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INTRODUCTION

Efficient and sustainable nutrient manage-
ment in agricultural soils is essential for reduc-
ing environmental risks associated with nitrogen 
(N) and phosphorus (P) leaching. Monoculture
systems, especially those reliant on unbalanced
mineral fertilization, are particularly prone to
nutrient losses due to poor synchrony between
fertilizer supply and plant demand (Lehmann
and Schroth, 2003; Yang et al., 2024). Leaching
risk is governed by a combination of agronomic
and environmental factors, including crop rota-
tion, cultivar selection, pest and weed manage-
ment, soil properties, hydrological conditions,
and weather variability (Cameron et al., 2013;

Macdonald and Gutteridge, 2012). Diversified 
crop rotations – particularly those involving 
legumes – provide both agronomic and ecolog-
ical benefits (Beillouin et al., 2021). Legumes 
enhance soil quality through biological nitro-
gen fixation, increased organic matter input, 
and stimulation of microbial activity, there-
by improving nutrient retention and reducing 
leaching potential (Jena et al., 2022; Jie et al., 
2022; Kluger et al., 2025). Empirical evidence 
consistently shows that legume-based rotations 
outperform monocultures in nitrate recovery, 
biomass production, and nitrogen use efficiency 
(Van Groenigen et al., 2015; Zhang et al., 2019). 
Fertilizer form and timing are also critical. High 
rates of mineral NPK inputs, especially during 
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early-season rainfall and low evapotranspira-
tion, exacerbate leaching and soil acidification 
(Asadu et al., 2024; Beillouin et al., 2021; Tkac-
zyk et al., 2020) Even organic-intensive systems 
may contribute to nutrient losses if nutrient re-
lease is poorly synchronized with plant uptake 
(Dahan et al., 2013). In contrast, organic amend-
ments such as manure and compost enhance soil 
structure and microbial biomass, buffer nutrient 
availability, and align nutrient release with crop 
demands (Brempong and Addo-Danso, 2022; 
Manna et al., 2023). The mobility of nutrients in 
the soil profile is strongly influenced by texture, 
pH, and baseline nutrient levels (Mühlbachová et 
al., 2024; Radulov and Berbecea, 2024). Sandy 
soils with low organic matter exhibit the highest 
vulnerability to N and P leaching (Peng et al., 
2022)., while acidic conditions (pH < 5.5) re-
duce phosphorus retention due to impaired sorp-
tion capacity (Penn and Camberato, 2019). In 
contrast, high-clay and high-organic matter soils 
slow down nitrogen mineralization and lower 
leaching risk (Geisseler et al., 2024). Phospho-
rus loss is further intensified in coarse-textured 
soils with legacy P saturation and high concen-
trations of soluble P inputs (Djodjic et al., 2004; 
Suñer and Galantini, 2015). Climatic condi-
tions further modulate nutrient transport. Early 
spring rainfall events, coupled with limited crop 
uptake, are often linked to high leaching rates 
(Teixeira et al., 2021). Sandy or acidic soils, es-
pecially those with low organic matter (Debicka 
et al., 2015), show heightened susceptibility to 
nitrate and phosphorus losses (Schroth et al., 
2003). The phosphorus leaching risk increases 
with elevated P saturation and soluble P appli-
cation (Summers and Weaver, 2022). Climatic 
conditions further modulate nutrient transport. 
Early spring rainfall events, coupled with limit-
ed crop uptake, are often linked to high leaching 
rates (Rupp et al., 2021; King et al., 2016). This 
study was conducted under the hypothesis that 
cropping systems incorporating legume-based 
rotations, in combination with organic amend-
ments or lime-enriched fertilization regimes, 
would significantly reduce nitrogen (N) and 
phosphorus (P) leaching compared to conven-
tional mineral-fertilized monocultures. It was 
expected that these integrated systems would 
improve soil chemical properties such as pH 
stabilization and nutrient retention capacity – 
and enhance water-holding potential, thereby 
increasing nutrient uptake efficiency by crops. 

The results confirm that diversified cropping, 
particularly when coupled with farmyard ma-
nure and liming, can mitigate nutrient losses to 
the environment by promoting tighter nutrient 
cycling and improving soil physical and biolog-
ical functioning (Gleń-Karolczyk et al., 2018). 
These findings underscore the importance of in-
tegrated nutrient management as a tool not only 
for enhancing agronomic performance, but also 
for advancing the ecological sustainability and 
resilience of temperate agroecosystems.

MATERIALS AND METHODOLOGY

Wheather conditions, soil, water, plant 
analysis

The study on nitrogen and phosphorus uptake, 
as well as water and nutrient fluxes within the soil 
profile, was conducted during the 2024 growing 
season at the long-term Experimental Station of 
the Institute of Agriculture, Warsaw University 
of Life Sciences, located in Skierniewice, Poland 
(51.965071°N, 20.159540°E). Meteorological 
data, including daily air temperature and precip-
itation, were recorded throughout the vegetation 
period using an on-site automatic weather station. 
The experimental plots were established on Lu-
visol-type soil WRB (IUSS 2015), where vari-
ous fertilization regimes have been continuously 
applied since 1923. The treatments included: Ca 
(liming only), Ca+FYM (liming with farmyard 
manure), NPK (mineral fertilization), and CaN-
PK (combined liming and mineral fertilization). 
Mineral fertilizers were applied at rates of 90 kg 
N·ha⁻¹ (as ammonium nitrate), 26 kg P·ha⁻¹ (as 
triple superphosphate), and 91 kg K·ha⁻¹ (as po-
tassium chloride). Liming was carried out every 
four years using calcium carbonate (CaCO₃) at 
a rate of 1.6 t CaO·ha⁻¹ (average Ca dose: 285 
kg·ha⁻¹). Farmyard manure (FYM) was applied 
only in the Ca+FYM treatment at a rate of 20 
t·ha⁻¹ annually.
	• Fertilization regimes were evaluated across 

three cropping systems:
	• A-system: arbitrary rotation without legumes 

and without FYM (A-NPK, A-CaNPK),
	• D-system: continuous rye monoculture (D-

Ca+FYM, D-CaNPK),
	• E-system: five-field rotation including le-

gumes, with FYM applied every five years (E-
Ca, E-NPK, E-CaNPK).
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Each treatment plot measured 36 m² and 
was replicated three times. Soil water was sam-
pled during the growing season using a lysime-
tric drainage system, with PVC collection pipes 
installed at 120 cm depth to capture percolating 
water. The volume of drained water was record-
ed volumetrically at each sampling date. The soil 
texture consisted of 15–17% fine fractions in the 
arable layer (Ap, 0–25 cm), 10–12% in the Eet 
horizon (26–45 cm), and 25% in the Bt horizon 
(46–65 cm), as determined according to ISO 
11277 (2009). Soil pH was measured potentiom-
etrically in 1M KCl using an automatic pH me-
ter (Schott, Mainz, Germany, type GC 842) (ISO 
10390: 2005), and available nitrogen and phos-
phorus were determined using the Polish extrac-
tion method (PN-R-04020:1994) and Mehlich-3 
method, respectively (Mehlich, 1984). Mineral 
nitrogen concentrations in soil and soil water 
were measured using a continuous flow analyser 
(CFA AA500 AutoAnalyser, SEAL Instruments, 
The Netherlands), with a cadmium reduction 
column for nitrate (NO₃-) determination. Total 
nitrogen in grain and straw was determined by 
the Kjeldahl method (ISO11261: 1995), and total 
phosphorus was measured colorimetrically us-
ing the vanadomolybdate method and a UV-VIS 
spectrophotometer (Genesys 10S, Thermo Scien-
tific, USA). Certified reference materials (CRM) 
were not used in the chemical analyses due to 
technical and logistical limitations. However, the 
accuracy and reliability of the analytical results 
were ensured through regular calibration of the 
instruments using laboratory-prepared standard 
solutions and routine analysis of control samples. 
Analytical precision was verified by performing 
duplicate measurements, and results were subject 
to internal quality control procedures.

