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Abstract: Low Ca/Mn ratios in soils are considered one of the causes of forest decline in the northern hemisphere, in
particular, Scots pine forest decline. Nevertheless, there are little data on the growth and development of forest trees, especially
Scots pine, under different soil concentrations of calcium and manganese. Therefore, the present study aims to estimate Scots
pine seedlings' height growth under different Ca/Mn soil ratios. For this purpose, we measured the height of 8-month-old Scots
pine seedlings that grew on two adjacent plots, whose soils had different origins and, therefore, differed significantly in their
properties. Some of these soil properties, namely exchangeable and hydrolytic acidity, the sum of absorbed bases, the content
of humus, alkali-hydrolyzable nitrogen, exchangeable potassium and calcium, mobile sulfur and phosphorus, mobile
compounds of copper, zinc, cobalt, cadmium, lead, and manganese, were determined by various methods. Pairwise comparison
of values of listed above properties of soils from these experimental plots revealed that these soils differed significantly in
manganese and calcium content and acid-basic properties. Therefore, as the ratio of molal concentrations of exchangeable
calcium to manganese mobile compounds (Ca/Mn ratio) in the soil is a parameter that combines those soil properties that
differed significantly between the two plots, we used the one-way ANOVA to verify the association between Ca/Mn ratio and
Scots pine seedlings' height growth rate. As a result, this analysis revealed a statistically significant difference (p < 0.05) in
mean height between Scots pine seedlings that grew under relatively low (45.28/1) and relatively high Ca/Mn ratio (195.12/1)
in soil. Nevertheless, although the mean height of Scots pine seedlings that grew at the ratio of 45.28/1 was approximately 1.6
times lower than seedlings that grew at the ratio of 195.12/1, the optimum value of the Ca/Mn ratio in the soil for Scots pine
remains unknown. In addition, the hypothesis that untested soil properties have also caused the differences in the mean height
of seedlings was not rejected. Thus, the impact of the Ca/Mn ratio together with the potential impact of untested soil properties
on the growth and development of Scots pine and the optimum value of this ratio for this species needs to be investigated in
further studies.
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world forest area [1]. P. sylvestris is also one of the most
important sources of wood raw material in Eurasia [2]. This
species is widespread from Siberia to Iberia and grows under
a large range of climatic and edaphic conditions. For

1. Introduction

Scots pine (Pinus sylvestris L.) is the most widespread
conifer species in the world, covering nearly 3.7% of the total
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example, Scots pine can grow with annual precipitation
between 200 and 2,000 mm [3]. However, despite the broad
ecological tolerance of this species, Scots pine forests, like
the other coniferous forests, are declining across the world
[4]. In Ukraine, Scots pine forests, which represent 33% of
the forests, are declining on a large scale and the foci of Scots
pine forest mortality now cover over 10% of the forested area
in some regions [5]. Although, in general, the forest decline
is a consequence of the anthropogenic impact, a wide range
of causes of forest mortality have been reported in the
literature. Soil calcium depletion is one of these causes.

Calcium depletion played a key role in the declining North
American temperate forests, including forests of Picea
rubens Sarg., and forests of southern China, such as forests
of Pinus massoniana Lamb. [6, 7]. In addition, recent studies
of the drought-induced forest dieback in northeastern Spain
have shown that P sylvestris and Abies alba Mill forest
mortality was caused by long-term nutrient imbalances [8].
Specifically, this study showed that differences between
declining and non-declining trees of both species were the
highest in tree-ring Ca/Mn, Mn/Al, and P/Mn ratios [§].
Furthermore, the latest study from China indicated that
exogenous Ca”" supplementation and ectomycorrhizal fungi
(Suillus luteus (L.) Roussel (1796)) inoculation together can
enhance the drought tolerance of Pinus sylvestris var.
mongolica seedlings [9, 10]. Thus, calcium deficiency is one
of the causes of Scots pine forest decline.

