20 2.84 A
0lg 6.35 5.84 5.43 4.92 4.89 4.81 F
Urea phosphate 02¢g 6.22 5.56 5.20 4.90 4.75 4.64 F
03g 6.17 5.02 4.77 4.39 417 3.99 C
Control 6.35 6.30 6.25 6.22 6.25 6.21 I

2 Values followed by the same letter, within the same column, were not significantly different (p < 0.05)
according to t-Tukey test.
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Table 2. Effects of acidifying substances after 12 months on the salinity of loamy silt, peat and loamy

sand (g/kg NaCl).
Acidifying .

Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH2 0.23 a/A 1.42 b/A 1.28 b/AB
S water pH 3 0.22 a/A 1.48 b/A 1.34 b/AB
solution pH 4 0.22 a/A 1.53 b/A 1.48 b/B
5¢g 2.96 b/F 2.57 a/C 4.55 c/F

Phosphogypsum 10g 3.80 a/H 3.42 a/D 6.53 b/H
15¢g 4.46 a/l 5.83 b/F 8.31 c/1

lg 2.57 a/E 2.14 a/B 4.08 b/E

Sulfur dust 2g 3.24 a/G 2.83 a/D 4.55 b/F
3¢g 3.90 a/H 3.85 a/E 4.99 b/G

01lg 0.77 a/B 1.63 b/A 2.28 c/C

Urea phosphate 02g 1.07 a/C 2.49 b/BC 2.67 b/D
03¢g 1.27 a/D 2.65 b/C 294 b/D

Control 0.22 a/A 143 c/A 1.14 b/A

@ Mean values denoted by the same letter do not differ statistically significantly at 0.05 according to
t-Tukey test; lower-case letters indicate within the lines and capital letters indicate the columns.
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3.3. Macro-elements

Highbush blueberry demands a large amount of nitrogen from the soil, while it re-
quires only a small amount of phosphorus, potassium, magnesium, and calcium [47-49].
However, its optimal development and yield depend on the mutual relationships between
these elements. In the present study, the highest nitrogen content was found after applying
urea phosphate (Table 3) in all analyzed soils. It has been reported that due to the applica-
tion of urea phosphate, the content of ammonium and nitrate nitrogen in the soil increases,
and the conversion of ammonium nitrogen to nitrates takes place quickly [19,50]. The soil
reaction influences the efficiency of this process. Lowering the soil’s pH below 5.0 limits
nitrification [51], and below pH 4.5, the process stops [52]. The highest amount of nitrogen
was recorded in vases with the highest dose of urea phosphate (0.3 g), and the content
increased by 24% in loamy silt and peat and by 20% in loamy sand. The application of urea
phosphate at the dose of 2 g/vase (which corresponds to 100 kg N/ha) satisfied highbush
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blueberry’s nitrogen requirements. The dose of 3 g (150 kg N /ha) has been found to be too
high because highbush blueberry poorly utilizes nitrogen above 120 kg /ha [53], while at a
nitrogen level above 150 kg /ha, it can even die [54]. The PCA showed that the nitrogen
content was positively related to phosphorus concentration and salinity, and negatively
related to soil pH (Figures 1 and 2). A significant positive relationship between the increase
in the soil’s nitrogen and salinity was also confirmed by Krzebietke and Benedycka [19]
and Mirzakhaninafchi et al. [50]. In addition, increasing the doses of sulfur dust was found
to increase the amount of nitrogen in the analyzed peat and loamy sand. According to the
PCA, the increase in nitrogen in these soils was associated with a decrease in pH and an
increase in salinity (Figures 1 and 2). It should be noted that sulfuric acid and phospho-
gypsum solutions do not contain nitrogen in their composition. Therefore, acidification
with these substances resulted in a significant decrease in the amount of nitrogen in loamy
silt, loamy sand and increased peat (Figures 1 and 2). The significant increase in peat
nitrogen content following fertilization with acidifying substances containing sulfur should
be associated with their potential to cause more intensive mineralization of organic matter.
The growth of soil microorganisms is dependent on the C:N:S ratio in the soil. Excess of
mineral sulfur in the soil in relation to nitrogen forces the release of nitrogen through the
microbiological decomposition of organic compounds [55].

Table 3. Effects of acidifying substances after 12 months on total nitrogen in loamy silt, peat and

loamy sand (g/kg).
Acidifying .
Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH?2 11.49 a/CDh? 45.81 b/C 10.40 a/CD
S water pH 3 10.38 a/A 44.37 b/B 9.35 a/B
solution pH 4 10.33 b/A 4409 c/B 8.64 a/A
5g 10.63 a/A 46.69 c¢/D 13.63 b/H
Phosphogypsum 10g 11.79 b/DE 47.78 c/EF 10.09 a/C
15¢ 11.23 a/BC 44.62 c/B 9.47 a/B
lg 11.08 a/B 47.27 b/DE 11.51 a/E
Sulfur dust 2g 11.56 a/CDE 47.77 b/EF 11.32 a/E
3g 11.31 a/BC 48.16 b/F 12.07 a/F
01g 11.93 b/E 45.98 c/C 9.12 a/B
Urea phosphate 02g 13.49 b/F 47.71 c/EF 10.67 a/D
03g 14.55 a/G 53.31 b/G 12.56 a/G
Control 11.78 b/DE 42.85 c/A 10.47 a/CD

