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Abstract: Phosphorus (P) retention in soils in the presence of organic matter (OM) has been, for years,
a topic with no clear conclusions. Considering the important ecological functions of peatlands, the
objective of this study is to examine the role of OM transformation in relation to P status in Histosols
in the Oder Valley (Poland). Basic physical and chemical properties and the following P forms were
determined in the organic horizons of 5 soil profiles from two habitats (eutrophic and dystrophic):
total (Pt) and organic P (Po), available P (PM3), easily soluble P (PCaCl2 ), water-soluble P (PW), and
fraction of Po in humic (Po_HA) and fulvic (Po_FA) acids after extraction with 0.5 mol L−1 NaOH.
The results were statistically verified in both examined habitat groups separately. The higher values
of mobile P forms were found in the upper organic horizons released from OM constituents as a result
of their decomposition. The role of OM in P retention was strongly related to the activity of humic
substances (HS): a higher Po percentage (6.9–99.4% of Po) was observed in dystrophic, whereas a
lower (9.3–28.6% of Po) was observed in eutrophic Histosols. Humic acids played a dominant role in
P retention compared to fulvic acids in most peat horizons, especially at pH < 5. The role of HA and
FA in P retention was clearly dependent on forms found only in eutrophic Histosols. The important
role of FA in P retention during OM transformation was confirmed by negative correlations between
Po_FA and macronutrient ratios in both soil groups. The results confirm the variable role of OM in P
retention, depending on soil environmental conditions and OM type (peat and moorsh). This may
have important applications not only in areas of natural importance, for which the release of mobile
P forms may be a threat, but also in agricultural areas where, for a change, we struggle to increase
P availability.

Keywords: fulvic acids; humic acids; macronutrient ratios; moorsh; organic matter; P forms; pH; peat

1. Introduction

The importance of organic matter (OM) in forming soil quality is indisputable. Reactive
SOM components influence soil fertility and productivity and are involved in most chemical,
biological, and physical processes occurring in the soil environment [1–6]. Among many
other aspects, it is a valuable source of macronutrients necessary for the accurate functioning
of all ecosystems.

The accelerated degradation of soil organic matter (SOM) under conditions of anthro-
popressure and climate change is widely observed. Faster decomposition and intensified
mineralization of OM and erosion processes lead to a successively significant depletion
of SOM stocks, which is not without significance for soil fertility [7]. For this reason, it
appears important to pay attention to the OM transformation processes. The conditions
under which they occur regulate macronutrient dynamics in the environment and deter-
mine their availability, which can thus affect the quality of soils [8–10]. The meaning of
OM transformation in the formation of environmental quality is hence essential, both in
agricultural areas and in other areas of natural significance. An important example of
such natural areas is peatlands, which are huge OM reservoirs of global importance, but
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due to their high sensitivity to environmental alterations, they currently undergo major
transformations leading to a drastic reduction in their area [9,11–16].

The course and effects of OM transformation on macronutrient behavior still require in-
depth research under varying environmental conditions [17]. Among the least understood
in this respect is still the relationship between OM and phosphorus [9,18]. Particularly rele-
vant are studies on the retention and release of P, which is an environmentally problematic
nutrient in the context of its limited natural resources [19,20], but also problems concerning
the chemical aspects of this nutrient as an essential component for plants [9,21]. As OM
can be one of the important natural sources of P (30–50%), research on P release into the
environment is also highly desirable [14]. This macroelement can secure the nutritional
needs of plants but, on the other hand, it can also pose a threat in terms of eutrophication in
excessive quantities [14,22–25]. The processes of P retention in soils, in connection with the
presence of OM, have been a topic for years with no clear conclusions [26–31]. In principle,
the competitive relationship between SOM and P should increase P availability as a result of
blocking the sorption sites for P by OM constituents [32–38]. However, a number of studies
also indicate an increase in P sorption in the presence of OM [28,39–42]. It is likely that both
the quantity and the quality of the OM and the conditions under which P sorption takes
place play a decisive role in this process. The dissolved organic matter (DOM) released
during the OM transformation can interact differently with P, affecting its bonding in the
soil, depending on the environmental conditions, properties, and quality of the OM [43].
Some authors [40] have even proposed that the quality and quantity of DOM are probably
the main factors defining the influence of OM on the course of P sorption in soil. DOM
is a complex mixture of organic compounds, of which humic (HA) and fulvic acids (FA)
constitute an important part [33,44]. Due to the numerous functional groups on their sur-
faces, in which carboxylic (–COOH) and hydroxyl (–OH) groups play the most important
role, OM molecules can strongly influence the sorption of P. Nevertheless, they do not sorb
P directly but by other soil components, for example, polyvalent cations (e.g., Ca2+, Fe2+,
Al3+), sesquioxides, and clay minerals [43,45]. The FA, the low-molecular and mobile C
fraction [46], binds P by forming bridging bonds with Al and Fe oxides or through their
chelating abilities. Their behavior depends strongly on environmental conditions [6,44,47].
The HA, on the other hand, having a more complex aromatic structure and much higher
molecular weight, takes an active part in P retention mostly through bridging bonds with
Ca and Mg, which show greater solubility at lower pH values. Still, the quantitative aspects
of P retention by humic substances (HS) have not been clearly defined [48]. P binding by
these OM constituents may be crucial for the dynamics of different forms of P in the soil.
Therefore, its transformation conditions and constituents may be an important factor here,
especially in such OM-rich peat soils.

Natural peat ecosystems, which are considered to be one of the most important carbon
pools in terrestrial ecosystems, store approximately one-third of the world’s soil carbon [49,50],
although these soils represent only 3.7% of the world’s land area [8,51]. This highlights the
huge ecological importance of peatlands and their alterations, especially since around 45%
of peatlands have been drained [50]. Anthropogenic and natural changes in hydrological
conditions are currently a common direct reason for peatland degradation [8,11–13,50,52]. A
decrease in the moisture level leads to an increase in the intensity of OM decomposition and
mineralization due to the development of aerobic conditions, becoming the beginning of OM
transformation [13,50,53].

