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Abstract: Soil organic carbon (SOC) and mineral nitrogen (Nmin), especially nitrates (NO3
−) in

agroecosystems have attracted much attention over the past few decades due to their crucial roles
in soil fertility, crop productivity, environmental quality, and/or climate change mitigation and
adaptation. The aim of the study was to evaluate the contents of organic carbon, ammonium, and
nitrate in soils under differentiated pH, texture, and fertilization rates. A large-scale environmental
study was conducted in Polish arable lands. The spatial distribution of the sampling points reflected
agricultural production conditions, variability of soil properties, and representativeness of textures
that are characteristic of Poland. Our results indicated that SOC content was significantly affected
by the soil pH and texture as well as mineral and organic fertilization. The same factors, except
organic amendments, significantly supported mineral nitrogen concentration in the present study.
The most important factors controlling SOC in the study were ranked as follows: soil pH > pre-crop
N fertilization > crop N fertilization > N applied with manure > soil texture. In the case of N-NH4

and N-NO3, mineral fertilization was the most critical variable. The carbon and nitrogen governance
in agroecosystems should consider the ranks of factors controlling their contents.

Keywords: soil organic matter; ammonium; nitrate; manure; nitrogen fertilizer

1. Introduction

Soil organic carbon (SOC) and mineral nitrogen (Nmin), especially nitrates (NO3
−)

in agroecosystems, have attracted much attention over the past few decades due to their
crucial roles in soil fertility, crop productivity, environmental quality, and/or climate change
mitigation and adaptation [1–6].

The soil carbon (C) pool, estimated at 2293 Pg, including 1425 Pg of SOC to 1 m
depth, is the third principal C stock, which accumulates 5–15% of the annual global C
emissions [2,7,8]. In merely the topsoil of EU farmland, 51 billion tons of CO2eq are stored,
which is equivalent to over ten times the European Union’s annual emissions. SOC content
is crucial to diverse soil functions (physical, chemical, and biological) and ecosystem
services [1–3,9–11], e.g., (i) soil structure and aggregation, (ii) water use efficiency and
retention, (iii) plant nutrient availability, (iv) the diversity and biological activity of soil
organisms, and (v) gaseous emissions/sequestration. The critical level of SOC in the root
zone, essential to maintaining these functions, is 1.5–2.0% [12], whereas ca. 45% of the
mineral soils in Europe have low or very low SOC content, i.e., below 2% [13].

Nitrogen (N) is both an essential element strongly related to food security and resource
sustainability that often limits crop yields and a major pollutant in modern agroecosys-
tems [5,14–16]. It is the most unstable plant nutrient, especially its mineral forms, subjected
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to many transformations sometimes in a short time, such as uptake by plants, immo-
bilization by microorganisms, nitrification, denitrification, volatilization, leaching, and
adsorption [17]. Approximately 25% of the N inputs are emitted into the air, and nearly
20% are leached as nitrate, hampering productivity and profitability of crop production as
well as environmental quality [15]. Anthropogenic activities have doubled the global rates
of reactive N applications in the last century and substantially affected C and N cycles in
agricultural ecosystems [7]. Unfortunately, there are lack or contradictory reports regarding
the effect of anthropogenic (fertilization with manure, crop, and pre-crop fertilization with
mineral nitrogen) and environmental (soil pH and texture) factors on C and N pools [6,18].
Mineral fertilizers, affecting the increase in crop yields and the amount of post-harvest
residues, have a positive effect on the SOC content. Some authors [19,20], however, believe
that one-sided mineral fertilization, especially in light soils, causes intensification of miner-
alization. Exogenous organic matter is another possible significant source of SOC and Nmin
in agroecosystems. On the other hand, the direction of such impact is determined by its
chemical composition, mainly the content of N, polyphenols, and lignins [19]. Adjusting
the pH by liming allows the retention of C and N in the soil. It is also a factor that poten-
tially generates gaseous losses in the form of carbon dioxide, nitrogen oxides, dinitrogen
oxide, ammonia, and/or dissolved forms of C and N [21–23]. Hence, there is a need to
investigate these issues in various climatic and soil conditions and to update research
allowing the implementation of effective mitigation and adaptation measures in the context
of the currently introduced carbon farming initiative as a part of the European Green Deal
and the evaluation of action programs related to the Nitrates Directive (91/676/EEC).

The aim of the study was to (i) evaluate the contents of organic carbon, ammonium,
and nitrate in soils under differentiated pH, texture, and fertilization rates and (ii) identify
the variables that were most important in contributing to the accumulation of carbon and
mineral nitrogen in Polish soils using a novel analytical approach in large-scale research.