Statystical analysis

Statistical analysis was performed using Sta-
tistica 13.3 software (StatSoft Inc., USA). A one-
way analysis of variance (ANOVA) was conduct-
ed, followed by Tukey’s post hoc test (p < 0.05), 
to assess differences between mineral and min-
eral-organic fertilization treatments, as well as 
across sampling time points. Statistically signif-
icant differences were indicated using letter no-
tations. Additionally, Pearson correlation analysis 
was used to examine relationships between soil 
water outflow, nutrient concentrations in leachate 
(N-NH₄⁺, N-NO₃⁻, P-PO₄³⁻), and total nutrient ef-
flux. Multivariate linear regression was applied 
to identify predictor variables influencing total 
nitrogen and phosphorus uptake, with statistical 
significance set at p < 0.05. The analysis included 
data from seven fertilization treatments, each rep-
licated three times.

RESULTS 

Wheather conditions in vegetation season

Air temperature and rainfall

The 2024 vegetation season was character-
ized by distinct meteorological gradients that 
substantially influenced hydrological conditions 
within the agroecosystem (Figure 1). In early 
spring (March), mean daily air temperatures re-
mained low (5.9–6.5 °C), accompanied by mod-
erate cumulative rainfall events of 21.2 mm and 
14.0 mm on March 12 and 29, respectively. These 
precipitation inputs, coinciding with minimal 
evapotranspiration, created favorable conditions 
for deep water percolation.

Figure 1. Wheater conditions throughout vegetation season, including daily air temperature, 
rainfalls, rainal sum in soil water sampling events
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As the season progressed, temperatures in-
creased steadily. During the period from April 3 
to 18, daily maximum temperatures reached up to 
18.9 °C, with a mean of 12.9 °C. Total rainfall in 
April amounted to 21.9 mm, mostly derived from 
isolated events (e.g., 6.1 mm on April 19 and 4.5 
mm on April 2), indicating an overall dry pattern. 
By mid-May (May 15), the average temperature 
was 12.1 °C, while cumulative precipitation de-
creased to 9.7 mm, limiting soil moisture availa-
bility and percolation potential. In June, climatic 
conditions shifted, with a rise in mean temperature 
to 18.0 °C (June 14) and a substantial increase in 
precipitation (75.7 mm), including significant rain-
fall events of 15.2 mm (June 7) and 7.1 mm (June 
6). This combination led to enhanced leaching 
potential due to saturated soil conditions and in-
creased water fluxes. July, in contrast, was marked 
by persistently high temperatures, frequently ex-
ceeding 25 °C, and very low rainfall (< 5 mm), 
reflecting peak evaporative demand and limited 
leaching risk. By late August, total accumulat-
ed precipitation reached 128.5 mm (August 30), 
with major contributions from rainfall events on 
August 19 (24.6 mm) and August 8 (9.7 mm). De-
spite the relatively high rainfall, deep percolation 
remained limited during this period, likely due to 
dense crop canopies and high transpiration rates. 
Overall, the season exhibited a clear transition 
from early cool and moderately wet conditions—
conducive to drainage and nutrient leaching—to 
later warmer, drier phases with increased evapo-
transpiration and improved water-use efficiency. 
These temporal climatic dynamics highlight the 
importance of integrating seasonal weather varia-
bility into agro-hydrological assessments and nu-
trient loss risk evaluations.

Soil water outflow dynamics in vegetation season

Soil water leaching throughout the growing 
season was predominantly influenced by fluctu-
ations in air temperature, precipitation patterns, 
and fertilization regimes. During early spring 
(mean air temperatures of 5.9–6.5 °C; rainfall 
events totaling 21.2–14.0 mm), substantial lea-
chate volumes were observed under mineral ferti-
lization, particularly in the A-NPK treatment (up 
to 4.00 mm). This was attributed to low evapo-
transpiration rates and limited crop water and 
nutrient uptake at early phenological stages (Fig-
ure 2). As the season advanced into mid-spring 
(approximately 12 °C), with rainfall remaining 
moderate (21.9–9.7 mm), leaching rates declined 
considerably – especially in plots receiving cal-
cium or organic amendments (e.g., D-CaNPK). 
This reduction likely resulted from improved soil 
structure and more effective root uptake associ-
ated with advanced vegetative growth and in-
creased biological activity. Despite a pronounced 
increase in rainfall during early summer (75.7 
mm, 18.0 °C), leachate volumes remained min-
imal (maximum 0.53 mm), indicating that higher 
evapotranspiration rates and deeper rooting sys-
tems effectively limited drainage losses. In late 
summer (mean temperature 21.1 °C; precipitation 
128.5 mm), leaching remained very low (< 0.36 
mm), likely due to peak crop water use and full 
canopy development, which maximized transpi-
ration and minimized percolation. Importantly, 
the proportion of rainfall lost as leachate was 
highest in early spring (e.g., 29% under A-NPK) 
and decreased to negligible levels later in the sea-
son. This pattern underscores the dominant role 
of plant phenology and atmospheric demand over 

Figure 2. Soil water outflow during the vegetation season, average air temperature, and rainfall sum between 
soil water sampling events
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rainfall volume in regulating water movement 
through the soil profile.

Overall, fertilization strategies that included 
calcium or organic matter consistently reduced 
leachate volumes, enhancing soil water retention 
and nutrient conservation. These findings high-
light the necessity of adaptive, climate-respon-
sive nutrient and water management strategies to 
mitigate nutrient losses and promote sustainable 
agricultural practices.

Soil water chemical composition and 
nutrients efflux 

Ammonium nitrogen (N-NH₄)

Ammonium nitrogen (N-NH₄⁺) concentrations 
and efflux exhibited substantial temporal variation 
and were strongly influenced by fertilization treat-
ments. In March, initial concentrations were rela-
tively low, averaging 0.26 mg N-NH4·dm⁻³, with 
a corresponding efflux of 2.67 g N-NH4·ha⁻¹ (Fig-
ure 3). By April 18, N-NH₄⁺ concentrations in-
creased markedly, reaching an average of 5.36 mg 
N-NH4·dm⁻³. The highest levels were observed 
in the A-CaNPK (10.71 mg N-NH4·dm⁻³) and 
E-CaNPK (15.95 mg N-NH4·dm⁻³) treatments, in-
dicating significant ammonium mobilization fol-
lowing spring fertilization events.

