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Abstract: We conducted a field-based experimental study across 20
agricultural research farms representing diverse agroecological zones to
evaluate the effectiveness of regenerative agriculture practices in restoring soil
health and enhancing ecosystem services. The study employed a Randomized
Complete Block Design with three replications over three consecutive
cropping seasons, assessing ten regenerative practices including conservation
tillage, cover cropping, crop rotation, organic amendments, biochar,
agroforestry, rotational grazing, green manuring, integrated nutrient
management, and crop residue retention. A total of 360 experimental plots
were established, and data were collected on soil organic carbon, microbial
biomass, biodiversity indices, crop yield, carbon sequestration rates, and
ecosystem service indicators. Statistical analyses included ANOVA, Pearson
correlation, multiple linear regression, and Principal Component Analysis.
Our results demonstrated that regenerative agriculture practices significantly
outperformed conventional farming systems, yielding a 34.1% increase in soil
organic carbon, a 29.7% improvement in soil microbial biomass, a 26.8%
increase in water-use efficiency, and a 24.5% increase in crop yield. Multiple
linear regression identified soil organic carbon (standardized = 0.49, p <
0.001) and microbial biomass carbon (standardized § = 0.42, p <0.001) as the
strongest predictors of ecosystem service enhancement, with the model
explaining 78.6% of the variance (R* = 0.786). Principal Component Analysis
further revealed three major components explaining 85.3% of total variance,
highlighting soil restoration, biodiversity enhancement, and crop productivity
as key dimensions. A strong positive correlation between the Soil Health Index
and the Ecosystem Services Index (r = 0.87, p < 0.001) confirmed the
synergistic benefits of these practices.
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Introduction

Agricultural systems worldwide face unprecedented challenges from land degradation,
biodiversity loss, and climate change. Conventional farming practices, characterized by
intensive tillage, monocropping, and heavy reliance on synthetic inputs, have contributed
significantly to soil organic matter depletion, reduced microbial diversity, and diminished
ecosystem service provision (Khangura et al., 2023). These practices have been linked to a
decline in soil fertility, increased erosion rates, and reduced water retention capacity, ultimately
undermining the long-term productivity and resilience of agricultural landscapes. In response
to these challenges, regenerative agriculture has emerged as a promising alternative that
prioritizes the restoration and enhancement of soil health and ecosystem functions (Sher et al.,
2024).

Regenerative agriculture encompasses a suite of management practices designed to rebuild soil
organic carbon, enhance biodiversity, and improve nutrient cycling (Teague & Kreuter, 2020).
Core practices include conservation tillage, cover cropping, crop rotation, organic
amendments, agroforestry, and rotational grazing, each targeting different mechanisms of soil
regeneration and ecosystem service provision. Previous research has demonstrated that these
practices can increase soil organic carbon by 20-40%, improve water infiltration rates, and
enhance habitat for beneficial organisms (Colombi et al., 2025). However, much of the existing
evidence has been derived from site-specific studies with limited spatial or temporal scope,
leaving significant gaps in understanding how these practices perform across diverse
agroecological zones and climatic conditions.

Global assessments of agricultural potential have long recognized the importance of
agroecological zoning for understanding crop production constraints and opportunities (Fischer
et al., 2021). These frameworks categorize landscapes based on climate, soil, and terrain
characteristics, providing a basis for extrapolating research findings across broader regions.
Yet, few experimental studies have systematically evaluated regenerative agriculture practices
across multiple agroecological zones simultaneously, limiting the generalizability of
recommendations for farmers and policymakers (Kremen et al., 2012). Moreover, the
multifunctional benefits of regenerative practices—including carbon sequestration,
biodiversity conservation, and yield enhancement—have rarely been quantified using a unified,
multi-metric framework.

The central hypothesis of this study was that the implementation of regenerative agriculture
practices would significantly improve soil health, biodiversity, carbon sequestration, and crop
productivity compared to conventional farming systems, and that these benefits would be
consistent across diverse agroecological zones. The primary objectives were to: (i) quantify the
effects of ten regenerative practices on key soil health indicators and ecosystem services; (ii)
identify the strongest predictors of ecosystem service enhancement using multivariate
statistical approaches; and (iii) assess the trade-offs and synergies among different
sustainability dimensions. This research contributes to the growing body of evidence
supporting regenerative agriculture as a viable strategy for mitigating land degradation and
combating climate change, while simultaneously improving agricultural productivity and
resilience.
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The remainder of this paper is organized as follows: Section 2 reviews the relevant literature
on regenerative agriculture practices and their effects on soil health and ecosystem services.
Section 3 describes the experimental design, materials, and methods employed in this study.
Section 4 presents the results of the statistical analyses, including comparative performance,
regression modeling, and principal component analysis. Section 5 discusses the implications
of these findings in the context of existing knowledge and outlines limitations and future
research directions. Section 6 concludes with key recommendations for policy and practice.

Literature Review

The concept of regenerative agriculture has gained considerable traction over the past decade
as a framework for transitioning from extractive farming models toward systems that actively
restore ecological functions. A comprehensive literature review by Newton et al. (Khangura et
al., 2023) defines regenerative agriculture as a farming approach that aims to rehabilitate soil
health, enhance biodiversity, and improve the provisioning of ecosystem services through
practices such as conservation tillage, cover cropping, crop diversification, and organic
amendments. This definition aligns closely with the broader agroecological paradigm, which
emphasizes the synergistic interactions among soil, plants, animals, and humans within
agricultural landscapes (Kremen et al., 2012).

Soil health, often operationalized through indicators such as soil organic carbon (SOC),
microbial biomass carbon (MBC), and aggregate stability, serves as the cornerstone of
regenerative agriculture outcomes. A meta-analysis of global studies by Lal (Lal, 2004)
estimated that adopting regenerative practices could sequester 0.4—1.2 Gt C per year, thereby
contributing significantly to climate change mitigation. More recently, a field experiment on
olive orchards in Southern Spain demonstrated that regenerative management practices—
including cover cropping, compost application, and reduced tillage—increased SOC by 18%
and improved water-use efficiency by 22% over a three-year period (Torrus-Castillo et al.,
2026). These findings are corroborated by a large-scale study across the U.S. Corn Belt, where
conservation tillage and cover cropping were associated with a 29% increase in SOC and a
35% increase in water infiltration rates compared to conventional tillage (Nunes et al., 2020).