2. Materials and Methods

Soil samples were taken in the autumn after harvesting crops at 3172 permanent
monitoring points evenly covering Polish arable lands (Figure 1), from 0–30 cm depth and
an area of 100 m2. The spatial distribution of the sampling points reflected agricultural
production conditions, variability of soil properties, and representativeness of textures that
are characteristic of Poland. The consumption of mineral nitrogen fertilizers (urea and
ammonium nitrate), as well as farmyard manure (FYM) in the studied agroecosystems
established following the procedure of soil monitoring in Poland (a direct interview with
farmers) varied from <50 kg N ha−1 to >150 kg N ha−1.

Poland belongs to the same climate zone as the Czech Republic, Slovakia, partly
Germany and Austria, Hungary, Romania, Ukraine, and Belarus [24]. The annual rainfall
during the investigation was 573.3 mm. Mean monthly temperatures in January and June
were: −1.5 and 21.2 ◦C, respectively.

Each sample taken from the fields for analysis consisted of 20 primary soil samples
collected from the surface layer from an area of 100 m2. Soil samples were air-dried,
homogenized, sieved (2 mm sieve-mesh), and kept in the dark. The soil samples for Nmin
analysis were placed in polyethylene bags and stored in the refrigerator.

In air-dried and sieved soil samples, the following parameters were determined:
pH in 1 mol KCl dm−3 by the potentiometric method in a soil:solution ratio of 1:2.5
(w/v), total organic carbon by sulfochromic oxidation with titration of excess K2Cr2O7
with FeSO4(NH4)2SO4·6H2O, and particle size distribution using the laser diffraction
method (LDM) based on the light intensity distribution pattern of the scattered light
emitted from that particle group. Mineral nitrogen was determined colorimetrically (N-
NO3 with diphenylamine sulfonic acid and N-NH4 with Nessler’s reagent) using a San
Plus Segmented Flow Analyzer after extraction with 1% of K2SO4 [25,26].
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Figure 1. Map of the study and sampling area.

In order to compare the average value of parameters in individual classes, one-way
analysis of variance (ANOVA) and Tukey’s honest significant difference test with signifi-
cance level α = 0.05 were performed. The importance of variables was assessed by CART,
which is a multivariate regression tool appropriate for identifying the most important
factors controlling SOC and Nmin contents in soils. Statistical analyses were performed
using Statistica 13.3.

3. Results and Discussion

Carbon and mineral nitrogen accumulation in soils depended on soil pH, texture as
well as mineral and organic fertilization (Figures 2–8).
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3.1. Soil Organic Carbon Contents

The average content of organic carbon in the studied soils was 1.78%. Soils with pH
of 6.5–7.2 and above 7.2 accumulated the highest amounts of organic carbon, respectively
1.96% and 1.92%. This was in contrast to some research [27], which has demonstrated
that alkaline soils are more prone to SOC losses than acidic ones due to the reduction
in SOM complexation on mineral surfaces via ligand exchange. In the present study, a
statistically significant decrease in the level of this parameter was observed in acidic and
very acidic soils (Figure 3a). Solly et al. [28] also found that SOC content was lower in
soils with pH < 5.5. Leifeld et al. [29] stated that the processes of carbon transformations
in soils resemble strong pH dependencies, and their midpoints are reached at pH values
between 4.3 and 5.3. A lot of authors [21,30,31] reported that low pH had a negative impact
on SOM. In the present study, the identification of soil pH as the most important variable
affecting SOC (Figure 8a) and a positive correlation between these parameters (r = 0.947)
seem to confirm this thesis. Undoubtedly, these results were due to the influence of pH
on the quantity and quality of the humus substances in the soil and the possibility of their
stabilization. In the current research, the correlations of crop yields with pH and SOC were,
respectively, r = 0.886 and r = 0.759. Apparently, higher pH optimized the plant growth
environment, the use of macro- and microelements from soil reserves, and fertilizers,
and stimulated biomass production [21,22]. The more significant the difference between
the current pH value and the pH requirements of crops, the more liming contributes
to increasing plant yields. It should be underlined that soil acidification limits biomass
production and threatens the environment in Poland to a much greater extent than in many
European and non-European countries. This is mainly due to the postglacial acidified
parent material of Polish soils and the leaching of calcium and magnesium anions under
the predominance of precipitation over evaporation, and a large share of light soils with
high permeability in Poland [20,21]. According to some authors [22], greater inputs of post-
harvest residues in limed soils compensate for initial carbon losses, caused by increased
mineralization. Moreover, non-acid soils favor the transformation of humus substances into
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relatively stable organo-mineral complexes that are more difficult to decompose [21,32–34].
Lime, by releasing Ca2+ and Mg2+ ions and increasing the ionic strength of the soil solution,
may enhance the flocculation of clay minerals and stimulate the activity of microorganisms
secreting polysaccharides (binding agents). Thus, it contributes to the formation of stable
soil aggregates, which improves the effectiveness of physical protection of organic matter.
Calcium and magnesium ions and a higher pH also favor the transformation of humic
substances to form calcium humates and other more complex organo-mineral compounds
that are less prone to mineralization [21,35].