Calcium deficiency can be caused by various anthropic
disturbances. The main ones are forest harvesting and acidic
deposition [11-13]. Acidic deposition, or acid rain, is
depleting the soil calcium (Ca) from pools and can limit the
uptake and incorporation of Ca in trees. Acid deposition can
also leach calcium from needles [11-13]. Forest harvesting
removes calcium and other base cations that accumulated in
the tree from forest ecosystems. The loss of base cations
(Ca®*, Mg™, Na’, K") due to forest harvesting leads to soil
acidification [14]. Acidic deposition also causes soil
acidification [15]. Soil acidification, in turn, leads to
increased solubilization and availability of potentially
phytotoxic non-base cations (Mn?* and AI’"). These
potentially phytotoxic non-base cations interfere with the
uptake, transport, and utilization of Ca and other base
cations, which results in, among others, calcium deficiency
[16, 17]. However, the solubility and therefore availability
and potential phytotoxicity of Mn®" and AI’** depend on the
redox potential and pH of the soil and these non-base cations
dominate in the soil solution at different ranges of pH [18].
For example, Mn phytotoxicity generally occurs at soil pH
values between 4.0 and 5.5, whereas Al phytotoxicity usually
occurs at soil pH values below 4 [19, 20]. Thus, aluminum
and manganese induce calcium deficiency in various forest
tree species at distinct phases of soil acidification.

Although the Al- and Mn-induced Ca deficiency is one of
the causes of forest decline in the northern hemisphere, there
are little data on the growth and development of forest trees,
especially Scots pine, under different soil concentrations of
calcium, manganese, and aluminum. At the same time, given

the antagonism between non-base cations and calcium, the
elemental ratios such as Ca/Mn and Ca/Al are better
indicators of calcium deficiency caused by soil acidification
and/or nutrient imbalances compared to single elemental
concentrations (e.g., Ca, Al, Mn). The purpose of the study,
therefore, was to estimate Scots pine seedlings' height growth
under different Ca/Mn soil ratios.

2. Methods
2.1. The Timing and Location of Field Research

The study was carried out at the forest nursery of
Korbutivka forestry. This forestry belongs to the state-owned
enterprise «Zarichanske lisove hospodarstvo» and is located
in Zhytomyr Oblast, Ukraine. This study consisted of several
stages. On 28 April 2020, Scots pine seeds were planted at
two distinct plots. These plots differed in soil, namely the soil
of these plots originated from distinct sources. On 10 June
2020, soil samples were obtained from these plots for further
agrochemical laboratory tests. On 28 December 2020, the
height of 10 8-month-old Scots pine seedlings was measured
at each plot.

2.2. Agrochemical Laboratory Tests

Agrochemical laboratory tests have been conducted by the
Measuring Laboratory of Polissia National University
following the relevant State Standards of Ukraine (DSTU) or
State Standards of Soviet Union (GOST). In particular,
values of the indicators, which are shown in tables 1-3 below
were obtained in conformity with the following standards:
DSTU ISO 10390-2007 [21] for exchangeable acidity;

. DSTU 7537: 2014 [22] for hydrolytic acidity;

GOST 27821-88 [23] for the sum of absorbed bases;

. DSTU 4289: 2004 [24] for humus content;

DSTU 7863: 2015 [25] for soil alkali-hydrolysable

nitrogen (N) content;

DSTU 4405: 2005 [26] for mobile phosphorus (P)

content and exchangeable potassium (K) content;

g. GOST 26487-85 [27] for exchangeable calcium (Ca)
content;

h. DSTU 8347: 2015 [28] for mobile sulfur (S) content;

i. DSTU 4770.6: 2007 [29] for content of mobile
compounds of copper (Cu);

o po o

=

j- DSTU 4770.2: 2007 [30] for content of mobile
compounds of zinc (Zn);

k. DSTU 4770.5: 2007 [31] for content of mobile
compounds of cobalt (Co);