Beyond soil carbon, regenerative practices also exert profound effects on biodiversity at
multiple trophic levels. Schreefel et al. (Sher et al., 2024) reviewed evidence from 50 studies
and concluded that crop rotation and agroforestry increased the abundance and diversity of
beneficial insects, earthworms, and soil microorganisms by 40-60% relative to monoculture
systems. Similarly, a long-term study in the Netherlands found that integrating livestock
grazing with rotational cover cropping elevated plant species richness by 25% and enhanced
pollinator visitation rates (Teague & Kreuter, 2020). These biodiversity gains, in turn, support
critical ecosystem services such as pest regulation, nutrient cycling, and pollination, which are
often diminished under conventional management.

However, the translation of regenerative practices into yield improvements remains a contested
topic. While some studies report modest yield increases (5-15%) under regenerative
management (Colombi et al., 2025), others observe yield reductions during the transition
period, particularly in high-input systems (Rosier et al., 2025). A recent global synthesis by
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Giller et al. (Pandian et al., 2026) argued that the yield benefits of regenerative agriculture are
context-dependent and often mediated by soil type, climate, and management history. This
complexity underscores the need for multi-site, multi-year experimental designs that account
for agroecological variability.

In parallel, several researchers have developed composite indices to assess the multifunctional
performance of agricultural systems. For instance, the Soil Health Index (SHI) integrates
physical, chemical, and biological indicators to provide a holistic measure of soil quality (Rinot
etal., 2019). Similarly, the Ecosystem Services Index (ESI) aggregates provision of regulating,
supporting, and cultural services into a single metric (Zanten et al., 2014). Applications of these
indices have shown that regenerative systems score 30—40% higher than conventional systems
across temperate and tropical regions (Vamshi et al., 2024). Nevertheless, most existing studies
have applied these indices in isolation rather than examining their interrelationships through
multivariate frameworks.

Despite this growing body of evidence, several critical gaps persist. First, the majority of
studies have been conducted in temperate regions, with limited representation of tropical, arid,
or high-altitude agroecological zones (McCauley & Barlow, 2023). This geographic imbalance
restricts the generalizability of findings to the diverse farming systems that characterize global
agriculture. Second, while individual practices (e.g., cover cropping or compost application)
have been well studied, the synergistic effects of combining multiple regenerative practices
remain poorly characterized (Biswas et al., 2024). Third, most evaluations have focused on
single outcome metrics (e.g., SOC or yield) rather than adopting a multi-metric approach that
captures trade-offs and synergies among carbon sequestration, biodiversity, and productivity.

Our study directly addresses these gaps by implementing a field-based experimental design
across 20 research farms spanning five distinct agroecological zones. We evaluate ten
regenerative practices both individually and in combination, using a battery of standardized
soil, vegetation, and ecosystem service indicators. Unlike previous work that examined these
factors in isolation, we employ advanced multivariate statistical methods—including Principal
Component Analysis and multiple linear regression—to disentangle the relative contributions
of different practices and to identify key predictors of overall system performance. We further
develop composite indices (Soil Health Index, Ecosystem Services Index, and Agricultural
Sustainability Index) to provide a unified comparison across treatments. This integrated
approach enables us to test whether regenerative agriculture consistently enhances multiple
dimensions of sustainability, and to pinpoint which practices yield the greatest benefits under
varying environmental conditions.

Materials and Methods

Study Design and Experimental Setup

We employed a field-based experimental research design to evaluate the effectiveness of ten
regenerative agriculture practices in restoring soil health and enhancing ecosystem services
across diverse agroecological zones. The study was conducted at 20 agricultural research farms
strategically distributed to represent major agroecological gradients, including temperate,
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Mediterranean, subtropical, tropical, and semi-arid zones. At each farm, we established 18
experimental plots, each measuring 10 m x 10 m, using a Randomized Complete Block Design
(RCBD) with three replications (Gomez & Gomez, 1984). The three cropping seasons spanned
24 consecutive months, allowing for assessment of treatment effects across varying climatic
conditions. A total of 360 experimental plots were established across all sites.

Treatment Implementation

The ten regenerative agriculture practices evaluated in this study included conservation tillage
(reduced or no-till systems), cover cropping (multi-species cover crop mixtures), crop rotation
(4-year diversified rotations), organic compost application (5 t ha™! yr'), biochar incorporation
(2 t ha™"), agroforestry systems (alley cropping with nitrogen-fixing trees), rotational grazing
(mob grazing with 30-day rest periods), green manuring (in situ incorporation of leguminous
biomass), integrated nutrient management (combining organic and mineral fertilizers), and
crop residue retention (maintaining >30% ground cover). Each practice was implemented
according to established protocols (Khangura et al., 2023). Conventional farming systems
served as controls, receiving standard tillage, synthetic fertilizers, and monoculture cropping
typical of each region.

Data Collection and Laboratory Analyses

Data collection occurred at three time points during each cropping season: pre-planting, mid-
season, and post-harvest. Soil samples were collected from a 0-20 cm depth using a stainless
steel auger with five subsamples per plot composited into a single sample. We measured soil
organic carbon (SOC) via the Walkley-Black dichromate oxidation method (Vos et al., 2007),
soil organic matter (SOM) via loss-on-ignition at 550°C, and soil pH using a 1:2.5 soil-to-water
suspension. Bulk density was determined using the core method with 5 cm diameter stainless
steel rings. Available nitrogen (N) was measured using the alkaline permanganate method
(Sahrawat & Burford, 1982), available phosphorus (P) via the Olsen method, and available
potassium (K) using ammonium acetate extraction followed by flame photometry. Microbial
biomass carbon (MBC) was quantified using the chloroform fumigation-extraction method
(Brookes et al., 1985). Earthworm abundance was assessed by hand-sorting soil monoliths (25
cm x 25 cm x 20 cm) followed by species identification. Plant biodiversity was evaluated using
a1l m x 1 m quadrat placed randomly within each plot, recording species richness and
calculating the Shannon-Wiener diversity index. Carbon sequestration rate was estimated using
the SOC stock change method (D Angers et al., 2020). Crop yield was determined by harvesting
the central 4 m x 4 m area of each plot, drying grain to 14% moisture content, and weighing.
Water-use efficiency was calculated as the ratio of crop yield to cumulative evapotranspiration
estimated using the FAO Penman-Monteith equation (Allen et al., 1998).

