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Soil organic carbon content in paddy soils of the central highlands of Madagascar is
regulated by soil geochemistry

Understanding the mechanisms of soil organic carbon (SOC) stabilization is crucial for
climate change mitigation. While acid-oxalate-extractable aluminum (active Al) and iron
(active Fe) drive SOC stabilization in tropical upland soils, their roles in paddy soils remain
poorly understood due to the complex redox dynamics from seasonal flooding and
drainage. Furthermore, empirical data on SOC stabilization in sub-Saharan African paddy
soils are notably scarce. To address this, this study utilized structural equation modeling
to analyze 306 paddy fields across the central highlands of Madagascar. Encompassing
diverse parent materials, from volcanic to non-volcanic soils, this first-of-its-kind large-
scale comparative research aimed to elucidate the geochemical factors regulating SOC
stability in tropical paddy soils.

The analysis revealed that SOC content (0.3% to 13.4%) correlated much more
strongly with total active Al and Fe contents than with total clay and silt contents (Fig. 1).
Structural equation modeling demonstrated that in Al-dominant soils (primarily volcanic),
only active Al contributed to SOC stabilization, whereas in Fe-dominant soils (primarily
non-volcanic), both active Al and active Fe played significant roles (Fig. 2). This finding
provides the first empirical evidence that the relative balance of active Al and Fe primarily
determines SOC stabilization in tropical paddy soils. Additionally, a consistent negative
correlation was found between SOC content and soil pH across all soil types, indicating
that elevated pH decreases SOC storage in these environments.

These findings highlight the importance of geochemical factors—such as volcanic
influence, soil pH, and the ratios of active Al and Fe—in improving the prediction accuracy
of carbon sequestration potential in similar tropical paddy ecosystems. Crucially, because
raising soil pH through artificial amendments may inadvertently reduce SOC, these results
emphasize the need to integrate organic matter inputs when neutralizing acidic tropical
soils to balance pH correction with effective SOC storage. While these insights apply to
regions sharing similar conditions with the central highlands of Madagascar, further
verification is essential before applying them to paddy environments with extended
flooding periods, such as triple-cropping systems or floodplains where soil properties are
frequently altered by sediment deposition.
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Fig. 1. Relationships between soil organic carbon (SOC) content and (A) clay + silt
content, and (B) active Al + active Fe content

The '/ in the figures indicates the correlation coefficient. The unit of soil organic carbon content
(cmol kg™) can be converted to % by multiplying it by 12.01/1,000.
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Fig. 2. Structural equation models for variations in soil organic carbon (SOC)
content in Al-dominant soils (top) and Fe-dominant soils (bottom)

Red/green arrows indicate negative/positive effects. Numbers on arrows are standardized path
coefficients (*** p < 0.001, ** p < 0.01, * p < 0.05, n.s.: not significant). Solid/dashed arrows represent
significant/non-significant effects, with thickness reflecting correlation strength. A2 indicates the
explained variance of SOC. Model fit indices: p, Chi?, GFI, CFl, and RMSEA. MAT: Mean Annual
Temperature

Reference: Nishigaki et al. (2025) £nvironmental Research 284:122277. © 2025 Elsevier Inc.
The figures are reprinted/modified from Nishigaki et al. (2025) with permission.
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