1. DSTU 4770.3: 2007 [32] for content of mobile
compounds of cadmium (Cd)

m.DSTU 4770.9: 2007 [33] for content of mobile
compounds of lead (Pb);

n. DSTU 4770.1: 2007 [34] for content of mobile

compounds of manganese (Mn).
Note that flame atomic absorption spectrophotometer
(FAAS) C115-M1 ("SELMICHROM", Ukraine) was used to
measure phosphorus, potassium, calcium, sulfur, copper,
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zinc, cobalt, cadmium, lead, and manganese content in soil
samples. Also, soil samples were collected according to
DSTU ISO 10381-2: 2004 [35].

The content values of heavy metal mobile forms obtained
during the study had been interpreted by comparing them to
permissible content values of heavy metal mobile forms in
sod-podzolic soils, according to Ukrainian soil hygiene
regulations [36].

2.3. Statistical Analyses

The values of Scots pine seedlings' height were indicated
as the sample mean + standard error (SE). The effects of
Ca/Mn molal ratios on Scots pine seedlings height growth
were analyzed via one-way analysis of variance (abbreviated
one-way ANOVA) using the Analysis ToolPak (free add-in to

Microsoft Office Excel). The Ca/Mn molal ratio was used in
this analysis as a factor with two levels.

3. Results

3.1. Pairwise Comparison of the Experimental Plot
Conditions

In this study, we investigated Scots pine seedlings' growth
under different Ca/Mn soil ratios. The study was conducted
at two adjacent plots, differing only in soil conditions to
reject non-soil conditions influences. Moreover, we also
measured other agrochemical soil indicators to identify other
potential differences in soil conditions of experimental plots.
These soil differences are described below.

Table 1. Acid-basic properties of experimental plot s0ils.

Plots Exchangeable acidity, pH units Hydrolytic acidity, mg-eq/100 g of soil Sum of absorbed bases, mg-eq/100 g of soil
P1 5.92 5.03 39.0
P2 4.34 4.05 30.0

Exchangeable acidity, hydrolytic acidity, and the sum of
absorbed bases were estimated to compare acid-basic soil
properties of the experimental plots. Values for these
indicators are presented in Table 1. Soil samples from the
plot 2 (P2) had significantly lower values of these indicators
compared to values of samples from the plot 1 (P1). In

general, the soil at the P1 was slightly acidic, while the soil at
the P2 was strongly acidic.

Since soil fertility directly depends on the quantity of
humus in the soil we measured the humus content (%) in the
soil of experimental plots. Humus mass fraction in soil at P1
and P2 was equal, as shown in Table 2 below.

Table 2. Macronutrient status and humus content of experimental plot soils.

Plots Humus content  Soil alkali-hydrolysable N content Mobile P content Exchangeable K content Ca content S content
Units % mg/kg soil mmol/ 100 g soil

P1 2.01 39.2 37.89 41.4 7.75 3.96

P2 2.01 28.0 26.71 33.4 2.87 2.96

In general, plant nutrients are divided into macronutrients
and micronutrients. Macronutrients include nitrogen,
phosphorus, potassium, sulfur, magnesium, and calcium. The
content of some macronutrients, namely alkali-hydrolyzable
nitrogen (N), mobile phosphorus (P), exchangeable
potassium (K), exchangeable calcium (Ca), and mobile sulfur
(S) content in soil samples from P1 and P2 are shown in
Table 2 above. The content of these macronutrients in soil
samples from P1 was higher than in soil samples from P2. In
particular, the alkali-hydrolyzable nitrogen, mobile
phosphorus, exchangeable potassium, and mobile sulfur
content in soil samples from P1 was approximately 1.4, 1.42,
1.24, and 1.34 times higher, than in soil samples from P2,
respectively. However, the ratio between the exchangeable
calcium content in the soil sample from P1 and the
exchangeable calcium content in the soil sample from P2 was
highest compared to respective ratios for other studied
macronutrients. More specifically, the exchangeable calcium
content in soil samples from P1 was approximately 2.7 times
higher, than in soil samples from P2. Thus, soil samples from
P1 and P2 did not differ significantly in the macronutrient
status, except for exchangeable calcium content.