2 For explanation, see Table 2.

In the control objects, the content of phosphorus was found to be medium in loamy
silt and low in peat and loamy sand, in relation to the limited values of phosphorus in the
soil [56] (Table 4). Highbush blueberry has a low demand for phosphorus [49]. The N:P
ratio is an important parameter and should be about 10-15 [57]. Excess phosphorus can
limit the uptake of microelements by blueberry bushes, which are very sensitive to their
deficiency [58]. Among the acidifying substances used in the study, phosphogypsum and
urea phosphate contain phosphorus in their chemical composition. Therefore, in all the soils
studied, the highest increase in this element was found after applying phosphogypsum
and urea phosphate. In acidic soils, urea obtained from urea phosphate favors the chelation
of calcium by organic matter and phosphorus’s solubility. The level of phosphorus in
the analyzed soils increased as the dose of both fertilizers increased. Phosphorus content
in all soils reached a high level of >40 mg P/kg, except in loamy sand fertilized with
phosphogypsum, in which the amount of phosphorus was in the range 26.4-37.2 mg
P/kg (average). The highest phosphorus content was found in peat fertilized with urea
phosphate at a dose of 0.3 g, which was more than six times higher (125.6 mg P/kg)
than the control (19.2 mg P/kg). A similar increase in assimilable phosphorus in the soil
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after applying urea phosphate was reported by Takasu et al. [59] and Ochmian et al. [33].
Furthermore, the PCA showed that when phosphogypsum and urea phosphate were
applied in loamy silt, peat, and loamy sand, the phosphorus content exhibited a positive
relationship with the degree of salinity and a negative relationship with pH, iron, and,
generally, magnesium (Figures 1 and 2). Studies in the literature also confirm that the
availability of phosphorus to plants decreases with the decrease in pH value [60], because
at a low soil pH, phosphorus retrogrades to compounds with clay, iron, and manganese,
and as a result, poorly soluble forms of these elements are formed [52]. The addition of
excessive amounts of sulfur to the soil causes a decrease in the pH value, stimulating
changes in the content of nutrients in their available forms [61]. Regardless of the form,
sulfur fertilization limits the availability of soil phosphorus to plants [62]. In this study,
loamy silt fertilized with HySO4 solution and sulfur dust, regardless of the dose, contained
20% and 30% more phosphorus than the control soil. A higher amount of phosphorus
was also found in the peat fertilized with sulfur dust (by 21% on average), whereas a
decrease in phosphorus was only recorded in loamy sand, successively by 67% and 39%,
after the application of H,SO4 solution and sulfur dust, regardless of the dose. The high
buffer capacity of loamy silt and peat limits the retrogradation of phosphorus, whereas the
low buffer capacity of humus-poor loamy sand favors greater acidification and chemical
precipitation of the forms that are not absorbed by this element. In acidic soils, organic
matter limits the formation of insoluble aluminum and iron phosphates [63].

Table 4. Effects of acidifying substances after 12 months on the content of available phosphorus in
loamy silt, peat and loamy sand (mg/kg).

Acidifying .
Substance Dose Loamy Silt Peat Loamy Sand
pH2 21.8 c/A? 16.4 b/A 3.3 a/A
HZS?‘* water o g3 293 c/B 19.2 b/B 35 a/A
solution pH4 333 c/C 218 b/C 3.6 a/A
5g 423 c¢/E 30.6 b/E 264 a/C
Phosphogypsum 10g 54.8 c/G 44.9 b/F 33.3 a/D
15¢g 73.7 c/H 47.1 b/F 37.2 a/E
lg 23.3 b/A 23.1b /CD 7.5 a/AB
Sulfur dust 2g 30.6 ¢/BC 21.7 b/C 6.6 a/AB
3g 374 ¢/D 249 b/D 5.3 a/A
0lg 46.5 b/F 67.8 c/G 30.6 a/CD
Urea phosphate 02g 73.5 b/H 98.6 c/H 57.9 a/F
03¢g 81.0 b/1 125.6 c/1 63.4 a/G
Control 23.3 c/A 19.2 b/B 10.6 a/B

2 For explanation, see Table 2.

The potassium content was high in the control objects in loamy silt and low in peat
and loamy sand [56] (Table 5). Blueberry does not require high potassium fertilization [64].
Moreover, excess potassium in the soil limits other cations” uptake, including magnesium,
by blueberry bushes [65]. The use of acidifying substances caused a significant increase in
the concentration of assimilable potassium in peat and loamy sand, but its levels were below
optimal for blueberry growth. A decrease in the potassium content was noted in loamy silt,
regardless of the type and dose of the acidifier used. However, the level of this element
remained high. In loamy silt, potassium is strongly bound by clay minerals, and its release
from the sorption complex of the soil is difficult. A reduction in potassium concentration
after the sulfur application was found by Majcherczak et al. [62]. However, in the peat
and loamy sand examined in the present study, the concentration of potassium increased
by 59% and 63%, respectively, after the application of sulfur dust at the highest dose, and
due to this increase, the potassium content reached a medium level in peat and a high
level in loamy sand. It should be noted that an increase in the concentration of hydrogen
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and ammonium ions causes a rapid displacement of potassium from the sorption complex
of loamy sand and peat, which favors a periodic increase in the easily accessible forms.
The results of PCA indicated a significant relationship between the assimilable potassium
and the pH, as well as the content of N, P, Ca, and Mg in the soil (Figures 1 and 2) [66].
Sometimes, the lime application also increases the binding of potassium. High levels of
calcium and magnesium in the soil solution may limit potassium’s assimilability [52]. In
the loamy silt fertilized with phosphogypsum in this study, the potassium content was
lower by 8% on average, regardless of the dose.

