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health and ensuring long-term food security. Crop rotation and conservation tillage
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significantly (p<0.05) in rotation systems, with 4YR showing 31% higher total N than
CM. Phosphorus and potassium levels were maintained more effectively in rotation
systems. Microbial biomass carbon increased by 45% in CTCC treatment compared
to conventional tillage.

Conclusion: Crop rotation and conservation practices significantly enhance soil
nutrient dynamics, with longer rotation cycles providing greater benefits for soil health
and nutrient availability.
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Introduction

Soil fertility and nutrient management are fundamental challenges in modern agriculture, particularly as global food demand
continues to increase while arable land decreases [1. Traditional agricultural practices, including continuous monoculture and
intensive tillage, have led to significant soil degradation, nutrient depletion, and reduced biological activity in agricultural soils
(2.3 The adoption of sustainable agricultural practices, particularly crop rotation and conservation tillage, has emerged as a
critical strategy for maintaining and enhancing soil health while ensuring productive agricultural systems [,

Crop rotation, the practice of growing different crops in succession on the same land, offers numerous benefits for soil nutrient
dynamics. Different crops have varying nutrient requirements and root architectures, which can improve nutrient cycling and
reduce nutrient losses 1. Leguminous crops in rotation systems contribute to nitrogen fixation, reducing the need for synthetic
fertilizers while improving soil nitrogen availability 6. Additionally, diverse cropping systems enhance soil biodiversity and
microbial communities, which play crucial roles in nutrient transformations and availability ["1.

Conservation practices, including reduced tillage, cover cropping, and residue management, complement crop rotation by
protecting soil structure and enhancing organic matter accumulation 1. These practices reduce soil erosion, improve water
infiltration, and maintain soil temperature, creating favorable conditions for nutrient cycling and microbial activity 1. The
integration of conservation practices with crop rotation systems can synergistically enhance soil health and nutrient dynamics.
Soil organic matter serves as a reservoir for nutrients and plays a critical role in nutrient cycling processes [0,
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The decomposition of organic residues releases nutrients
gradually, providing a sustainable source of plant nutrition
while improving soil structure and water-holding capacity
(11, Microbial communities are essential drivers of nutrient
transformations, converting organic nutrients into plant-
available forms through mineralization processes 2,

The nitrogen cycle in agricultural soils is particularly
complex, involving multiple transformations including
mineralization, nitrification, denitrification, and
immobilization 131, Crop rotation systems can influence these
processes by altering substrate availability, soil moisture, and
microbial communities 4. Phosphorus availability is often
limited in agricultural soils due to fixation and sorption
processes, but organic matter and microbial activity can
enhance phosphorus solubilization and cycling 51,
Understanding the long-term effects of different management
practices on soil nutrient dynamics is essential for developing
sustainable agricultural systems. This study aims to evaluate
the impact of various crop rotation systems and conservation
practices on soil nutrient availability, organic matter content,
and microbial activity over a five-year period. The research
provides insights into optimizing agricultural practices for
enhanced soil health and sustainable crop production.

Materials and Methods

Experimental Design

The field experiment was conducted at the Agricultural

Research Station (40°25'N, 96°20'W) from 2018 to 2023. The

site has a temperate continental climate with an average

annual precipitation of 750 mm and mean temperature of 11

°C. The soil type is a silty clay loam (Typic Argiudoll) with

initial pH of 6.2 and organic carbon content of 2.1%.

A randomized complete block design with four replications

was used to evaluate four treatments:

1. Continuous Monoculture (CM): Continuous corn with
conventional tillage

2. Two-Year Rotation (2YR): Corn-soybean rotation with
conventional tillage

3. Four-Year Rotation (4YR): Corn-soybean-wheat-
alfalfa rotation with reduced tillage

4. Conservation Tillage with Cover Crops (CTCC):
Corn-soybean rotation with no-till and winter cover
crops

Each plot measured 12 x 30 m with 3 m buffer strips between
treatments. Standard agronomic practices were followed for
each crop, including appropriate seeding rates, fertilizer

www.soilfuturejournal.com
applications, and pest management.

