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Regenerative agriculture represents a paradigm shift from conventional farming
practices, emphasizing soil health restoration and carbon sequestration. This study
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regenerative agriculture can significantly contribute to climate change mitigation
while improving soil health and agricultural sustainability. Implementation of these
practices could potentially sequester 1.85 Gt C globally by 2030 if adopted on 25% of
agricultural land.
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Introduction

Global agriculture faces unprecedented challenges in meeting food security demands while addressing climate change impacts
[71, Conventional agricultural practices have led to significant soil degradation, with an estimated 24 billion tons of fertile soil
lost annually worldwide [, This degradation has resulted in substantial carbon emissions from agricultural soils, contributing
approximately 10-12% of global greenhouse gas emissions [,

Regenerative agriculture has emerged as a promising solution to these interconnected challenges. Unlike sustainable agriculture,
which aims to maintain current conditions, regenerative agriculture actively works to restore and enhance ecosystem functions,
particularly soil health and carbon storage 121, The core principles of regenerative agriculture include minimizing soil disturbance,
maintaining living roots year-round, maximizing crop diversity, integrating livestock, and eliminating synthetic inputs where
possible 4,

Soil organic carbon (SOC) represents the largest terrestrial carbon pool, containing approximately 1,500 Gt C in the top one
meter of soil globally . Small changes in SOC stocks can have significant impacts on atmospheric CO2 concentrations. The
"4 per 1000" initiative suggests that increasing global soil carbon stocks by 0.4% annually could offset current anthropogenic
CO: emissions [, Recent studies have demonstrated the potential of regenerative practices to enhance carbon sequestration.
Cover cropping has been shown to increase SOC by 0.3-1.2 Mg C ha™! yr!, while no-till practices can sequester 0.2-0.8 Mg C
ha™' yr~' compared to conventional tillage [*31. However, the effectiveness of these practices varies significantly with climate,
soil type, and management intensity, necessitating comprehensive field studies across diverse agroecological conditions.
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The objective of this study was to quantify soil carbon
sequestration rates under various regenerative agricultural
practices and compare them with conventional systems
across different soil types and climatic conditions. We
hypothesized that integrated regenerative practices would
show synergistic effects, resulting in higher carbon
sequestration rates than individual practices alone.

Materials and Methods

Study Sites and Experimental Design

The study was conducted across six research sites
representing different agroecological zones: temperate
grasslands (Nebraska, USA), Mediterranean climate
(California, USA), humid subtropical (Georgia, USA), semi-
arid (Colorado, USA), continental (lowa, USA), and boreal
(Saskatchewan, Canada). Each site contained paired plots
comparing regenerative and conventional practices over a
three-year period (2020-2023).

A randomized complete block design with four replications
was employed at each site. Plot sizes were standardized at 0.5
hectares to ensure adequate spatial representation while
maintaining experimental control. The following treatments
were implemented:

1. Conventional agriculture (CON): Standard tillage,

synthetic fertilizers, pesticides, and monoculture
cropping

2. Cover cropping (CC): Winter cover crops with summer
cash crops

3. No-till with crop rotation (NT): Zero tillage with 4-
year diverse rotation

4. Integrated crop-livestock (ICL): Rotational grazing
integrated with crop production

5. Full regenerative system (FRS): Combination of all
regenerative practices
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Soil Sampling and Analysis

Soil samples were collected at 0-15 cm, 15-30 cm, and 30-60
cm depths using a standardized protocol. Sampling occurred
at the beginning of the study (baseline) and annually
thereafter during late fall to minimize seasonal variation
effects. A minimum of 15 subsamples per plot were
composited to ensure representative sampling.

Soil organic carbon was determined using the Walkley-Black
wet oxidation method with chromic acid digestion . Total
soil carbon and nitrogen were analyzed using dry combustion
with a LECO CHN analyzer. Microbial biomass carbon
(MBC) was measured using the chloroform fumigation-
extraction method 8, Soil pH, bulk density, and aggregate
stability were determined following standard protocols €1,

Statistical Analysis

Data were analyzed using mixed-effects models with
treatment as fixed effects and site and year as random effects.
Carbon sequestration rates were calculated as the annual
change in SOC stocks corrected for bulk density changes.
Analysis of variance (ANOVA) was performed using R
statistical software with significance set at p < 0.05. Post-hoc
comparisons were conducted using Tukey's HSD test.

