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Abstract. Iron, a typomorphic element of hydromorphic and semi-hydromorphic soils,
significantly influences soil formation processes. Despite being relatively well studied, there is a
lack of data on the content of its mobile compounds in Albic Pantostagnic Luvisol. Therefore,
the study's main objective is to determine the amount, profile distribution, and seasonal dynamics
of Fe compounds in a waterlogged agricultural soil subjected to different levels of long-term
anthropogenic influence. Research conducted in a long-term stationary experiment shows that the
composition of mobile forms of iron in Albic Pantostagnic Luvisol is dominated by the oxide
form Fe**. The highest Fe** content (160.6 mg kg™') was found in the humus-eluvial layer of the
control soil without fertilizer, while Fe?** compounds reached 46.6 mg kg at pHkc 4.30.
Long-term application of an organo-mineral fertilization system combined with liming by
hydrolytic acidity reduced the content of mobile iron compounds to 128.0 mg kg™!, of which Fe?*
accounted for 12.64 mg kg at pHkci 5.45. Under an identical fertilization system with liming by
pH buffering capacity, the Fe*" content was 28.0 mg kg!, with a total content of 118.0 mg kg’!
and pHkcr of 5.54. In the natural conditions of forest and fallow land, the highest contents of
mobile iron were 231.7 and 383.1 mgkg' in the 0-20 cm horizon with a significant
predominance of Fe** compounds, 210.1 and 366.3 mg kg™!, respectively.
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INTRODUCTION

An important indicator of soil's chemical state, properties, and genesis is its
elemental composition. Iron is one of the soil's most abundant and important
components, as it can significantly influence and actively participate in soil formation
processes. At the same time, iron is a necessary element for plant life. Both an excess
and a deficiency of iron lead to certain plant diseases. As an element with variable
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valence, its mobility changes significantly with changes in redox conditions and acidity
(Tripathi et al., 2018).

Iron ranks 4™ among heavy metals and is an essential trace element for numerous
physiological and biochemical processes and reactions that take place in all living
organisms, in particular, DNA synthesis, respiration, and photosynthesis. However, most
crops' requirement for a neutral or near-neutral soil reaction to ensure maximum
productivity is confronted with the problem of the limited availability of iron ions under
these conditions. It is estimated that approximately 30% of the world's cultivated soils,
where liming is applied to neutralize excessive acidity as part of many crop cultivation
techniques, are characterized by low availability of oxidized forms of iron (Romheld &
Nikolic, 2006).

High soil pH, free calcium carbonate, and low organic matter often lead to iron
deficiency in plants. Currently, about one-third of the world's soils are iron-deficient,
limiting plant growth and development (Wei et al., 2010).

With the change in moisture regime and the prevalence of anaerobic conditions in
the soil, ferric (Fe*") forms of iron are easily converted to the active soluble ferrous form
(Fe*"), leading to its excess in the soil solution and disruption of plant micronutrient
nutrition (Truskavetsky & Palamar, 2020). Reducing ferrous (Fe*") compound
concentration improves the trace element regime, especially Cu, Zn, and Mo as Fe**
antagonists (Foy, 1977).

At the same time, it should be considered that climate change alters the stability of
Fe-organic compounds, affecting the weathering of Fe-containing minerals and
microbial activity, which contributes to the decomposition of organic matter and the
release of CO; (Song et al., 2022). Rising temperatures and altered moisture regimes
accelerate humus mineralization and stimulate biological processes, influencing soil
structure, fertility, and carbon release.

Episodes of waterlogging under changing precipitation patterns may further lower
redox potential, enhancing the reduction of Fe** to Fe*" and mobilizing organic matter
previously stabilized by Fe (Patrick & Jugsujinda, 1992; Fuss et al., 2011). The
destabilizing effect of waterlogging on Fe—organic complexes is further supported by
experimental evidence from paddy soils: Sun et al. (2019) showed that within only
5 days of flooding, up to 92% of Fe** was reduced to Fe**, which markedly enhanced the
decomposition of soil organic carbon and increased dissolved organic carbon
concentrations more than four-fold. This confirms that Fe reduction under anaerobic
conditions plays a central role in mobilizing organic matter and accelerating C losses as
CO; and CHa.

Iron oxides are widely recognized for preventing the degradation of organic matter
and thus supporting soil carbon storage (Li et al., 2023). However, recent findings also
emphasize their dual role: while stabilizing SOC under oxic conditions, reductive
dissolution under anoxia may accelerate SOC mineralization and CO, release (Chen et
al., 2020). Moreover, climate warming may alter soil organic matter dynamics by
reshaping the formation and stability of mineral-organic associations (Nguyen et al.,
2019), while Fe compounds continue to act as central drivers of redox processes and
nutrient availability in soils worldwide.

Free iron compounds interact with soil solution phosphates and mobile organic
matter to form organo-mineral complexes inaccessible to plants (Truskavetsky et al.,
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2018). The presence of organic compounds (humus) in the soil also leads to the
formation of various chelates of mainly trivalent iron (Boguta et al., 2019). These forms
of iron are important for plants' uptake, as they cannot assimilate trivalent Fe (Briat et
al., 2005).

Iron availability to plants depends primarily on the redox potential and pH of the
soil. Increases in soil redox potential and pH (including during liming) result in the
transition of iron to poorly soluble forms. On the contrary, in acidic soils, Fe compounds
dissolve, making metal ions available for uptake by plant roots (Zaid et al., 2017). The
amount of dissolved iron increases 1,000-fold when the pH decreases by one unit
(Chorna & Vahner, 2016).

According to several researchers, the concentration of soluble Fe can increase by
several orders of magnitude in waterlogged soils due to low redox potential. Under such
conditions, iron can enter plants, but with negative consequences for them. The
anthropogenic impact of soil acidification, resulting from the intensive use of fertilisers
(mainly nitrogen), increases the mobility of iron (Jones, 2020).

Despite the relatively good study of the element, there is not enough data on the
content of its mobile compounds in Albic Pantostagnic Luvisol. There is a limited
number of studies on changes in the content of mobile iron compounds during the
growing season. Therefore, the study's main objective is to determine the amount,
profile, and seasonal dynamics of Fe compounds in Albic Pantostagnic Luvisol with
different levels of anthropogenic load.