Some metals can inhibit the growth and reduce biomass
production of the plant. Such metals are called heavy metals

and / or toxic metals. They include arsenic (As), cadmium
(Cd), chromium (Cr), cobalt (Co), lead (Pb), mercury (Hg),
nickel (Ni), vanadium (V), copper (Cu), iron (Fe), manganese
(Mn), and zinc (Zn) and some other metals. Importantly,
heavy metals like copper, iron, manganese, and zinc are also
micronutrients. No less importantly, the bioavailability of
heavy metals in soils depends on their mobility. Given the
above, we measured the content of some heavy metal mobile
compounds, namely content of copper, zinc, cobalt,
cadmium, lead, and manganese mobile forms in soil samples
from P1 and P2. Concentrations of these heavy metal mobile
forms in soil samples from P1 and P2 are presented in Table
3. The content of these heavy metal mobile compounds in
soil samples from P1 was higher than in soil samples from
P2, except for contents of cadmium and manganese mobile
forms. In particular, concentrations of copper and zinc
mobile forms in soil samples from P1 were marginally higher
than in soil samples from P2, whereas concentrations of
cobalt and lead mobile forms in soil samples from P1 were
approximately 2 and 2.17 times higher than in soil samples
from P2, respectively. However, despite these differences in
the content of cobalt and lead mobile compounds in soil
samples from P1 and P2, their mobile compounds contents
were relatively low in all soil samples. More specifically,
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concentrations of cobalt and lead mobile forms in all soil
samples were many times lower than their maximum
permissible concentrations (hereafter abbreviated as MPCs),
which are listed in Table 3 below. As for the content of
cadmium mobile compounds, concentrations of cadmium
mobile compounds in all soil samples were equal. Contrary
to the contents of macronutrients and mobile compounds of
other heavy metals, the content of manganese mobile
compounds was higher in soil samples from P2 than in soil
samples from P1. More specifically, the mass concentration

of manganese mobile compounds in soil samples from P2
was approximately 1.6 times higher than in soil samples from
P1. Furthermore, while concentrations of mobile forms of all
heavy metals in all soil samples were lower than their MPCs,
the lowest ratio between the concentration in sample and
MPC was found for manganese mobile forms. Thus, plot 1
and plot 2 differed most in calcium and manganese contents
and acid-basic properties. Based on these differences, we
researched Scots pine seedlings' growth under different
Ca/Mn soil ratios.

Table 3. The content of heavy metal mobile compounds in experimental plot soils.

The content of mobile compounds of heavy metals, mg/kg soil

Plots Copper (Cu) Zinc (Zn) Cobalt (Co) Cadmium (Cd) Lead (Pb) Manganese (Mn)

P1 0.28 1.86 0.0002 0.05 0.76 21.82

P2 0.24 1.42 0.0001 0.05 0.35 34.82

MPCs* 3.0 23.0 5.0 — 6.0 60.0 (at pH 4.0) or 80.0 (at pH 5.1-6.0)

* The maximum permissible concentrations of heavy metal mobile forms in sod-podzolic soils under Ukrainian legislation [36].
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Figure 1. Scots pine seedlings height growth under different Ca/Mn soil
ratios (p <0.05).

