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ARTICLE INFO ABSTRACT

Handling Editor: Dr Cornelia Rumpel Soil organic carbon (SOC) storage and persistence are strongly controlled by reactive metal phases, particularly
organically complexed aluminum (Al) and iron (Fe) and short-range-order (SRO) minerals. However, their global
relevance and the specific metal phases involved remain uncertain due to substantial variability in parent ma-
terial, soil age, and rock-climate-SOC interactions. Andisols, derived from volcaniclastic materials and enriched
in SOC and reactive metals, provide an ideal system to assess metal-SOC associations across broad pedogenic
gradients. We compiled a global Andisol database of over 2850 soil samples across 34 countries, covering wide
ranges of mean annual temperature (—2 °C to 30 °C), precipitation (60-6000 mm y’l), and soil pH in water
(3.1-9.3). Most samples clustered within pH 4.5-6.5, corresponding to an Al-buffered domain where soil pH is
predominantly regulated by Al hydrolysis reactions and equilibria among reactive Al pools. Generalized additive
mixed model analyses identified organically complexed Al (pyrophosphate-extractable Al, Al,) as the strongest
global predictor of SOC (relative importance = 40%) after accounting for soil depth. SRO Al minerals (acid
oxalate-extractable Al minus Al,) showed moderate importance (relative importance = 10%), whereas reactive
Fe and clay content had minor effects. Exchangeable calcium contributed significantly only at pH > ~6.3,
consistent with a transition toward base-cation buffering. The persistence of strong SOC-Al, relationships within
the Al-buffered domain, together with consistent pH-dependent shifts in reactive Al and Fe pools, suggests that
complexation with pedogenic Al released through weathering may exert a first-order control on mineral-
protected SOC beyond Andisols and provides a mechanistic basis for incorporation into global-scale models.
Identifying dominant stabilization mechanisms remains critical for determining whether SOC persistence is
primarily regulated by carbon inputs, metal supply, or their combined effects. Given its integration of organically
complexed and SRO Al phases and its broad data availability, acid oxalate-extractable Al emerges as the most
practical proxy for mineral-protected SOC at the global scale.
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1. Introduction organic matter decomposition, physico-chemical protection provided by

soil minerals becomes more relevant for time scales of decades to

Identifying the factors that influence soil organic carbon (SOC)
storage is crucial to better understand the stability and response of SOC
to changing climate. The stability of SOC is largely dependent on the
molecular composition of organic matter and its interactions with soil
minerals (Baldock and Skjemstad, 2000; Sollins et al., 1996). While
chemical recalcitrance often plays a dominant role in the initial stage of

* Corresponding authors.

millennia (Basile-Doelsch et al., 2020; Heckman et al., 2021; Lavallee
et al., 2020; Schmidt et al., 2011). The content of clay or clay + silt has
long been considered as a primary determinant of SOC stability and
storage (Georgiou et al., 2025; Hassink, 1997; Matus, 2025; Oades,
1988; Parton et al., 1987; Six et al., 2002; Wiesmeier et al., 2019).
However, studies across a range of soil types suggest that geochemical
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properties, particularly reactive aluminum (Al) and iron (Fe) contents,
may be a better predictor of SOC variations than clay or clay + silt
contents (Matus et al., 2006; Percival et al., 2000), and that the relative
importance of the predictors may vary with soil pH, climate, and biome
(von Fromm et al., 2024, 2021; Rasmussen et al., 2018).

