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Abstract
Microplots (0.8 m2) were filled with a subsoil of a very poor, acidic sandy soil. This soil was enriched
with bentonite (BNT) at rates of 0, 3, 6, and 12 kg/m2. For 30 years the microplots were planted with different crops and regularly enriched with mineral and organic fertilizers. For the next eight years the microplots
were left barren. After that time, the soils with added BNT had higher pH and content of available Mg than
the control soil (CS) in the whole studied 5-80 cm soil profile. The soil with the highest dose of added BNT
contained more total Ca, Mg, Zn, and Mn, as well as available P and K in 5-30 cm layer than the other soils.
Furthermore, in comparison to CS, the soil with 12 kg/m2 of BNT had higher cation exchange capacity
(CEC).
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Introduction
The low content of clay in sandy soils usually limits
humus accumulation, nutrients, and water availability as
well as buffering capacity, which is a reason that many of
these soils become acidified. Low crop yields from sandy
soils are due, inter alia, also to easy and intensive leaching
of fertilized-supplied nutrients from the upper soil horizon
into deeper soil layers. These, for instance, cause light soils
to be inherently deficient in micronutrients [1-6].
It has been found that the addition of an adequate
amount of clay substance to a sandy soil can greatly
improve its agricultural value. A relative comparison of
kaolinite, illite, and montmorillonite has revealed that the
latter clay mineral was most efficient with regard to nutrient retention in soil [6]. Bentonite – a rock containing main*e-mail: czaban@iung.pulawy.pl

ly montmorillonite (a smectite group clay mineral) – has
been recognized in many countries as a very good material
to improve the properties of such infertile sandy soils [616]. However, all of these studies were of short-term character. Therefore, it was difficult to evaluate how permanent
would be the improvement of fertility and buffering capacity of sandy soils by bentonite addition.
Such evaluation can be taken from a 38-year microplot
experiment with a poor acidic sandy soil enriched with bentonite (BNT), conducted at the Institute of Soil Science and
Plant Cultivation in Puławy, in eastern Poland (51º 24’ N,
21º 57” E).
The purpose of the study was to investigate whether the
BNT addition to the sandy soil affects its chemical properties after such a long time. The present paper is the second
part of a two-paper set on the effect of BNT on soil chemical properties. The first part describes the effect of BNT on
accumulation of organic C (OC) and total nitrogen (ToN) in
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the soils, as well as on distribution of OC in humic fractions
[17]. The present part concerns the influence of BNT on
soil pH, CEC, and contents of various nutrients – both total
and available.

Experimental Procedures
Experimental design and history of the plots are presented in part I of the two-paper set [17].

Soil Sampling
Soils were sampled in May 2009 from layers 5-30, 3055, and 55-80 cm with the use of a soil auger (1 m long).
CEC was determined only in the soil layers of 5-30 and 3055 cm, sampled with a sampling stick (0.7 m long) in June
2010 from series amended with 0 kg/m2 and 12 kg/m2 of
BNT. The uppermost layer 0-5 cm of the soils was
removed before sampling because of intensive and irregular growth of algae on the surface, which would hamper
the analysis of various soil parameters. The samples were
placed in airtight containers for transport to the laboratory.
At the laboratory the samples were stored at 4ºC in hermetically sealed containers until required. Then they were
sieved (<2 mm) and homogenized. For determining the
total contents of macro- and micro-elements the soil samples were air dried.

Soil Analyses
Soil pH was measured with a glass electrode in a slurry
made by mixing 10 g of soil and 25 cm3 of deionized water
(active acidity) or 1 M KCl (exchangeable acidity).
Cation exchange capacity (CEC) of a soil at its real pH
was determined by modified Gillman’s method using a barium chloride solution, according to Polish Standard PNISO 11260:1999.
The total contents of calcium (ToCa), magnesium
(ToMg), zinc (ToZn), manganese (ToMn), and iron (ToFe)
in the soil samples were determined by atomic absorption
spectroscopy, and the total contents of potassium (ToK) by
atomic emission spectroscopy, after the hot digestion of soil
samples with aqua-regia (according to McGrath and
Cunliffe) [18].
The contents of available forms of phosphorus (AvP)
and potassium (AvK) were determined by Egner-Riehm’s
method (extraction with lactic acid buffered with calcium
lactate to pH 3.55), whereas available magnesium (AvMg)
by Schachtschabel’s method (extraction with 0.0125 M
CaCl2) [19].
All the mentioned soil variables were determined in
three replicates. All data were based on dry weight of the
soils.
Additionally, annual mean values of soil pH(H2O) in 030 cm soil layers, determined during a period 1973-85 and
1990, are presented. In the 1991-2008 period this parameter was not measured. The other variables listed in this section were not determined during the period 1973-2008.