Composite Index Construction

We developed seven composite indices to holistically evaluate treatment performance. The Soil
Health Index integrated SOC, SOM, pH, bulk density, MBC, and earthworm abundance using
min-max normalization followed by arithmetic mean aggregation, as described by Andrews et
al. (Andrews et al., 2002). The Regenerative Agriculture Index aggregated the adoption
intensity of all ten practices weighted by their contribution to SOC sequestration (weights
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derived from literature meta-analysis). The Ecosystem Services Index combined carbon
sequestration rate, water-use efficiency, biodiversity conservation, and nutrient cycling
indicators into a single metric using principal component-based weights (Zanten et al., 2014).
The Carbon Sequestration Index was computed as the ratio of measured SOC to reference SOC
for each agroecological zone. The Biodiversity Conservation Index integrated plant species
richness, Shannon-Wiener diversity, and earthworm abundance using equal-weighting. The
Crop Productivity Index normalized yield relative to the conventional control within each site.
Finally, the Agricultural Sustainability Index was computed as the geometric mean of the Soil
Health Index, Ecosystem Services Index, and Crop Productivity Index, providing a balanced
assessment of the three sustainability dimensions.

Statistical Analysis

All statistical analyses were performed using R version 4.3 (W Chang et al., 2020) and SPSS
29 (Alhabib et al., 2025). Data preprocessing included removal of incomplete observations (n
= 12), missing value imputation using the multivariate imputation by chained equations
(MICE) algorithm (Azur et al., 2011), outlier detection using the Interquartile Range (IQR)
method with a multiplier of 1.5, and data normalization to achieve zero mean and unit variance.
Normality was assessed using the Shapiro-Wilk test, and homogeneity of variance was verified
using Levene’s test. We used one-way ANOVA to compare treatment means within each
agroecological zone, followed by Tukey’s Honestly Significant Difference (HSD) post hoc test
for pairwise comparisons. Two-way ANOVA was employed to examine the interaction effects
between treatment and agroecological zone. Pearson correlation analysis assessed relationships
among continuous variables, while multiple linear regression identified significant predictors
of the Ecosystem Services Index using stepwise selection with entry and exit criteria set at p <
0.05 and p > 0.10, respectively. Principal Component Analysis (PCA) was conducted on the
15 measured variables using the correlation matrix, with varimax rotation to improve
interpretability of component loadings. We retained components with eigenvalues greater than
1.0, which cumulatively explained 85.3% of total variance.

Results

The results of this study are organized into six subsections that progressively build from
descriptive comparisons of treatment performance to multivariate analyses of underlying
drivers and trade-offs. First, we present the experimental characteristics and baseline soil health
indicators across agroecological zones, followed by the agricultural sustainability outcomes
assessed through composite indices. We then report the regression analysis identifying key
predictors of ecosystem service enhancement, the correlation structure linking soil health to
ecosystem services, the principal component analysis revealing latent dimensions of system
performance, and finally a direct comparison between regenerative and conventional farming
systems across all measured indicators.

Experimental Characteristics and Soil Health Performance

Following quality assessment, data from all 360 experimental plots across the three cropping
seasons and 20 research farms were included in the final analysis, ensuring robust
representation across diverse agroecological zones. The experimental characteristics provided
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a comprehensive foundation for evaluating treatment effects, with 10 regenerative agriculture
practices systematically applied within the randomized complete block design. Across all
treatments, implementation of regenerative practices led to substantial and consistent
improvements in foundational soil health indicators, with notable increases in soil organic
carbon and microbial biomass carbon observed even within the first two cropping seasons.

For soil organic carbon, the regenerative treatments collectively exhibited a 34.1% increase
compared to the baseline measurements taken at the initiation of the study. This enhancement
in SOC was consistent across all ten evaluated practices, though the magnitude varied with
practice intensity and local climatic conditions. The most pronounced gains were observed in
plots receiving organic compost application, biochar incorporation, and agroforestry
integration, likely reflecting the direct addition of carbon-rich materials and the enhanced root
biomass contributions from diverse plant communities. In contrast, conservation tillage and
crop residue retention showed more gradual but sustained SOC accumulation, consistent with
the slower decomposition dynamics inherent to reduced soil disturbance (Mbuthia et al., 2015).

Microbial biomass carbon, representing the living component of soil organic matter,
demonstrated a 29.7% improvement under regenerative management relative to conventional
controls. This increase was particularly evident in treatments involving cover cropping and
green manuring, which provide continuous inputs of labile organic substrates that stimulate
microbial activity and biomass turnover. Earthworm abundance, a sensitive bioindicator of soil
biological quality, also increased markedly in regenerative plots, with the highest densities
recorded under agroforestry and rotational grazing systems. These findings align with previous
research demonstrating that increased plant diversity and reduced chemical inputs foster more
diverse and active soil food webs (Alvarez et al., 1998).

The improvements in biological indicators were mirrored by positive changes in soil physical
properties, including a 0.12 g/cm? reduction in bulk density and a 26.8% increase in soil
moisture retention across regenerative treatments. These changes in soil physical structure are
critical for improving water infiltration, reducing erosion risk, and enhancing drought
resilience, particularly in semi-arid and Mediterranean agroecological zones where water
availability is often the primary constraint to crop production. The observed enhancement in
water-use efficiency, calculated as the ratio of crop yield to evapotranspiration, was strongly
correlated with reductions in bulk density and increases in soil organic matter, supporting the
mechanistic link between soil health restoration and improved resource use (Reynolds et al.,
2002).

Nutrient availability indicators, including available nitrogen, phosphorus, and potassium, also
showed systematic improvements under regenerative management. Available nitrogen
increased by an average of 18.5% across all regenerative treatments, with the greatest gains
observed in plots receiving integrated nutrient management and green manuring. This
enhancement was accompanied by a 22.3% increase in available phosphorus and a 15.8%
increase in available potassium, reflecting the synergistic effects of organic amendments,
biological nitrogen fixation, and enhanced nutrient cycling pathways. Importantly, these
nutrient gains were achieved without the high synthetic fertilizer inputs characteristic of
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conventional systems, suggesting that regenerative practices can maintain or improve soil
fertility while reducing external input dependence (Gruhn et al., 2000).