Table 5. Effects of acidifying substances after 12 months on the content of available potassium in
loamy silt, peat and loamy sand (mg/kg).

Acidifying .
Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH?2 228.2 c/F? 289 a/E 37.7 b/F
S water pH3 2164 ¢/DE 24.2 a/D 335 b/DE
solution pH4 2083  ¢/CD 214 a/B 30.7 b/BC
5g 207.6 ¢/CD 19.5 a/A 30.1 b/AB
Phosphogypsum 10g 208.2 ¢/CD 21.4 a/B 325 b/CD
15¢ 203.7 c/C 242 a/D 30.4 b/AB
lg 223.9 c/EF 21.8 a/B 33.8 b/DE
Sulfur dust 2g 186.1 c¢/B 235 a/CD 39.1 b/F
3g 148.7 c/A 31.6 a/F 46.6 b/G
01g 215.3 ¢/DE 22.0 a/BC 32.7 b/CDE
Urea phosphate 02g 220.6 ¢/EF 244 a/D 34.6 b/E
03g 219.5 c/EF 22.3 a/BC 314 b/BC
Control 229.7 c/F 199 a/A 28.6 b/A

2 For explanation, see Table 2.

With respect to the limit values [56], the magnesium concentration in loamy silt,
peat, and loamy sand in the control objects was high (Table 6). Among the acidifying
substances studied, only phosphogypsum showed an unambiguous effect on lowering the
assimilable magnesium content in the analyzed soils without reducing the values below
the high level. The lowest potassium concentration was found after the application of 15 g
phosphogypsum, with a reduction of 46% in loamy silt, 42% in peat, and 71% in loamy sand.
From the PCA, it was found that the decrease in the content of assimilable magnesium
was significantly influenced by the decrease in soil pH (Figures 1 and 2). Takasu [67]
and Takasu et al. [59] showed that fertilization with phosphogypsum and gypsum could
increase magnesium. A short-term increase in the content of assimilable magnesium may
occur due to its displacement from the sorption complex by calcium. On the other hand,
the influence of sulfur fertilization on the decrease in the assimilable magnesium was
stated by Majcherczak et al. [62]. In the present study, sulfur dust significantly increased
magnesium’s content in mineral soils (loamy silt and loamy sand) and decreased this
element in organic peat. The increase in the content of assimilable magnesium after sulfur
application in mineral soils may result from its displacement from the sorption complex by
hydrogen produced due to sulfur oxidation. The effect of urea phosphate on the content
of magnesium in peat was negligible. In loamy silt and loamy sand, significantly larger
amounts of this element were recorded after applying urea phosphate at the lowest doses.
By contrast, a decrease in the concentration of assimilable magnesium in the soil after
applying urea phosphate was found by Ochmian et al. [33]. The PCA showed that the
increase in the amount of assimilable Mg in mineral soils was caused by a decrease in soil
pH, while, in peat, increase in acidity caused a decrease in the amount of this element
(Figures 1 and 2). In the soil, some elements interact antagonistically or synergistically
with each other, and as a result, may become partially or permanently immobilized. This
study showed the positive effects of N and P and the antagonistic effects of K and Ca on
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Mg content (Figures 1 and 2), which were confirmed earlier by Zamaniyan et al. [68] and
Nguyen et al. [66].

Table 6. Effects of acidifying substances after 12 months on the content of available magnesium in
loamy silt, peat and loamy sand (mg/kg).

Acidifying .

Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH?2 183 ¢/DE? 86 a/DE 122 b/D
S water pH 3 169 ¢/CD 113 a/G 124 b/D
solution pH 4 168 a/CD 90 a/EF 125 b/D

5g 116 c/B 67 a/B 91 b/C

Phosphogypsum 10g 101 b/AB 58 a/A 66 a/B
15¢g 92 b/A 53 a/A 43 a/A

1g 185 c/E 78 a/C 94 b/C

Sulfur dust 2g 168 b/CD 68 a/B 182 c/F
3g 260 b/F 83 a/D 283 c/H

01lg 169 b/CD 91 a/EF 230 c/G

Urea phosphate 02g 175 ¢/CDE 93 a/F 141 b/E
03¢ 166 c/C 89 a/EF 147 b/E

Control 165 c/C 92 a/F 150 b/E

@ For explanation, see Table 2.