Peatlands are included in organic soils—referred to as Histosols according to the
World Reference Base for Soil Resources [54]—in which, unlike mineral soils, OM is the
determining factor in their development [13]. Within the organic soils, different degrees
of development can be distinguished depending on the transformation and nature of the
SOM. However, the behavior of SOM is closely linked not only to moisture conditions but
also to the chemistry of the environment [8], which significantly influences the behavior of
macronutrients, including phosphorus [9]. Therefore, the conduct of comparative studies
across different terrestrial ecosystems with varying degrees of eutrophy and dystrophy
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is still an issue of more than just local importance. This can highlight how universal or
specific the observed mechanisms are and identify potential ecosystem-specific factors
affecting P retention or release.

The important ecological functions of peatlands and a growing need to protect them,
the need to better understand the mechanisms of their transformation in relation to different
environmental conditions, and the relationship between OM transformation and P behavior
in soils of different habitats are some of the rationales for the persistent need to deepen
the research in this area. Therefore, the present study on the role of OM transformations
in relation to P status in peatlands located in conditions differing in fertility and pH was
undertaken. In this paper, we present the results of a study conducted on Histosols located
in different habitats—eutrophic and dystrophic ecosystems. The aim of the study was to
assess the influence of OM under transformation in these different habitat conditions on P
retention potential in Histosols in the peatland area of the Oder Valley (southwest Poland).

2. Materials and Methods
2.1. Soil Material, Location, and Samples Preparation

The studies were carried out on soils representing different stages of organic soil
transformation, which are associated with different moisture conditions. Soil samples were
collected from 5 profiles located in the floodplain of the Odra proglacial valley near the local-
ity of Przedmoście (51◦11′24′′ N, 16◦40′03′′ E), situated approximately 25 km north-west of
Wrocław, in Lower Silesia (SW part of Poland). A detailed description of the study area was
presented in a previous paper [55]. Soil profiles (Supplementary Materials Table S1) were
variously used as forests or grasslands [geoportal.gov.pl]. The described profiles (P1–P5)
were represented by the organic soils from the Histosols reference group [54]. Most of the
soil horizons showed a high degree of moisture content. Peat soils represented a weak
(PtI) or medium (PtII) degree of wetness and moorsh soils represented a medium (MtII)
or strong (MtIII) degree of wetness [56]. Soil samples were collected after soil excavations
from each genetic horizon or were taken by means of a 6.0 cm diameter Instorf peat auger
(Eijkelcamp Soil and Water, Giesbeek, The Netherlands). Peat cores were sliced according
to the genetic horizons. Further processing of the study material was in accordance with
Debicka et al. [55]. The collected material was divided into two parts: the first one was
placed in a refrigerator at 4 ◦C for determinations in fresh material; the other was dried at
room temperature, then ground and sieved through a 2 mm mesh sieve. Biological debris
was not removed from the organic samples. Plant remnants were removed only in the
mineral samples. The weights of the fresh samples were corrected for the current moisture
content, while the hygroscopic water content was not corrected in the air-dry samples.

2.2. Basic Soil Characteristics

The degree of SOM decomposition was determined in fresh organic material using
the half-syringe method based on analysis of rubbed and unrubbed fiber content [57]
and the SPEC (Sodium Phosphate Extract Colour) method that was used to calculate the
pyrophosphate index (PI) to determine the degree of peat humification [57]. The degree of
humification of OM (H1–H10) in Histosols was also determined according to the von Post
scale. Then, the specific density (ρw) was calculated from the following formula [58]:

ρw = 0.011 Ac + 1.451 g cm−3,

where Ac is the ash density; volumetric density (ρo) was determined using the Kopecky
cylinders with volume v = 100 cm3; and total porosity (Pc) was calculated from the specific
and volumetric densities.

The following basic chemical and physicochemical soil properties were determined in
all soil samples: pH potentiometrically in H2O and 1 mol L−1 KCl solutions at a soil:solution
volume ratio of 1:5 (in organic samples, the pH was determined in fresh material); the ash
content (Ac) by burning at 550 ◦C for 4 h; total organic carbon (TOC) and total nitrogen (TN)
on a Vario Macro Cube macroanalyser (Elementar Analysensysteme GmbH, Langenselbold,



Agronomy 2024, 14, 1688 4 of 20

Germany); exchangeable acidity (EA) by the Sokołow method; and exchangeable base (EB)
cation content (Ca2+, Mg2+, K+, and Na+) extracted with 1 mol L−1 NH4OAc at pH 7.0
(1:10 w/v). Their concentration in extracts was measured using Microwave Plasma–Atomic
Emission Spectrometry (MP-AES 4200 Agilent Technologies, Santa Clara, CA, USA). The
effective cation exchange capacity (CEC) and base saturation (BS) were also calculated
based on the sum of EA and EB. The ratios of C:N, N:P, and C:P were calculated from the
content of TOC, TN, and TP.

2.3. Content of Phosphorus Forms

The organic P (Po) content was determined using the ignition method [59], modified
by Walker, Adams [60], and Shah et al. [61], in which the difference between the P content
of soil samples (1 g finely ground soil) after extraction in 50 mL of 0.5 mol L−1 H2SO4 in
a sample ignited for 2 h at 550 ◦C (approximate total P content; TP) and in an unignited
sample (mineral P content; Pmin) was calculated. The following soluble forms of P were
determined in soil samples: available P (PM3) by the Mehlich III method [62], water-soluble
P (PW), and easily soluble P (PCaCl2 ) extracted using a 0.01 mol L−1 CaCl2 solution [63].
All extracted P forms were measured in replicates using an ICP-OES analyzer (iCAP 7400
Thermo Scientific apparatus, Thermo Fisher Scientific Inc., Waltham, MA, USA).

Additionally, the fraction of organic P in humic (Po_HA) and fulvic (Po_FA) acids
was determined after extraction with 0.5 mol L−1 NaOH as a sequential analysis step of P
compounds according to Kovar [64]. The extracts, after shaking for 6 h, were centrifuged
and filtered, then divided into 2 portions: 1. subjected to persulfate digestion to determine
total P in solution and 2. acidified to pH 1–1.5 to precipitate humic acids in order to
determine the Po_FA in the persulfate digested filtrates. Then, Po_HA was calculated
from the difference between total P and Po_FA. The molybdenum blue method [65] was
used for P content determination in the extracts, which were measured using the Agilent
Technologies Cary 60 UV-Vis Spectrophotometer (Santa Clara, CA, USA).