Soil Sampling and Analysis

Soil samples were collected annually in late fall after harvest
from 0-15 cm and 15-30 cm depths using a 2.5 cm diameter
soil auger. Fifteen randomly distributed samples per plot
were composited for analysis. Samples were air-dried,
ground, and sieved through a 2 mm mesh.

Physical and Chemical Properties:

= Soil pH was measured in 1:2 soil: water suspension using
a glass electrode

= Soil organic carbon (SOC) was determined by dry
combustion using a CN analyzer

= Total nitrogen was measured using the Kjeldahl method

=  Available phosphorus was extracted using the Bray-1
method and determined colorimetrically

= Exchangeable potassium was extracted with 1 M
ammonium acetate and measured by flame photometry

Biological Properties

=  Microbial biomass carbon (MBC) was determined using
the chloroform fumigation-extraction method (¢!

= Soil respiration was measured using the alkali absorption
method.

» Enzyme activities (B-glucosidase, phosphatase, and
urease) were analyzed using standard protocols [*7],

Statistical Analysis

Data were analyzed using analysis of variance (ANOVA)
with treatment, year, and depth as factors. Mean separations
were performed using Tukey's HSD test at p<0.05. Linear
regression analysis was used to evaluate temporal trends. All
statistical analyses were conducted using SAS software
version 9.4.

Results

Soil Organic Carbon Dynamics

Soil organic carbon content showed significant differences
among treatments over the five-year study period (Table 1).
The 4YR rotation system demonstrated the highest SOC
accumulation, with levels increasing from 2.1% to 2.6% in
the surface layer (0-15 c¢cm). The CTCC treatment also
showed substantial improvements, reaching 2.4% SOC by the
end of the study. In contrast, the CM system showed minimal
change, with SOC remaining relatively stable at 2.0-2.1%.

Table 1: Soil Organic Carbon Content (%) by Treatment and Depth over Time

Treatment Depth (cm) 2018 2019 2020 2021 2022 2023
CM 0-15 2.1» 2.0 2.0 2.1» 2.0 2.0
15-30 1.8 1.72 1.7: 1.8 178 1.78

2YR 0-15 2.1 2.2° 2.2° 2.3" 2.3" 2.40
15-30 1.8 1.8 1.9 1.9 2.0 2.0

4YR 0-15 2.10 2.3¢ 2.4¢ 2.5¢ 2.6¢ 2.6¢
15-30 1.8 1.9 2.0 2.1 2.2¢ 2.2¢

CTCC 0-15 2.1 2.2° 2.3 2.4b¢ 2.4b 2.40
15-30 1.8 1.8 1.9 2.0° 2.0° 2.0

Different letters within columns indicate significant differences (p<0.05)

The rate of SOC accumulation varied significantly among
treatments (Figure 1). The 4YR system showed the steepest
increase, with an annual accumulation rate of 0.10% per year
in the surface layer. The CTCC treatment accumulated SOC

at 0.06% per year, while the 2YR system showed a moderate
increase of 0.05% per year. The subsurface layer (15-30 cm)
showed similar trends but with lower absolute values.
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Nitrogen Dynamics

Total nitrogen content followed similar patterns to SOC, with
rotation systems showing significantly higher N levels than
continuous monoculture (Table 2). The 4YR system achieved
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the highest total N content (0.21%) in the surface layer by
2023, representing a 31% increase over the CM treatment.
Available N (NHs" + NOs7) also showed significant
improvements in rotation systems.

Table 2: Total Nitrogen Content (%) and Available Nitrogen (mg kg™') by Treatment

Treatment Total N (0-15 cm) Available N (0-15 cm)
2018 2023 2018 2023
CM 0.162 0.16° 28.5¢ 25.2¢
2YR 0.162 0.19® 28.8 35.4v
4YR 0.16# 0.21° 28.22 42.1°
CTCC 0.162 0.20¢¢ 28.62 38.7¢

Different letters within columns indicate significant differences (p<0.05)

The C:N ratio decreased over time in rotation systems,
indicating improved nitrogen availability. The 4YR system
showed the lowest C:N ratio (12.4) by 2023, compared to
13.1 in the CM system. This suggests enhanced nitrogen
mineralization in diversified cropping systems.