Reactive metals, including pedogenic Al and Fe (oxyhydr)oxides,
short-range-order (SRO) minerals, organically complexed metals, and
exchangeable metals, are commonly estimated using chemical extrac-
tion approaches. Sodium dithionite with citrate mainly targets reactive
Fe mineral phases and their substituted Al mineral phases (Feq. and
Alge). Acid ammonium oxalate mainly extracts both SRO Al and Fe
minerals and organically complexed metals (Al,x and Feqy). Sodium
pyrophosphate is used to extract organically complexed metals (Al, and
Fep) (Parfitt and Childs, 1988). SRO minerals are thus often approxi-
mated by the difference between oxalate- and pyrophosphate-
extractable metals (i.e., Alox — Alp) (Parfitt and Childs, 1988). Among
these metal phases, oxalate-extractable Al and Fe frequently emerge as
the strongest predictor of SOC in a wide range of soils (Rasmussen et al.,
2018), highlighting the potential importance of SRO minerals and
organically complexed metals in SOC stabilization. However, the con-
tributions of the specific reactive metal phases to SOC storage at the
global scale remain poorly understood due to (i) substantial variation in
parent material mineralogy, soil age, as well as climate-rock-SOC in-
teractions, and (ii) the limited availability of datasets that include
pyrophosphate-extractable metals (von Fromm et al., 2021; Hall and
Thompson, 2022; Rasmussen et al., 2018).

Improved understanding of the role of specific metal phases in SOC
storage can be achieved by constraining the state factors that govern soil
formation (Jenny, 1941). Among the five state factors, climate, parent
material, and time are typically the most influential at regional to global
scales (von Fromm et al., 2021; Rasmussen et al., 2018; Torn et al.,
1997). Andisols, which develop from a relatively constrained class of
glass-rich volcaniclastic materials and represent early stages of pedo-
genesis (commonly Holocene in age, often <15,000 yrs) (Shoji et al.,
1993), provide a unique opportunity to isolate these influences. Among
volcaniclastic parent materials, Andisols most commonly develop from
pyroclastic deposits (tephra), which are typically felsic to intermediate
in composition in continental arc settings where magma differentiation
and crustal assimilation promote explosive volcanism (e.g., the circum-
Pacific “Ring of Fire”). These deposits dominate Andisol parent mate-
rials globally because their fine grain size, high volcanic glass content,
and regionally extensive ash blankets promote rapid and laterally uni-
form development of andic soil properties (Delmelle et al., 2015; Shoji
et al.,, 1993). To a lesser extent, Andisols can also develop from non-
pyroclastic, mafic parent materials such as basaltic lava and hyaloclas-
tite, particularly in oceanic and plume-related settings such as Hawaii
and Iceland (Arnalds, 2004; Sato et al., 1973). Across these settings,
Andisol parent materials are generally characterized by high contents of
volcanic glass (metastable phases) and fine-grained fragmentation,
resulting in high reactive surface area, rapid weathering, and acceler-
ated formation of metal-rich soil constituents. The relatively narrow
temporal window over which many Andisols develop further constrains
parent material influence by reducing the likelihood of polygenetic
processes such as repeated erosion and redeposition. By focusing on
Andisols globally, we can more effectively examine how secondary
metal phases formed through weathering control SOC storage, as soil
geochemical variations primarily reflect the influence of climate on the
weathering of a relatively uniform parent material.

Variations in Andisol have been categorized based on dominant
metal phase (allophanic/silandic vs. non-allophanic/aluandic) and
development time (vitric vs. andic) based on taxonomic criteria of andic
soils (Shoji et al., 1993; Soil Survey Staff, 2014; IUSS Working Group
WRB, 2015). Development of allophanic and non-allophanic Andisols is
typically explained as follows (Shoji et al., 1993). When organic matter
supply is limited (e.g., relatively recent volcaniclastic material with
limited vegetation), Al cations and silicic acid released from
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volcaniclastic materials (esp. from volcanic glass) polymerize to form
SRO aluminosilicates such as allophane and imogolite (Parfitt, 2009;
Watanabe et al., 2023). On the other hand, under conditions of low pH,
sufficient organic matter and water flux (typically in cooler, wetter cli-
mates), released Al ions preferentially react with organic acids to form
organo-metal complexes, thereby suppressing SRO mineral formation
(Takahashi & Dahlgren, 2016). Regionally, aeolian dust inputs
contribute to the formation of non-allophanic Andisol due to accelerated
acidification as dust-derived 2:1 phyllosilicate clays with permanent
negative charges retain exchangeable protons and Al under low pH,
humid conditions (Eguchi et al., 2012; Inoue and Naruse, 2009; Shoji,
1985). More recently, the formation of non-allophanic surface horizon
over allophanic horizon through dissolution of SRO aluminosilicates
under acidic condition (pH < 5) with abundant organic matter has been
suggested (Alam et al., 2025; Zieger et al., 2026). From a pedogenic time
perspective, fresh volcaniclastic materials (Entisol) progress to glass-rich
“vitric” Andisols and later to allophane-rich “andic” Andisols abundant
in SRO minerals and/or organo-Al complexes and, ultimately, to more
strongly weathered soils including Spodosols, Alfisols, Mollisols, Ulti-
sols, and Oxisols depending on climate, time, and parent material
composition (Ugolini and Dahlgren, 2002). Chronosequence studies in
volcanic regions such as Hawaii and the west coast of North America,
Sierra Nevada (Mexico), and Sicily (Italy) provide strong evidence for
these mineralogical transitions and associated changes in mineral pro-
tection of SOC (Egli et al., 2008; Lilienfein et al., 2003; Mikutta et al.,
2009; Pena-Ramirez et al., 2009; Torn et al., 1997).