Agricultural Sustainability Outcomes

Building upon the individual soil health indicators described in Section 4.1, we assessed the
broader agricultural sustainability outcomes of regenerative agriculture practices using a suite
of five composite performance metrics. These indices—encompassing soil health, ecosystem
services, biodiversity conservation, crop yield, and carbon sequestration—provided a holistic
evaluation of how regenerative practices performed across multiple dimensions of
sustainability simultaneously. The results demonstrated consistent and substantial
improvements across all five dimensions, with the magnitude of enhancement ranging from
24.5% to 34.1% relative to conventional farming baselines. This multifunctional improvement
suggests that regenerative practices generate synergistic benefits rather than necessitating
trade-offs among different sustainability objectives.

The most pronounced improvements were observed in soil health and carbon sequestration,
which increased by 34.1% and 28.7%, respectively, compared to conventional management.
The 34.1% improvement in soil health, as quantified by the Soil Health Index integrating
physical, chemical, and biological indicators, underscores the foundational role of soil
restoration in the regenerative agriculture framework. This finding aligns with the mechanistic
understanding that regenerative practices simultaneously enhance multiple soil properties
through organic matter accumulation, reduced disturbance, and increased biological activity
(Rinot et al., 2019). The 28.7% enhancement in carbon sequestration, measured through
changes in soil organic carbon stocks over the study period, indicates that regenerative systems
function as net carbon sinks, contributing to climate change mitigation while simultaneously
improving soil quality (Lal, 2004).

Ecosystem services, captured by the Ecosystem Services Index aggregating regulating,
supporting, and provisioning functions, showed a 30.5% improvement under regenerative
management. This metric included contributions from carbon sequestration, water-use
efficiency, biodiversity conservation, and nutrient cycling, providing a comprehensive
assessment of the ecological benefits generated by regenerative systems. The strong
performance of the Ecosystem Services Index is consistent with the hypothesis that
regenerative practices enhance the capacity of agricultural landscapes to deliver multiple
ecosystem services simultaneously, rather than optimizing for single outcomes at the expense
of others (Zanten et al., 2014). The 31.2% improvement in biodiversity conservation, as
measured by the Biodiversity Conservation Index integrating plant species richness, Shannon-
Wiener diversity, and earthworm abundance, further confirms the ecological benefits of these
practices. This enhancement in biodiversity likely contributes to the resilience of regenerative
systems, as greater species diversity is associated with increased functional redundancy and
stability under environmental stress (Kremen et al., 2012).

Notably, the 24.5% increase in crop yield under regenerative management demonstrates that
soil health restoration and ecosystem service enhancement do not come at the cost of
agricultural productivity. This yield improvement, while more modest than the gains observed
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in other dimensions, is particularly significant given that it was achieved with reduced synthetic
inputs and improved resource-use efficiency. The yield enhancement is likely driven by the
synergistic effects of improved soil structure, enhanced nutrient availability, and increased
water retention, all of which create more favorable conditions for crop growth (Colombi et al.,
2025). The observation that regenerative practices simultaneously improved soil health by
34.1% and crop yield by 24.5% challenges the conventional assumption that environmental
sustainability and agricultural productivity are inherently in conflict, supporting the view that
regenerative agriculture can achieve win-win outcomes across multiple sustainability
dimensions.

Regression Analysis of Ecosystem Service Enhancement

Building upon the descriptive comparisons of composite indices presented in Section 4.2, a
multiple linear regression analysis was performed to identify the most significant predictors of
the Ecosystem Services Index (ESI). The regression model applied a stepwise selection
procedure, utilizing entry and exit criteria of p < 0.05 and p > 0.10, respectively, to isolate
the variables that contributed most substantially to the observed ecosystem service
improvements. The final model, which included four key predictors, demonstrated a strong
explanatory power, accounting for 78.6% of the total variance in the ESI (R? = 0.786, adjusted
R? = 0.778, F(4,355) = 326.4,p < 0.001).

Among the 15 candidate variables entered into the initial model, soil organic carbon (SOC)
emerged as the single most influential predictor, with a standardized coefficient (f) of 0.49
(p < 0.001). This finding indicates that for every one-standard-deviation increase in SOC, the
Ecosystem Services Index increases by nearly half a standard deviation, holding all other
variables constant. The dominant role of SOC in driving ecosystem service delivery is
consistent with its function as a master soil quality indicator that integrates physical, chemical,
and biological processes (Ogle & Paustian, 2005). Soils with higher SOC content typically
exhibit enhanced water retention, improved nutrient cycling, and greater resistance to erosion,
all of which directly contribute to the regulating and supporting services aggregated within the
ESI.

Microbial biomass carbon (MBC) was identified as the second most important predictor, with
a standardized B of 0.42 (p < 0.001). The strong predictive capacity of MBC underscores the
critical role of the soil microbial community in mediating ecosystem functions.
Microorganisms are directly responsible for the decomposition of organic matter, the
mineralization of nutrients such as nitrogen and phosphorus, and the formation of stable soil
aggregates that enhance water infiltration and carbon storage (Bhaduri et al., 2022). The near-
parity between the coefficients for SOC and MBC suggests that both the quantity of organic
matter and the biological activity associated with it are essential for maximizing ecosystem
service provision.

Following these two edaphic factors, the presence of cover cropping was identified as a
significant categorical predictor, with a standardized B of 0.36 (p < 0.001). This result
indicates that the implementation of cover crops, irrespective of the specific species or mixture
used, exerts a substantial independent effect on the ESI beyond its influence on SOC and MBC.
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Cover crops improve ecosystem services through multiple mechanisms, including the
reduction of soil erosion during fallow periods, the suppression of weed populations, the
provision of habitat for beneficial arthropods, and the capture and recycling of residual
nutrients that would otherwise be lost to leaching (Blanco-Canqui et al., 2015). The significant
positive coefficient for cover cropping suggests that these additional services are not fully
captured by the soil organic carbon and microbial biomass indicators alone.

Lastly, agroforestry integration was included as a significant predictor, with a standardized S
of 0.31 (p = 0.002). The independent contribution of agroforestry to the ESI reflects its
capacity to enhance ecosystem services beyond the soil-focused metrics. The integration of
woody perennials into agricultural systems provides additional mechanisms for carbon
sequestration in aboveground biomass, creates microclimatic buffering against temperature
extremes, supports greater aboveground biodiversity, and can improve water cycling through
enhanced hydraulic redistribution (Jose, 2009). The persistence of agroforestry as a significant
predictor after controlling for SOC and MBC indicates that its benefits extend into dimensions
not fully represented by soil properties alone.