Phosphorus and Potassium Availability

Phosphorus availability varied significantly among treatments,
with rotation systems maintaining higher available P levels
(Figure 2). The 4YR system showed the most stable P
availability, with levels remaining above 25 mg kg™
throughout the study period. The CM treatment showed
declining P availability, dropping from 22.5 to 18.3 mg kg™

Exchangeable potassium levels were best maintained in the
CTCC treatment, which showed minimal decline over the
study period. The enhanced K retention in conservation
systems was attributed to reduced leaching losses and
improved soil structure.

Microbial Biomass and Activity

Microbial biomass carbon showed dramatic improvements in
conservation and rotation systems (Table 3). The CTCC
treatment achieved the highest MBC levels (385 mg kg™),
representing a 45% increase over the CM treatment. The 4YR
system also showed substantial improvements (342 mg kg™').

Table 3: Microbial Biomass Carbon and Enzyme Activities by Treatment (2023 Data)

Treatment MBC (mg kg™) B-glucosidase Phosphatase Urease
(pgg'h™) (ngg'h™ (Mgg'h™)

CM 265¢ 45,2 28.1¢ 12.50

2YR 3120 52.8° 34.2° 16.3°

4YR 342¢ 58.9¢ 38.9¢ 18.7¢
CTCC 385¢ 61.4¢ 41.2¢ 19.8¢

Different letters within columns indicate significant differences (p<0.05)
Enzyme activities associated with carbon, phosphorus, and reduced decomposition rates under conservation

nitrogen cycling all showed significant improvements in
rotation and conservation systems. B-glucosidase activity,
which is involved in carbon cycling, increased by 30% in the
4YR system and 36% in the CTCC treatment compared to
CM.

Soil pH and Nutrient Balance

Soil pH remained relatively stable across treatments, ranging
from 6.1 to 6.4. The 4YR system showed slightly higher pH
values, attributed to the buffering capacity of increased
organic matter. Nutrient balance calculations indicated that
rotation systems had lower nutrient export rates and higher
nutrient use efficiency.

Discussion

The results of this five-year study demonstrate significant
benefits of crop rotation and conservation practices on soil
nutrient dynamics. The superior performance of the four-year
rotation system (4YR) can be attributed to several
interconnected mechanisms that enhance nutrient cycling and
soil health.

Organic Matter Accumulation and Nutrient Storage

The substantial increase in soil organic carbon observed in
rotation systems, particularly the 4YR treatment, reflects
enhanced carbon input from diverse crop residues and

management I8, The inclusion of perennial legumes (alfalfa)
in the 4YR system contributed significantly to soil carbon
accumulation through extensive root systems and nitrogen
fixation capabilities [°1. The linear relationship between SOC
content and total nitrogen (r?2 = 0.87) confirms the tight
coupling between carbon and nitrogen cycles in these
systems 2],

The conservation tillage with cover crops (CTCC) treatment
showed remarkable improvements in microbial biomass
carbon, indicating enhanced biological activity and nutrient
cycling capacity 1. Cover crops contribute to nutrient
conservation by capturing residual nutrients, preventing
leaching losses, and providing additional organic inputs 22,
The 45% increase in microbial biomass carbon in the CTCC
treatment demonstrates the importance of continuous soil
cover and minimal disturbance for soil biological health 23],

Nitrogen Cycling Enhancement

The improved nitrogen availability in rotation systems can be
attributed to several factors. Legume crops in rotation
contribute fixed nitrogen to the system, reducing dependence
on synthetic fertilizers while maintaining crop productivity
(24 The enhanced nitrogen mineralization rates observed in
rotation systems (31% higher available N in 4YR) reflect
improved microbial activity and organic matter quality 2],
The decreased C:N ratios in rotation systems indicate faster
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nitrogen release from organic matter, providing a more
consistent nitrogen supply throughout the growing season [261,
This is particularly important for reducing nitrogen losses
through leaching and denitrification, as the gradual release
from organic sources better matches crop uptake patterns 271,