2.4. Statistics

Results were statistically verified using Statistica 13 [66]. The significance of differences
between the mean values in organic horizons was validated using Tukey’s RIR post-hoc
test at a confidence level of P < 0.05 separately for both groups of pH: < 5 (dystrophic
habitats) and pH > 5 (eutrophic habitats), as well as in both groups of OM: Peat, Moorsh.
Statistical relationships among selected properties of Histosols were found using the r-
Spearman correlation coefficient at a significance level of P < 0.05. A statistical summary
explaining the variation between properties of organic horizons was presented using
Principal Component Analysis (PCA) diagrams analyzing the principal components in
both habitat groups separately.

3. Results and Discussion
3.1. Soil Basic Characteristics against the Background of Organic Matter Transformations

The evolution of OM in the studied soils leads us to distinguish two types of organic
horizons (peat and moorsh), reflecting the direction of the transformations taking place
depending on agroecological soil conditions: eutrophic (pH > 5) and dystrophic (pH < 5).
These horizon types are distinguished by their different intensities; they are specific to soil
types but they have also been identified within a soil profile on the basis of the dominant
character of OM transformation. The physical (Table 1), chemical, and physicochemical
properties (Figures 1 and 2) reflect the OM transformation, becoming useful indicators of
them at the same time.
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Table 1. Physical characteristics of organic material in studied soils *.

Profile
No.

Soil
Horizon

Horizon
Depth
[cm]

ρw ρo Pc W1
Fibre Volume

(%) A/B PI Von Post
Scale

OM
Type

g cm−3 % A B

P1

Oe 0–14 1.80 0.22 87.8 0.27 44 9 4.7 4 H4 hemic
Oa1 14–34 1.96 0.27 86.2 0.45 29 6 5.0 3 H5 sapric
Oa2 34–62 1.81 0.22 87.8 0.44 34 9 3.7 3 H6 sapric
Oa3 62–70 1.89 0.25 86.8 0.28 44 8 5.7 3 H5 sapric
Oa4 70–83 1.86 0.24 87.1 0.27 47 5 9.0 3 H6 sapric
Lc 83–106 2.37 0.42 82.2 n.d. 47 13 3.5 3 H5 sapric

P2

M1 0–10 2.19 0.36 83.6 0.76 50 8 6.4 2 n.d. sapric
M2 10–25 2.21 0.37 83.2 0.60 73 7 11.0 3 n.d. sapric
M3 25–42 2.23 0.38 82.9 0.50 86 9 9.6 3 n.d. sapric
Oa 42–55 2.14 0.34 84.1 0.45 58 4 14.0 3 H6 sapric

Lcca 55–70 2.29 0.39 83.0 0.31 not determined

P3

Oa1 0–15 1.80 0.22 87.7 0.16 31 9 3.4 3 H5 sapric
Oa2 15–27 2.05 0.31 84.8 0.24 56 8 7.0 1 H5 sapric
Oa3 27–37 1.83 0.22 87.9 0.30 49 10 4.9 2 H6 sapric
Oa4 37–49 1.87 0.22 87.1 0.23 48 3 16.0 3 H7 sapric
Ogy 49–79 2.11 0.33 84.3 0.32 27 5 5.4 4 H6 sapric

P4

Oe 0–5 1.75 0.20 88.6 n.d. n.d. n.d. n.d. 4 H4 hemic
Oa1 5–25 1.85 0.23 87.5 0.38 51 6 8.5 1 H6 sapric
Oa2 25–33 1.94 0.27 86.1 0.33 43 3 14.3 1 H6 sapric
Lc 33–38 2.30 0.40 82.6 0.31 24 4 6.0 1 H6 sapric

P5
M1 0–10 2.16 0.35 83.8 0.63 n.d. n.d. n.d. 1 n.d. sapric
M2 10–23 2.08 0.32 84.6 0.76 n.d. n.d. n.d. 2 n.d. sapric
M3 23–39 2.21 0.36 83.7 0.46 n.d. n.d. n.d. 1 n.d. sapric

* Symbols: ρw—specific density; ρo—volumetric density; Pc—total porosity; W1—soil water absorption index; A
unrubbed fibre; B—rubbed fibre; A/B—the index of OM vulnerability to decomposition; PI—the pyrophosphate
index.; n.d.—not determined.

3.1.1. Physical Properties

The Ac content in the organic horizons of the studied profiles is comparable and
increases with the advancement of OM transformation (Figure 1). In the peat (O horizons),
it is the lowest, usually assuming values in the range of 30–55%; in the moorsh (M horizons),
it increases to about 60–70%, while the highest Ac values are found in the most heavily
transformed horizons, in the horizons with mineral admixtures (Ac is more than 70% in
them). Following the diversity of Ac content within P1 and P2 profiles, silted and strongly
silted organic horizons can be distinguished here. Silted and only occasionally heavily
silted horizons were observed in profiles P3–P5 [56].

The Ac content is strongly related to the specific density of the soils [58]. Calculated
ρw values exceeded 1.75 g cm−3. Samples with a high ash content (Ac) are often highly
compacted. This condition is characterized by low peats of the highly decomposed type [67].
The values of ρo in the organic samples ranged from 0.20 to 0.38 g cm−3 (Table 1). The
variability of ρo in the investigated soils is compatible with the tendencies observed for
the values of Ac i ρw. The total porosity (Pc), calculated from the ρw and ρo characteristics,
generally obtained higher values for peats compared to moorsh and gyttja. However,
organic horizons did not obtain values (Pc) exceeding 90% of the soil volume (Table 1). A
good numerical index describing the development of the moorshing process is the soil water
absorption index (W1), according to Gawlik [68]. The moorsh horizons (M) in the study
obtained W1 values ranging from 0.46 to 0.76, which allowed us to classify moorsh into
the initial (I), weakly (II), and moderately (III) transformed stages in the P2 and P5 profiles
(Table 1). The fiber content after rubbing (B) classifies the peats as the strongly decomposed
sapric type [69]. The degrees of peat decomposition, according to von Post, ranged from H4
to H7, and the PI index [57] emphasized only a high degree of peat humification (Table 1).
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Figure 1. Comparison of basic soil properties* in groups of OM type (Moorsh, Peat) for eu-
trophic (pH > 5) and dystrophic (pH < 5) habitats. Explanation: Central squares—mean values;
boxes—mean values ± standard errors; whiskers—mean values ± 2 × standard deviations; letters:
a,b,c,d—significance of differences among tested groups (homogeneous groups of means) by RIR
Tukey test (at P < 0.05) conducted in the groups of pH and in the groups of same OM type.
* pHH2O—pH measured in distilled water; Ac—ash content; TOC—total organic carbon; TN—total
nitrogen; CEC—cationic exchangeable capacity; BS—base saturation.