According to a number of researchers, the concentration of soluble Fe can increase
by several orders of magnitude in waterlogged soils due to low redox potential. Under
such conditions, plants can take up iron, often with negative physiological consequences.
In addition, anthropogenic soil acidification, resulting from the intensive use of
fertilizers (mainly nitrogen), increases the mobility of iron (Jones, 2020).

Although iron has been relatively well studied as a chemical element, there is still
insufficient information on its mobile compounds' content and seasonal behavior in
Albic Pantostagnic Luvisol. This soil type is of high regional importance: in Ukraine,
about 2.3 million ha are represented by light gray (Albic Luvisol) and gray forest soils
(Haplic Luvisol) (Polupan et al., 2005). Similar soils are widespread across Europe (T6th
et al., 2008). Given their wide distribution and intensive agricultural use, understanding
Fe transformations in these soils is essential for improving management practices such
as fertilization and liming. Therefore, the main objective of this study is to determine the
content, vertical distribution, and seasonal dynamics of mobile Fe compounds in Albic
Pantostagnic Luvisol under different levels of long-term anthropogenic influence. We
hypothesize that long-term liming and organic fertilization systems induce more
substantial modifications in the amount and profile distribution of mobile iron
compounds than mineral fertilization alone, thereby contributing to a more balanced soil
chemical environment and improved fertility.

MATERIALS AND METHODS

This research was carried out within a long-term stationary experiment framework
at the Department of Agrochemistry and Soil Science, Institute of Agriculture of
Carpathian Region NAAS (49°47'54.3" N, 23°52"26.9" E), established in 1965. The
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experiment is located in the Western Forest-Steppe zone of Ukraine, characterized by a
moderately continental climate with a mean annual temperature of about 7.5-8.0 °C,
annual precipitation of 650—700 mm, and a vegetation period of 160—180 days (Nazaruk,
2018). According to recent climatic studies, the warm period in Western Ukraine
increased to 300-320 days in 1991-2010 compared with 1961-1990, reflecting a clear
regional warming trend (Krakovska et al., 2023). Snow cover usually lasts about 85 days,
and in early spring, the soil may become waterlogged due to snowmelt and rainfall.
Depending on weather conditions, such waterlogging may persist for several days, and
in wet years for several weeks.

During the study years (2022-2023), mean air temperatures were consistently
above the long-term norm, with January (+2.2 °C vs —4.6 °C) and August (+21.2 °C vs
+16.9 °C) showing the Ilargest deviations. Precipitation was highly variable:
exceptionally high in September 2022 (130.1 mm vs 55 mm) and July 2023 (134.0 mm
vs 102 mm), but very low in May 2023 (20.3 mm vs 85 mm). These fluctuations created
alternating periods of excess moisture and drought stress, influencing soil waterlogging,
redox conditions, and the mobility of Fe compounds.

The stationary experiment consists of three plots, each with 18 treatments replicated
three times, following a single-row sequential layout. The total plot area is 168 m* with
an accounting area of 100 m?. The site is situated on flat terrain, ensuring homogeneous
conditions across the experimental plots.

The crop rotation follows a four-field cycle: corn for silage, spring barley sown
with meadow clover, meadow clover, and winter wheat. Standard agronomic tillage and
crop management practices are applied consistently across the rotation.

The soil of the experimental plot is classified as Albic Pantostagnic Luvisol (WRB,
2022). The arable layer (0—20 cm) has the following average initial fertility indicators:
humus content (according to Tyurin) 1.42%, pH (KCI) 4.2, hydrolytic acidity (according
to Kappen) 4.5, exchangeable acidity (according to Sokolov) - 0.6 mg eq 100 g soil,
mobile aluminium content 60.0, mobile phosphorus (according to Kirsanov) and
exchangeable potassium (according to Maslova) - 36.0 and 50.0 mg kg™! soil, respectively.

A combination of organic and mineral fertilisers was used in the study, including
semi-decomposed cattle manure from straw bedding, ammonium nitrate (34.5%),
granulated superphosphate (19.5%), potassium salt (40%), and nitroammophoska
(NPK 16%) (with NPK levels balanced according to the application of simple fertilisers).
Manure application ranged from 40 to 60 tonnes per hectare under corn. Phosphorus-
potassium fertilisers were applied in the autumn, while nitrogen fertilisers were applied
before sowing.

Liming treatments were carried out according to the experimental protocol before
the start of the 10th rotation (2016) within the crop cycle, with fertiliser doses adjusted
accordingly. Limestone powder (93.5% CaCO;) was used as the liming material.
Starting from the 8th rotation (2008), the second mowing of meadow clover was
integrated as an organic fertiliser in all experimental treatments.

The changes in the levels of mobile iron compounds were studied within the
embedded soil profiles under the forest canopy, within the fallow areas, and within the
most representative treatments of the stationary experiment during the 11" rotation.
These treatnmets included: a control with no fertilisation (C), an organo-mineral
fertilisation system (10 tonnes per hectare of manure + NessPssKes) together with periodic
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liming with 1.0 n CaCOs per hectare (equivalent to 6.0 tonnes per hectare of limestone
flour) (OM1), an identical fertilisation system with liming using a pH buffering capacity
(2.5 tonnes per hectare) (OM2), mineral fertilisation systems (NjosP101Ki01) with liming
using 1.5 n CaCOs3 based on hydrolytic acidity (equivalent to 9.0 tonnes per hectare of
limestone flour) (M1), a lime dose calculated by pH buffering capacity (2.5 tonnes per
hectar) (M2) and a mineral fertilisation system (NssPssKes) (M) (Table 1).