3.2. The Height Growth of Scots Pine Seedlings Under
Different Ca/Mn Soil Ratios

Given the above differences between the soil samples, we
measured the height of the 8-month-old Scots pine seedlings
that grew on experimental plots to test the potential influence
of these differences on their height growth. As a result, the
mean height of seedlings that were grown on the
experimental plot 1 (P1) was 1,61 times bigger than seedlings
that were grown on the experimental plot 2 (P2). Since
experimental plots mostly differed in calcium and manganese
contents and acid-basic properties, we calculated Ca/Mn
molal ratios as the most representative indicators of these
experimental plot soils, because manganese is antagonists to
calcium and their bioavailability depends on acid-basic soil
properties. Therefore, we tested the influence of different
Ca/Mn molal ratio values in soil on Scots pine seedlings
height growth by one-way ANOVA using Ca/Mn molal ratios
as a factor with two levels. These levels expressed as Ca/Mn
molal ratios for the soil at P1 and P2 experimental plots were
45.28/1 and 195.12/1, respectively. The results of this
analysis are presented in [1. Thus, the one-way ANOVA
showed that the influence of the Ca/Mn molal ratio on Scots
pine seedlings' height growth was statistically significant. In
particular, p-value for the influence of the Ca/Mn molal ratio

was 1.09x10. To reject or accept the null hypothesis about
the absent impact of the Ca/Mn molal ratio, we compared the
relevant obtained statistical F-value (F,y) against the critical
F-value (F.;). As a result, the obtained statistical F-value for
the impact of the Ca/Mn molal ratio was 51.64 and exceeded
the critical F-value, which was 4.41. Thus, the null
hypothesis was rejected.

4. Discussion

The design of this experiment allowed us to reject the
hypothesis that the differences between the mean height of
Scots pine seedlings, which grew in plot 1 (P1) and plot 2 (P2),
are caused by non-soil conditions. However, according to our
present findings, these plots (P1 and P2) differed significantly
in the acid-basic properties of soil and cobalt, lead, calcium,
and manganese contents in soil. The humus content and
cadmium mobile compounds content in the soil of both plots
were equal. Other parameters of soil conditions, such as
contents of copper and zinc mobile compounds, alkali-
hydrolyzable nitrogen, mobile phosphorus, exchangeable
potassium, and mobile sulfur, which were measured in this
study, differed only slightly between experimental plots.

The content of cobalt mobile compounds in soil was twice
as high for P1 as for P2. However, concentrations of cobalt
mobile compounds in the soil at P1 and P2 were twenty-five
and fifty thousand times lower than the maximum
permissible  concentration (MPC) of cobalt mobile
compounds in sod-podzolic soils, respectively (see Table 3).
In addition to this, cobalt is not an essential element for plant
nutrition, and cobalt deficiency, unlike cobalt excess, does
not cause adverse effects on the growth and physiology of
plants in natural conditions [37]. Moreover, cobalt occurs
naturally in the atmosphere, and its uptake can additionally
occur through the cuticle by the leaves [37]. Therefore, in
this study, we did not consider cobalt mobile compounds as a
factor causing the difference in mean height between
seedlings, which grew in P1 (hereafter abbreviated as SG1)
and P2 (hereafter abbreviated as SG2).
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Lead is not a plant nutrient and plays no role in plant
growth and development [37]. Nevertheless, the lead at
relatively high concentrations in the soil is toxic and can
inhibit plant growth and development [37]. For example,
Yang, Zhou and Wang in 2016 [38] reported that the fifty
percent inhibitory concentrations (ICsg) for seed germination
rates of Pinus tabuliformis Carr. under lead nitrate
(Pb(NO3),) and lead acetate (Pb(CH;COOH), 3H,0)
treatments were 3.57 g/kg and 7.46 g/kg, respectively. These
authors also showed that the ICsy for P tabuliformis root
lengths under lead nitrate and lead acetate treatments were
2.64 g/kg and 6.29 g/kg, respectively, while the 1Cs, for stem
elongations under lead nitrate and lead acetate treatments
were 2.85 g/kg and 7.81 g/kg, respectively. Thus, although
the content of lead mobile compounds in the soil of P1 was
approximately 2.17 times higher than in the soil of P2, the
values of lead mobile compound concentration in soil of both
plots were significantly lower, both than the MPC for lead
mobile compounds in sod-podzolic soils (see Table 3) and
ICs, of lead for forest species [38]. Therefore, the difference
in mean height of seedlings between SG1 and SG2 couldn't
have been caused by differences in the content of lead mobile
compounds in soil.