3.1.2. Chemical and Physicochemical Properties

The pHH2O values presented a wide range in the studied soils: from pH 5.4 to pH 7.5
in the eutrophic habitat (profiles P1–P2) and from pH 3.6 to 5.0 in the dystrophic habitat
(P3–P5). This allowed us to classify the organic horizons of P1 and P2 profiles as acidic,
slightly acidic, neutral, and basic, while profiles P3–P5 were classified as strongly acidic
and acidic.

On the basis of the TOC content, all the studied horizons in the upper parts of profiles
may be classified as organic; they contain more than 120 g kg−1 of carbon in soil dry
matter. The TOC content in the organic horizons of the soils ranges from 127–436 g kg−1.
The strong variation in TOC content between horizons indicates, on the one hand, their
siltation [54] and, on the other hand, the development of the moorshing process [56,67].
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The TOC content decreases visibly with the progress of mineralization and humification of
SOM in peat and moorsh horizons.
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for eutrophic (pH > 5) and dystrophic (pH < 5) habitats. Explanation: central squares—mean values;
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a,b,c—significance of differences among tested groups (homogeneous groups of means) by RIR Tukey
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The nitrogen (TN) content in peat horizons ranged from 12.8 to 23.3 g kg−1. In the
moorsh and gyttjas horizons, lower values of TN were generally observed: from 6.24 to
14.6 g kg−1 (Figure 1).

The studied soils differ considerably in their soil sorption complex structure and
properties (Figure 1). In eutrophic conditions, the exchangeable acidity (EA) obtained low
values not exceeding 1.8 cmol(+) kg−1 of soil dry matter (with the exception of the Cgg
horizon (P1) of 4.55 cmol(+) kg−1). In dystrophic conditions, the EA values were generally
higher and ranged from 1.25 to 21.79 cmol(+) kg−1 (data not presented). The capacity of
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the sorption complex (CEC) was high and ranged from 29.62 to 83.10 cmol(+) kg−1 in P1
and P2 (Figure 1). In profiles P3–P5, the CEC values were much lower, ranging from 12.46
to 26.23 cmol(+) kg−1 in the organic horizons. The BS values in P1 and P2 were well above
the 50% value (Figure 1), considered the limit for eutrophic soils. On the other hand, P3
and P4 were characterized by much lower BS values, not exceeding the 50% value, which
is typical for soils considered dystrophic [70]. The P5 shows higher BS values; however,
due to its low CEC and pH values, it was also included as a dystrophic soil in this study.

3.1.3. Macronutrient Conversion—C:N, N:P, and C:P Ratios

Macronutrient ratios are closely related to transformations occurring during the miner-
alization of OM, which lead to the release of mineral components. Soil C evolution is closely
related to soil N and P transformations [71,72]. The soil sequestration capacity for N and P
must change with increased aeration and pH, as enhanced biological activity promotes C
loss and peat humification [72]. For this reason, the C:N, C:P, and N:P ratios constitute a
good illustration of OM transformation. Their values decrease with the advancement of
OM transformation (Figure 2). The C:N ratio for P1 and P2 (pH > 5) in peat (O) horizons
is usually 15–20; in moorsh (M) horizons, it is lower (12–14). In pH < 5 (P3–P5), the C:N
ratio takes on similar values and is also lower in the M horizons than in the peat horizons,
indicating a higher rate of OM mineralization, which is often more oxygenated [50,73,74].
The differences observed between the O and M horizons in both pH groups are of statistical
significance, as confirmed by the Tukey test (Figure 2). Comparable C:N values in organic
soils have been reported in other studies [72,75].

The C:P ratio is indicative of the soil’s capability to accumulate OM and sequester P in
SOM [71,72]. The C:P ratio shows a high sensitivity to the pH conditions of the environment
so that in eutrophic soils with pH > 5, the highest values for peat (O) horizons (163–356)
decrease significantly to 46–57 in the moorsh (M) horizons. In dystrophic soils with
pH < 5, similar values were obtained for the C:P ratio in peats (225–332); in moorsh, this
value decreased to 107–175.5; however, these are much higher values compared to M
horizons with pH > 5. This indicates that OM under acidic conditions is much more
stable and less chemically active so that the release of organic P from organic linkages
is less intense in acidic moorsh horizons than in eutrophic horizons (higher pH). In an
acidic environment, OM is much slower to decompose in comparison to neutral or alkaline
conditions. When the pH is rather low, fungi play a crucial role in OM decomposition, which
is reflected in the high values of the C:N ratio. In a neutral or more alkaline environment,
microbial activity is higher; therefore, the transformation of OM may occur more rapidly.
Lower values of the C:N ratio as well as faster release of P from organic residues may be
the result of this phenomenon [76]. However, it is also worth taking into account that these
processes are overlaid by the individual characteristics of organic soils, where anaerobic
conditions occurring continuously or periodically may also significantly modify these
conversions. The low values of the C:N ratio in peat soils may also be the result of a diverse
vegetation type, as reported in other studies [77]. Similar trends are found for the N:P ratio,
the values of which become narrower with the progress of OM transformation and are
more stable in the dystrophic soils with pH < 5. In the peat horizons, the N:P ratio is 10–20
for pH > 5 and 13.5–18.8 for pH < 5, which is not a significant difference among this type
of OM, peat (Figure 2). In the moorsh horizons, the ratio decreases to 3.8–4.4 in eutrophic
soils (pH > 5), while in dystrophic soils (pH < 5), it takes on about two times higher values,
which makes the difference statistically significant (Figure 2).