Variables that were tested but did not meet the entry criteria for inclusion in the final model
included soil pH, bulk density, available phosphorus, earthworm abundance, and the type of
agroecological zone. The exclusion of these variables does not necessarily imply that they are
unimportant for ecosystem service provision, but rather that their effects are largely mediated
through the four predictors retained in the model. For instance, while earthworm abundance is
recognized as a vital indicator of soil biological health and macropore formation, its influence
on the ESI appears to be captured by the SOC and MBC variables that reflect the overall
biological activity of the soil system (Paoletti, 1999). Similarly, the exclusion of agroecological
zone as a significant predictor suggests that the benefits of regenerative practices for ecosystem
services are generalizable across the climatic and edaphic gradients represented in this study,
supporting the broad applicability of the findings.

The high adjusted R? of 0.778 indicates that the model captures the majority of the systematic
variation in the Ecosystem Services Index, leaving only a portion attributable to unmeasured
factors or stochastic variability. The normal probability plot of the standardized residuals
confirmed approximate normality, and the Durbin-Watson statistic of 1.96 indicated no
significant autocorrelation in the residuals. Furthermore, variance inflation factors (VIF) for all
retained predictors were below 2.5, confirming the absence of problematic multicollinearity
among the independent variables. Overall, this regression analysis provides a quantitative
framework for understanding the relative importance of different management and edaphic
factors in determining the ecosystem service outcomes of regenerative agriculture, with soil
organic carbon and microbial biomass emerging as the most critical leverage points for
improvement.

Correlation Analysis Between Soil Health and Ecosystem Services

Building on the regression findings that identified soil organic carbon and microbial biomass
carbon as key predictors of ecosystem service enhancement, a Pearson correlation analysis was
conducted to further elucidate the relationships between the Soil Health Index (SHI) and the
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Ecosystem Services Index (ESI), as well as between individual soil health indicators and
specific ecosystem service components. The correlation analysis was performed across all 360
experimental plots, pooling data from the three cropping seasons and all 20 research farms,
thus providing a comprehensive assessment of the underlying associations across diverse
management and environmental conditions.

A strong positive correlation was observed between the Soil Health Index and the Ecosystem
Services Index (r = 0.87, p < 0.001), indicating that improvements in overall soil health are
tightly linked with enhanced delivery of ecosystem services. This robust correlation validates
the hypothesis that soil health restoration serves as a foundational mechanism for achieving
broader ecological benefits within regenerative agricultural systems (Rinot et al., 2019). The
magnitude of this correlation (r = 0.87) suggests that the SHI captures substantial variance in
the ESI, implying that investments in soil health improvements, such as increasing organic
matter content and enhancing microbial activity, directly translate into measurable gains in
ecosystem service provision.

Examining the specific components of these composite indices reveals the mechanistic
pathways through which soil health influences ecosystem services. Soil organic carbon, as an
individual indicator, showed significant positive relationships with biodiversity conservation
(r =0.82, p < 0.001) and crop productivity (r = 0.79, p < 0.001). The strong correlation
between SOC and biodiversity conservation reflects the role of organic matter in creating and
maintaining habitat heterogeneity for soil organisms and promoting plant species coexistence.
Soils with higher SOC content typically support a greater abundance and diversity of
macrofauna, including earthworms and arthropods, which in turn contribute to nutrient cycling
and soil structure formation (Lavelle et al., 2004). Similarly, the positive relationship between
SOC and crop productivity aligns with the well-established understanding that organic matter
enhances nutrient availability, water-holding capacity, and overall soil fertility, thereby creating
more favorable conditions for crop growth (Allison, 1973).

The analysis further revealed that soil organic carbon demonstrated a significant negative
correlation with soil degradation indicators (r = —0.71, p < 0.001). Degradation indicators
in this study included bulk density (which increases with compaction), soil loss due to erosion,
and nutrient depletion indices. The inverse relationship between SOC and these degradation
metrics confirms that regenerative practices which build soil organic matter simultaneously
reduce the risk of soil structural deterioration, surface crusting, and loss of fertile topsoil. This
finding is critical for understanding the resilience benefits of regenerative agriculture, as soils
with higher organic carbon content are more resistant to the physical and chemical stresses that
lead to degradation under conventional farming (Lal, 2012).

The correlation structure between microbial biomass carbon and other variables mirrored that
of SOC, with MBC showing strong positive associations with biodiversity conservation (r =
0.80,p < 0.001) and crop productivity (r = 0.76, p < 0.001), and a negative correlation with
degradation indicators (r = —0.68, p < 0.001). This parallel pattern suggests that SOC and
MBC operate in tandem to influence ecosystem outcomes, consistent with their shared role in
driving nutrient cycling and soil biological processes (Bhaduri et al., 2022).
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In addition to these pairwise correlations, the analysis examined relationships between
management practice intensity and the composite indices. The adoption intensity of cover
cropping, computed as the proportion of the cropping season during which live cover was
maintained, was positively correlated with both the SHI (r = 0.75, p < 0.001) and the ESI
(r=0.72, p <0.001). Similarly, agroforestry integration showed significant positive
correlations with the SHI (r = 0.68, p < 0.001) and the ESI (r = 0.71, p < 0.001). These
findings reinforce the regression results, confirming that specific management practices with
established benefits for soil health and biodiversity are strongly associated with enhanced
ecosystem service provision (Fahad et al., 2022).

The correlations between nutrient availability indicators and biodiversity conservation were
also noteworthy. Available nitrogen showed a moderate positive correlation with plant species
richness (r = 0.56, p < 0.001) and earthworm abundance (r = 0.52, p < 0.001), but a
weaker correlation with the overall SHI (r = 0.45, p < 0.001). This pattern suggests that
while nutrient availability contributes to biological productivity, its influence on soil health is
secondary to the effects of organic carbon and microbial biomass (Brussaard et al., 2007).
Available phosphorus and potassium showed similar but slightly weaker correlation patterns,
with their strongest associations observed for crop productivity (r = 0.48 and r = 0.44,
respectively, both p < 0.001).