The concentration of exchangeable calcium and mobile
forms of manganese in the soil depends on the base
saturation of the soil, which is directly proportional to the
sum of absorbed bases, and soil acidity (exchangeable
acidity, hydrolytic acidity). In particular, the increase in the
value of the sum of absorbed bases and the pH value leads to
a decrease in the mobility of non-base cations (eg, A,
Mn?*) and an increase in the exchangeability of base cations
(eg, Ca*', Mg%). Furthermore, the exchangeable calcium and
mobile compounds of manganese are plant-available forms
of these elements [39]. Thus, ratios of molal concentrations
of exchangeable calcium to manganese mobile compounds
are a parameter that combines the above, tested soil
properties and represents the main differences between
experimental plots. In addition, the differences in this ratio
between experimental plots were probably the main cause of
differences in the mean height of seedlings between SG1 and
SG2. However, the differences in the mean height of
seedlings between SG1 and SG2 may have been partially
caused by differences between experimental plots in soil
properties that were not tested in this study, such as the
mobile aluminum and the exchangeable magnesium content,
etc. Nevertheless, according to literature data [18-20],
aluminum ions become dominant in the soil solution at the
soil pH < 4, while the soil pH of P1 and P2 were 5.92 and
4.34, respectively. Thus, the difference in the soil aluminum
contents between plots probably could not be the cause of the
difference in the mean height of seedlings between SG1 and
SG2. As for the other exchangeable base cations, their
potential role in causing the differences in mean height
between SG1 and SG2 was not considered here, due to the
lack of data on the contents of these exchangeable cations in
the soil of experimental plots. Given the above, the
differences in mean height between SG1 and SG2 were

associated with different Ca/Mn ratios in the soil on which
these seedlings were growing. Based on the previous
assumption, the one-way ANOVA was used to prove that the
Ca/Mn ratio affects the height growth of Scots pine
seedlings. As a result, this analysis revealed that the
differences between SG1 and SG2 in the mean height of
seedlings were statistically significant (p < 0.05). Although
this experiment demonstrated that Scots pine seedlings'
height growth rate was higher at a relatively high Ca/Mn
ratio (195.12/1) in soil than at a relatively low Ca/Mn ratio
(45.28/1) in soil, the optimum value of the Ca/Mn ratio in the
soil for growth and development of Scots pine, however, is
still unknown and needs to be determined in further studies.

5. Conclusion

Based on the results of this experiment, the ratio of the
exchangeable calcium content to the content of manganese
mobile compounds in soil was associated with Scots pine
seedlings' height growth rate. In particular, the one-way
ANOVA revealed a statistically significant difference (p <
0.05) in mean height between 8-month-old Scots pine
seedlings that grew under relatively low (45.28/1) and
relatively high (195.12/1) ratios of molal concentrations of
exchangeable calcium to manganese mobile compounds in
soil. Furthermore, the mean height of Scots pine seedlings
that grew at a relatively low Ca/Mn ratio in soil was
approximately 1.6 times lower than seedlings that grew at a
relatively high Ca/Mn ratio in the soil. However, the
optimum value of the Ca/Mn ratio in the soil for Scots pine
remains unknown. In addition, the role of some soil
properties, such as contents of exchangeable magnesium and
mobile aluminum, in the emergence of these differences in
mean height of seedlings has not been determined. Thus,
both the optimum value of the Ca/Mn ratio in the soil for
growth and development of Scots pine and the potential
synergism and antagonism of the effect of the Ca/Mn ratio
and content of other base and non-base cations on the growth
and development of Scots pine needs to be investigated in
further studies.
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