3.2. Phosphorus Behavior in Histosols
3.2.1. Phosphorus Forms

The content of P forms and transformations in the eutrophic soils (P1 and P2) has
been discussed in detail in previous work [55]. For the purposes of the present study,
only a comparison of these data is presented with the results obtained for the soils of
dystrophic habitat (Table 2), where the organic soils differ significantly in characteristics.
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The transformation of P forms is therefore significantly different in these two groups of
soils. The content of total P in both of these groups shows similar trends, slightly increasing
with OM transformations; within the profiles, its content decreases with depth.

Table 2. P forms in organic horizons of Histosols under study *.

Soil
Profile

Soil
Horizon

Depth
(in cm)

Pt Po POX PM3 PCaCl2 PW

mg kg−1

P1

Oe 0–14 2099.3 1048.0 1308.8 3.7 1.7 2.9
Oa1 14–34 1216.3 990.3 551.0 1.5 0.9 1.1
Oa2 34–62 1009.3 758.3 430.8 1.2 0.7 1.0
Oa3 62–70 1096.3 682.2 539.0 1.1 0.3 0.6
Oa4 70–83 899.5 583.9 450.4 1.4 0.3 0.5

P2

M1 0–10 2922.8 1323.5 1825.5 9.1 5.7 8.1
M2 10–25 3027.5 1376.5 1838.8 5.8 2.9 6.9
M3 25–42 3011.8 1317.5 1960.5 5.6 2.5 6.5
Oa 42–55 3141.3 1211.8 2315.5 5.5 1.0 4.7

P3

Oa1 0–15 1312.2 1032.0 571.4 14.4 5.1 9.9
Oa2 15–27 1374.0 1044.6 826.9 4.0 2.2 3.4
Oa3 27–37 1151.0 876.1 665.4 2.4 1.6 2.2
Oa4 37–49 1027.2 744.8 539.9 2.4 1.7 2.3
Ogy 49–79 230.4 137.7 72.0 2.2 0.3 0.0

P4
Oe 0–5 2296.2 839.3 1712.9 8.2 3.5 5.2

Oa1 5–25 2359.5 1305.0 1815.9 5.1 2.8 3.9
Oa2 25–33 1159.0 739.7 734.4 2.0 1.2 2.0

P5
M1 0–10 1327.7 716.0 710.4 10.8 2.6 8.3
M2 10–23 1881.0 1035.8 1102.9 2.6 1.6 3.6
M3 23–39 974.2 554.8 616.9 2.7 1.2 2.7

* Symbols: Pt—total P; Po—organic P; Pox—oxalate P; PM3—available P; PCaCl2 —P soluble in CaCl2; PW—water-
soluble P.

The behavior of the different forms of P varies significantly in the studied groups of
soils—no or very weak trends were observed in acidic soils compared to soils with higher
pH. The Po content shows no clear trends. The bioavailable P content (PM3), which increases
with the progression of OM mineralization, is less marked in soils with a pH > 5 but it is
still observed (Table 2). In profile terms, the higher values of PM3 are found in the upper
horizons of all soils, which are released from OM and are more heavily processed in these
parts of the profiles. The readily soluble forms of P—PCaCl2 and PW—behave similarly.
In acidic peats, the content of these P forms is higher by about two times compared to
peat horizons of pH > 5. In the moorsh soils, the PCaCl2 values for both groups are similar,
whereas PW is released in significantly smaller amounts in the moorsh of dystrophic soils.
This is related to the occurrence of P immobilized as bound to Al- and Fe-oxides at pH
conditions < 5, as well as to the significantly lower concentration of Ca ions in these soils
and also the lower chemical activity of OM components in these conditions. At the same
time, in dystrophic conditions, an increase in the release of soluble forms of P can be
observed as the transformation of OM progresses. This can be explained by the negatively
charged organic molecules decomposed with SOM mineralization, which can compete
with P for the adsorption sites available in Al- and Fe-oxides [78–82]. Then, the elevated
OM occurrence can lead to a decrease in the P fixation degree of soil particles and create
conditions to increase the P solubility and higher mobility in soil.

3.2.2. Retention of P in Humic and Fulvic Acids

In the studied soils (P1–P5), the Po content in HS ranged from 6.9 to 99.4% of Po, which
means from 4.3% to 56.6% of Pt (Table 3). A lower proportion of Po (Po_HA + FA) was
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observed in eutrophic soils (pH > 5)—from 9.3 to 28.6% of Po. In dystrophic soils (pH < 5),
the HS contained a much higher proportion of Po, from 6.9 to 99.4% of Po (Table 3).

Table 3. P organic content in humic (Po_FA) and fulvic acids (Po_HA) in organic horizons of Histosols
under study *.

Soil
Profile

Soil
Horizon

Depth
(in cm)

Po_FA Po_HA ΣPo Po_FA Po_HA ΣPo Po_FA Po_HA ΣPo

mg kg−1 % of TP % of Po

P1

Oe 0–14 73.01 61.14 134.15 3.48 2.91 6.39 6.97 5.83 12.80
Oa1 14–34 34.37 65.24 99.61 2.83 5.36 8.19 3.47 6.59 10.06
Oa2 34–62 29.36 43.64 73.00 2.91 4.32 7.23 3.87 5.76 9.63
Oa3 62–70 28.89 60.34 89.24 2.64 5.50 8.14 4.24 8.85 13.08
Oa4 70–83 50.70 106.00 156.71 5.64 11.78 17.42 8.68 18.15 26.84

P2

M1 0–10 97.19 27.25 124.44 3.33 0.93 4.26 7.34 2.06 9.40
M2 10–25 123.91 145.01 268.92 4.09 4.79 8.88 9.00 10.53 19.54
M3 25–42 123.44 88.09 211.53 4.10 2.92 7.02 9.37 6.69 16.06
Oa 42–55 134.15 19.07 153.22 4.27 0.61 4.88 11.07 1.57 12.64