The complete correlation matrix, as illustrated in the corresponding correlation heatmap
(Figure S1), provides a comprehensive visualization of these relationships and confirms the
absence of problematic collinearity among the predictor variables used in the regression
analysis. Notably, the SHI and ESI exhibited the highest cross-correlation among all index
pairs, while the individual indicators within each index showed moderate to high inter-
correlations as expected. The correlation analysis thus provides convergent evidence that soil
health, particularly as captured by SOC and MBC, is the primary driver of ecosystem service
enhancement in regenerative agricultural systems, and that management practices targeting
these indicators yield synergistic benefits across multiple sustainability dimensions.

Principal Component Analysis

To further elucidate the underlying structure of the multifaceted dataset and to identify latent
dimensions that summarize the key patterns of variation across the 15 measured variables,
Principal Component Analysis (PCA) was performed using the correlation matrix with varimax
rotation. The Kaiser criterion (eigenvalues > 1.0) was employed to determine the number of
components to retain, resulting in three principal components that collectively explained 85.3%
of the total variance in the dataset. This high cumulative explained variance indicates that the
three extracted components effectively captured the majority of the systematic variation across
treatments and agroecological zones, thereby reducing the dimensionality of the data while
preserving essential information for interpretation.

The first principal component (PC1) accounted for 41.4% of the total variance and was
characterized by high positive loadings from variables associated with soil organic carbon
(SOC), soil organic matter (SOM), microbial biomass carbon (MBC), earthworm abundance,
and carbon sequestration rate. Variables reflecting soil degradation, such as bulk density and
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soil pH deviation from the optimal range, displayed strong negative loadings on this
component. This pattern of loadings clearly identifies PC1 as representing a dimension of soil
restoration and carbon sequestration. The dominance of SOC and MBC loadings on PCl
aligns with the findings from the multiple linear regression analysis (Section 4.3), which
identified these two variables as the strongest predictors of ecosystem service enhancement.
This component captures the fundamental process of building soil organic matter and
enhancing biological activity, which serve as the mechanistic foundation for the benefits
observed under regenerative management. The negative loading of bulk density on PC1 reflects
the well-established inverse relationship between organic matter content and soil compaction,
confirming that soil restoration involves simultaneous improvements in both chemical and
physical soil properties (Fageria, 2012).

The second principal component (PC2) explained 28.1% of the total variance and was defined
by high positive loadings from the Shannon-Wiener biodiversity index, plant species richness,
the overall Ecosystem Services Index, and water-use efficiency. Variables related to nutrient
availability, such as available nitrogen and available phosphorus, also exhibited moderate
positive loadings on this component. In contrast, indicators of monoculture intensity and
synthetic input use showed negative loadings. This loading pattern characterizes PC2 as
representing biodiversity enhancement and ecosystem services provision. The co-loading
of biodiversity metrics with the Ecosystem Services Index on the same component provides
strong empirical support for the hypothesis that biodiversity conservation and ecosystem
service delivery are intrinsically linked within regenerative agricultural systems (Kremen et al.,
2012). The inclusion of water-use efficiency on this component further underscores the role of
biological diversity in regulating hydrological processes, as diverse plant communities with
varied root architectures can more effectively capture and retain soil moisture. The moderate
loadings of nutrient availability variables suggest that enhanced biodiversity, through
mechanisms such as biological nitrogen fixation and improved litter decomposition,
contributes to nutrient cycling and availability, thereby supporting both plant growth and
ecosystem productivity.

The third principal component (PC3) accounted for 15.8% of the total variance and was
characterized by high positive loadings from crop yield, crop biomass production, and the Crop
Productivity Index. Variables related to resource-use efficiency, including the nitrogen-use
efficiency index and the phosphorus-use efficiency index, also showed strong positive loadings
on this component. This component is thus interpreted as representing crop productivity and
resource-use efficiency. The separation of yield-related variables into a distinct component,
rather than co-loading with soil health or biodiversity variables, indicates that crop productivity
is influenced by factors that are partially independent of those driving soil restoration and
biodiversity enhancement. This finding suggests that while regenerative practices generally
improve yield relative to conventional systems (as shown in Section 4.1 and Section 4.2), the
specific mechanisms governing yield responses may involve additional factors such as crop
genetics, management timing, and local climatic conditions that are not fully captured by the
soil and biodiversity indicators. The co-loading of resource-use efficiency variables on PC3
highlights the importance of optimizing nutrient and water management to maximize
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productivity, and suggests that the yield benefits of regenerative practices are mediated in part
through improved efficiency in the use of applied inputs (Colombi et al., 2025).

The varimax rotation applied to the component loadings ensured that each variable loaded
predominantly on a single component, thereby enhancing the interpretability of the extracted
dimensions. The rotated component matrix showed that 12 of the 15 variables had loadings
exceeding 0.70 on their primary component, with cross-loadings on other components
generally below 0.30. This clean separation of variables into distinct components confirms the
validity of interpreting PC1, PC2, and PC3 as representing conceptually distinct dimensions of
system performance. The component scores calculated for each experimental plot allowed for
the visualization of treatment differences along these dimensions, revealing that regenerative
plots consistently scored higher on PC1 (soil restoration) and PC2 (biodiversity and ecosystem
services) compared to conventional controls, while showing moderate improvements on PC3
(productivity and resource-use efficiency). The three-component structure, explaining over
85% of the variance, provides a parsimonious yet comprehensive framework for summarizing
the multifunctional benefits of regenerative agriculture and for identifying the key dimensions
along which these systems excel.

Comparative Findings: Regenerative vs. Conventional Farming

A definitive comparison between regenerative agriculture practices and conventional farming
systems was conducted across all measured indicators and composite indices, providing a
quantitative assessment of the relative performance of these two management paradigms. The
direct comparison was performed for each of the seven composite performance metrics—Soil
Health Index, Regenerative Agriculture Index, Ecosystem Services Index, Carbon
Sequestration Index, Biodiversity Conservation Index, Crop Productivity Index, and
Agricultural Sustainability Index—as well as for the individual soil health and ecosystem
service indicators. All comparisons were based on the pooled data from the 360 experimental
plots over the three cropping seasons, with results expressed as percentage differences relative
to the conventional farming baseline within each agroecological zone.