Statistical Analysis
For statistical evaluation, the obtained results were subjected to one-way analysis of variance (at P = 0.05) and the
means were separated with Tukey’s HSD test (with P = 0.05
level of significance). In the figures, the data presented as
columns or as the numbers presented inside the legends
marked with the same letters are not significantly different.
For estimation of the various relationships between the
variables discussed in the present paper (Part II) and
between these variables in Part II and the contents of OC,
ToN, and texture (which were presented in Paper I [17]),
the simple Pearson’s correlation analysis was used.
Together with correlation coefficients (r), level of probability (P) and number of data pairs (n) are presented in the text.

Results and Discussion
Soil pH
The initial pH of the control soil (CS) after enrichment
with the mineral fertilizers in July 1973 was 5.9. At that
time, an amendment of the soil with BNT (containing
almost 5% of Ca and Mg and 1% of Na and K in forms soluble in 10% HCl [17], which were more readily dissolvable
minerals, e.g. carbonates, as well as these elements bound
in the interlayer space or the surface of clay minerals [20,
21]) shifted soil pH to 8.3, 8.7, and 8.9 for 3, 6, and 12
kg/m2 of the BNT rates, respectively. During the 17-year
period (1974-1990), pH of the bentonite soils (BNTSs) was
decreasing more rapidly until 1977, and more slowly since
1978, to 6.6, 6.8, and 7.1 in 1990, for soils enriched with 3,
6, and 12 kg/m2 of BNT, respectively (Fig 1A). Only temporary increases in pH were observed in some years, e.g.
after fertilizing the soils with farmyard manure in 1975,
1983, and 1990. Since 1975, pH of CS was maintained at
approximately 6.5 by occasional CaCO3 fertilization.
Therefore, the differences in pH between BNTSs (where
base substances originated from BNT were subjected to
leaching downward soil profiles) and CS were gradually
diminishing (Fig. 1A). In the subsequent period of 19912002, when the soils were regularly cultivated, pH of the
soils was not measured.
Since 2003 the plots were left fallow with no fertilization and with removal of weeds. The bare fallowing (200309) caused distinct acidification of the upper soil layers
compared to the period 1975-1990 (Figs. 1A, 1B). Dzienia
et al. [22] and Sienkiewicz et al. [23] also reported a distinct
soil pH decrease under the influence of 5- and 6-year fallowing.
In 2009 pH of the upper layers of the soils was very low,
on the level of most acidified Polish soils in 2010, measured
in 0-20 cm horizons [24]. In these soil layers the differences
in pH between the treatments were very small, and only pH
of the soil with the highest BNT rate (12-BNTS), both
determined in H2O and KCl, differed significantly from
those of CS and a soil with 3 kg/m2 BNT rate (3-BNTS).
Soil pH increased significantly with raising soil depth,
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especially for BNTSs, therefore the differences in pH (both
measured in H2O and KCl) between CS and BNTSs significantly raised with the increase of soil depth and the BNT
dose (Fig.1B). It shows that greater amounts of soluble base
substances accumulated in deeper soil layers of BNTSs
than in those of CS.
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Total Ca (ToCa) and total Mg (ToMg) – important metals for soil properties and plant nutrition [21] – were present
in BNT at the beginning of the experiment in significant
amounts [17]. As Fig. 2 shows, after the long period of
destructive bare fallowing the contents of ToCa (228-558
mg/kg) and ToMg (132-205 mg/kg) in the upper soil layers
was on the lowest levels of the ranges of these variables in
Polish soils in 2010 [24]. Within the whole soil horizon (580 cm), ToCa content increased with increasing BNT rate,