P3

Oa1 0–15 13.83 57.17 71.00 1.05 4.36 5.41 1.34 5.54 6.88
Oa2 15–27 11.39 142.31 153.70 0.83 10.36 11.19 1.09 13.62 14.71
Oa3 27–37 7.60 216.28 223.88 0.66 18.79 19.45 0.87 24.69 25.55
Oa4 37–49 51.06 161.66 212.72 4.97 15.74 20.71 6.85 21.70 28.56
Ogy 49–79 2.74 44.10 46.84 1.19 19.14 20.33 1.99 32.02 34.01

P4
Oe 0–5 42.63 91.52 134.15 1.86 3.99 5.84 5.08 10.90 15.98

Oa1 5–25 105.53 104.39 209.92 4.47 4.42 8.90 8.09 8.00 16.09
Oa2 25–33 9.48 117.01 126.48 0.82 10.10 10.91 1.28 15.82 17.10

P5
M1 0–10 122.36 126.57 248.92 9.22 9.53 18.75 17.09 17.68 34.77
M2 10–23 355.82 120.39 476.20 18.92 6.40 25.32 34.35 11.62 45.98
M3 23–39 107.85 443.40 551.25 11.07 45.51 56.58 19.44 79.93 99.37

* Symbols: Po_FA—Po in fulvic acids; Po_HA—Po in humic acids; ΣPo—Po in humic substances (Po_HA + FA).

Humic acids (Po_HA) play a main role in the retention of P in comparison to fulvic
acids (Po_FA) in most peat horizons (O) (Table 3, Figure 3). Of particular note, however, is
the strongly dominant role of humic acids (HA) in Po retention, especially in peats with
pH < 5, where Po_HA accounted for 5.5–32.0% of Po (4.0–19.1% of Pt), while Po_FA in O
horizons ranged only between 0.9–8.1% of Po (0.66–5% of Pt) (Table 3). In eutrophic soils
(pH > 5), this proportion was not so significant (Figure 3).
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Among the many individual properties of HS, the activity of HS depends essentially
on the functional groups affecting total acidity [5,6,83–85]. The most predominant are the
phenolic (–OH) and carboxylic (–COOH) groups [44,47]. Phenolic functional groups chelate
multivalent metal ions, such as Fe3+ and Al3+; carboxyl functional groups bind mainly
Ca2+ [27,85]. In these functional groups, hydrogen is highly reactive and determines the
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ion-exchange potential, so their reactivity at different pHs varies significantly. HS has a
significant ability to form complex and intracomplex (chelate) compounds with Fe and
Al, as well as with Cu and other polyvalent cations [86]. In a more acidic environment,
when the pH is below 5, HAs form mostly complex compounds with metals, while FAs
form in neutral and alkaline media [87]. HS forms binary complexes with cations and
ternary complexes with anions, including phosphate, via cation bridging [27,45,88]. The
formation of the ternary OM-cations-phosphate complexes is highly dependent on the
structures of OM, the location of acidic functional groups, and pH [27,34,38]. The chelation
reaction prevails when the soil pH increases to the conditions suitable for the ionization
of the phenolic groups [83]. Although FA has higher total acidity values than HA, the
substantially larger molecules and more complex structures of HA are more effective than
FA in complexation or chelation [89].

The percentage of Po_FA in organic horizons of eutrophic soils ranged from 3.5–11.1%
of Po and generally increased in moorsh horizons: P1 (3.5–8.7% of Po) < P2 (7.3–11.1% of Po),
as well as with the depth in each profile, i.e., with the advancement of OM transformation
in profile (Table 3). In dystrophic soils, such a trend is also evident: P3 (0.9–6.8% of Po) < P4
(1.3–8.1% of Po) < P5 (17.1–34.3% of Po) and the content of Po_FA fell within a wider range,
from 0.9 to 34.4% of Po (Table 3), giving the significant difference between peat and moorsh
horizons (Figure 3).

In a dystrophic habitat, we observed significantly higher Po_HA values (5.5–80% of Po)
than in eutrophic habitat (1.6–18.2% of Po). The percentage of Po_HA generally increased
deeper into the soil profile in both groups of soils but only in peat horizons (Table 3). No
clear pattern was observed in the moorsh layers. Po retention in HA was higher in the
moorsh layers in pH < 5 and it ranged from 11.6 to 79.9% of Po than in moorsh in pH > 5,
where the proportion of Po in HA (P5) was much lower: 2.1–10.53% (Table 3). The Tukey
test did not confirm the significance of the observed differences between OM types (peat
and moorsh) and between soils of different habitats (Figure 3).

Previous studies on the distribution of Po in FA and HA provide very inconclusive
and contradictory results. In some of them, Po dominates in FA, in other studies, no
dominant role of either fraction has been shown but there are also reports of Po dominating
in HA [48,90–92]. These relationships are discussed more extensively by Makarov and
Malysheva [48]. In their study, in acidic soils, the major part of extracted Po is bound to HA
and Po in FA dominates in neutral and calcareous soils. Herein, it is highly relevant that the
condition-dependent behavior of Po, like inorganic P, is associated with different metals in
acidic and neutral soils. This interaction probably governs its distribution among the HA
and FA, depending on soil acidity. In acidic soils, organophosphates are stabilized as Fa and
Al compounds, while iron inositol hexaphosphates (the most abundant organophosphorus
compound in soils) are insoluble in acidic environments and move to the HA during humus
fractionation. Calcium inositol hexaphosphates in neutral soils, on the contrary, are acid-
soluble and convert to FA [48]. Soil inositol phosphates are considered to be mainly bound
in high-molecular compounds to SOM [90,93] after [48]. Makarov and Malysheva [48]
showed in their study that the distribution of Po in HA and FA depends on the interaction
of Po with Fe and Al in acidic soils, with Ca and Mg in neutral and calcareous soils, and on
the solubility of the resulting compounds in the acid-base system (strongly dependent on
the methodological approaches used in SOM fractionation). In acidic soils, bonds with Fe
and Al (which reduce the acid solubility of organophosphates) are broken; hence, the Po
content in HA decreases and the Po content in FA increases. When the bonds with Ca and
Mg are broken, the solubility of Po does not change, which determines the lower impact of
the chemical effect of Po redistribution between the acid groups of humus in neutral soil.