Highbush blueberry has a low calcium requirement [69]. Among the acidifying
substances used in the study, only phosphogypsum contains calcium in its chemical com-
position. The highest concentration of calcium was found in the objects in which 15 g
of phosphogypsum was used (Table 7). Compared to the control, this element’s content
increased more than three times in loamy silt, almost two times in peat, and almost four
times in loamy sand. Calcium is antagonistic to phosphorus and limits, by itself, the ab-
sorption of many macro- and micro-elements. The PCA showed that only in peat fertilized
with sulfuric acid, sulfur dust, and urea phosphate, the concentration of assimilable cal-
cium decreased with an increase in assimilable phosphorus concentration (Figures 1 and 2).
However, this relation was not found with phosphogypsum (Figures 1 and 2). When
phosphogypsum is used for acidification, phosphorus and calcium are introduced con-
currently, so no antagonism between these elements becomes apparent. The increase in
calcium concentration in the soil under the influence of phosphogypsum was confirmed by
Takasu [67] and Takasu et al. [59]. The authors demonstrated [59] that phosphogypsum
can have a limited effect on the solubility of calcium in soils rich in clay minerals such as
alophans. The increase in the assimilable calcium observed in loamy silt and peat after
applying sulfur dust is due to the displacement of this element from the sorption complex
by hydrogen cations released during sulfur oxidation [70]. In acidic organic soils, urea
phosphate immobilizes calcium in the form of insoluble calcium phosphate [19]. In the
peat examined in this study, after applying urea phosphate, the calcium content was, on
average, 9% lower than that in the control.

The ratios of individual macro-nutrients in the soil influence blueberry bushes’ devel-
opment and should be as follows: K:Mg = 4:1, Ca:Mg = 10:1, and Ca:K = 5:1 [57]. A very
narrow K:Mg ratio found in the present study confirmed the lack of assimilable potassium
and the need for its supplementation. Potassium also affects the assimilability of NO3;~,
Mn, and Fe. Higher Ca:Mg and Ca:K ratios in the studied soils indicated a large excess
of assimilable Ca. In loamy sand and peat, a high proportion of assimilable Ca causes a
decrease in K, Fe, Mn, Cu, and Zn’s assimilability.
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Table 7. Effects of acidifying substances after 12 months on the content of available calcium in loamy
silt, peat and loamy sand (mg/kg).

Acidifying .
Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH2 2350 b/A? 3152 ¢/BC 1175 a/A
2 water  ,p3 2554 b/ABC 3273 c/C 1291 a/AB
solution pH 4 2592 b/BC 3102 c/B 1276 a/AB
5¢g 4087 b/E 4345 c/E 2337 a/C
Phosphogypsum 10g 7986 c/F 5042 b/F 4108 a/D
15¢g 8359 c/G 6114 b/H 5054 a/E
lg 2904 b/D 3784 c¢/D 1179 a/A
Sulfur dust 2g 2903 b/D 5662 c/G 1197 a/AB
3¢g 3008 b/D 6327 c/l1 1328 a/B
01lg 2752 b/C 2824 b/A 1218 a/AB
Urea phosphate 02g 2543 b/AB 2837 c/A 1344 a/B
03¢g 2537 b/AB 2752 c/A 1298 a/AB
Control 2519 b/AB 3082 c/B 1289 a/AB

2 For explanation, see Table 2.

3.4. Micro-elements

The solubility of iron in the soil increases with acidification and under reducing
conditions [71]. Insoluble forms of iron are present in the soil as oxides and hydroxides,
sulfates, carbonates, and phosphates. However, organic iron combinations are mobile
and accessible to plants [72]. In acidic soils, iron toxicity may occur under reducing
conditions [73,74]. In a temperate climate zone, iron deficiency does not occur in the soil
unless the chemical balance is disturbed by anthropogenic factors [73]. The Fe-antagonistic
elements are P, Ca, Cu, Zn, and Mn, while the synergistic element is K. All acidifying
substances used in this study caused a significant reduction in the amount of assimilable
Fe in the tested soils (Table 8). However, according to the limit values [27], its abundance
was high. It was observed that the application of sulfuric acid solution with pH 2, sulfur
dust at a dose of 1 g/vase, and urea phosphate at a dose of 2 g/vase reduced the content
of assimilable iron in peat and loamy sand, but the content of Fe was still several times
higher than the optimal content of 75-150 mg/kg [75]. Fe deficiency occurs in highbush
blueberry plants only if the soil pH is too high, and in the presence of excess Ca and P [6].
The PCA showed that the reduction in available iron was associated with an increase in
acidification, salinity, and available calcium or phosphorus (Figures 1 and 2). Furthermore,
in loamy sand and peat, it was found that an increase in its antagonistic elements caused
the decrease in available Fe: Cu, Zn, and Mn (Figures 1 and 2). Moreover, in organic
soils, organic acids’ presence leads to the complexation of metal cations by their carboxylic
groups [76].

Manganese is bound strongly by clay minerals and carbonates, and weakly by organic
matter (high mobility in organic soils). With an increase in organic matter, the available
Mn content also increases [72,77]. Manganese binds other trace metals (e.g., copper)
and may limit their accessibility to plants. The presence of sulfur favors manganese’s
assimilability, and its solubility increases at soil pH < 5.5 [78,79]. Generally, all the acidifying
substances used increased the amount of assimilable manganese in peat and loamy sand
and decreased this element in loamy silt (Table 9). The available manganese in loamy
silt was at the medium level and in loamy sand at the high level in relation to the limit
values [27]. Blueberry has a low demand for assimilable Mn, and its optimal content
is 20-50 mg/kg of soil [75]. In peat, only a slightly higher amount of assimilable Mn
compared to optimal level was found, while in loamy sand, it was more than three times
higher. The application of a sulfuric acid solution with pH 2, sulfur dust at a dose of
1 g/vase, and urea phosphate at a dose of 0.2 g/vase caused an increase in the assimilable
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forms of manganese in peat and loamy sand. No shortage of available Mn has been
observed in blueberry cultivation [6]. However, its excess (>350 mg/kg) negatively affects
the development of highbush blueberry [80]. In this study, an increased concentration of
assimilable Mn in loamy sand and peat was positively correlated with salinity, soil pH,
and assimilable K concentration (Figures 1 and 2). In turn, a decrease in the amount of
available Mn in loamy silt was found with an increase in the content of available calcium
when phosphogypsum, sulfur, and urea phosphate were applied for fertilization, and with
an increase in Cu content when hydrochloric acid solutions were applied (Figures 1 and 2).