Although elevated concentrations persisted 
into May, ammonium outflow was limited to 1.18 
g N-NH4·ha⁻¹, likely due to reduced drainage and 
higher plant uptake during this period. The maxi-
mum N-NH₄⁺ efflux was recorded in late June (5.44 
g N-NH4·ha⁻¹), coinciding with heavy precipita-
tion and increased percolation rates, particularly in 
treatments such as E-CaNPK and D-CaNPK.

These observations underscore the pro-
nounced effect of mineral fertilization (NPK) and 
liming (Ca) on ammonium dynamics in the soil 
profile, especially under conditions of increased 
soil moisture. The interaction between fertiliza-
tion type and hydrological flux plays a critical 
role in regulating the temporal patterns of ammo-
nium leaching.

Nitrate nitrogen (N-NO₃)

Nitrate nitrogen (N-NO₃⁻) exhibited the highest 
concentrations among all monitored nutrient forms. 
Peak concentrations were recorded in mid-May, 
averaging 22.21 mg N-NO3·dm⁻³ across all treat-
ments, with the maximum value observed in the 
A-NPK variant (38.83 mg N-NO3·dm⁻³) (Figure 4).

This peak likely reflects the combined ef-
fects of spring mineral fertilization and limited 
early crop uptake. A pronounced decline was 
observed in June, with average concentrations 
falling to 4.71 mg N-NO3·dm⁻³, followed by rel-
atively stable levels throughout late summer. The 
highest recorded nitrate concentration (38.83 mg 
N-NO₃·dm⁻³) corresponds to approximately 172 
mg NO₃⁻·L⁻¹, which substantially exceeds the World 
Health Organization (WHO) and European Union 
limit for nitrate in drinking water and ground-
water (50 mg NO₃⁻·L⁻¹; Directive 91/676/EEC). 
Although the measurements were conducted on 
soil water at 120 cm depth, this result indicates 
a significant potential for nitrate leaching into deep-
er soil layers and possibly groundwater, particularly 
under early spring conditions following fertiliza-
tion. In contrast, seasonal averages (e.g., 22.21 
mg N-NO₃·dm⁻³ ≈ 98.4 mg NO₃⁻·L⁻¹) remained 
above but closer to regulatory thresholds.

Figure 3. Effect of cropping and fertilization system on ammonium nitrogen (N-NH4) concentration in soil water 
and ammonium nitrogen efflux from the soil profile through the growing season
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In terms of nitrate outflow, the highest ex-
port occurred on March 12, reaching 131 g 
N-NO3·ha⁻¹, particularly in treatments receiving 
intensive mineral fertilization such as A-NPK 
and D-CaNPK. This period coincided with low 
evapotranspiration and high percolation potential. 
Substantial reductions in nitrate leaching were 
observed in April and May, with outflow values 
decreasing to 15.67 and 4.46 g N-NO3·ha⁻¹, re-
spectively—likely due to improved plant uptake 
and reduced drainage. During July and August, 
nitrate concentrations and efflux remained rel-
atively low, though moderate leaching was still 
recorded in selected treatments (e.g., E-NPK, 
D-CaNPK). These findings emphasize the critical 
importance of aligning nitrogen application tim-
ing with crop demand and suggest that integrating 
organic amendments, such as farmyard manure 
(FYM), may reduce nitrate mobility and mitigate 
leaching risk during vulnerable periods.

Phosphorus (P-PO₄)

Phosphate phosphorus (P-PO₄³⁻) concentra-
tions in soil water increased progressively over 
the course of the sampling period. The lowest 

average concentrations were recorded in March 
(0.51 mg·dm⁻³), with values ranging from 0.12 mg 
P-PO4·dm⁻³ in A-NPK to 1.37 mg P-PO4·dm⁻³ in 
E-CaNPK (Figure 5). A marked rise was observed 
by June, with mean concentrations reaching 2.59 
mg·dm⁻³, ranging from 0.69 mg P-PO4·dm⁻³ in 
E-Ca to 7.13 mg P-PO4·dm⁻³ in E-CaNPK. This 
upward trend continued into August, with an av-
erage concentration of 3.34 mg P-PO4·dm⁻³ and a 
range from 1.65 mg P-PO4·dm⁻³ (D-CaNPK) to 
7.03 mg P-PO4·dm⁻³ (E-CaNPK). The increase 
in phosphate levels was likely driven by the cu-
mulative effects of phosphorus fertilization, soil 
saturation, and reduced plant uptake in the latter 
part of the season.

Phosphorus outflow exhibited a similar pattern. 
Although runoff volumes decreased over time, 
cumulative P-PO₄³⁻ losses remained substantial: 
10.77 g P-PO4·ha⁻¹ in March, 10.60 g P-PO4·ha⁻¹ 
in June, and 6.26 g P-PO4·ha⁻¹ in August. Among 
the treatments, E-CaNPK consistently resulted in 
the highest phosphorus efflux, with cumulative 
losses frequently exceeding 25 g P-PO4·ha⁻¹. In 
contrast, the organic-amended treatment (D-Ca+-
FYM) and the unfertilized control plots maintained 

Figure 4. Effect of tillage and fertilization system on nitrate nitrogen (N-NO3) concentration in soil water and 
nitrate nitrogen efflux from the soil profile through the growing season

Figure 5. Effect of cropping and fertilization system on phosphorus (P-PO4) concentration in soil water and 
phosphorus efflux from the soil profile through the growing season
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considerably lower concentrations and outflows. 
These findings emphasize the strong influence of 
phosphorus input intensity and soil saturation sta-
tus on phosphate leaching potential, particularly 
under combined liming and mineral fertilization 
regimes. The data underscore the need for careful-
ly balanced P management strategies to mitigate 
environmental risks associated with phosphorus 
loss in agroecosystems.

Total soil water outflow and nutrients 
underground flux

The cumulative outflow of soil water and as-
sociated nutrient losses during the study period 
varied significantly depending on the fertilization 
treatments applied. The greatest total water out-
flow was recorded under the A-NPK treatment 
(82.96 m³·ha⁻¹), followed by A-CaNPK (76.44 
m³·ha⁻¹), both of which received intensive mineral 
NPK fertilization (Table 1). In contrast, treatments 
incorporating organic amendments or integrated 
fertilization, such as D-CaNPK (29.39 m³·ha⁻¹) 
and D-Ca+FYM (31.33 m³·ha⁻¹), exhibited sub-
stantially lower water losses. These reductions 
likely reflect improved soil aggregation, increased 
water-holding capacity, and reduced nutrient solu-
bility attributable to organic matter additions and 
long-term soil conditioning. In terms of nutrient 
efflux, the A-NPK treatment resulted in the high-
est cumulative nitrate (N-NO₃⁻) losses (664.41 g 
N-NO3·ha⁻¹), underscoring the leaching risk asso-
ciated with high mineral nitrogen inputs.