Results

Soil Organic Carbon Changes

Regenerative agricultural practices demonstrated significant
increases in soil organic carbon compared to conventional
systems across all study sites (Table 1). The full regenerative
system showed the highest carbon sequestration rates,
averaging 2.1+0.3 Mg C ha™ yr! across all sites and soil
depths. Integrated crop-livestock systems performed
exceptionally well, with sequestration rates of 2.8+0.4 Mg C
ha™! yr! in temperate grassland sites.

Table 1: Annual soil organic carbon sequestration rates (Mg C ha™ yr™!) by treatment and soil depth

Treatment 0-15cm 15-30 cm 30-60 cm Total (0-60 cm)
CON -0.2+0.1c -0.1+0.1c 0.0£0.1c -0.3+0.2c
CcC 1.2+0.2b 0.4+0.1b 0.2+0.1b 1.8+0.3b
NT 0.940.2b 0.3+0.1b 0.1+0.1b 1.3+0.3b
ICL 1.8+0.3a 0.6+0.2a 0.440.1a 2.8+0.4a
FRS 1.4+0.2a 0.5+0.1a 0.2+0.1ab 2.1+0.3a

Values are means: standard error. Different letters indicate significant differences (p< 0.05) within columns.

Cover cropping showed consistent benefits across all soil
types and climatic conditions, with sequestration rates
ranging from 1.2-2.4 Mg C ha™ yr'. The practice was
particularly effective in sandy soils, where carbon gains were
34% higher than in clay soils. No-till systems demonstrated
steady carbon accumulation, though rates were generally
lower than other regenerative practices in the first two years.
Conventional systems showed net carbon losses in the
surface soil layer (-0.2£0.1 Mg C ha* yr'), primarily
attributed to tillage-induced soil disruption and reduced
organic matter inputs. This trend was most pronounced in

semi-arid regions where soil disturbance combined with
limited precipitation reduced soil organic matter
decomposition rates.

Soil Biological Indicators

Microbial biomass carbon increased significantly under all
regenerative treatments compared to conventional systems
(Table 2). The integrated crop-livestock system showed the
highest MBC values (486+45 mg C kg™), representing a 67%
increase over conventional systems. This increase correlated
strongly with soil organic carbon gains (r = 0.78, p < 0.001).

Table 2: Soil biological and physical properties after three years of treatment

Treatment MBC (mg C kg™ Soil pH Bulk Density (g cm™) Aggregate Stability (%)
CON 291+28c 6.2+0.2b 1.42+0.04a 47+5¢c
CcC 421+38b 6.7+0.2a 1.28+0.03b 68+4b
NT 398+42b 6.5+0.3ab 1.31+0.05b 71+6b
ICL 486+45a 6.8+0.2a 1.24+0.03bc 79+5a
FRS 453+39a 6.9+0.3a 1.22+0.04c 82+4a

Values are meansz standard error. Different letters indicate significant differences (p< 0.05) within columns.
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Soil aggregate stability improved substantially under
regenerative management, with the full regenerative system
achieving 82% stable aggregates compared to 47% in
conventional systems. This improvement was attributed to
increased fungal biomass and enhanced soil organic matter
binding. Bulk density decreased by 8-14% under regenerative
practices, indicating improved soil structure and porosity.

Carbon Sequestration by Climate Zone

Carbon sequestration rates varied significantly among
climate zones (Figure 1). Temperate grassland sites showed
the highest sequestration potential, with rates exceeding 3.0
Mg C ha' yr' under integrated crop-livestock systems.
Semi-arid regions showed more modest gains (1.2-1.8 Mg C
ha™t yr') but demonstrated consistent improvement over
conventional practices.

The Mediterranean climate zone showed interesting seasonal
patterns, with maximum carbon gains occurring during the
wet season when cover crops were actively growing. Boreal
regions exhibited slower initial responses but showed
accelerating sequestration rates in the third year, suggesting
adaptation periods for soil microbial communities.