Table 8. Effects of acidifying substances after 12 months on the content of available iron in loamy silt,
peat and loamy sand (mg/kg).

Acidifying .

Substance Dose Loamy Silt Peat Loamy Sand
SO pH2 12,4502 /B 3063 a/G 10,601 b/G
2 14 water pH 3 12,496 ¢/B 2903 a/CD 10526  b/FG
solution pH4 12919 c/C 2840 a/C 10859  b/H

5g 13,706 ¢/F 2927  a/CDE 10,429 b/F

Phosphogypsum 10 g 13,180 ¢/D 3015 a/EG 9409 b/B
15g 13,161 ¢/D 2994  a/DEG 10,102 b/D

1g 9785 b/A 2936  a/CDE 9829 b/C

Sulfur dust 2g 13,454 c/E 2517 a/B 10,852 b/H
3g 13,745 c/F 2308 a/A 10912 b/HI

0lg 14,191 /G 2900 a/CD 9037 b/A

Urea phosphate 02g 13,745 c/F 3223 a/H 9929 b/C
03g 13314  ¢/DE 3004 a/EG 10,259 b/E

Control 15,094 b/H 3452 a/l 14,997 b/I

2 For explanation, see Table 2.

Table 9. Effects of acidifying substances after 12 months on the content of available manganese in
loamy silt, peat and loamy sand (mg/kg).

Acidifying

Substance Dose Loamy Silt Peat Loamy Sand

SO pH2 2215  ¢/DE? 52.1 a/DE 179.5 b/DE
S water pH3 2256 ¢/E 493 a/CD 197.2 b/G
solution pH4 2236 ¢/E 458 a/B 183.2 b/EF

5g 240.7 /G 50.1 a/D 194.2 b/G

Phosphogypsum 10g 216.2 ¢/CD 55.1 a/E 189.7 b/FG
15g 207.0 c/AB 64.2 a/G 168.3 b/BC
1g 202.6 c/A 428 a/A 172.2 b/CD

Sulfur dust 2¢g 2123 ¢/BC 50.2 a/D 184.7 b/EF
3g 233.6 c/F 585 a/F 197.4 b/G

0lg 2197 ¢/DE 50.4 a/D 159.4 b/A

Urea phosphate 02g 216.8 ¢/CD 54.9 a/E 194.4 b/G
03g 2229 b/E 55.2 a/E 228.6 b/H

Control 2372 ¢/FG 46.6 a/BC 161.5 b/AB

2 For explanation, see Table 2.

Clay soils are usually rich in zinc, while carbonate and sandy soils are poor. Zinc is
a very mobile metal in the soil, whose solubility increases with acidification and organic
matter growth [72,77]. The present study showed that all the acidifying substances used
generally increased the amount of assimilable zinc in peat and loamy sand, but decreased
or had no effect on its content in loamy silt (Table 10). Regardless of the fertilization variant,
loamy silt and loamy sand were rich, and peat was poor in assimilable zinc considering
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the limit values [27]. Highbush blueberry requires 5-25 mg Zn/kg and 1-4 mg Cu/kg
of soil [75]. Optimal content of the assimilable forms of zinc and copper was found in
peat, while in loamy sand, these elements were several times higher than optimal. The
application of sulfuric acid solution with pH 2, sulfur dust at a dose of 1 g/vase, and urea
phosphate at a dose of 0.2 g/vase caused an increase in assimilable content zinc in peat and
ammonium sulfate in loamy sand. In addition, these substances caused an increase in the
content of assimilable copper in peat and loamy sand. The PCA showed that the increase
in the amount of available Zn in loamy sand and peat was caused by an increase in acidity
(Figures 1 and 2). In acidic soils, zinc is mainly absorbed by clay minerals and only to a
negligible extent by organic matter [81]. With the increase in organic matter and decrease
in soil pH, an increase in Zn availability has been observed in previous studies [72,77].
Furthermore, Zn’s sorption depends on the presence of other elements; for example, copper
is absorbed faster by soils than zinc [82].

In the analyzed loamy silt, however, it was found that the decrease in the amount of as-
similable zinc was closely related to the increase in the content of P and Ca (Figures 1 and 2).
Sorption of Zn increases rapidly above pH 5 [83], while phosphate fertilization, liming,
and addition of sulfur compounds reduce the assimilability of this element [73,84-86]. In
acidic soils, phosphorus increases the absorption of zinc, especially in Fe and Al’s presence.
Increased adsorption of zinc under phosphate’s influence is primarily attributed to the
formation of a P-Zn complex on colloidal surfaces [87]. Moreover, Mn oxides can bind to
Zn, contributing to its deficiency [88,89]. In their study, Krzywy et al. [90] did not find any
significant effect of phosphogypsum on assimilable Zn content in the soil. On the other
hand, Kulczycki [78] demonstrated that sulfur fertilization does not affect the content of
assimilable zinc in the soil, but it affects Zn’s higher uptake by plants.