Elevated nitrate losses were also observed in 
A-CaNPK (428.04 g N-NO3·ha⁻¹) and E-NPK 
(228.26 g N-NO3·ha⁻¹), highlighting the consist-
ent influence of mineral fertilization intensity. 
Conversely, the lowest nitrate effluxes were re-
corded in D-Ca+FYM (59.09 g N-NO3·ha⁻¹) and 
E-CaNPK (57.07 g N-NO3·ha⁻¹). Interestingly, de-
spite its low nitrate leaching, E-CaNPK exhibited 

the highest ammonium (N-NH₄⁺) outflow (111.88 
g N-NH4·ha⁻¹), potentially due to the interaction 
between liming (Ca) and altered microbial nitro-
gen transformations in the soil profile. Phosphate 
(P-PO₄³⁻) losses were most pronounced in the 
E-CaNPK treatment (120.17 g P-PO₄·ha⁻¹), sug-
gesting enhanced phosphorus mobilization under 
combined liming and mineral fertilization. Sub-
stantial P outflows were also observed in D-CaN-
PK (46.98 g P-PO₄·ha⁻¹) and A-CaNPK (39.84 g 
P-PO₄·ha⁻¹), indicating a compounded effect of 
phosphorus inputs and elevated soil pH on phos-
phorus solubility and transport. Overall, fertiliza-
tion regimes that included organic matter (FYM) 
and calcium amendments consistently resulted in 
reduced nutrient losses, highlighting their poten-
tial to enhance nutrient retention, mitigate envi-
ronmental impacts, and support more sustainable 
nutrient management in agricultural systems.

The correlations between soil water amount 
outflow and chemical properties

The correlation matrix illustrates the rela-
tionships between soil water outflow and nutrient 
concentrations (N-NH₄, N-NO₃, P-PO₄) as well as 
total nutrient fluxes (g·ha⁻¹) (Table 2). Strong pos-
itive correlations were observed between nutrient 
concentrations: N-NH₄ and P-PO₄ (r = 0.996), 
N-NH₄ and N-NO₃ (r = 0.960), and N-NO₃ and 
P-PO₄ (r = 0.956), indicating that increases in one 
nutrient are closely associated with increases in 
the others. In contrast, these concentrations nega-
tively correlated with the corresponding nutrient 
fluxes, suggesting an inverse relationship be-
tween concentration and total nutrient loss. 

Notably, soil water outflow exhibited a strong 
positive correlation with N-NO₃ flux (r = 0.857), 
implying that nitrate losses are particularly sen-
sitive to water movement through the soil. These 
findings emphasize the interconnectedness of 

Table 1. Effect of cropping system and fertilization on total soil water outflow and nutrients efflux

Treatments Soil water outflow 
m3·ha-1

Nutrients efflux with soil water g·ha-1

N-NH4 N-NO3 P-PO4

A-NPK 82.96 19.89 664.41 23.94

A-CaNPK 76.44 23.88 428.04 39.84

E-Ca 42.13 9.32 203.54 11.98

E-NPK 38.80 8.62 228.26 21.37

E-CaNPK 42.71 111.88 57.07 120.17

D-Ca+FYM 31.33 3.28 59.09 16.83

D-CaNPK 29.39 10.62 184.49 46.98
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nutrient forms and their transport dynamics under 
varying hydrological conditions.

Soil chemical properties

Soil pH

The effects of cropping systems and fertili-
zation strategies on soil pH were assessed across 
three depth intervals, using the E-Ca treatment as 
a reference (100%) for relative comparisons. In 
the topsoil (0–25 cm), the highest pH values oc-
curred under D-CaNPK (7.13), A-CaNPK (7.07), 
and D-Ca+FYM (7.03), highlighting the effec-
tiveness of liming combined with mineral or or-
ganic fertilization in counteracting surface acidity 
(Table 3). In contrast, A-NPK recorded the low-
est pH (5.92), illustrating the acidifying effect 
of mineral fertilization in monocultures. Similar 
trends were observed at 25–50 cm, with elevat-
ed pH under D-CaNPK (6.66) and A-CaNPK 
(6.60), and the highest pH in E-CaNPK (6.68), 
suggesting a buffering effect of legume rotations 
integrated with liming and mineral inputs. At 
50–75 cm, the highest pH was found in D-Ca+-
FYM (6.82), reflecting the cumulative benefits of 
organic matter on subsoil chemistry. In contrast, 
the E-Ca treatment showed the lowest pH (4.64), 

indicating that liming alone, without nutrient sup-
plementation, may be inadequate for sustaining 
subsoil pH over time.

Collectively, these findings highlight the im-
portance of integrated fertilization strategies – 
particularly the combination of liming, organic 
inputs, and crop diversification – in maintaining 
optimal soil pH throughout the soil profile and 
mitigating acidification risks in intensive agricul-
tural systems.

Available ammonium nitrogen (N-NH4) in soil 
profile

The impact of cropping systems and fertili-
zation strategies on the concentration of availa-
ble ammonium nitrogen (N-NH₄⁺) was evaluated 
across three soil depths. The E-Ca treatment was 
used as the reference baseline (100%) for relative 
comparison. In the surface layer (0–25 cm), the 
highest concentration of ammonium nitrogen was 
recorded under the A-CaNPK treatment (28.38 
mg·kg⁻¹; 217%), followed by A-NPK (23.66 mg 
N-NH₄·kg⁻¹; 181%) and D-Ca+FYM (22.76 mg 
N-NH₄·kg⁻¹; 174%) (Table 4). The E-Ca variant 
exhibited the lowest concentration (13.04 mg 
N-NH₄·kg⁻¹; 100%). At 25–50 cm depth, A-CaN-
PK again presented the highest ammonium N 

Table 2. Matrix of pearson correlations among soil water outflow, nutrient concentrations, and nutrient losses
Parameter mg N-NH4 ·dm-3 mg N-NO3·dm-3 mg P-PO4·dm-3 g N-NH4·ha-1 g N-NO3·ha-1 g P-PO4·ha-1

Soil water outflow m3·ha-1 -0.313* -0.323* -0.298 0.015 0.857* 0.247

mg N-NH4 ·dm-3 - 0.960* 0.996* -0.140 -0.251 -0.273

mg N-NO3·dm-3 0.960* - 0.956* -0.234 -0.202 -0.336*

mg P-PO4·dm-3 0.996* 0.956* - -0.159 -0.239 -0.258

g N-NH4·ha-1 -0.140 -0.234 -0.159 - -0.141 0.668*

g N-NO3·ha-1 -0.251 -0.202 -0.239 -0.141 - 0.022

g P-PO4·ha-1 -0.273 -0.336* -0.258 0.668* 0.022 -

Note: *- values are significantly correlated with each other at a significance level of p < 0.05.