8

ab

0

Total Contents of Macro- and Micro-Elements
and CEC

8.5

ab

100

30 - 55 cm
Soil depth

55 - 80 cm

Fig. 2. Effect of the sandy soil amendment with 0 kg/m2 (I), 3
kg/m2 (II), 6 kg/m2 (III), and 12 kg/m2 (IV) of BNT on total contents of Ca (A), Mg (B), and K (C) in 5-30 cm, 30-55 cm, and
55-80 cm soil layers and, presented inside the legends (in
mg/kg), the means for the whole 5-80 cm soil profiles.
Different letters on the bars or placed in the legends indicate
significant differences between the treatments at P = 0.05.
I – the control soil without BNT added; II , III, and IV – soils
with addition of 3, 6, and 12 kg/m2 of BNT, respectively.
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Fig. 1. Effect of the sandy soil amendment with 0 kg/m2 (I), 3
kg/m2 (II), 6 kg/m2 (III), and 12 kg/m2 (IV) of BNT on pH (both
in H2O and KCl) of the soils.
(A) Annual means of soil pH[H2O] in the 0-30 cm soil layers during the period 1973-85 plus 1990. Inside the legend the means
of soil pH for the whole presented period are placed. Means
marked with different letters are statistically different at P =
0.05;
(B) Active (pH in H2O) and exchangeable (pH in KCl) acidities
of the soils in 5-30 cm, 30-55 cm, and 55-80 cm layers. Above
the bars the differences in pH units between 12-BNTS and CS
are presented; Different letters on the bars indicate significant
differences between the treatments at P = 0.05.
I – the control soil without BNT added; II , III, and IV – soils
with the addition of 3, 6, and 12 kg/m2 of BNT, respectively.