Soil texture was another factor significantly influencing the accumulation of soil
organic carbon in the studied soils. However, its importance was lower in comparison to
the soil pH (Figures 4a and 8a). The amount of SOC in heavy (fine) soils rich with clay and
silt fractions was significantly higher than in other categories (Figure 4a). According to some
authors [9,27,32,36], clay-rich soils have longer turnover times and slower decomposition
of SOM than sandy ones. There are relationships, not only between clay contents but also
their types and SOC level. Singh et al. [37] stated that the rate of SOM decomposition
was greater in the kaolinitic-illitic clay minerals, followed by smectitic and allophanic.
The greater SOC stabilization in the latter resulted from their higher specific surface area
and/or proportion of micropores as well as a lower microbial activity. Our results were
supported by Matus [38], who, based on a study of 1.5 million arable French soil samples,
stated that 85% of the soil organic carbon content was sequestered in the <20 µm mineral
fraction. Interestingly, the differences in the carbon content in soils containing <10% and
20–35% of fractions with a diameter below 0.02 mm did not exceed 10% (Figure 4a). This
could be associated with the limited capacity of carbon stabilization. Frasier et al. [39] have
demonstrated that if carbon inputs cannot be stabilized, as in the predominant number of
analyzed soils, SOC remains in particulate forms, which are susceptible to mineralization.
It should be noted that organic matter is stabilized in soils in two major ways: (i) by
interactions with fine soil particles <20 µm, i.e., mineral components, via weaker (e.g., Van
der Waals forces) or stronger bonds (e.g., ligand exchange), (ii) and by SOC incorporation
within soil aggregates and physical protection of SOM inside them [8,11,27,39–41]. The
first one is considered dominant [38].

In the present study, SOC content was significantly affected by organic and mineral
fertilization (Figures 5–7). Its significant accumulation (2.34%) occurred when at least
150 kg N ha−1 in manure was applied. Undoubtedly, this result was due to the direct
effect of the manure composition and the indirect impact of the increased crop growth and
its residue in response to the additional nutrient supply [33,42]. Moreover, FYM, which
was used in the analyzed agroecosystems, contains stabilized material that has already
undergone the decomposition process [9], as well as a substantial amount of lignin and
polyphenols and a high C:N ratio, which leads to the formation of stable complexes more
resistant to oxidation [15,41].

In contrast to the manure inputs, a significant reduction, by 14.7–23.2%, in the con-
tent of SOC was observed with the increasing rate of crop and pre-crop N fertilization
above 50 kg N ha−1 (Figures 6 and 7). Apparently, the acceleration of SOM mineralization
through a lower C-to-N ratio [32,42,43], soil acidification [34], as well as negative changes
in the stability of soil aggregates and/or in the microbial community [44] caused by the
current and/or recent mineral fertilization prevailed on the amount of C accumulated in
agricultural soils as a result of greater root exudates and increased biomass production,
later returned to the soil as crop residues [33,44,45]. Some authors reported that N fer-
tilizers enlarge carbon stocks only when crop straws were returned to soils [7,42,46] and
their decline was observed under intensive cultivation and imbalanced fertilization [15].
Others [47] have stated that only manure inputs resulted in a significant enhancement of
SOC in comparison to NPK treatments, and the crop residues had nothing to do with the
increase in soil organic carbon after several years.

Interestingly, the variables analyzed in the study in terms of their importance on the
organic carbon content can be ranked as follows: soil pH > pre-crop N fertilization > crop



Agronomy 2023, 13, 267 9 of 13

N fertilization > N applied with manure > soil texture (Figure 8a). This indicates that
the observed levels of organic carbon in the studied soils were mainly determined by the
factors limiting SOC accumulation.

3.2. Mineral Nitrogen Contents

In the present study, organic matter contributed significantly to the availability of
mineral nitrogen (N-NO3 and N-NH4) in the soils (Figure 9). The maximum content
of Nmin (18.24–18.31 mg kg−1) was noted in soils containing above 2% of C (Figure 9c).
These results are consistent with the findings of Ladha et al. [43] and Ren et al. [44] in
which soil organic matter strongly influences soil N turnover and provides more than
50% of the nitrogen requirements of the crops. According to Soinne et al. [48], the amount
of inorganic N available for plants is determined by net nitrogen mineralization, i.e.,
the difference between gross N mineralization and N immobilization in the microbial
biomass. It should be noted that the contents of ammonium nitrogen were lower and more
differentiated in carbon classes compared to nitrates (Figure 9a,b). These results may be
explained by the fact that N-NH4 and N-NO3 have different biochemical characteristics
(e.g., biological preference and ionic charge), and the former is adsorbed in exchangeable
and non-exchangeable forms and nitrified as well as preferred by microorganisms due to
the low energy cost [17,49–52].