Table 10. Effects of acidifying substances after 12 months on the content of available zinc in loamy
silt, peat and loamy sand (mg/kg).

Acidifying .

Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH?2 43.9 b/CDE? 12.2 a/C 60.6 c/B
2 water - bH3 423 b/B 115 a/B 64.2 /D
solution pH 4 437 b/C 13.5 a/DE 66.1 c/EF
5g 444 b/C-F 13.0 a/D 65.0 c¢/DE

Phosphogypsum 10g 42.0 b/B 14.5 a/F 67.4 c/G
15¢g 42.7 b/B 13.9 a/G 66.9 c/FG
lg 44.8 b/F 14.5 a/F 61.4 ¢/BC
Sulfur dust 2g 39.9 b/A 12.2 a/C 67.2 ¢/FG
3g 44.7 b/EF 13.3 a/DE 715 c¢/H

01lg 44.6 b/DEF 16.2 a/G 81.3 c/1
Urea phosphate 02g 42.7 b/B 13.7 a/E 66.5 c/FG
03g 43.8 b/CD 11.7 a/BC 46.7 c/A

Control 443 b/C-F 10.9 a/A 62.1 c/C

2 For explanation, see Table 2.

Copper is strongly bound by clay minerals and humus, and precipitates in sulfides,
sulfates and carbonates, giving rise to insoluble forms. In an acidic environment, Cu
forms easily soluble compounds. The mobility and availability of copper in the soils is
determined by the organic compounds [73,91]. Low-weight organic compounds released
during the decomposition of organic matter increase copper’s assimilability, while peat
organic substance strongly binds and immobilizes this element [73]. Furthermore, the
solubility of copper is influenced by P, Zn, iron hydroxides, Mn, and Al, as well as clay
minerals. The present study showed that the acidifying substances caused an increase
in the content of assimilable copper in loamy sand, while in loamy silt and peat, their
effect varied, but most frequently, there was a decrease in the amount of assimilable copper
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(Table 11). Regardless of the acidification variant, the amount of available copper was high
in loamy silt and loamy sand, and low in peat in relation to the limited values [27]. In the
previous studies, Krzywy et al. [90] and Skwierawska et al. [84] did not find any significant
influence of phosphogypsum and sulfur, respectively, on the content of assimilable Cu in
the soil. Similarly, Kulczycki [78] demonstrated that sulfur fertilization does not affect the
content of assimilable copper in the soil, but it increases Cu’s uptake by plants, especially
in sandy, less clayey soils.

Table 11. Effects of acidifying substances after 12 months on the content of available copper in loamy
silt, peat and loamy sand (mg/kg).

Acidifying

Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH2 13.8 c¢/E? 1.1 a/AB 10.1 b/DE
2o water pH 3 12.8 b/C 15 a/CD 12,6 b/G
solution pH 4 14.1 c/E 13 a/BC 10.2 b/E
5g 13.3 c¢/D 1.3 a/BC 9.7 b/CD
Phosphogypsum 10g 12.3 c/B 1.7 a/D 10.0 b/DE
15¢g 13.2 c¢/D 1.6 a/D 10.2 b/E

lg 11.6 c/A 1.3 a/BC 10.3 b/E

Sulfur dust 2g 12.9 c/C 1.1 a/AB 10.8 b/F
3g 13.2 ¢/D 1.0 a/A 10.1 b/DE

01lg 14.2 c/F 1.2 a/AB 10.7 b/F

Urea phosphate 02¢g 12.8 c/C 1.6 a/D 9.3 b/C
03g 12.3 c/B 1.3 a/BC 5.8 b/A

Control 13.4 c¢/D 1.2 a/AB 8.9 b/B

2 For explanation, see Table 2.

The PCA showed that the decrease in the content of assimilable copper in loamy
silt was associated with an increase in pH and the amount of antagonistic P in the soil
(Figures 1 and 2). Pérez-Novo et al. [87] have shown that P-Cu complexes are formed on
colloidal surfaces. The effect of acidification on Cu content was also observed in peat, but
in some cases, an increase in the assimilable Fe content was found to reduce assimilable Cu
content (Figures 1 and 2). The organic iron compounds present in the peat are known to
easily absorb and immobilize Cu [88,89]. On the other hand, the increase in the amount
of assimilable copper in loamy sand was unequivocally due to a decrease in pH and the
content of assimilable phosphorus and iron (antagonistic elements of Cu) and an increase
in the content of assimilable K and Zn forms (Figures 1 and 2). It has been reported that
the higher the pH and cation-exchange capacity of the soil, the worse the desorption of
copper. Sorption of Cu increases rapidly above pH 4 [83]. The small proportion of clay
minerals and organic matter in the loamy sand favors copper’s solubility because this
element, like Zn, is highly absorbed by clay minerals and organic matter [81,82]. Moreover,
copper is bound by Fe, Mn oxides, and sulfur [88]. It should be emphasized that humic
acids’ sorption is more reversible than by oxides [81].