Table 3. Effect of cropping and fertilization system on soil pH in three layers of soil profile

Treatment
0–25 cm Relative value% 25–50 cm Relative value% 50–75 cm Relative value%

Soil pH

E-Ca 6.19 100 5.47 100 4.64 100

D-Ca+FYM 7.03 113 6.61 121 6.82 147

A-NPK 5.92 96 4.48 82 5.03 108

E-NPK 6.06 98 5.08 93 5.39 116

A-CaNPK 7.07 114 6.60 121 6.45 139

D-CaNPK 7.13 115 6.66 122 6.41 138

E-CaNPK 6.40 103 6.68 122 6.26 135
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content (25.50 mg·kg⁻¹; 152%), with A-NPK 
close behind (22.88 mg N-NH₄·kg⁻¹; 137%). In 
contrast, the lowest concentrations were observed 
in E-NPK (15.88 mg N-NH₄·kg⁻¹; 95%) and E-Ca 
(16.72 mg N-NH₄·kg⁻¹; 100%). In the deepest lay-
er (50–75 cm), the highest accumulation occurred 
under A-NPK (47.07 mg N-NH₄·kg⁻¹; 345%), 
followed by A-CaNPK (29.23 mg N-NH₄·kg⁻¹; 
214%). The lowest values were recorded in E-Ca 
(13.60 mg N-NH₄·kg⁻¹; 100%) and E-CaNPK 
(11.61 mg N-NH₄·kg⁻¹; 85%). 

Overall, the A system  – particularly under com-
bined mineral fertilization and liming (A-CaNPK) 
or mineral fertilization alone (A-NPK) – was as-
sociated with the highest ammonium nitrogen ac-
cumulation throughout the soil profile. The mon-
oculture system (D) showed moderate enhance-
ment, while the rotation system including legumes 
(E) consistently demonstrated lower N-NH₄⁺ 
concentrations, suggesting enhanced nitrogen 
turnover or increased plant uptake. These find-
ings indicate that mineral fertilization, especially 

when coupled with liming, significantly elevates 
ammonium nitrogen availability, particularly in 
systems lacking biological nitrogen regulation 
through legumes or organic matter.

Available nitrate nitrogen (N-NO3) in soil profile

The influence of cropping systems and ferti-
lization strategies on the distribution of available 
nitrate nitrogen (N-NO₃⁻) across three soil depths 
revealed significant differences among treat-
ments (Table 5). In the surface layer (0–25 cm), 
the highest nitrate concentrations were observed 
in A-CaNPK (60.87 mg N-NO₃·kg⁻¹; 214%) and 
E-NPK (44.04 mg N-NO₃·kg⁻¹; 155%), reflecting 
the strong impact of intensive mineral fertiliza-
tion. In contrast, the lowest concentrations were 
recorded in D-CaNPK (8.73 mg N-NO₃·kg⁻¹; 
31%) and E-CaNPK (9.10 mg N-NO₃·kg⁻¹; 32%), 
suggesting enhanced nitrogen utilization or re-
duced mineralization in these systems.

Table 4. Effect of cropping and fertilization system on available ammonium nitrogen status in soil profile

Treatment
0–25 cm Relative value% 25–50 cm Relative value% 50–75 cm Relative value%

Soil available N-NH4 mg·kg-1

E-Ca 13.04 a* 100 16.72 ab 100 13.60 a 100

D-Ca+FYM 22.76 b 174 16.12 a 96 12.60 a 93

A-NPK 23.66 bc 181 22.88 ab 137 47.07 c 345

E-NPK 15.48 a 118 15.88 a 95 12.97 a 95

A-CaNPK 28.38 c 217 25.50 b 152 29.23 b 214

D-CaNPK 16.77 a 128 17.21 ab 102 16.55 a 121

E-CaNPK 14.61 a 112 16.80 ab 100 11.61 a 85

Average 19.2 A** 18.7 A 20.5 A

Note: * values marked with the same lowercase letter in the columns are not significantly different from each other 
at α=0.05; ** values marked with the same capital letter in the row do not differ significantly at α=0.05.

Table 5. Effect of cropping and fertilization system on available nitrate nitrogen status in soil profile

Treatment
0–25 cm Relative value% 25–50 cm Relative value% 50–75 cm Relative value%

Soil available mg N-NO3·kg-1

E-Ca 28.42 ab 100 6.59 a 100 10.03 a 100

D-Ca+FYM 14.16 a 50 12.90 ab 196 6.51 a 65

A-NPK 26.11 a 91 21.18 b 322 45.55 c 454

E-NPK 44.04 bc 155 14.09 ab 214 12.17 a 121

A-CaNPK 60.87 c 214 46.55 b 706 25.78 b 257

D-CaNPK 8.73 a 31 16.94 ab 257 24.83 b 247

E-CaNPK 9.10 a 32 46.14 b 700 9.66 a 96

Average 27.3 B 23.5 AB 19.2 A

Note: * values marked with the same lowercase letter in the columns are not significantly different from each other 
at α=0.05; ** values marked with the same capital letter in the row do not differ significantly at α=0.05.
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At 25–50 cm depth, A-CaNPK and E-CaNPK 
again exhibited the highest nitrate levels (46.55 
mg N-NO₃·kg⁻¹; 706% and 46.14 mg N-NO₃·kg⁻¹; 
700%, respectively), whereas E-Ca (6.59 mg 
N-NO₃·kg⁻¹; 100%) and D-Ca+FYM (12.90 mg 
N-NO₃·kg⁻¹; 196%) recorded the lowest con-
centrations. The strikingly high values in A and 
E variants with mineral inputs reflect downward 
nitrate movement and limited plant uptake dur-
ing the early growing period. In the subsoil layer 
(50–75 cm), nitrate accumulation was greatest in 
A-NPK (45.55 mg N-NO₃·kg⁻¹; 454%), followed 
by A-CaNPK (25.78 mg N-NO₃·kg⁻¹; 257%) and 
D-CaNPK (24.83 mg N-NO₃·kg⁻¹; 247%). The 
lowest values were measured in E-Ca (10.03 
mg N-NO₃·kg⁻¹; 100%) and E-CaNPK (9.66 mg 
N-NO₃·kg⁻¹; 96%), indicating restricted nitrate 
leaching and greater stabilization in the diversified 
E system. Overall, the arbitrary cropping system 
(A), particularly under NPK and CaNPK regimes, 
was associated with substantial nitrate accumu-
lation throughout the soil profile. In contrast, the 
legume-based rotation (E) consistently maintained 
lower nitrate concentrations, particularly under 
liming alone (E-Ca). These findings highlight the 
role of crop diversification and reduced mineral 
input intensity in minimizing nitrate accumulation 
and potential leaching, reinforcing the importance 
of integrative nutrient management for environ-
mental protection and soil health.

Available phosphate (P-PO4) in soil profile

The distribution of available phosphorus (P-
PO₄³⁻) across three soil depths (0–25, 25–50, 
and 50–75 cm) varied notably depending on 
the cropping system and fertilization regime 
(Table 6). In the surface layer (0–25 cm), the 

highest phosphorus concentrations were observed 
in A-CaNPK (115.25 mg P-PO₄·kg⁻¹; 125%) and 
E-NPK (108.75 mg P-PO₄·kg⁻¹; 118%), indicat-
ing strong phosphorus enrichment under inten-
sive mineral fertilization. In contrast, the low-
est value was recorded in D-CaNPK (63.50 mg 
P-PO₄·kg⁻¹; 69%), suggesting limited phosphorus 
mobility or availability under continuous mono-
culture with combined liming and mineral inputs. 
At 25–50 cm depth, phosphorus levels remained 
elevated in E-NPK (42.88 mg P-PO₄·kg⁻¹; 129%) 
and A-CaNPK (31.25 mg P-PO₄·kg⁻¹; 94%). 
Lower concentrations were found in E-CaNPK 
(18.50 mg P-PO₄·kg⁻¹; 56%) and A-NPK (20.40 
mg P-PO₄·kg⁻¹; 61%), indicating greater vertical 
phosphorus retention in systems combining or-
ganic inputs or more diverse rotations. 