Table 1. Scheme of the studied treatments of the stationary field experiment (11th rotation)

Per 1 ha of crop rotation area Spring .
Fertilization g  NPK, Corn for barley + S . Winter
system rate of lime § kg of active silage meadow g % wheat
S _ substance clover =5
Without C 0 0 0 0 0 0 0
fertilizers
(control)
OM1 1.0 norm by 10 N65P68K68 Manure, N70P90K90 0 N70P90K90
= hydrolytic acidity 40 tha''+
£ (6.0 t ha™!) Ni20P90Koo
% g OoOM2 Optimal by 10 N65P(,8K68 Manure, N70P90K90 0 N70P9()K90
% 5 the acid-base 40 tha''+
205 buffering capacity Ni20P90Koo
o = (2.5 tha)
Mineral M 0 0 NosPesKes ~ Ni20PooKoo ~ N7PgoKoo 0 N70P9oKoo
M1 1.5 norms by 0 NiosP1o1 NigoP13sKizs  NioPizs 0 Ni20P135
hydrolytic acidity Kioi Kiss Kiss
5 (9.0 t ha!)
E M2  Optimal by acid- 0 NiosPio1 NigoP13sKizs  NizoP13s 0 Ni2oPi3s
5 oo base buffering Ko Kiss Kiss
-§ g capacity
= (2.5 tha™)

Soil samples were collected from Albic Pantostagnic Luvisol and prepared for
analysis according to DSTU ISO 11464-2001. The soil profile at the experimental
site is characterized by a sequence of gleyic horizons. In the control treatment
(without fertilizers), the profile consisted of an arable AEg horizon (0—-0.18 m) underlain
by a sub-arable AEg horizon (0.18-0.31 m), followed by an eluvial horizon Ehg
(0.31-0.64 m). Below, the illuvial horizons Beg (0.64—1.10 m) and Bg (1.10-1.31 m)
were observed, gradually transitioning into BCg (1.31-1.80 m) and CBg (1.80-2.00 m).
Under long-term fertilization and liming, the thickness of individual horizons varied
slightly: for example, the AEg horizon extended to 0.20—0.22 m, while the boundaries
of eluvial and illuvial horizons shifted by several centimeters, reflecting modifications
in soil structure and redox status (Olifir, 2021). Representative photographs of soil
profiles under natural forest, unfertilized control, and long-term organo-mineral
fertilization (OM 1) are presented in Fig. 1.

For analytical purposes, composite soil samples were collected from standard depth
intervals of 0-20 cm, 20-35 cm, and 35-50 cm, corresponding to the arable layer, the
sub-arable layer, and the upper part of the eluvial horizon. Sampling was conducted from
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three replicate plots for each treatment, with two replicates per plot. Within each plot,
five subsamples were taken diagonally across half of the accounting area (50 m?) and
pooled to obtain one composite sample. In total, each treatment was represented by six
composite samples. All laboratory determinations (pH, Fe**, Fe**, and mobile Fe) were
duplicated to ensure analytical reliability.

Soil pH was determined potentiometrically in a 1:2.5 soil to 1.0 N KCI suspension
using a 'pH-301' pH meter with glass electrodes, according to DSTU ISO 10390:2001.

Figure 1. Soil profiles of Albic Pantostagnic Luvisol under different land use and management
conditions: a) natural forest; b) control (no fertilization); c) organo-mineral fertilization
system (OM1).

Mobile divalent and trivalent iron compounds were quantified according to
DSTU 7913:2015, using an extract of 0.1 N sulphuric acid. The subsequent
determination of divalent iron and total iron in the extracts (after the reduction of
trivalent iron to divalent iron with hydroxylamine) was performed by photocolorimetric
analysis using o-phenanthroline. The soil:extractant ratio was maintained at 1:10.

The obtained research data were analyzed using OriginPro 2019b software
(OriginLab Corporation, USA, 2019). Data presented in tables as arithmetic means.
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RESULTS AND DISCUSSIONS

Most soils contain sufficient amounts of iron to meet the requirements of plant
growth and development, but chemical and environmental factors reduce its availability
and lead to inhibited uptake or use by plants (Jones, 2020). Although the total Fe content
of soils is usually high, the amount of available Fe is usually very low and is determined
by the low solubility of Fe oxides (Colombo et al., 2014). Therefore, under a stationary
experiment, we studied the changes in the content of mobile forms of iron during
long-term periodic liming and fertilisation and compared them with similar indicators in
a natural state on fallow land and under a forest.

The observations show that in the composition of mobile iron in the Albic
Pantostagnic Luvisol, its oxidised form predominates, while divalent iron is much less
abundant. This regularity is observed in all of the experimental treatments. Thus, the
dynamics of changes in the content of mobile forms of iron according to the experiment
in the spring period show that their highest amount of 207.2 mg kg™ of soil is observed
in the humus-eluvial layer of the soil (0-20 cm) in the control without fertilisers. This
includes Fe?" compounds with 46.6 mg kg and Fe*" with 160.6 mg kg™ of soil at a
pHkci of 4.30. Subsequently, the content of Fe** compounds decreases to 8.2 mg kg! in
the subsoil layer (20-35 cm) and further to 7.00 mg kg! in the eluvial-low humus
horizon (Table 2).

Table 2. Dynamics of the content of mobile iron compounds in Albic Pantostagnic Luvisol in
spring under different fertilisation systems, XI rotation, mg kg™! (n = 6)

Z‘;ﬂ layer, OMI OM2 M MI M2 Fallow Forest
Fe* 020  46.6*° 12.6° 12.8° 18.1* 213  20.1* 16.8* 21.6¢
20-35  8.2° 11.4% 1220 183>  192b  17.7% 9@ |4.3bcd
35-50  7.0° 8.8  [1.7b¢ 137 158!  [4.9¢ 750 9.4
Fe* 020  160.6° 115.0 104.9° 128.1¢ 105.1° 99.0> 366.3¢ 210.1¢
20-35 1072 104.6® 101.6% 123.9° 114.7% 857>  236.6° 131.9°
35-50  106.9° 93.9% 992@  1282° 103.7° 80.1° 166.1¢ 106.4*
Total 0-20  207.2*° 127.6> 117.7° 1462¢ 126.4°> 119.1> 383.1¢ 231.7¢
20-35  115.4% 116%c  113.8%¢ 1422t 133.9% 103.4° 2462¢ 146.2¢
35-50  113.9% 10274 110.9* 141.9° 119.5¢ 95¢ 173.65  115.8%
pHka 0-20  430° 545> 554> 435 523 502 4170  3.54¢
20-35  421* 535  557° 415 552 5060 4.11°  3.80°
35-50  420°  5.60° 5.43° 428 542  532°  403¢ 385

Note: values labeled with the same letter are not significantly different from each other according to the
results of comparison using the Tukey test (p < 0.05) within the same soil layer.