3.5. Soil Enzymatic Activity

The catalase activity in the soil mainly depends on oxygenation, humidity, temper-
ature, pH, the content of humus and clay, the chemical properties of soil, and the source
of the enzyme [92,93]. Catalase is permanently absorbed by clay minerals and organic
colloids in the soil, which stabilizes and limits its activity. In the present study, the best
catalase activity was noted in peat and the worst in loamy sand (Table 12). The acidifying
substances used caused the highest decrease in this enzyme activity in peat (by 26%) and
the lowest decrease in loamy sand (by 7%) compared to the control. On the other hand,
only urea phosphate increased catalase activity compared to the control in all the analyzed
soils (loamy silt, peat, and loamy sand). In loamy silt, an increase in the doses of urea
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phosphate significantly increased the enzyme activity, while in peat and loamy sand, the
activity was decreased (at the highest dose, no significant difference was noted compared
to the control). Moreover, it was found that regardless of the soil, the lower the pH of the
sulfuric acid solution and the higher the doses of phosphogypsum and sulfur dust, the
more pronounced the decrease in catalase activity. However, Bielifiska and Zukowska [23]
showed that nitrogen and phosphorus in the soil stimulate the soil enzymatic activity.

Table 12. Activity of catalytic activity enzyme in the soil depending on the acidifying substances
used after 12 months (% O,-g).

Acidifying .
Substance Dose Loamy Silt Peat Loamy Sand
LSO pH2 1.98 a/D? 1.43 b/BC 0.95 a/BCD
208 water - oH3 205 /D 1.67 b/C 1.22 a/EF
solution pH 4 2.17 b/DE 241 c/FG 1.36 a/EFG
5g 1.49 a/C 2.11 b/DE 1.42 a/FG
Phosphogypsum 10g 1.01 a/A 2.33 b/EF 1.17 a/DE
15¢ 0.93 a/A 2.02 b/D 0.96 a/CD
lg 2.07 ¢/D 1.33 b/B 0.88 a/BC
Sulfur dust 2g 1.34 b/BC 1.24 b/AB 0.73 a/B
3g 1.20 b/B 1.01 b/A 0.46 a/A
0lg 249 b/F 3.08 c/] 1.56 a/GH
Urea phosphate 02g 2.73 b/G 2.94 b/1J 1.74 a/H
03¢g 2.81 b/G 2.68 b/GH 1.20 a/E
Control 2.30 b/E 2.74 c¢/HI 1.23 a/EF

2 For explanation, see Table 2.

The PCA showed that catalase activity was positively associated with urease and
acid phosphatase activity and the content of assimilable phosphorus and total nitrogen
in the soil. It was found that a decrease in pH caused the decrease in catalase activity
in the studied soils—significantly below the optimal value, i.e., 7.0 (Table 13). Catalase
activity is seen at a pH of 5.0-10.5. Moreover, a negative effect of salinity and the content
of assimilable heavy metals—Zn, Cu, Mn, and Fe—on catalase activity has been reported
in other studies. For instance, Telesinski [93] showed the negative effect of salinity, while
Wyszkowska et al. [94] and Kizilkaya et al. [24] showed the negative effect of heavy metal
contamination on the catalase activity in the soil. In turn, Skwarylo-Bednarz et al. [95]
showed a positive effect of small amounts of Cu and Zn on the soil catalase activity. The
study showed the best urease activity in peat and the worst activity in loamy sand. The
acidifying substances caused the highest decrease in the urease enzyme activity in peat
(by 29%) and the lowest in loamy silt (by 7%) compared to the control. The persistence of
urease in the soil is mainly related to the presence of humus and clay minerals [24,96,97].

In addition, the study showed that the activity of urease increased only after the
application of urea phosphate, with the best effect noted at a dose of 0.1 g/vase and the
least effect at a dose of 0.3 g/vase. However, when other acidifying substances were
used, urease activity decreased significantly compared to the control. The highest doses of
acidifying substances caused the highest reduction in the activity of urease.

The PCA showed that urease activity was positively related to catalase and acid
phosphatase activity and the content of assimilable phosphorus and total nitrogen in the
soil. The urease enzyme activity is optimal at a pH of 6-7 [96]. As acidification increases,
its activity significantly decreases. Bielifiska and Zukowska [23] showed that soil urease
activity correlated with C and N organic and N-NH4 content. On the other hand, a decrease
in its activity was caused by a decrease in pH value and increased salinity and content of
assimilable heavy metals such as Zn, Cu, Mn, and Fe. Telesiniski [93] showed that salinity
had a negative effect on urease activity. Furthermore, the inhibiting effect of increased
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amounts of heavy metals on the activity of this enzyme has been confirmed by other
authors [24,98,99].

Table 13. Activity of urease activity enzymes in the soil depending on the acidifying substances used
after 12 months (umol p-NP kg/h).

Acidifying

Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH?2 6.12 b/DE? 6.13 b/CD 4.87 a/CD
S water pH 3 6.08 b/DE 6.44 b/D 5.25 a/EF
solution pH 4 6.23 b/DE 7.42 c/E 5.48 a/FG
5g 6.11 b/DE 8.40 c/F 5.03 a/DE
Phosphogypsum 10g 5.96 b/D 8.31 c/F 4.83 a/CD
15¢ 6.33 c/EF 5.11 b/B 3.88 a/A

lg 443 a/C 5.88 b/C 4.67 a/C
Sulfur dust 2g 4.02 a/B 5.45 c/B 4.79 b/CD
3g 3.45 a/A 4.32 b/A 4.19 b/B

01g 8.51 b/H 10.65 c/I 6.61 a/l

Urea phosphate 02g 8.99 b/1 9.37 b/H 6.23 a/H
03g 7.32 b/G 9.08 ¢/GH 5.95 a/H

Control 6.58 b/F 8.99 c/G 5.66 a/G

@ For explanation, see Table 2.