In the deepest layer (50–75 cm), the high-
est values were again recorded under A-CaNPK 
(17.88 mg P-PO₄·kg⁻¹; 61%) and E-NPK (15.63 
mg P-PO₄·kg⁻¹; 53%), while the lowest concentra-
tions occurred in E-CaNPK (8.00 mg P-PO₄·kg⁻¹; 
27%) and A-NPK (12.63 mg P-PO₄·kg⁻¹; 43%).

Phosphorus content in soil, determined using 
the Mehlich-3 method, was evaluated against ag-
ronomic classification thresholds used in Polish 
fertilizer advisory systems (Kęsik, 2016). The 
values in upper layer corresponded to the low 
(E-Ca) to very high class (A-CaNPK) for slightly 
acidic-neutral soils (pH 5.6–7.2). In a plot (nota-
bly A-CaNPK), values exceeded 115 mg P·kg⁻¹, 
which is considered an environmental risk thresh-
old. Overall, phosphorus availability was most 
enhanced in A and E systems subjected to inten-
sive mineral fertilization, particularly A-CaN-
PK and E-NPK. Conversely, the D system—es-
pecially under Ca or CaNPK treatments—was 

Table 6. Effect of cropping and fertilization system on available phosphorus (Mehlich 3) status in soil profile

Treatment
0–25 cm Relative value% 25–50 cm Relative value% 50–75 cm Relative value%

Soil available mg P-PO4·kg-1

E-Ca 91.63 bcd 100 33.13 ab 100 29.13 b 100

D-Ca+FYM 74.00 ab 81 28.88 ab 87 15.38 a 53

A-NPK 78.00 abc 85 20.40 a 61 12.63 a 43

E-NPK 108.75 d 118 42.88 b 129 15.63 a 53

A-CaNPK 115.25 d 125 31.25 ab 94 17.88 a 61

D-CaNPK 63.50 a 69 27.50 ab 83 15.38 a 53

E-CaNPK 99.00 cd 108 18.50 a 56 8.00 a 27

Average 90.0 C 28.9 B 16.3 A

Note: * values marked with the same lowercase letter in the columns are not significantly different from each other 
at α=0.05; ** values marked with the same capital letter in the row do not differ significantly at α=0.05.
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associated with consistently lower phosphorus 
concentrations throughout the soil profile. These 
results suggest that diversified crop rotations and 
targeted nutrient management enhance phospho-
rus availability, while continuous monoculture 
without organic amendments restricts phosphorus 
mobility and limits long-term soil P enrichment.

Plant chemical composition and nutrients 
uptake

Content of N and P in grains and straw

The influence of cropping systems and fertili-
zation strategies on nitrogen (N) and phosphorus 
(P) content in grain and straw revealed substantial 
treatment-dependent variation (Table 7). 

Grain nitrogen content peaked in systems 
combining mineral fertilization with liming, par-
ticularly A-CaNPK (above 17 g N·kg⁻¹). Similar, 
though slightly lower, values were observed in 
A-NPK and E-NPK (around 15–16 g N·kg⁻¹). The 
lowest concentrations occurred in FYM-amend-
ed monocultures (D-Ca+FYM, D-CaNPK), with 
values near 12 g N·kg⁻¹, likely due to slower or-
ganic N release. Grain phosphorus content varied 
less across treatments, generally ranging from 
2.5 to 3.3 g P·kg⁻¹, with A-CaNPK reaching the 
upper end. Liming combined with P fertilization 
likely enhanced P uptake under improved soil pH.

Straw nitrogen content followed a similar 
trend, but differences were more pronounced. 
High-input mineral systems (A-CaNPK, A-NPK) 
showed values above 4.5 g N·kg⁻¹, more than four 
times higher than in low-input systems like E-Ca. 
Straw in D-Ca+FYM also had elevated N levels 
(around 3.8 g N·kg⁻¹), indicating delayed nitrogen 
release from FYM favoring vegetative growth.

Straw phosphorus concentrations were high-
est in FYM and limed treatments, exceeding 1.0 g 
P·kg⁻¹ in D-Ca+FYM and E-Ca, and lowest (be-
low 0.4 g P·kg⁻¹) in mineral-only A-system plots. 
This suggests greater P allocation to structural 
tissues under organic management. This pattern 
suggests a delayed release and preferential allo-
cation of nutrients to vegetative tissues under or-
ganic fertilization.

In summary, mineral fertilization increased 
grain nutrient content, while integrated systems, 
especially with FYM and legumes, promoted 
more balanced nutrient distribution. This balance 
may enhance nutrient recycling through straw 
and improve long-term soil fertility.

Uptake of N and P and distribution of both 
elements in grains and straw

The impact of cropping systems and fertili-
zation regimes on nitrogen (N) and phosphorus 
(P) uptake by grain and straw (kg·ha⁻¹) revealed 
distinct patterns across treatments (Table 8). 
Grain nitrogen uptake reached maximum values 
in legume-based systems, particularly E-CaN-
PK and E-NPK, exceeding 115 kg N·ha⁻¹. These 
values were more than four times higher than 
those observed in A-NPK (approximately 27 kg 
N·ha⁻¹). A similar trend was evident for phos-
phorus: E-CaNPK reached over 20 kg P·ha⁻¹ in 
grain, while A-NPK remained below 5 kg P·ha⁻¹. 
Straw nutrient uptake followed the same pattern. 
In E-CaNPK, straw N and P uptakes exceeded 25 
kg N·ha⁻¹ and 3.7 kg P·ha⁻¹, respectively—sev-
eral times greater than in unfertilized or miner-
al-only systems. Notably, in D-Ca+FYM, FYM 
increased straw N accumulation, although grain 
uptake remained low, suggesting delayed nutrient 

Table 7. Effect of cropping system and fertilization on nitrogen and phosphorus content in grain and straw (in dry 
mass)

Treatment
g N·kg-1 Relative value% g P·kg-1 Relative value% g N·kg-1 Relative value% g P·kg-1 Relative 

value%
Grain content Straw content

E-Ca 14.25 b 100 2.93 a 100 1.06 a 100 0.78 c 100

D-Ca+FYM 12.31 a 86 2.57 a 88 3.81 bcd 359 1.06 d 136

A-NPK 15.79 c 111 2.78 a 95 4.72 cd 443 0.38 a 49

E-NPK 15.37 c 108 2.53 a 87 2.91 b 274 0.53 ab 68

A-CaNPK 17.70 d 124 3.27 a 112 5.06 d 476 0.37 a 47

D-CaNPK 12.26 a 86 2.97 a 102 3.40 bc 320 0.68 bc 88

E-CaNPK 15.26 c 107 2.64 a 90 3.74 bcd 351 0.56 abc 72

Average 14.71 2.81 3.53 0.62

Note: * values marked with the same letter in the columns are not significantly different from each other at α=0.05.