Phosphorus and Potassium Dynamics

The maintenance of higher phosphorus availability in rotation
systems is likely due to enhanced organic phosphorus
mineralization and reduced phosphorus fixation 8, The
diverse root systems in rotation crops can access different soil
layers and phosphorus pools, improving overall phosphorus
cycling 1. Additionally, mycorrhizal associations, which are
enhanced in diverse cropping systems, play crucial roles in
phosphorus acquisition and cycling 31,

Potassium retention was significantly improved in conservation
systems, particularly the CTCC treatment. Reduced tillage
minimizes soil structure disruption, maintaining cation
exchange capacity and reducing potassium leaching losses
B The improved soil structure also enhances water
infiltration and reduces surface runoff, further contributing to
nutrient retention (32,

Microbial Community Enhancement

The dramatic increases in microbial biomass and enzyme
activities in rotation and conservation systems reflect
enhanced habitat diversity and resource availability for soil
microorganisms [l Different crops support distinct
microbial communities, and the sequential cultivation of
diverse crops creates a more stable and resilient soil
microbiome 341,

The enhanced enzyme activities observed in rotation systems
indicate improved nutrient cycling capacity. B-glucosidase
activity increases reflect enhanced carbon cycling, while
higher phosphatase and urease activities demonstrate
improved phosphorus and nitrogen cycling capabilities [,
These enzymatic improvements suggest that rotation systems
create more efficient nutrient cycling mechanisms compared
to monoculture systems [3€1,

Environmental Implications

The improved nutrient dynamics in rotation and conservation
systems have important environmental implications.
Enhanced nutrient retention and cycling efficiency reduce the
need for external fertilizer inputs, decreasing environmental
pollution risks 7. The improved soil structure and organic
matter content also enhance the soil's capacity to store
carbon, contributing to climate change mitigation 81,

The results suggest that the benefits of crop rotation and
conservation practices compound over time, with the most
significant improvements observed in the later years of the
study. This highlights the importance of long-term
commitment to sustainable management practices for
realizing their full potential (%,

Economic Considerations

While this study focused on soil nutrient dynamics, the
improved soil health indicators suggest potential economic
benefits through reduced fertilizer requirements and
enhanced crop resilience. The enhanced nutrient cycling
efficiency observed in rotation systems could translate to
reduced input costs while maintaining or improving crop
yields [0,
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Limitations and Future Research

This study was conducted under specific climatic and soil
conditions, and results may vary in different environments.
Future research should investigate the effects of different
rotation lengths, cover crop species, and tillage intensities on
soil nutrient dynamics. Long-term studies spanning multiple
decades would provide valuable insights into the
sustainability of these practices [“1,

Conclusion

This five-year field study provides compelling evidence for
the benefits of crop rotation and conservation practices on
soil nutrient dynamics. The four-year rotation system
demonstrated the greatest improvements across all measured
parameters, with soil organic carbon increasing by 23.4%,
total nitrogen by 31%, and microbial biomass carbon by 29%
compared to continuous monoculture.

The results demonstrate that sustainable agricultural practices
require long-term implementation to realize their full
benefits. The progressive improvements observed over the
five-year period suggest that continued adoption of these
practices will yield even greater benefits for soil health and
agricultural sustainability.

For agricultural producers, these findings support the
adoption of diversified crop rotation systems and
conservation practices as effective strategies for maintaining
soil fertility while reducing dependence on external inputs.
The enhanced soil biological activity and nutrient cycling
capacity observed in these systems provide a foundation for
sustainable and resilient agricultural production.

Future research should focus on optimizing rotation
sequences for specific environments and investigating the
economic implications of improved soil health. The
integration of precision agriculture technologies with
sustainable management practices offers promising
opportunities for further enhancing soil nutrient dynamics
and agricultural sustainability.
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