achieving about 70% greater contents in 12-BNTS than that
of CS. The differences between 12-BNTS and CS were the
highest (145%) in the upper soil layer, moderate in the 3055 cm layer (66%) and the least significant in the deepest
layer (10%). In comparison, the soil amendment with BNT
increased (up to 55%) the total Mg (ToMg) content only in
the upper layer (Figs. 2A, 2B).
In CS and 3-BNTS the contents of both elements were
higher in the deeper layers than those in the upper layer,
contrary to 12-BNTS, where the contents of both metals
were lower in deeper soil layers (Figs. 2A, 2B). When we
take into consideration the results of all treatments, the total
contents of both metals were significantly positively correlated (at P < 0.01, n = 48, results from all soil layers) with
contents of finer soil particles, which originated from BNT
[see Part I, 17]: ToCa with soil particles < 0.1 mm [PRT <
0.1] (r = 0.40) and ToMg with PRT < 0.05 (r = 0.38). For the
individual experimental series the correlation coefficients
(ToCa with PRT < 0.1 and ToMg with PRT < 0.05) gradually changed from negative in the case of CS (r = -0.12, -0.17,
n = 12 for ToCa and ToMg, respectively) to significantly
positive (r = 0.51 at P < 0.1 and 0.82 at P < 0.01 n = 12) for
12-BNTS. Also, only in the case of 12-BNTS was ToMg
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Total Mn (ToMn) was on the lowest level recorded for
Polish agricultural soils in 2010 [24]. It shows a similar
pattern to that of ToZn. The contents of ToMn in the whole
soil profiles were similar in all experimental series, but the
proportions in the upper soil layers were highest for the
soils with two highest BNT rates (46 and 48% in comparison to 29 and 32% in CS and 3-BNTS) (Fig. 3B). The
content of ToMn also was correlated with contents of OC,
ToN and PRT < 0.05 (r = 0.47, 0.45, and 0.54 at P < 0.01,
n = 48), but the correlations were not as strong as those for
ToZn. Likely in the case of BNTSs, Zn and Mn originating
from farmyard manure, mineral fertilizers, and partly from
BNT were concentrated in the upper soil layer through
plant biomass mixed with topsoil. De Vries et al. [33],
Graber et al. [34], and Dortzbach et al. [35] reported on
accumulation of Zn and Mn in the upper layers of soils fertilized with animal manures. They stressed the positive
impact of OM, clay, and higher pH on the accumulation of
the metals in the upper soil layers. The soil’s ability to retain
trace metals is attributed to CEC and the specific surface
area. The CEC of a soil depends upon its OM content and
clay type and content. The type and quantity of clay also
determines the specific surface. It increases with clay content, particularly when the clay contains a high proportion
of 2:1 lattice-type minerals, e.g., montmorillonite – a main
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correlated with OC (r = 0.78 at P < 0.01, n = 12). Such
gradual strengthening of the correlations from CS to the soil
with the highest BNT rate prove that ToCa and ToMg in
BNTSs were mainly connected with fractions originating
from BNT. Contrary to this, the contents of both metals
were significantly (at P < 0.01) strongly positively correlated with soil pH only in the case of CS (r = 0.80 and 0.71 for
ToCa and ToMg, respectively, n = 12), but for all 48 experimental series no correlation between pH and contents of
ToCa and ToMg (r = 0.24 and 0.19) was found. The following significant (at P < 0.05, n = 48) correlations (r =
0.37 and r = 0.32) suggest that ToCa was present mainly in
BNTSs in the smallest sand fraction (PRT = 0.05-0.1, that
partially migrated into 30-55 cm layer [Part I, 17]) and clay
(PRT < 0.002), whereas ToMg occurred mostly in silt (r =
0.33) and clay (r = 0.37), the particle fractions localized
predominantly in the upper layer.
The total content of K (ToK) – a major plant nutrient
present in fairly significant amounts in BNT introduced into
the soils [17, 21] – in the studied soils in the upper layer
(194-274 mg/kg) was on the lowest level of the range for
Polish soils in 2010 [24]. ToK in all the soil profiles (5-80
cm) gradually decreased with increasing bentonite dose
(Fig. 2C) and it was positively correlated with the main particle fraction of CS – the sand fraction 0.5-0.1 mm (r = 0.57
at P < 0.01, n = 48) and negatively correlated with PRT <
0.1 (r = -0.54 at P < 0.01, n = 48) originating from BNT
[17]. This suggests that ToK was mainly a component of
minerals originating from the basic soil [see Part I, 17], and
ToK present in BNT at the beginning of the experiment was
taken up by plants and/or leached out from the soils.
Contents of total Zn (ToZn), total Mn (ToMn), and total
Fe (ToFe) were studied because they were presented in the
literature data as the main trace nutrients of various animal
and green manures [25-29]. In the present microplot experiment, organic fertilizers were systematically introduced
into soils during plant cropping [17]. It should enrich the
upper layer of the soils in these micronutrients (from the
external source as animal manure and from the deeper soil
layers as green manure). Therefore, the role of BNT in
accumulation of these micronutrients, which are related to
each other in soils [21, 30, 31], was interesting.
ToZn (65-140 mg/kg) and ToMn (23-34 mg/kg) in the
upper layer of CS, 3-BNTS and 6-BNTS were on the mean
level, and that of 12-BNTS on the high level characteristic
for uncontaminated Polish soils [24]. Strong correlations (at
P < 0.01, n = 48) with contents of OC (r = 0.89), ToN (r =
0.89), and PRT < 0.05 (r = 0.77) suggest that ToZn was
mainly bound with the organo-mineral complexes built on
the structure of fine particles originating from BNT.
Although the contents of ToZn in the whole soil profiles (580 cm) were on similar levels for CS and BNTSs, the proportions of this trace metals in the upper soil layer were distinctly higher in the case of BNTSs (64, 66 and 82% for 3,
6, and 12 kg/m2 BNT dose, respectively) than those for CS
(49%) (Fig. 3A). Limited leaching of zinc, both natural and
introduced with fertilizers, in such a BNT soil system is
important due to frequent Zn deficiency in plants grown on
sandy soils [32].
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Fig. 3. Effect of the sandy soil amendment with 0 kg/m2 (I), 3
kg/m2 (II), 6 kg/m2 (III), and 12 kg/m2 (IV) of BNT on total contents of Zn (A) and Mn (B) in 5-30 cm, 30-55 cm, and 55-80
cm soil layers and, presented inside the legends, the means (in
mg/kg) for the whole 5-80 cm soil profile; Different letters on
the bars or placed in the legends indicate significant differences
between the treatments at P = 0.05.
I – the control soil without BNT added; II , III, and IV – soils
with the addition of 3, 6, and 12 kg/m2 of BNT, respectively.