According to Patra et al. (2021), the availability of Fe to plants is influenced by soil
reaction, the amount of soil organic matter, soil aeration, and the presence or absence of
other macro- and microelements.

In the long-term and systematic application of the mineral fertiliser system (M)
with a pHkc of 4.35, the total concentration of mobile iron compounds in the fertile
topsoil reaches 146.2 mg kg!' soil. Of this, 128.1 mg kg' consists of mobile trivalent
iron compounds. Previous studies conducted under similar conditions with Albic
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Pantostagnic Luvisol have shown that this mineral fertiliser system significantly
increases hard-to-reach iron phosphate. Compared to the unfertilised control, the
concentration increases by 1.9-2.5 times, reaching 562.0 mg kg™ soil compared to
280.0 mg kg! in the unfertilised control (Habryiel et al., 2006).

A significant content of mobile forms of iron, including Fe?* in the control,
is because under conditions of high acidity of the soil solution (in this treatment the
pH of the solution was 4.2) and a lack of calcium and magnesium (Ca content
1.8-2.0 mg-eq 100 g™! soil and mg content 0.42-0.52 mg-eq 100 g! soil) the mobility of
iron increases. Under these conditions, the content of mobile iron can increase to
175.0 mg kg™ and more.

Finally, it is known that one of the important properties of iron is its ability to
change its valence depending on the soil regime. Under aerobic conditions, it is a
trivalent oxide (Fe,O3) - practically insoluble in water, and under anaerobic conditions,
it is divalent (FeO) and is the most soluble and mobile (Pankiv et al., 2023).

It should also be considered that high availability of Fe in soils can lead to toxic
effects when excessive iron uptake damages cellular structures, resulting in reduced
plant growth and leaf damage (Ayeni et al., 2014).

Studies have shown that the stability of Fe in soils is closely related to the presence
of organic carbon (Lalonde et al., 2012). As an electron donor, organic matter facilitates
microbial dissimilatory reduction of Fe, leading to the dissolution of soil Fe** hydroxides
and possibly the release of Fe** ions (Tittel et al., 2022). Therefore, the higher organic
matter content caused by the application of organic fertilisers increases the mobility and
solubility of Fe through the reduction reaction. In fact, the reduced form of Fe (Fe*") is
more mobile than the oxidised form, which increases plant uptake and facilitates
leaching (Fuss et al., 2011).

In the organo-mineral fertilisation system combined with liming with 1.0 n CaCOs
based on hydrolytic acidity (OM1), the total concentration of mobile iron compounds
decreases to 127.6 mgkg' soil during the period indicated. Within this, the
concentration of Fe?" compounds is 12.6 mg kg soil at a pHkci of 5.45. Conversely,
within an identical fertilisation and liming system using the pH buffering capacity
(OM2), the concentration of Fe** compounds is slightly higher at 12.8 mg kg™! soil, while
the total content of mobile iron compounds decreases to 117.7 mg kg™ soil at a pHkci
of'5.54. In the scenario of liming with a dosage of CaCOj3 based on pH buffering capacity
alongside a mineral fertilisation system (M2), the concentration of Fe** compounds is
recorded at 20.1 mg kg™ soil at a pHkci of 5.02, compared to 21.3 mg kg™! soil within an
identical fertilisation system supplemented with 1.5 n CaCOs based on hydrolytic acidity
(M1) (pHkc1 5.23).

It is known that liming increases the pH value of the soil, which accordingly affects
its physical, chemical, and biological characteristics (Cop, 2015). Ghorashi et al. (2016)
showed that lime application reduced iron concentration and iron uptake by plants
compared to unamended soil by improving the response of acidic soils and increasing
the calcium and magnesium content of the soil.

Under natural conditions of soil formation, in particular, under the forest, the
content of mobile compounds Fe?* is 21.6 mg kg! of soil, decreasing in the horizon more
than 35cm to 9.4 mgkg!, with the total content of compounds Fe’" + Fe** -
231.7 mg kg of soil and 115.8 in the horizon more than 35 cm. On the fallow, the total
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content of mobile iron compounds is 383.1 mg kg'! of soil, including the content of
mobile iron oxide compounds 6.8 mg kg, decreasing to 7.5 mg kg of soil below
35 cm.

In all treatments of the experiment, there was a consistent tendency for higher
accumulation of mobile iron compounds in the humus-eluvial layer (0-20 cm). This
pattern can be explained by the higher content of soil organic matter and more intensive
biological activity in the topsoil, which provides favourable conditions for forming and
stabilizing organo-ferrous complexes. The enrichment of the surface horizon with
mobile Fe is of particular importance, as it directly influences nutrient cycling, redox
processes, and the availability of iron to plants. Therefore, maintaining and preserving
the humus-eluvial layer is essential for sustaining soil fertility and preventing
degradation under long-term agricultural use.

Our findings are consistent with well-established mechanisms of organo-metal
interactions in soils. Organic matter in surface horizons is a key sorbent for Fe,
facilitating the formation of stable Fe-organic complexes, as demonstrated in temperate
soils (Wagai & Mayer, 2007). The elevated concentrations of mobile Fe observed in our
humus-eluvial horizon indicate the presence of reactive Fe species capable of interacting
with dissolved organic matter. Previous studies demonstrated that DOM is strongly and
often irreversibly sorbed onto Fe and Al oxyhydroxides, especially through aromatic
functional groups, thereby reducing degradability and promoting long-term SOM
stabilization (Kaiser & Guggenberger, 2000). This suggests that mobile Fe in our soils
serves as an important pool of reactive species contributing to the development of stable
Fe—organic associations.