3.3. Relationships between Organic P in Fulvic and Humic Acids and Selected Properties of the
Histosols Studied

The Po content in HA and FA clearly depended on habitat quality and OM type
(Figure 3). The r-Spearman’s correlation coefficients showed very different relationships
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for these two variables and selected properties of soils in groups: pH > 5 and pH < 5
(Table 4), confirming the different effects of OM evolution on P retention and transformation
depending on pH conditions.

Table 4. Spearman correlation coefficients for P forms and C fractions and P connected to humic and
fulvic acids depending on the pH conditions (statistical significance at P < 0.05) *.

Variable
Po_FA Po_HA

pH < 5 pH > 5 pH < 5 pH > 5

Pt - 0.88 - -
Po - 0.78 - -

PM3 - 0.83 - -
POX - 0.9 - -

PCaCl2 - 0.71 - -
PW - 0.75 - -

Po (%) - −0.83 - -

TOC - - - -
TN - −0.72 - -
Ac - - - -

CEC - 0.78 - -
BS - - - -
pH 0.68 0.76 - -

C:N −0.70 −0.73 - -
C:P −0.75 −0.78 - -
N:P −0.75 −0.85 - -

* Symbols: Pt—total P; Po—organic P; Pox—oxalate P; PM3—available P; PCaCl2 —P soluble in CaCl2; PW—water-
soluble P; Po_FA—Po retention in fulvic acids; Po_HA—Po retention in humic acids; pH—reaction measured in
H2O; TOC—total organic carbon; TN—total nitrogen; Ac—ash content; CEC—cationic exchangeable capacity;
BS—base saturation; C:N, C:P, N:P—macronutrients ratios; “-“ not significant correlation coefficients.

Statistically significant correlations were only shown for Po in fulvic acids (Po_FA).
However, no correlations were confirmed for Po_HA in the Histosols studied. Strongly
positive correlations were confirmed between Po_FA and all forms of P in the eutrophic
soils (pH > 5) (Table 4). In soils with pH < 5, no such significant relationships were
confirmed, indicating the important influence of FA on P behavior in Histosols especially
under conditions of pH > 5. Also, the Po_FA content was significantly positively correlated
with pH and negatively with macronutrient ratios in both groups of pH (Table 4).

The explanation for the above observations is probably related to the OM content that
decreases as a result of mineralization during the moorshing process. The proportion of
different nutrients, including different forms of P, released into the soil rises during the
transformation of OM, increasing their availability and mobility. Thus, their increased
content (with lowered C:N, C:P, and N:P ratios) goes along with the higher content of
Po_FA. This may be an effect of releasing P and the low-molecular-weight fulvic fraction
from OM, even at the initial stages of OM chemical transformation. The amount of Po can
also follow the same trend as a result of the release of whole organic molecules containing
P as a component.

Under conditions of pH > 5, phosphorus commonly exists as calcium phosphates,
which are relatively insoluble in neutral to alkaline soils.

However, OM can be in a complex with calcium and magnesium, potentially in-
creasing the phosphorus availability by preventing the formation of insoluble calcium
phosphate. The strong positive correlation between the majority of P forms and Po_FA in
the soils in eutrophic habitats can support the above. In relation to Histosols in eutrophic
habitats (pH > 5), higher nutrient levels and favorable microbial activity conditions enhance
the decomposition and transformation of OM, leading to greater P release. This process
is facilitated by the formation of HS that can bind metals, increasing P availability. In
contrast, dystrophic Histosols (pH < 5), characterized by lower nutrient levels and more
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acidic conditions, exhibit slower OM decomposition. Lower microbial activity and higher
acidity lead to greater P fixation through binding with Fe and Al. In acidic soils (pH < 5),
although P commonly binds with Fe- and Al-oxides, organic acids from decomposing OM
can increase P availability by complexing these metals. There are some studies supporting
such mechanisms, indicating the critical role of soil pH and OM quality in phosphorus
dynamics [94–97]. Likewise, Reddy et al. [98] and Stevenson [85] support these observa-
tions, highlighting the critical role of OM transformation and habitat nutrient status in P
dynamics in Histosols.

3.4. Principal Component Analysis on the Main Factors Governing the Connections between
Organic Matter Transformations and Phosphorus Retention in Eutrophic (pH > 5) and Dystrophic
(pH < 5) Histosols

The PCA diagrams presented below for eutrophic (Figure 4) and dystrophic (Figure 5)
soils provide a representation of the relationships between the organic horizons of the
studied soils and an indication of the variables that potentially best describe each sample.
The distribution of the measured characteristics in terms of their relationship to the principal
components (PC1 and PC2) included in the two-dimensional PCA representation explains,
to some extent, the total variation occurring between the analyzed samples. PC1 and PC2
explain, in eutrophic (pH > 5) soils, 86.74% (69.95% for PC1 + 16.79% for PC2) and, in
dystrophic (pH < 5) soils, 66.21% (40.76% for PC1 + 25.45% for PC2) of the total variation
between selected properties of organic horizons. In eutrophic soils, C:P, N:P, C:N, TOC, Po
(%), Ac, pH, and most P forms (Pt, Po, POX, PW, PM3) provide the largest contribution to
PC1, while Po_HA and Po_FA (%) are the properties contributing the most to PC2. In poor
dystrophic environments, Po, PW, PCaCl2 , PM3, and Po_HA (%) are the main contributors to
PC1, while Po (%), C:N, N:P, C:P, and Po_FA and Po_FA (%) are the most important in PC2.
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Figure 5. Principal component analysis diagram of variables (a) and cases (b) for organic horizons of
dystrophic soils (pH < 5).