Effects of Bentonite on Sandy...

The total negative charge on soil, called the cation
exchange capacity (CEC), is a good measure of soil ability
to retain and supply nutrients to crops. CEC is the total
amount of exchangeable cations that can be held by the soil
is a general indicator of soil fertility. CEC is higher in soils
with high amounts of clay and OM, and is lower in acidic
soils [40]. CEC of the soil with a 12 kg/m2 BNT rate, containing significantly more fine particles and OM than CS
[17] as well having higher pH, was more than 70% larger
than that of CS in both studied soil layers (Fig. 4). Other
authors also found that application of bentonite into sandy
soils significantly increased CEC of the soils [1, 13, 16, 41].

Contents of Available Mg, K, and P
The effects of BNT on the contents of soil-available
phosphorus (AvP), potassium (AvK), and magnesium
(AvMg) were studied because these variables were determined by many authors as very important parameters to
estimate the soil pool of nutrients and optimize plant nutrition in terms of plant yield and crop quality [42-45].
The contents of AvMg (6-24 mg/kg) in the upper soil
layers were on a low level of the range observed for Polish
soils in 2010 [24]. AvMg content significantly and gradually increased with increasing soil depth and the BNT rate. In
comparison to the other experimental series, the contents of
AvMg in all soil layers were especially high in the soil
enriched with the highest BNT rate (Fig. 5A). AvMg took a
more significant share of ToMg in BNTSs (6-14% in soils
with two lower BNT doses and 12-22% in 12-BNTS) than
in CS (4.5-8%), and the proportion of AvMg in ToMg gradually increased with increasing soil depth in the case of all
treatments. AvMg was significantly correlated (at P < 0.01,
n = 48) with soil pH (r = 0.75 for pH both in H2O and KCl).
A larger part of AvMg in the 5-80 cm soil profile remained
in the upper soil layer in the case of 12-BNTS (28.5%) than
in the other soils (18.6-21.1%). All of these suggest that in
comparison to the other treatments, 12-BNTS, containing
4