We compiled a global Andisol database to expand an existing dataset
(Shoji et al., 1996) by incorporating samples from a broader range of
geographic and pedogenic environments (Fig. 1), with the goal of
identifying the key factors driving variation in SOC content across a
wide range of pedogenic (largely climate-driven) conditions. As parent
material and time are relatively constrained, our working hypothesis in
this study was that climate, and the associated variation in soil pH, ex-
erts a dominant control on metal phases and their relationships with
SOC. Specifically, we tested the following hypotheses.

(HI) Secondary Al phases—particularly organically complexed
Al—better predict SOC variations than secondary Fe phases because Al
exhibits stronger polarizing power and a higher ability to form stable
inner-sphere complexes with organic ligands, resulting in persistent
organo-Al associations (Boudot et al., 1989; Scheel et al., 2007; Sparks,
2003; Wada and Higashi, 1976). This hypothesis was tested by
comparing the relative importance of Al- versus Fe-related extractable
metal contents across the full global dataset.

(H2) SOC-metal relationships shift with pedogenesis from vitric to
andic stages. By classifying the dataset into four groups based on com-
binations of soil development stage (vitric versus andic) and dominant
reactive Al phases (allophanic versus non-allophanic), we examined
whether important predictors of SOC content changed over Andisol
development.

(H3) Climatic factors and soil pH systematically modulate
SOC-metal relationships. Pedogenesis is fundamentally driven by the
consumption of acidity during chemical weathering of parent materials,
with acidification progressing from base-cation buffering towards Al-
dominated buffering systems, where the soil components controlling
pH shift in a systematic and predictable manner (Chadwick and Cho-
rover, 2001). We tested this hypothesis by stratifying the dataset into
sub-datasets spanning major climatic zones and soil pH classes, allowing
examination of whether important predictors of SOC content vary sys-
tematically along climatic and acid-base gradients.

Non-linear statistical models were used to test above hypotheses
while accounting for the depth in soil profile for each Andisol samples.
This approach allowed us to overcome key limitations identified in
previous studies of SOC-soil property relationships in Andisols (Lyu
et al., 2021; Matus et al., 2008, 2006; Percival et al., 2000; Takahashi
et al., 2012), including restricted geographical coverage, the exclusion
of climate and soil depth as explanatory variables, and the failure to
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Fig. 1. Map showing the distribution of the pedons in the global Andisol dataset, with the soil property being assigned to each horizon. Volcanoes are also
mapped with the white triangles (data from Sigl et al. 2015, where submarine volcanoes were excluded). Map lines delineate study areas and do not necessarily
depict accepted national boundaries. NA = not assigned. The map was recreated using data from Kida et al. (2025).

account for non-linear relationships between geochemical and climatic
factors with SOC. Substantial work has been done on Andisol genesis
and properties (Dahlgren et al., 2004; Shoji et al., 1993) including the
role of reactive metal phases on SOC storage and stabilization (Matus
et al., 2014; Takahashi and Dahlgren, 2016; Wada, 1985).