The presence of nitrogen in the plant available pool was influenced by the same factors
that govern SOM, but their importance was slightly different, e.g., both in the case of
N-NH4 and N-NO3, mineral fertilization was the most important factor affecting their
contents (Figure 8b–d). Interestingly, the pH and texture had less effect on the latter form
of nitrogen (Figures 3 and 4).
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In our research, the decline in soil pH was accompanied by a decrease in nitrate
concentration (from 15.43 mg kg−1 at pH > 7.2 to 10.79 mg kg−1 at pH < 4.5) and an increase
in NH4

+ content (from 2.63 mg kg−1 at pH > 7.2 to 5.22 mg kg−1 at pH < 4.5) (Figure 3b,c).
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The lower soil pH undoubtedly reduced the provision of substrate for nitrification and
the rate of this process itself [50,53]. In some experiments, at pH < 5.5 ammonium cations
produced from the SOM mineralization were accumulated in the soil profile [53] and
alkaline conditions were beneficial for nitrification and elevation of the nitrate concentration
in the soil solution [5]. It should be noted that higher soil pH greatly affects NO3

− uptake by
plants but is also likely to drive nitrate leaching and/or N loss by volatilization [5,51,52,54],
which should be considered in N management decisions. Kemmit [55] even suggested that
a combination of natural or human-induced soil acidification may be a useful mechanism
to reduce nitrate leaching from some agroecosystems.

Our results were consistent with other findings [56,57] in which soil texture signif-
icantly influenced N-NH4 and N-NO3 pools (Figure 4b–d). The content of ammonium
increased both in coarse- and fine-textured soils, indicating different processes that control
it (Figure 4b). Soils rich in fine clay particles have a higher adsorption capacity for N-
NH4 [58] and usually contain more soil organic matter—a reservoir of ammonium cations.
However, sandy soils are characterized by a faster mineralization rate and usually acidic
conditions [56], limiting the biological oxidation of N-NH4. The latter process also had an
apparently predominant role in regulating the nitrate concentration, since its significantly
lowest value (10.98 mg kg−1) was reported in soils containing the smallest level of fine
particle fractions (Figure 4c). Additionally, poorly structured sandy soils are prone to nitrate
leaching losses due to faster water movement. Cameron et al. [59] cited data that gave an
approximate ratio of leaching losses of 1:5 for a clay loam soil compared to a silt loam soil.

Changes in the Nmin pool observed in the studied agricultural ecosystems, similarly
to other studies [16,59], were mainly a result of the higher mineral N application rates in
these systems (Figure 6). Interestingly, significant accumulation of nitrates occurred at a
rate above 50 kg N ha−1 (12.43 mg kg−1) and their concentration almost doubled after
exceeding 150 kg N ha−1 (20.07 mg kg−1), which might increase the risk of N losses due to
leaching. In contrast to N-NO3, the availability of ammonium declined by 34.35% when
more than 50 kg N ha−1 was applied and remained constant with increasing doses of N
(Figure 6). This was undoubtedly due to the N fluxes, i.e., mineralization, nitrification,
denitrification, and volatilization, which are highly variable in response to mineral N
input [7]. Similar dynamics of mineral nitrogen were observed in the case of pre-crop N
fertilization (Figure 7). According to Cameron et al. [59], 15–25% of the N in applied mineral
fertilizers remains in organic forms after harvest. Furthermore, the residual mineral N may
be leached over the subsequent winter if excessive rates of nitrogen inputs are used.

Organic amendments did not significantly support mineral nitrogen contents in the
present study (Figure 5). Most of the nitrogen in manured soils may be subjected to
immobilization, and its transformation into mineral forms available to plants occurs in the
long term, as reported by Christodoulou et al. [14].

4. Conclusions

In the environmental study, soil organic carbon levels were determined by the factors
limiting its accumulation and contributed significantly to the availability of mineral nitro-
gen. The variables analyzed in the study in terms of their importance on the organic carbon
content were ranked as follows: soil pH > pre-crop N fertilization > crop N fertilization >
N applied with manure > soil texture. The presence of nitrogen in the plant available pool
was influenced by the same factors that governed SOM, but their importance was slightly
different, i.e., both in the case of N-NH4 and N-NO3, mineral fertilization was the most
important variable affecting their contents. Carbon and nitrogen management strategy in
agroecosystems should take into account the ranks of factors controlling their contents.
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