Such associations play a central role in SOC stabilization (Wagai & Mayer, 2007),
and organo-mineral complexes with Fe and Al remain key retention forms of organic
matter even under land-use change (Mikutta et al., 2009). Further mechanistic insights
are provided by Wen et al. (2019), who showed that long-term organic amendments
significantly increase poorly crystalline Fe concentrations, closely linked to enhanced
SOC storage. The proposed mechanisms include co-precipitation of DOM with Fe,
inhibition of Fe crystallization by aromatic constituents, and microbial shifts that favour
the retention of reactive Fe. These processes reinforce a positive feedback loop in which
organic inputs sustain reactive Fe, which in turn stabilizes SOC. Together, this evidence
underscores the ecological importance of the humus-eluvial horizon as a critical soil
compartment for both agricultural productivity and carbon sequestration under changing
climate conditions.

Observations of the dynamics of changes in mobile iron compounds in Albic
Pantostagnic Luvisol by seasons showed that the highest number of mobile iron
compounds is precisely in the spring period at a humidity of 15.3—-17.8% (Table 2—4).
It is known that in the spring, regenerative processes start in the soil due to the melting
of snow and an increase in its humidity. The highest content of mobile forms of Fe is in
the spring period in the control without fertiliser. The lowest effect of fertiliser on the
content of mobile iron compounds according to the experimental treatments was
observed in autumn (Table 3).

In acidic unsaturated soils, the role of iron is compared to the role of calcium in
chernozems, as it performs a number of important functions and serves as a basis for the
diagnosis of soil formation processes (Pankiv et al., 2023).
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The studies have shown that the Albic Pantostagnic Luvisols under the forest and
on the fallow land have not lost their connection with other components of the landscape,
all processes and properties correspond to the natural factors of soil formation. The
highest amount of mobile iron compounds occurs in the humus-eluvial horizon of
0-20 cm, and the lowest in the eluvial low-humus horizon of 35-50 cm.

Table 3. Dynamics of the content of mobile iron compounds in Albic Pantostagnic Luvisol in
summer under different fertilisation systems, 11th rotation, mg kg™ (n = 6)

(S:I‘I’lﬂ layer, OMI OM2 M Ml M2 Fallow Forest
Fe2*  0-20 13.1° 145 18.6° 52°  4.1° 53¢ 19.8° 3494

20-35 10.9*  12.9° 13.6°  4.4° 4.4 5.0° 20.7¢ 32.3¢
35-50 9.7% 10.1*  9.6° 21.3¢ 324 434 11.78 16.8°
Fe’* 0-20 67.5 54.1° 559b 573% 3874 327 158.0° 74.1°
20-35 55.7*  46.0°  56.6° 404 33.0¢ 332 100.0° 46.0°
35-50 57.7¢ 393> 50.7¢ 10.8¢  26.0° 31.2F 7978 36.9°
Total 0-20 80.6*°  68.6° 74.5% 62.5° 42.8°  38.0° 177.8¢  109.0°
20-35 66.6® 58.9*  702% 448 374°  38.2° 120.7¢  78.3¢
35-50 67.4* 49.4°  60.3° 32.1% 2929 355  91.4f 53.7¢
pHkar  0-20 4.19°  540° 5.52° 454 470° 4904 4.07° 3.21¢
20-35 4.01*  517° 523> 420° 4.90° 506" 4.09° 3.484
35-50 3.940  522°  510°  4.00° 4.71°  510° 4.00° 3.53¢

Note: values labeled with the same letter are not significantly different from each other according to the
results of comparison using the Tukey test (p < 0.05) within the same soil layer.

The seasonal alternation of wet and dry cycles alters the redox conditions of soils
and soil solutions, affecting the mobility of their components due to different solubilities,
including Fe (Gangloff et al., 2016). In the summer months, the amount of mobile iron
compounds in the soil under the forest is the lowest and amounts to 109.0 mg kg™ of soil
with a predominance of Fe** content up to 74.1 mg kg™ against 34.9 mg kg™ of soil of
Fe?*. Instead, in autumn, the amount of mobile compounds increases slightly to
120.0 mg kg! of soil with a significant predominance of Fe** - 104.7 mg kg™' of soil and
15.4 mg kg™ of soil of Fe*". In general, trivalent iron predominates in the composition
of mobile iron compounds under the forest, on the fallow land, and in experimental
treatments.

As in the case of the experimental treatments, the number of mobile iron
compounds on the fallow land is highest in the 0—20 cm soil layer and gradually
decreases up to the 35-50 cm horizon. On the fallow, the highest content of mobile iron
compounds is 383.1 mg kg! of soil in the humus-eluvial horizon 0-20 cm in spring,
decreasing to 167.8 in summer and to 130.2 mg kg™ of soil in autumn with a strong
predominance of Fe** compounds.

Research in a long-term stationary experiment has shown that the gross content of
mobile iron compounds and their mobile forms in Albic Pantostagnic Luvisol is within
the optimal level. However, in the case of long-term (more than 50 years) inclusion of
Albic Pantostagnic Luvisol with an initial pHkcl of 4.2 into the agricultural system
without the addition of fertilisers and lime, the content of mobile iron in the
humus-eluvial horizon increases to 207.2 mgkg' (including the content of Fe**
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compounds 46.6 and Fe** 160.6 mg kg™'). As a result, in such conditions, the nutrient
iron can turn from a trace element into a toxic substance, which worsens the conditions
of trace element nutrition and reduces the productivity of crops.

Table 4. Dynamics of the content of mobile iron compounds in Albic Pantostagnic Luvisol in
autumn under different fertilisation systems, 11th rotation, mg kg™ (n = 6)

51‘1’111 layer, OMI OM2 M Mi M2 Fallow Forest
Fe 020 154 59 105 879 ERE 3.8° 6.6° 15.4F
20-35  1.8¢ 7.3k ggbe gghe  50c 4.6 7.6 11.00
35-50 1.7 6.6°% 6.6  9.4b 4.1% 554 59 7ghd
Fe**  0-20 47.9°  43.9*° 565>  434*  327¢ 3565  123.6°  104.6°
20-35  50.2° 34.3% 417 458%c 3214 31.80  99.9¢  44.0%
35-50  59.5¢ 37.0% 393b 588 3]0 298>  73.1¢  44.8¢
Total  0-20 49.4°  49.8*  67.0° 52.1* 358  39.4°  1302¢  120.0°¢
20-35  52.0° 41.6%* 50.5% 554* 373 364°  107.5¢  55.0°
35-50  61.2%  43.6% 45.9° 68.2°  352¢  353¢ 7904  52.7be
pHkar  0-20 4400 507° 528  440°  5.10° 498  423%  3.80°
20-35  430° 510 5.17° 426 530"  4.96° 425  3.96¢
35-50  439° 498> 527¢ 4294  546° 5107 4280  39]¢

Note: values labeled with the same letter are not significantly different from each other according
to the results of comparison using the Tukey test (p < 0.05) within the same soil layer.