Compared with conventional farming systems, regenerative agriculture practices demonstrated
a 34.1% higher soil health, as quantified by the Soil Health Index. This improvement was
consistent across all ten regenerative practices, though the magnitude varied, with organic
compost application, biochar incorporation, and agroforestry integration showing the most
pronounced effects. The 34.1% enhancement in soil health reflects the synergistic combination
of increased soil organic carbon, improved microbial biomass activity, reduced bulk density,
and enhanced nutrient availability that collectively characterize regenerative systems. This
finding is particularly significant given that soil health is widely recognized as the foundation
for long-term agricultural productivity and ecosystem resilience, and it aligns with previous
meta-analyses reporting similar magnitudes of improvement under regenerative management
(Khangura et al., 2023).

Biodiversity conservation, as measured by the Biodiversity Conservation Index integrating
plant species richness, Shannon-Wiener diversity, and earthworm abundance, was 31.2%
greater under regenerative practices compared to conventional systems. This substantial
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improvement was driven by the higher habitat heterogeneity and reduced chemical disturbance
characteristic of regenerative management. Cover cropping and agroforestry were particularly
effective in enhancing aboveground and belowground biodiversity, providing continuous living
cover and diverse structural niches for a wide range of organisms. The 31.2% enhancement in
biodiversity conservation underscores the capacity of regenerative agriculture to reverse the
biodiversity losses commonly associated with intensive conventional farming, supporting the
ecological restoration goals of this management approach (Rosier et al., 2025).

Ecosystem services, aggregated through the Ecosystem Services Index, were improved by
30.5% under regenerative management relative to conventional controls. This metric
encompassed contributions from carbon sequestration, water-use efficiency, nutrient cycling,
and habitat provision, providing a holistic assessment of the ecological benefits generated by
regenerative systems. The 30.5% improvement confirms that regenerative practices enhance
the capacity of agricultural landscapes to deliver multiple ecosystem services simultaneously,
rather than optimizing for single outcomes such as crop yield at the expense of environmental
quality. Notably, the improvement in ecosystem services was closely coupled with the
improvement in soil health (r = 0.87, p < 0.001, as detailed in Section 4.4), reinforcing the
mechanistic link between soil restoration and broader ecological benefits.

Carbon sequestration, measured as the change in soil organic carbon stocks over the study
period and expressed through the Carbon Sequestration Index, was 28.7% greater under
regenerative practices compared to conventional farming. This enhancement reflects the
cumulative effect of practices that increase carbon inputs (e.g., cover cropping, organic
amendments, agroforestry biomass) while reducing carbon losses (e.g., conservation tillage,
crop residue retention). The 28.7% increase in carbon sequestration is consistent with the global
estimates that regenerative agriculture can sequester significant amounts of atmospheric carbon
dioxide, thereby contributing to climate change mitigation (Lal, 2004). The carbon
sequestration benefit was observed across all agroecological zones, though the magnitude was
highest in temperate and Mediterranean zones where cooler temperatures and higher moisture
availability favor organic matter accumulation.

Crop productivity, as measured by the Crop Productivity Index, was 24.5% higher under
regenerative management compared to conventional systems. This yield advantage was
achieved despite reduced synthetic fertilizer and pesticide inputs, reflecting the improvements
in soil fertility, water retention, and nutrient cycling that characterize regenerative systems. The
24.5% yield enhancement demonstrates that soil health restoration and ecosystem service
improvement do not come at the cost of agricultural productivity, challenging the conventional
trade-off narrative between environmental sustainability and crop production. The yield
improvements were most pronounced for crops grown in rotation with legumes and in
agroforestry systems, where nitrogen fixation and microclimatic buffering contributed to
enhanced growth conditions (Pandian et al., 2026).

The overall Agricultural Sustainability Index, computed as the geometric mean of the Soil
Health Index, Ecosystem Services Index, and Crop Productivity Index, was 29.8% higher under
regenerative practices compared to conventional farming. This composite metric provides a
balanced assessment of the three core dimensions of agricultural sustainability—environmental
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health, ecological function, and production capacity—and confirms that regenerative
agriculture achieves superior performance across all three dimensions simultaneously. The
29.8% improvement in the Agricultural Sustainability Index underscores the integrated nature
of the benefits generated by regenerative practices and supports the conclusion that these
systems represent a viable pathway toward more sustainable agricultural futures.

In addition to these composite index comparisons, the regenerative versus conventional
comparison was also statistically evaluated using two-way ANOVA with treatment
(regenerative vs. conventional) and agroecological zone as factors. The main effect of
treatment was highly significant for all measured variables (p < 0.001), while the treatment-
by-zone interaction was non-significant for most indicators (p > 0.05), indicating that the
benefits of regenerative practices were consistent across the diverse agroecological zones
represented in this study. This consistency supports the generalizability of the findings and
suggests that regenerative agriculture can be effectively applied across a wide range of climatic
and edaphic conditions.

The comparative results are summarized in Table 6, which presents the mean performance of
regenerative and conventional systems for each composite index, along with the percentage
improvement and statistical significance. The table provides a comprehensive overview of the
multifaceted benefits of regenerative agriculture, highlighting the substantial and significant
improvements across all dimensions of agricultural sustainability.

Table 6. Performance comparison between regenerative agriculture practices and conventional
farming systems across composite sustainability indices.

Composite Index Regenerative Conventional Improvement p-value
(mean + SE) (mean + SE) (%)

Soil Health Index 0.78 +0.02 0.58 £0.02 34.1% <0.001

Biodiversity 0.76 £ 0.02 0.58 £ 0.02 31.2% <0.001

Conservation

Index

Ecosystem 0.80 +0.02 0.61+0.02 30.5% <0.001

Services Index

Carbon 0.74 £ 0.02 0.57 £ 0.02 28.7% <0.001

Sequestration

Index

Crop Productivity 0.82 £ 0.02 0.66 + 0.02 24.5% <0.001

Index

Agricultural 0.79 £ 0.02 0.61 +0.02 29.8% <0.001

Sustainability

Index

Note: Values represent mean + standard error across all 360 experimental plots and three
cropping seasons. All indices were normalized to a 0—1 scale. Percentage improvement is
calculated relative to the conventional baseline. All comparisons are statistically significant at
p <0.001 based on independent t-tests.
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Discussion

The findings of this study carry substantial theoretical and practical implications for the field
of sustainable agriculture. Theoretically, the strong predictive power of soil organic carbon and
microbial biomass carbon in determining ecosystem service outcomes, as revealed by our
regression model explaining 78.6% of the variance, validates and extends the conceptual
framework of soil health as a foundational driver of multifunctional agricultural landscapes
(Tahat et al., 2020). The near-parity between the standardized coefficients for SOC ( = 0.49)
and MBC (B = 0.42) suggests that both the quantity of organic matter and the biological activity
mediating its transformation are essential for maximizing ecosystem service provision, a
finding that challenges oversimplified models that treat these variables as interchangeable.
Furthermore, the Principal Component Analysis revealing three distinct dimensions—soil
restoration, biodiversity enhancement, and crop productivity—provides a parsimonious
framework for understanding the multidimensional nature of regenerative system performance,
suggesting that these systems do not produce uniform improvements across all outcomes but
rather generate synergistic benefits that cluster along specific functional axes.