CEC
3.5

cmol+/kg

constituent of bentonite [30, 31]. Many authors have
reported high potential of bentonites for sorption and retention of various metals, including Zn, from aqueous solutions [36-39]. Soil OM is known to be capable of binding
Zn in stable forms, therefore a high proportion of Zn can be
linked to OM in mineral soils [30].
Total content of Fe (ToFe) in the upper soil layer (1.912.10 g/kg) was on minimal level measured for Polish soils
in 2010 [24]. The amendment of the soils with BNT did not
have any significant effect on the content of ToFe. ToFe
was slightly (significant at P < 0.05) higher (by approximately 10%) in the upper soil layer than in the other ones
(results of ToFe content in various studied soil layers varying from 1.76 to 2.10 g/kg are not presented). Some part of
the metal was probably bound to organo-mineral complexes of the soils because it was significantly correlated (at P <
0.01, n = 48) with OC (r = 0.58), ToN (r = 0.53) and PRT <
0.05 (r = 0.43). Kabata-Pendias [30] reported that Fe in
soils occurs mainly in the forms of oxides and hydroxides,
but in horizons rich in OM, Fe appears mainly in chelated
forms.
ToZn and ToMn were significantly correlated (at P <
0.01, n = 48) with ToFe (r = 0.59 and 0.56 for Zn and Mn,
respectively) and they were inter-correlated (r = 0.58).
When the individual soil layers were evaluated, the correlations between OC and ToZn and ToMn occurred only in the
upper soil layer (r = 0.82 and 0.84 at P < 0.01, n = 16).
However, the correlations between contents of both metals
and ToFe occurred only in the deepest soil layer (r = 0.51 at
P < 0.05 and r = 0.68 at P < 0.01, n = 16 for ToZn and
ToMn, respectively). Presumably, Mn and Fe occur in the
deepest soil layer as oxides that have a high sorption capacity to bind Zn [30].
When inter-correlation between ToZn and ToMn and
correlations between contents of these metals and OC, ToN,
or PRT < 0.05 for the individual treatments were taken into
consideration, the correlation coefficients usually distinctly
rise with increasing BNT doses: between ToZn and ToMn
0.18, 0.22, 0.68, and 0.82 for 0, 3, 6 and 12 kg/m2 BNT
rates, respectively; between ToZn and OC: 0.83, 0.89, 0.94,
and 0.96; between ToZn and ToN: 0.74; 0.78, 0.89, and
0.96; between ToZn and PRT < 0.05: 0.41, 0.69, 0.93, and
0.95; between ToMn and OC: -0.22, 0.10, 0.73, and 0.89;
between ToMn and ToN: -0.11, 0.13, 0.69, and 0.76;
between ToMn and PRT < 0.05: 0.43, 0.34, 0.67, 0.86. Such
gradual strengthening of these relationships from CS to the
soil with the highest BNT rate prove that BNT was a major
factor responsible for the increase of silt and clay fractions,
accumulation of OC and ToN onto the structures of these
fine soil particles [17], and binding of the metals to the
developed organo-mineral complexes.
The obtained results revealed that a combination of soil
amendment with bentonite and agronomy factors (fertilization with organic and mineral substances, crop rotation) can
serve as an effective measure enhancing contents of
micronutrients (Zn, Mn) in sandy soils that are usually deficient in these elements due to soil pedogenesis and/or climatic conditions (water movement down in a soil profile)
[6, 30, 32].
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more silt and clay, had stronger capability to bind AvMg in
the upper layer. Siebielec et al. [24] also reported higher
availability of Mg in soils with higher content of PRT ≤
0.02.
The contents of AvK (34-73 mg K2O/kg) in the upper
soil layers were on rather the low level of the range for
Polish soils in 2010 [24]. It had a tendency to increase with
increasing soil depth. The differences between treatments
in separate soil layers were not statistically significant at P
< 0.05, excluding the value of 12-BNTS in the upper layer
that was significantly higher than those of the other soils
(Fig. 5B). 12-BNTS was also distinguishable from other
soils by the highest proportion of AvK in the ToK pool (2230% in comparison to 13-21%) throughout the whole soil
profile. AvK was positively correlated (at P < 0.01, n = 48)
with soil pH(H2O), pH(KCl), and ToK (r = 0.56, 0.51, and
0.39, respectively).
The contents of AvP (114-161 mg P2O5/kg) in the upper
soil layers measured in the present study were on the mean
level observed for Polish soils in 2010 [24]. Significant correlations (at P < 0.01, n = 48) of AvP with OC (r = 0.70),
ToN (r = 0.60), ToZn (r = 0.73), and PRT < 0.05 (r = 0.65)
and its distribution in the soil profile (mainly in the upper
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Conclusions
The amendment of the sandy soil with bentonite (especially with its higher dose), containing substantial amounts
of soluble in 10% HCl forms of Ca, Mg, Na, and K significantly reduced acidification of the soil during both the
periods of plant cultivation and long-term fallowing.
The soil with the highest dose of the bentonite was characterized by significantly higher cation exchange capacity
than the control soil, due to the formation of stable organomineral complexes on the structure of the fine bentonite
mineral particles and higher pH. This soil, in comparison to
all other treatments, strongly bound various elements in the
upper layer, significantly enriching this horizon in total Ca,
Mg, Zn, and Mn, as well as in available Mg, K, and P. The
results confirm the potential effectiveness of bentonite
addition in improving fertility of sandy soils.
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soil layer) suggest that AvP was mainly connected with
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Fig. 5. Effect of the sandy soil amendment with 0 kg/m2 (I), 3
kg/m2 (II), 6 kg/m2 (III) and 12 kg/m2 (IV) of BNT on contents
of available form of Mg (A), K (B), and P (C) in 5-30 cm, 3055 cm, and 55-80 cm soil layers and, presented inside the legends, the means (in mg/kg) for the whole 5-80 cm soil profile.
Different letters on the bars or placed in the legends indicate
significant differences between the treatments at P = 0.05.
I – the control soil without BNT added; II , III, and IV – soils
with addition of 3, 6, and 12 kg/m2 of BNT, respectively.
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