63

Journal of Ecological Engineering 2026, 27(1) 52–68

availability and preferential allocation to vegeta-
tive tissues.

Comparison between systems revealed that 
nutrient uptake efficiency was markedly en-
hanced by crop rotation and organic inputs. Un-
der identical fertilization (e.g., CaNPK), grain N 
uptake was over twice as high in E-CaNPK as in 
A-CaNPK. Straw uptake also followed this order: 
E > D > A, highlighting the benefit of legumes 
and diversified rotations in nutrient recovery.

In summary, the integration of legumes, lim-
ing, and organic inputs significantly improved 
both the magnitude and efficiency of N and P up-
take, reducing residual nutrients and enhancing 
long-term nutrient cycling.

Stepwise regression analysis was used to iden-
tify soil and management variables that signifi-
cantly influenced total nitrogen uptake by crops 
(Table 9). Among all tested parameters, two varia-
bles emerged as statistically significant predictors: 
ammonium nitrogen concentration in the 50–75 
cm soil layer and the application of farmyard ma-
nure (FYM). Both factors exhibited negative cor-
relations with nitrogen uptake. Specifically, higher 
ammonium levels in the subsoil were associated 
with reduced N uptake by plants, likely reflecting 
leaching beyond the root zone or microbial immo-
bilization. Similarly, FYM application—despite 
its long-term soil benefits—appeared to suppress 

nitrogen uptake within a single growing season, 
possibly due to slow mineralization and asynchro-
ny between nutrient release and plant demand.

The model explained over 60% of the variance 
in nitrogen uptake, indicating a strong predictive 
relationship. These findings highlight the impor-
tance of managing nitrogen availability at depth 
and optimizing organic matter inputs to align with 
crop nutrient needs. Excess ammonium accumu-
lation in deeper layers may signal inefficiencies in 
nitrogen use and potential environmental losses.

Multiple regression analysis was conducted 
to identify key factors influencing total phospho-
rus uptake. The model included variables related 
to soil chemistry (available N and P, soil pH at 
different depths), hydrology (water outflow), and 
fertilization practices.

Four predictors were statistically significant. 
Ammonium nitrogen in the topsoil (0–25 cm) 
showed the strongest negative effect, indicating 
that excessive NH₄⁺ near the root zone may sup-
press phosphorus uptake, possibly due to rhizos-
phere acidification or nutrient imbalance. In con-
trast, nitrate nitrogen in the 25–50 cm layer had 
a positive impact, suggesting deeper root access 
to nutrients or synergy between N and P uptake. 
Soil water outflow negatively affected phos-
phorus uptake, highlighting the risk of P losses 
through leaching or dilution under high drainage 

Table 8. Effect of system management and fertilization on nitrogen and phosphorus uptake

Treatment
kg N·ha-1 Relative 

value% kg P·ha-1 Relative 
value% kg N·ha-1 Relative 

value% kg P·ha-1 Relative 
value%

Grain uptake Straw uptake

E-Ca 64.08 c 100 13.16 b 100 4.31 a 100 3.16 b 100

D-Ca+FYM 29.51 a 46 6.17 a 47 10.97 b 255 3.05 b 96

A-NPK 26.63 a 42 4.68 a 36 6.36 a 148 0.52 a 16

E-NPK 119.63 d 187 19.71 d 150 19.95 c 463 3.64 b 115

A-CaNPK 57.25 b 89 10.56 b 80 13.09 b 304 0.95 a 30

D-CaNPK 54.07 b 84 13.10 b 100 18.13 c 421 3.65 b 115

E-CaNPK 117.58 d 183 20.34 d 155 25.05 d 582 3.75 b 119

Average 66.96 12.53 13.98 2.67

Note: * values marked with the same letter in the columns are not significantly different from each other at α=0.05.

Table 9. Results of stepwise regression identifying predictors of total nitrogen uptake, including standardized and 
unstandardized coefficients (b, b) and significance levels (p)

Total N uptake R= 0.78764011 R^2= 0.62037695 Correct. R2= 0.57819661 p<.00016 Estimation std. error: 27.024

N = 21 b* b p

50–75 cm mg N-NH4·kg-1 -0,698548 -2,2848 0,000202

FYM -0,588695 -3,4157 0,001017

Note: *standardized regression coefficient; significance level p<0.05.
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conditions. A moderate positive effect was also 
observed for surface nitrate, further supporting the 
role of nitrate-driven nutrient uptake efficiency.

Liming (Ca) had a slight but significant neg-
ative influence, potentially linked to phosphorus 
precipitation or reduced P solubility at higher pH. 
Overall, the model explained nearly 95% of the 
variation in phosphorus uptake, underlining the 
complex interplay between nutrient forms, water 
dynamics, and soil chemistry (Table 10).

These results underscore the complexity of 
nutrient dynamics in soil-plant systems and high-
light the critical role of fertilization form, crop 
rotation, and subsoil nutrient distribution in opti-
mizing nutrient uptake efficiency.

DISCUSSION

Cropping system design and fertilization 
strategy exert a significant influence on nitrogen 
(N) and phosphorus (P) availability, plant uptake, 
and leaching losses, with important implications 
for agroecosystem functioning. The A-NPK arbi-
trary cropping system exhibited the highest water 
percolation (82.96 m³·ha⁻¹), whereas organic and 
limed treatments such as D-CaNPK and D-Ca+-
FYM recorded considerably reduced outflows 
(29.39 and 31.33 m³·ha⁻¹, respectively), repre-
senting a ~60% decrease. These findings align 
with previous reports (Wang et al., 2023), who 
reported improved water retention and reduced 
drainage when at least 75% of mineral nitrogen 
was replaced with organic manure.

The legume-inclusive rotation system (E) 
demonstrated superior nutrient uptake, with ni-
trogen uptake reaching 117.6 kg·ha⁻¹ and phos-
phorus 20.34 kg·ha⁻¹ in E-CaNPK, greatly sur-
passing uptake levels observed in monoculture 
(D) and non-legume systems (A), such as 26.6 