With the long-term application of a mineral fertiliser system on Albic Pantostagnic
Luvisol with a pHkci of 4.35, the content of mobile iron compounds in the humus-eluvial
horizon in spring is 146.0 mg kg'!' soil, which is lower than the control without fertiliser.
This is despite the additional application of 5,550 mg kg™ of superphosphate and
454 mg kg'! of iron with potassium chloride according to Shahid et al. (2016). The
systematic use of mineral fertilisers increases the content of poorly soluble iron and
aluminium phosphates that are inaccessible to plants. This led to a decrease in mobile
iron compounds in this treatment.

In the summer months, the amount of mobile iron compounds in the soil under the
forest is the lowest and amounts to 109.0 mg kg of soil with a predominance of Fe**
content up to 74.1 mg kg! against 34.9 mg kg™! of soil of Fe?*. Instead, in autumn, the
amount of mobile compounds increases slightly to 120.0 mg kg!' of soil with a
significant predominance of Fe*" — 104.7 mg kg™! of soil and 15.4 mg kg™ of soil of Fe*".
In general, trivalent iron predominates in the composition of mobile iron compounds
under the forest and on the fallow land as well as in the experimental treatments.

As in the case of the experimental treatments, the number of mobile iron
compounds on the fallow land is highest in the 0—20 cm soil layer and gradually
decreases up to the 35-50 cm horizon. On the fallow, the highest content of mobile iron
compounds is 383.1 mg kg! of soil in the humus-eluvial horizon 0-20 cm in spring,
decreasing to 167.8 in summer and to 130.2 mg kg™ of soil in autumn with a strong
predominance of Fe*" compounds.

Research in a long-term stationary experiment has shown that the gross content of
mobile iron compounds in Albic Pantostagnic Luvisol is within the optimal level.
However, in the case of long-term inclusion of Albic Pantostagnic Luvisol with an initial
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pHxkci of 4.2 into the agricultural system without the addition of fertilisers and lime, the
content of mobile iron in the humus-eluvial horizon increases to 207.2 mg kg™
(including the content of Fe** compounds 46.6 and Fe*" 160.6 mg kg™!). As a result, in
such conditions, the nutrient iron can turn from a trace element into a toxic substance,
which worsens the conditions of trace element nutrition and reduces the productivity
of crops.

During the long-term application of the mineral fertiliser system at the pHkci of
4.35 on the Albic Pantostagnic Luvisol, the content of mobile iron compounds in
the humus-eluvial horizon in spring is 146.0 mg kg™ of soil, of which Fe*" compounds
are 18.1 mgkg'. This is due to the fact that, according to Shahid et al. (2016),
5,550 mg kg'! of iron is applied with superphosphate and 454 mg kg™ of iron is applied
with potassium chloride, which increases the content of this element in the soil.

Previous studies in a long-term stationary experiment indicate that it is the high
toxicity of aluminium in the conditions of the Albic Pantostagnic Luvisol with a low
concentration of magnesium and calcium ions that manifests the most harmful effect of
soil acidity on the environment (Olifir et al., 2023). Research by experimental treatments
and under natural conditions of soil formation under the forest and on the fallow land
shows that the gross content of iron compounds and their mobile forms are within the
optimal level in the Albic Pantostagnic Luvisol. Only in the long-term (50 years) use of
this soil without fertilization (which is rare in production), iron, as a nutrient, can turn
into a toxic substance that affects micronutrient nutrition. However, it is known that the
limit values of iron content in soils are not legal norms and are not the main topic of
discussion among scientists, since Fe is not a direct soil pollutant (Murti¢ et al., 2019).

CONCLUSIONS

The research under the conditions of a long-term stationary experiment
demonstrated that in the composition of mobile iron in waterlogged Albic Pantostagnic
Luvisol, the oxidized form (Fe*") predominates. The maximum content of mobile
Fe compounds was 207.2 mgkg! in the unfertilized control, recorded in the
humus-eluvial arable horizon (0-20 cm) at pHxci 4.30, of which mobile Fe?" accounted
for 46.6 mg kg'. Across all treatments, there was a consistent tendency for higher
accumulation of mobile Fe in the humus—eluvial horizon, underlining the critical
importance of this soil layer for nutrient cycling, redox processes, and soil fertility.
Preserving and sustainably managing the organic-rich surface horizon is therefore
essential for preventing degradation and maintaining productivity in acid soils under
long-term agricultural use.

In the mineral fertiliser treatment, the content of mobile Fe compounds is
significantly lower than in the no-fertiliser control, which is caused by a significant
amount of iron supplied with mineral fertiliser. The greatest amount of mobile iron in
the Albic Pantostagnic Luvisol is extracted in the spring, during the recovery of the
winter wheat vegetation, at a moisture content of 15.3—17.8%.

In the treatments of organo-mineral and mineral fertilisation plus liming, both in
terms of hydrolytic acidity and pH-buffering capacity, the total content of mobile Fe
compounds, as well as Fe** compounds, does not differ significantly, which indicates
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the economic feasibility and environmental safety of using a dose of lime on Albic
Pantostagnic Luvisol, calculated by pH-buffering capacity.

ACKNOWLEDGEMENTS. This study was financed by the National Academy of Agrarian
Sciences of Ukraine (NAAS).