The present study showed the highest acid phosphatase enzyme activity in peat and
the lowest activity in loamy sand (Table 14). Phosphatase enzymes are closely related to
clay minerals and humus [24,97]. The acidifying substances used in this study caused
the maximum decrease in acid phosphatase activity in loamy sand (by 21%) and the
smallest decrease in loamy silt (by 1%) compared to the control. It was also found that the
application of urea phosphate at all doses caused a significant increase in the activity of
acid phosphatase in loamy silt, while in loamy sand and peat, an increase was observed
only at a dose of 0.1 g/vase. Moreover, a significant increase in its activity was caused
by phosphogypsum at a dose of 5 g/vase in loamy silt and peat, and by sulfuric acid
solution with pH 2 in peat. In the remaining variants of fertilization, no significant effect or
decrease in this enzyme activity in relation to the control was found. The PCA showed that
acid phosphatase activity is closely positively related to that of urease and catalase. The
increased activity of acid phosphatase in the soils studied was observed with an increase
in the content of assimilable phosphorus and total nitrogen. On the other hand, a decrease
in the enzyme activity resulted mainly from an increase in salinity and the content of
assimilable heavy metals, namely Zn, Cu, Mn, and Fe.

The activity of acid phosphatase is the highest at the pH range of 4-6 [96]. The soils
studied mostly had an optimal pH for the good activity of this enzyme. The positive
influence of nitrogen fertilization on acid phosphatase activity was indicated in the studies
by Gajda et al. [100] and Nowak et al. [101]. Nevertheless, other factors had a limiting
effect on this enzyme. Phosphatases respond quickly to an increase in salinity [93] and the
content of heavy metals in the soil [24,98,102,103]. Even a small increase in heavy metals
in the soil favors these enzymes’ activity [101]. In summary, the activities of urease, acid
phosphatase, and catalase enzymes are closely related. The decrease in enzymatic activity
is connected with a decrease in the pH value, an increase in salinity, and the content of
assimilable heavy metals, including Zn, Cu, Mn, and Fe. On the other hand, an increase
in the content of assimilable phosphorus and total nitrogen is conducive to an increase in
these enzymes’ activity.



Agronomy 2021, 11, 44

20 of 24

Table 14. Activity of acid phosphatase enzyme in the soil depending on the acidifying substances
used after 12 months (umol p-NP kg/h).

Acidifying .
Substance Dose Loamy Silt Peat Loamy Sand
H.SO pH2 0.94 b/C? 143 ¢/FG 0.51 a/B
2 14 water pH 3 1.08 b/D 1.18 b/DE 0.57 a/B
solution pH 4 1.05 b/CD 1.29 ¢/EF 0.84 a/D
5g 1.37 b/E 1.44 b/FG 0.87 a/D
Phosphogypsum 10g 1.04 b/CD 0.97 b/C 0.65 a/BC
15¢g 0.54 b/AB 0.68 b/B 0.32 a/A
lg 0.62 b/B 0.54 b/AB 0.34 a/A
Sulfur dust 2g 0.56 b/AB 0.65 b/AB 0.27 a/A
3g 0.48 b/A 0.51 b/A 0.22 a/A
0lg 1.27 b/E 1.57 /G 1.08 a/E
Urea phosphate 02g 1.39 c/E 1.06 b/CD 0.85 a/D
03g 1.80 c/F 0.94 b/C 0.62 a/BC
Control 1.02 b/CD 1.23 c/E 0.76 a/CD
LSD 0.05 0.13 0.16 0.15

2 For explanation, see Table 2.

4. Conclusions

1.

Acidifying substances lowered the reaction of peat and loamy sand to highbush
blueberry requirements, while the reaction of loamy silt was changed only slightly,
which made it unsuitable for the cultivation of this plant. Sulfur dust acidified the
studied soils rapidly and to the highest extent, followed by urea phosphate and
phosphogypsum, while the weakest acidification was achieved with sulfuric acid
solutions.

Among the tested variants of acidifying substances, only sulfuric acid solution with
pH 2, urea phosphate at a dose of 0.2 g/vase (in peat and loamy sand), and sulfur
dust at a dose of 1 g/vase (in peat soil) lowered the pH of soils to the optimal values
required by highbush blueberry, and did not significantly increase salinity.

The concentration of salt in the soil was increased the most by the highest dose of
phosphogypsum, which made it unsuitable for soil acidification in the cultivation
of highbush blueberry. The salt concentration was less affected by sulfur and urea
phosphate and, to the lowest degree, by sulfuric acid. Loamy sand was the most
susceptible to salinity, while peat was the least susceptible.

Fertilization with acidifying substances caused significant changes in the assimilation
of macro- and micro-elements. A dose of 0.3 g/vase (which corresponds to 150 kg /ha)
is too high for urea phosphate, and it increases the amount of nitrogen above the
standard value, which adversely affects the development of highbush blueberry.
Among the acidifying substances used, only urea phosphate had a stimulating ef-
fect on the enzymatic activity of soils, while the other substances generally did not
influence or reduce the activity of the enzymes.
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