The longer vectors of variables give better explanations for the variability among
organic horizons than the shorter ones. In eutrophic soils, longer vectors are much more
abundant than in dystrophic soils (Figure 4). Vectors situated closer to each other indicate
variables that may have a strong positive correlation, whereas vectors that form an angle
closer to 180◦ may have a negative linear correlation. On the PC1–PC2 coordinate space
in eutrophic soils (Figure 4a), two main groups of positively correlated vectors can be
distinguished and among the first are all the P forms located in the diagram close to AC,
pH, CEC, and Po_FA, indicating the existence of a relationship between increasing AC
and CEC (according to OM mineralization progression) and increasing the content of P
forms. This relationship was observed and discussed in a previous study [55]. A positive
correlation with Po_FA was also distinguished in this group, which indicates the important
role of fulvic acids in P retention and was confirmed by the correlation coefficient in these
soils (Table 4). The second group of positively correlated characteristics includes C:N,
C:P, N:P, TOC, Po (%), and TN. These specific variables are strongly combined with the
transformation of OM, which is why the ratios lowered substantially along with the content
of TOC and TN in moorsh horizons. Therefore, all variables in this group show strong
negative relations with the previous group of properties (Figure 4a). In the PCA diagram
for cases of eutrophic soils (Figure 4b), peat (P1) and moorsh horizons (P2) are generally
clearly divided into two groups: on the left, moorsh horizons (including the peat layer, the
deepest organic horizon in P2—P2_4P) and on the right, peat horizons. Such a distribution
of studied cases is related to the higher content of P forms (particularly P labile forms),
increased Ac content, substantially lower macronutrient ratios, and TOC and TN content
in moorsh layers in comparison to peat. The peat horizon in profile P2 was included
here in the moorsh OM type due to its specific properties being comparable to those of
moorsh horizons that may indicate the beginning of OM transformation and the start of
the moorshing process in the P2_4P.

Although the peat horizons in P1 are separately placed in the diagram, the middle
part of the profile shows much more coherence than the surface and is the deepest horizon
in this profile (Figure 4b). The surface peat horizon (P1_1P) of this profile, which occupies a
distinct position in the diagram—in between the two OM types—has particularly different
characteristics. Due to seasonal fluctuations in the water level and periodically arising
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aerobic conditions, peat decomposition and the initiation of mineralization may begin, as
confirmed by the results obtained previously [55].

Clearly, inverse relationships between P form content, Ac content, TOC, C:N, C:P, and
N:P were shown. It is also confirmed with correlation coefficients (Table 4) that as the
proportion of macronutrients decreases, which is most often related to an intense loss of
TOC. The Po_FA content increases concomitantly with the release of macronutrients from
OM, as reflected by the decreasing C:N, C:P, and N:P ratios. This indicates an important
role for FA in P retention during the transformation of OM in soils in eutrophic conditions.

In dystrophic Histosols, the main component variables explain the variation between
them to a weaker extent (66.21%). However, we can distinguish certain groups of vectors
indicating close relationships between variables in the organic horizons of these soils; these
are often relationships of only moderately strong character. The first includes C:P, N:P, C:N,
and % of Po; the next group includes TOC, TN, and the mobile forms of P—PM3, PCaCl2 , and
PW; and then we have Po, Pt, and POX, which are in negative relationships to the first above-
mentioned. A negative relationship is also shown between these variables (macronutrient
ratios, Po in %) and Po_FA, BS, and pH. The other strong negative correlations are shown
between the content of Ac and Po_HA and the second group mentioned earlier, PM3, PCaCl2 ,
PW, TOC, and TN. Most of these negative relationships were also present in eutrophic
soils. Nevertheless, Ac, TOC, and TN behave differently at pH < 5 and reveal inverse
relationships. The behavior of soluble P forms is also different in these soils, which are not
negatively correlated with macronutrient ratios and Po (%), as was seen in eutrophic soils,
in which all P forms as well as Po_FA showed strongly negative correlations with C:N, C:P,
N:P, TOC, and TN. These discrepancies have a clear link to differences in OM activity in
relation to pH and soil fertility.

The differences between the two habitat types are also apparent in the distribution
of the organic horizons in the PCA diagrams (Figures 4b and 5b). The distinctness of the
groups in the eutrophic soils (Figure 4b), indicating the type of OM: peat (P1) and moorsh
(P2), as already mentioned above, is much more pronounced. We can also identify some
groups in the dystrophic soils but they are far less distinct. The first group is the moorsh
horizons of P5, which are placed relatively close to each other in the same quarters as
Po_FA, Po_HA, and also (of the lower meaning) Ac, BS, and pH. We can also distinguish
two groups of peat horizons: the first includes the peat horizons of the middle parts of
profiles P3 and P4, distinguished by clearly similar C:N, C:P, N:P, and Po (%) values, which
are high in these materials. In the second peat group, we can include most of the upper
peat horizons of P3 and P4, which are essentially accumulative horizons that are often
in the aerobic zone, allowing OM to undergo gradual mineralization. Hence, a higher P
fraction (including soluble P) is observed in these horizons. These distinguishing variables
may indicate more advanced P transformations in the upper horizons as a result of more
intense OM transformations.

4. Conclusions

Depending on eutrophic or dystrophic soil conditions, investigated peat and moorsh
reflect the direction of OM transformations, in which advancement was expressed in
changes in basic soil properties. The progress of mineralization and humification of OM in
peat and moorsh is closely linked to increased microbial activity and therefore manifests in
visibly greater changes in eutrophic habitats than in dystrophic and acidic ones.

A significant influence of OM and its transformation on P retention as well as the
content of its different forms was demonstrated. The higher values of available and soluble
P found in the upper organic horizons may be related to the release of OM constituents in
those parts of the profiles with stronger OM decomposition. Under dystrophic conditions,
P release was slower, due to the immobilization of P on Al and Fe oxides at pH < 5, as well
as the lower chemical activity of highly saturated functional groups in OM components
under these conditions.
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The important role of OM in the retention of P in the investigated soils is also reflected
in the activity of HS and varies according to habitat conditions. HS contained a significantly
higher percentage of Po in dystrophic than in eutrophic histosols. Humic acids played a
major role in P retention compared to fulvic acids in most peat (O) horizons, especially at
pH < 5. Meanwhile, the Po_FA in the organic horizons of eutrophic soils increased with the
advancement in OM transformation—in the moorsh levels and with depth in each profile.
This indicates an important role of FA in P retention during OM transformation in soils,
especially under eutrophic conditions.

The variable role of OM in P retention depending on soil environmental conditions
and OM type may have important applications not only in areas of natural importance, for
which the release of mobile P forms may pose a threat, but also in agricultural areas where,
for a change, we struggle to increase P availability. In light of global problems with limited
phosphate resources, this points in the direction of future research.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agronomy14081688/s1. Table S1: Soil profile morphology, location,
and classification.
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