REFERENCES

Ayeni, O., Kambizi, L., Laubscher, C., Fatoki, O. & Olatunji, O. 2014. Risk assessment of
wetland under aluminium and iron toxicities: A review. Aquat. Ecosyst. Health Manag.
17(2), 122—128. https://doi.org/10.1080/14634988.2014.910569

Boguta, P., D'Orazio, V., Senesi, N., Sokotowska, Z. & Szewczuk-Karpisz, K. 2019. Insight into
the interaction mechanism of iron ions with soil humic acids. The effect of the pH and
chemical properties of humic acids. Journal of Environmental Management 245, 367.
https://doi.org/10.1016/j.jenvman.2019.05.098

Briat, J.-F. 2005. Iron from soil to plant products. Bulletin de I'Académie nationale de médecine
189, 1609-19, discussion 1619.

Chen, C., Hall, S.J., Coward, E. & Thompson, A. 2020. Iron-mediated organic matter
decomposition in humid soils can counteract protection. Nat Commun 11, 2255.
https://doi.org/10.1038/s41467-020-16071-5

Chorna, V.I. & Vahner, I.V. 2016. Features of the content of mobile iron compounds in
technozems by profile. Naukovi dopovidi Natsionalnoho universytetu bioresursiv i
pryrodokorystuvannia Ukrainy 6(63). Available: http:/nbuv.gov.ua/UJRN/Nd 2016 6 5
(in Ukrainian).

Colombo, C., Palumbo, G., He, J.Z., Pinton, R. & Cesco, S. 2014. Review on iron availability in
soil: interaction of Fe minerals, plants, and microbes. Journal of Soils and Sediments 14,
538-548. https://doi.org/10.1007/s11368-013-0814-z

Cop, J. 2015. Soil acidification and liming in grassland production and grassland soil fertility in
Slovenia. Acta Agriculturae Slovenica 103(1), 15-25. doi: 10.14720/aas.2014.103.1.02

Foy, C.D. 1977. General principles involved in screening plants for aluminum and manganese
tolerance. In: Plant Adaptation to Mineral Stressin Problem Soils. ed. M.I. Wright, S.A.
Ferrari. 255-267. Cornell Univ. Agric. Exp. Stn., Ithaca, NY. 420.

Fuss, C.B., Driscoll, C.T., Johnson, C.E., Petras, R.J. & Fahey, T.J. 2011. Dynamics of oxidized
and reduced iron in a northern hardwood forest. Biogeochemistry 104, 103-119.
https://doi.org/10.1007/s10533-010-9490—x

Gangloff, S., Stille, P., Schmitt, A.-D. & Chabaux, F. 2016. Factors controlling the chemical
composition of colloidal and dissolved fractions in soil solutions and the mobility of trace
elements in soils. Geochimica et Cosmochimica Acta 189. doi: 10.1016/j.gca.2016.06.009

Ghorashi, L., Haghnia, Gh., Lakzian, A. & Khorasani, R. 2012. Effect of Lime, Phosphorus
and Organic Matter on Maize Ability for Iron Uptake. Journal of Water and Soi 26(4),
818-825. https://doi.org/10.22067/JSW.V0I10.15285

Habryiel, AL, Olifir, Yu.M. & Petruniv, LI. (2006). Fractional composition of phosphates of
light-gray forest soil under different systems of its use. Peredhirne ta hirske zemlerobstvo i
tvarynnytstvo 48(1), 38—42 (in Ukrainian).

IUSS Working Group WRB. (2022). World Reference Base for Soil Resources. International soil
classification system for naming soils and creating legends for soil maps. 4th edition.
International Union of Soil Sciences (IUSS), Vienna, Austria. Available:
https://wrb.isric.org/files/WRB_fourth edition 2022-12-18.pdf

Jones, J.D. 2020. Iron Availability and Management Considerations: A 4R Approach. Crops &
Soils 53(2), 32-37. https://doi.org/10.1002/crs0.20019

1263



Kaiser, K. & Guggenberger, G. 2000. The role of DOM sorption to mineral surfaces in the
preservation of organic matter in soils. Organic geochemistry 31(7-8), 711-725.
https://doi.org/10.1016/S0146-6380(00)00046-2

Krakovska, S., Shpytal, T., Chyhareva, A., Pysarenko, L. & Kryshtop, L. 2023. Climate
characteristics of thermal periods in Ukraine until the end of the 21st century. Part I:
Warm period. Meteorology. Hydrology. Environmental Monitoring 2(4), 35-50.
https://doi.org/10.15407/Meteorology2023.04.035

Lalonde, K., Mucci, A., Ouellet, A. & Gelinas, Y. 2012. Preservation of organic matter in
sediments promoted by iron. Nature 483(7388), 198-200. doi: 10.1038/nature10855

Li, Q., Hu, W., Li, L. & Li, Y. 2023. Interactions between organic matter and Fe oxides at soil
micro-interfaces: Quantification, associations, and influencing factors. Science of The Total
Environment 855, 158710. https://doi.org/10.1016/j.scitotenv.2022.158710

Mikutta, R., Kleber, M., Torn, M.S. & Jahn, R. 2009. Stabilization of soil organic matter:
association with minerals or chemical recalcitrance? Biogeochemistry 77, 25-56.
https://doi.org/10.1007/s10533-005-0712-6

Murtié, S., Sahinovi¢, E., Civié, H. & Sijahovié, E. 2019. Accumulation and dynamics of manganese
in raspberry. Acta Agriculturae Slovenica 113(2),221-229. doi: 10.14720/aas.2019.113.2.3

Nazaruk, M. M. (ed.). 2018. Lviv Region: Natural Conditions and Resources. Monograph. Lviv:
Vydavnytstvo Staroho Leva. 592 pp. (in Ukrainian).