kg·ha⁻¹ N in A-NPK (Dinnes et al., 2002; Drink-
water et al., 1998). These results reinforce prior 
evidence that diverse rotations improve nutrient 
cycling through biological nitrogen fixation, in-
creased root exudation, and enhanced microbial 
activity (Crews and Peoples, 2004; Ouverson et 
al., 2022). Climatic variables, particularly tem-
perature and precipitation, also modulated nitro-
gen dynamics, with greater leaching under cool 
and wet conditions (Zhao et al., 2010). Climate 
change projections suggest more frequent ex-
tremes - longer droughts interrupted by intense 
rainfall (Easterling et al., 2000) - leading to in-
creased soil moisture variability (Hlavinka et al., 
2009). (Patil et al., 2010)) observed that rainfall 
quantity and frequency increased drainage by 
46% and 10%, respectively, while soil warming 
raised evapotranspiration (18%) and reduced 
drainage (41%). Comparable dynamics were ob-
served here: in early spring (5.9–6.5 °C), high 
leachate volumes occurred in A-NPK (up to 
4.00 mm), attributed to low evapotranspiration 
and limited crop uptake. As temperatures rose 
(~12 °C in mid-spring and 18.0 °C in early sum-
mer), leaching sharply declined, with leachate 
volumes remaining below 0.53 mm. (Kreyling 
et al., 2015) reported that mean nitrogen leach-
ing rates reached 3.4 ± 0.4 mg N m⁻²·d⁻¹ over 49 
days, with an 82% increase following a winter 
warm spell (up to 18 mg N·dm⁻³). This trend was 
mirrored in our study, where mineral N concen-
trations rose from an average of 0.26 mg·dm⁻³ 
in March to peaks exceeding 20 mg·dm⁻³ (e.g., 
38.83 mg N-NO₃·dm⁻³ in A-NPK by mid-May). 
Notably, this value translates to approximately 
172 mg NO₃⁻·L⁻¹, which is over three times higher 
than the WHO (Di Carlo, 2022)/EU (Council Direc-
tive 91/676/EEC) threshold (50 mg NO₃⁻·L⁻¹) for 
safe drinking water and groundwater protection. 
Although measured in water, such concentrations 

Table 10. Results of stepwise regression identifying predictors of total phosphorus uptake, including standardized 
and unstandardized coefficients (b*, b) and significance levels (p)

Total P uptake R= 0.97442658 R^2= 0.94950717 Correct. R2= 0.92786738 p<.00000 Estimation std. error: 1.8138

N=21 b* b p

0-25 cm mg N-NH4·kg-1 -0.76638 -0.91584 0.00000

25-50 cm mg N-NO3·kg-1 0.69603 0.29585 0.00000

25-50 cm mg P-PO4 ·kg-1 0.09896 0.06815 0.32495

Soil water outflow m3·ha-1 -0.62347 -0.20568 0.00006

0-25 cm mg N-NO3·kg-1 0.37555 0.12969 0.00343

Ca (kg·ha-1) -0.22396 -0.01146 0.01160

Note: *standardized regression coefficient; significance level p<0.05.
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indicate a strong leaching risk, especially in the ab-
sence of organic inputs or crop coverage. These 
data align with previous research linking early 
spring fertilization, low evapotranspiration, and 
limited plant uptake with elevated nitrate trans-
port to subsoil and potentially aquifers (Dinnes et 
al., 2002; Kreyling et al., 2015). Legume rotations 
and organic inputs (e.g., E-CaNPK, D-Ca+FYM) 
significantly reduced N and P losses. Nitrate loss-
es were limited to 57.07 g·ha⁻¹ and 59.09 g·ha⁻¹ 
in E-CaNPK and D-Ca+FYM, respectively. (John 
et al., 2017) demonstrated a similar effect, where 
winter wheat after pea lost only 18 kg N·ha⁻¹ 
compared to 54 kg N·ha⁻¹ after fallow. These 
benefits stem from deeper root systems and better 
nutrient synchronization (Das et al., 2024; White, 
2009). Nitrate leaching in E-CaNPK was nearly 
12 times lower than in A-NPK (664.41 g·ha⁻¹). 
Phosphorus leaching also depended strongly on 
fertilization strategy. Based on Mehlich-3 test-
ing and interpretation thresholds for Polish soils 
(Kęsik et al., 2015), very high phosphorus avail-
ability at A-CaNPK treatment was recognized as 
posing a risk for environmental P losses, particular-
ly through surface runoff or subsurface transport 
in light-textured soils. These findings support the 
need for site-specific P management and limitations 
on further P fertilization where P saturation is ob-
served. Under our investigation the highest phos-
phate loss was recorded in E-CaNPK (120.17 g 
P-PO₄·ha⁻¹), where liming, manure, and legumes 
were combined. In contrast, D-Ca+FYM restrict-
ed P loss to 16.83 g P-PO₄·ha⁻¹. (Shen et al., 2025) 
similarly reported elevated P leaching under min-
eral fertilization (up to 3.87%) and lower losses 
with organic amendments (~3.0%). (Nyström et 
al., 2023) noted that long-term liming enhanced 
topsoil P solubility and desorption without neces-
sarily increasing leaching risk. The acidic, sandy 
loam soil (pH < 6.0 in A-NPK) used in this study 
increased nutrient mobility. Comparisons be-
tween NPK and CaNPK treatments revealed that 
liming elevated P losses, especially on E-fields 
with legacy FYM and Ca inputs. However, these 
systems also demonstrated superior nutrient use: 
total nitrogen uptake in E-CaNPK reached 142.63 
kg N·ha⁻¹ and phosphorus 24.09 kg P·ha⁻¹ - near-
ly threefold higher than in A-NPK (32.99 and 
5.20 kg·ha⁻¹, respectively). These trends echo 
observations by (Lynch, 2015; Lötjönen and Ol-
likainen, 2018), who linked high nutrient uptake 
efficiency to synchronized nutrient supply and 
plant demand.

In conclusion, although absolute nutrient 
losses in this experiment were relatively moder-
ate by global standards, the relative performance 
of systems supports a growing body of evidence: 
diversified cropping systems that integrate leg-
umes, liming, and organic inputs reduce nutrient 
leaching, improve nutrient recovery, and enhance 
soil chemical conditions. Such systems represent 
a sustainable path forward for temperate agroeco-
system resilience and environmental protection.

CONCLUSIONS

Long-term fertilization and cropping strategies 
significantly influence nutrient dynamics and agro-
ecosystem sustainability. Intensive mineral fertili-
zation in monocultures led to substantial nitrogen 
and phosphorus leaching, soil acidification, and 
reduced nutrient use efficiency. Under A-NPK, ni-
trate losses reached 664 g N-NO₃·ha⁻¹, phosphate 
exceeded 24 g P-PO₄·ha⁻¹, and cumulative water 
outflow surpassed 83 m³·ha⁻¹, accompanied by 
low soil pH (5.92). These losses were most severe 
in early spring, when nutrient uptake and evapo-
transpiration were limited. Conversely, diversified 
systems with legumes, organic inputs, and lim-
ing (E-CaNPK, D-Ca+FYM) markedly reduced 
nutrient losses. Nitrate leaching fell to 57 g·ha⁻¹, 
phosphate to 17 g·ha⁻¹, and water outflow dropped 
by over 50%. These treatments enhanced nutri-
ent recovery, with nitrogen uptake exceeding 143 
kg·ha⁻¹ and phosphorus reaching 24 kg·ha⁻¹ under 
E-CaNPK, supported by improved soil chemistry 
(pH > 7.0). Regression analysis showed that high 
ammonium levels in the 50–75 cm layer reduced 
nitrogen uptake, likely due to subsoil immobiliza-
tion or leaching. Phosphorus uptake was also con-
strained by surface NH₄⁺ accumulation, potentially 
acidifying the rhizosphere and impairing root func-
tion. These findings highlight the value of integrat-
ed nutrient management - combining balanced fer-
tilization, organic matter, and crop diversification 
- to reduce leaching, preserve soil quality, and en-
hance agroecosystem resilience under increasing 
environmental pressures.
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