Practically, these results offer actionable guidance for farmers, policymakers, and agricultural
extension services. The identification of cover cropping and agroforestry integration as
significant independent predictors of ecosystem services, even after controlling for soil organic
carbon and microbial biomass, indicates that these management practices generate benefits
beyond their contributions to soil organic matter accumulation. For practitioners, this implies
that diversifying farm management strategies beyond a singular focus on carbon inputs can
yield additional ecological dividends, such as habitat provision, microclimatic buffering, and
pollinator support (Kremen et al., 2012). Policymakers designing incentive programs for
carbon sequestration or biodiversity conservation should therefore consider supporting a
portfolio of complementary practices rather than prioritizing single interventions, as the
combination of conservation tillage, cover cropping, organic amendments, and agroforestry
demonstrated the most consistent and substantial improvements across all sustainability
indices. The consistency of benefits across diverse agroecological zones, as evidenced by the
non-significant treatment-by-zone interaction in our two-way ANOVA, further supports the
generalizability of these recommendations, suggesting that regenerative principles can be
effectively adapted to local conditions without losing their core effectiveness.

However, several methodological limitations must be acknowledged when interpreting these
findings. First, although the study employed a robust randomized complete block design across
20 research farms and three cropping seasons, the duration of observation may be insufficient
to fully capture the long-term dynamics of soil carbon sequestration and ecosystem service
provision. Soil organic carbon responses to management changes often exhibit a lag phase of
several years before reaching a new equilibrium (Lal & Follett, 2009), and it is plausible that
the relative improvements reported here, particularly the 24.5% increase in crop yield, may
change over longer timescales as nutrient cycling processes stabilize. Second, the exclusion of
certain variables from the final regression model, such as soil pH and bulk density, does not
preclude their importance in specific contexts, as their effects may have been mediated through
the retained predictors in our dataset. This represents a limitation of the stepwise regression
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approach, which tends to select variables based on statistical criteria rather than theoretical
relevance, potentially overlooking context-dependent effects that could be significant under
different management or environmental conditions. Third, the study was conducted on
experimental research stations rather than on-farm settings, which may introduce a bias toward
higher management intensity and more uniform implementation than would be achievable
under typical farmer-managed conditions. The external validity of these findings to smallholder
systems with limited access to resources, or to large-scale mechanized operations with different
economic constraints, remains to be rigorously tested.

Future research should therefore address several understudied areas that logically extend from
the gaps and inconsistencies uncovered in this work. There is a pressing need for long-term,
longitudinal studies spanning at least a decade to capture the equilibrium dynamics of soil
carbon, the evolution of biodiversity responses, and the economic viability of regenerative
systems over full crop rotation cycles. Such studies should incorporate a broader range of
outcome measures, including farm profitability, labor requirements, and nutritional quality of
produce, to provide a balanced assessment of the trade-offs and synergies that may emerge over
extended timescales. Furthermore, future research should explore the mechanistic pathways
through which agroforestry and cover cropping generate ecosystem service benefits beyond
their contributions to soil organic matter and microbial biomass, possibly through manipulative
experiments that isolate the effects of microclimate modification, root architecture diversity,
and trophic interactions on water cycling and pest suppression. Our finding that SOC and MBC
explained a substantial portion but not all of the variance in ecosystem services suggests that
additional mediating variables, such as mycorrhizal fungal networks or soil faunal community
composition, warrant explicit investigation in future studies. Finally, research should extend
these investigations to farmer-managed landscapes, comparing the effectiveness of
regenerative practices under realistic management constraints, varying levels of adoption
intensity, and different socioeconomic contexts, to enhance the translational relevance of the
evidence base for agricultural policy and extension programs.

Conclusion

This study provides robust empirical evidence that regenerative agriculture practices
substantially restore soil health and enhance ecosystem services while simultaneously
improving agricultural productivity across diverse agroecological zones. We demonstrated that
the implementation of conservation tillage, cover cropping, agroforestry, organic amendments,
crop residue retention, and integrated nutrient management resulted in a 34.1% increase in soil
organic carbon, a 29.7% improvement in soil microbial biomass, a 31.2% enhancement in
biodiversity conservation, and a 24.5% increase in crop yield compared to conventional
farming systems. Our regression analysis identified soil organic carbon and microbial biomass
carbon as the dominant predictors of ecosystem service enhancement, explaining 78.6% of the
variance, while the strong correlation between the Soil Health Index and the Ecosystem
Services Index (r = 0.87) confirmed the synergistic nature of these benefits. These findings
confirm the hypothesis that regenerative agriculture can achieve win-win outcomes across
multiple sustainability dimensions, challenging the conventional assumption that
environmental restoration and agricultural productivity are inherently in conflict.
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Future research should prioritize long-term, longitudinal studies spanning at least a decade to
capture the equilibrium dynamics of soil carbon sequestration and the evolution of
biodiversity responses over complete crop rotation cycles. Mechanistic investigations
isolating the contributions of mycorrhizal networks, microclimate modification, and trophic
interactions to ecosystem service provision beyond soil organic matter accumulation are
warranted, as our models indicated that additional mediating variables remain unaccounted
for. Furthermore, extending these investigations to farmer-managed landscapes under varying
socioeconomic constraints is essential for validating the translational relevance of these
findings for agricultural policy and extension programs, thereby ensuring that the
demonstrated potential of regenerative agriculture translates into widespread adoption and
tangible environmental benefits
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