Nguyen, M.L., Goldfarb, J.L., Plante, A.F., Lau, B.L.T. & Hockaday, W.C. 2019. Sorption
temperature and the stability of iron-bound soil organic matter. Geoderma 341, 93-99.
https://doi.org/10.1016/j.geoderma.2019.01.040

Olifir, Y., Habryel, A., Partyka, T., Havryshko, O. & Konyk, H. 2021. Diagnosis of the
functional state of transformed acid soil agroecosystems depending on long-term
anthropogenic loads. Agronomy Research 19(3), 1627-1639. doi: 10.15159/AR.21.109

Olifir, Y., Habryel, A., Partyka, T., Havryshko, O., Kozak, N. & Lykhochvor, V. 2023. The
content of mobile aluminium compounds depending on the long-term use of various
fertilizing and liming systems of Albic Pantostagnic Luvisol. Agronomy Research 21(2).
869-882. https://doi.org/10.15159/AR.23.039

Pankiv, Z., Kalynych, O., Yamelynets, T. & Bonishko, O. 2023. Forms of ferrum in profile-
differentiated soils of Precarpathian Ukraine and their role in diagnostics of soil-forming
processes. AgroLife Scientific Journal 12(2), 140—147. doi: 10.17930/AGL2023219

Patra, A., Sharma, V.K., Jatav, H.S., Dutta, A., Rekwar, R.K., Chattopadhyay, A., Trivedi, A.,
Mohapatra, K. K. & Anil, A. S. 2021. Iron in the soil-plant—human continuum. Chapter 19.
Editor(s): Tariq Aftab, Khalid Rehman Hakeem, Frontiers in Plant-Soil Interaction,
Academic Press, 531-546. https://doi.org/10.1016/B978-0—323-90943-3.00009-2

Patrick, W.H. & Jugsujinda, A. 1992. Sequential reduction and oxidation of inorganic nitrogen,
manganese, and iron in flooded soil. Soil Science Society of America Journal 56(4),
1071-1073. https://doi.org/10.2136/ss52j1992.0361599500560004001 1x

Polupan, M.I., Solovey, V.B. & Velichko, V.A. 2005. Classification of Ukraine soils. Kyiv:
Agrarian science, 300 pp. (in Ukrainian).

Roémbheld, V. & Nikolic, M. 2006. [ron. In A.V. Barker & D.J. Pilbeam (Eds.), Handbook of plant
nutrition, pp. 329-350. Boca Raton: CRC Press.

Shahid, M., Shukla, A.K., Bhattacharyya, P., Tripathi, R., Mohanty, S., Kumar, A., Lal, B.,
Gautam, P., Raja, R., Panda, B.B., Das, B. & Nayak, A. K. 2016. Micronutrients (Fe, Mn,
Zn and Cu) balance under long-term application of fertilizer and manure in a tropical rice-
rice system. Journal of Soils and Sediments 16, 737-747. doi: 10.1007/s11368-015-1272-6

1264



Song, X., Wang, P., Van Zwieten, L., Bolan, N., Wang, H., Li, X., Cheng, K., Yang, Y.,
Wang, M., Liu, T. & Li, F. 2022. Towards a better understanding of the role of Fe cycling
in soil for carbon stabilization and degradation. Carbon Research 1(5).
https://doi.org/10.1007/s44246-022-00008-2

State Standard of Ukraine. 2003. Soil quality. Determination of pH. Standard No. 10390, ISO
10390:1994, IDT (in Ukrainian).

State Standard of Ukraine. 2016. Soil quality. A method for determining mobile iron compounds.
Standard No. 7913 (in Ukrainian).

Sun, Z., Qian, X., Shaaban, M., Wu, L., Hu, J. & Hu, R. 2019. Effects of iron (III) reduction on
organic carbon decomposition in two paddy soils under flooding conditions. Environmental
Science and Pollution Research 26, 12481-12490. doi: 10.1007/s11356-019-04600-9

Tittel, J., Biittner, O., Friese, K., Lechtenfeld, O. J., Schuth, S., von Tiimpling, W. & Musolff, A.
2022. Iron exports from catchments are constrained by redox status and topography. Global
Biogeochemical Cycles 36, €2021GB007056. https://doi.org/10.1029/2021GB007056

Toth, G., Montanarella, L., Stolbovoy, V., Mate, F., Bodis, K., Jones, A., Panagos, P. &Van
Liedekerke, M. 2008. Soils of the European Union. EUR 23439 EN. Luxembourg
(Luxembourg): OPOCE; JRC46573. https://doi.org/10.2788/87029

Tripathi, D.K., Singh, S., Gaur, S., Singh, S., Yadav, V., Liu, S., Singh, V.P., Sharma, S.,
Srivastava, P., Prasad, S.M., Dubey, N.K., Chauhan, D.K. & Sahi, S. 2018. Acquisition and
Homeostasis of Iron in Higher Plants and Their Probable Role in Abiotic Stress Tolerance.
Frontiers in Environmental Science 5(86), 1-15. doi: /10.3389/fenvs.2017.00086

Truskavetsky, R.S. & Palamar, N.Iu. 2020. Mobile forms of iron in the trace element regime of
alluvial-meadow soil. Ahrokhimiia i gruntoznavstvo 89, 28-33. doi: 10.31073/acss89-03
(in Ukrainian).

Truskavetsky, R.S., Zubkovska, V.V. & Palamar, N. Iu. 2018. The influence of silt processes on
the phosphate state of soils. Visnyk ahrarnoi nauky 1(778), 18-24 (in Ukrainian).

Wagai, R. & Mayer, L.M. 2007. Sorptive stabilization of organic matter in soils by hydrous iron
oxides. Geochimica et Cosmochimica Acta 71, 25-35. doi: 10.1016/j.gca.2006.08.047

Wei, X., Shao, M., Zhuang, J. & Horton, R. 2010. Soil iron fractionation and availability at
selected landscape positions in a loessial gully region of northwestern China. Soil Science
and Plant Nutrition 56(4), 617—626. https://doi.org/10.1111/j.1747-0765.2010.00497 .x

Wen, Y., Xiao, J., Goodman, B.A. & He, X. 2019. Effects of Organic Amendments on the
Transformation of Fe (Oxyhydr)Oxides and Soil Organic Carbon Storage. Front. Earth Sci.
7, 257. https://doi.org/10.3389/feart.2019.00257

Zaid, H., Shafaqat, A., Muhammad, R., Qasim, A., Muhammad, H. & Afzal, H. 2017. Role of
Iron in Alleviating Heavy Metal Stress. Essential Plant Nutrients. Uptake, Use Efficiency,
and Management, pp. 335-350. https://doi.org/10.1007/978-3-319-58841-4 13

1265