Economic Analysis

Initial implementation costs for regenerative practices ranged
from $85-245 ha™!, with cover cropping representing the
lowest cost intervention. However, economic benefits
emerged by the second year through reduced input costs and
improved soil health. Net present value analysis over a 10-
year period showed positive returns for all regenerative
practices, with integrated systems providing the highest
economic benefits despite higher initial investments [,

Discussion

The results demonstrate that regenerative agricultural
practices can significantly enhance soil carbon sequestration
while improving overall soil health. The observed
sequestration rates of 1.3-2.8 Mg C ha™' yr! are comparable
to rates reported in recent meta-analyses I, though our study
shows higher rates for integrated systems than previously
documented.

The superior performance of integrated crop-livestock
systems aligns with emerging understanding of soil carbon
dynamics. Livestock grazing, when properly managed,
stimulates root growth and increases below-ground carbon
inputs [*2, The combination of diverse plant species, reduced
tillage, and organic matter additions from grazing creates
synergistic effects that exceed the sum of individual
practices.

Cover cropping emerged as the most universally effective
practice, showing consistent benefits across all climate zones
and soil types. The mechanism involves continuous living
root systems that maintain soil microbial communities and
provide steady organic matter inputs %1, The practice is
particularly valuable in regions with distinct growing seasons
where soil would otherwise remain bare for extended periods.
The strong correlation between microbial biomass carbon and
soil organic carbon accumulation confirms the critical role of
soil biology in carbon sequestration. Enhanced microbial
activity facilitates the formation of stable soil aggregates,
which physically protect organic matter from decomposition
[20 This protection mechanism is essential for long-term
carbon storage and explains the sustained sequestration rates
observed in our study.
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Climate zone differences in sequestration rates reflect the
complex interactions between temperature, precipitation, and
soil organic matter dynamics. Temperate grasslands showed
optimal conditions for carbon sequestration due to favorable
moisture regimes and extended growing seasons. Semi-arid
regions, while showing lower absolute rates, demonstrated
significant relative improvements over conventional
practices, suggesting potential for substantial regional carbon
gains.

The economic analysis reveals that regenerative practices
offer viable alternatives to conventional agriculture. The
initial investment costs are offset by reduced input
requirements and improved soil productivity over time.
Carbon credit markets could provide additional economic
incentives, potentially accelerating adoption rates ™,

Limitations and Future Research

This study focused on temperate and semi-arid regions,
limiting generalizability to tropical or arctic conditions.
Long-term studies beyond three years are needed to assess
carbon saturation levels and permanence of sequestration.
Additionally, greenhouse gas emissions (N2O and CHa)
should be measured to provide complete climate impact
assessments.

Future research should investigate optimal combinations of
regenerative practices for specific soil-climate conditions.
The role of plant species diversity in maximizing carbon
sequestration deserves particular attention, as does the
potential for enhanced weathering to contribute to carbon
removal 1€,

Conclusion

Regenerative agricultural practices demonstrate significant
potential for soil carbon sequestration while improving soil
health and agricultural sustainability. Our three-year study
shows that integrated systems combining multiple
regenerative practices can sequester 1.3-2.8 Mg C ha™ yr,
with the highest rates observed in temperate grassland
regions under integrated crop-livestock management.

The consistent benefits of cover cropping across all
environments make it a priority practice for immediate
implementation. The strong correlation between soil
biological activity and carbon sequestration emphasizes the
importance of management practices that enhance soil
microbial communities.

If adopted on 25% of global agricultural land, regenerative
practices could potentially sequester 1.85 Gt C by 2030,
making a substantial contribution to climate change
mitigation goals. The economic viability of these practices,
combined with their environmental benefits, supports policy
initiatives that incentivize regenerative agriculture adoption.
The transformation to regenerative agriculture represents a
critical pathway for addressing the dual challenges of food
security and climate change. Continued research and policy
support are essential to scaling these practices and realizing
their full potential for global carbon sequestration and
agricultural sustainability.
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