We examined how pedogenic factors (esp. climate-driven pH varia-
tion) and processes regulate reactive Al and Fe phases and their asso-
ciations with SOC using the expanded Andisol dataset including over
2850 soil samples collected across more than 30 countries, spanning a
broad range of climate and soil pH conditions, and explored their
mechanistic linkage to broader soil chemical and pedogenic processes.
Throughout this study, reactive Al phases are defined in a pedoge-
nic-geochemical sense to include both mineral forms, such as SRO Al
minerals quantified as Alox — Alp, and non-crystalline phases such as
organo-Al complexes quantified as Al,, which coexist with dissolved and
exchangeable Al pools.

2. Materials and methods

We created an extended Andisol database by expanding from the
Tohoku University World Andosol Database (TUWAD) (Shoji et al.,
1996) using the approach shown below. The updated SOC storage es-
timates of global Andisols using this database was reported elsewhere
(Kida et al., 2025).

2.1. Literature search

Nearly half the data analyzed (260 pedons, 1453 horizons) were
obtained from TUWAD (Shoji et al., 1996). All data in the TUWAD were
manually checked by referring to the original publications, and any
typographical errors, missing data in calculations, or incorrect place-
ments of zeros where they should have been blanks, were corrected.
Additional data were collected through a literature search in English on
Web of Science, with the following search terms: “Andosol organic
matter”, “Andisol organic matter”, “Andosol organic carbon”, “Andisol
organic carbon”, “volcanic ash soil organic matter”, and “volcanic ash
soil organic carbon”. Each literature search yielded a few hundred pa-
pers, which were screened based on their title, abstract, and full text.
Our literature search was conducted for papers published from 1994
onwards (i.e. post-compilation of TUWAD) and was completed in
November 2021. We excluded O and R horizons from TUWAD and the
newly compiled dataset if they were reported, as we focused on mineral
soil horizons. In total, we gathered 2854 horizons from 574 pedons
across 34 countries including the data from TUWAD (Fig. 1).

Subsequently, SOC data estimated by the Walkley-Black wet oxidation
method (n = 1193) were converted to combustion-C equivalent by
multiplying a generally accepted correction factor of 1.3 (Walkley and
Black, 1934). When some correction factors were already applied in the
literature, we back-transformed reported values to original values and
then multiplied them by a factor of 1.3. While a universal correction
factor to estimate SOC content for all soils does not exist (Lettens et al.,
2007), this correction is necessary to minimize biases associated with
wet oxidation method among various studies. Samples with SOC content
of >25% (by weight) were excluded, as such soil is classified as organic
(Soil Survey Staff, 2014) and out of the scope of this study. Data on soil
texture were removed if the dispersion treatment of clay particles was
deemed incomplete due to the use of sodium hexametaphosphate (or
calgon) as a dispersant which is not recommended for Andisols (Nanzyo
etal., 1993; Ping et al., 1988). The maximum clay dispersion in Andisols
is known to be achieved by pH adjustment and ultrasonication (Asano
and Wagai, 2014; Nanzyo et al., 1993; Silva et al., 2015).

2.2. Screening

We further screened the dataset to include only those horizons that
meet taxonomic criteria for andic or vitric soil properties, defined as
(IUSS Working Group WRB, 2015):

Andic properties require:

1. An Alyy + 1/2Feqy value of >2%; and
2. A bulk density of <0.9 kg dm™~; and
3. A phosphate retention of > 85%

Vitric properties require:

1. >5% (by grain count) volcanic glass, glassy aggregates and other glass-
coated primary minerals, in the fraction >0.02 and <2 mm; and

2. An Al,x + 1/2Feyy value of > 0.4%; and

3. A phosphate retention of > 25%

where Alyx and Feqx represent Al and Fe extracted by a pH 3 acid
ammonium oxalate solution. When the bulk density of a given horizon
was not reported, it was estimated by calculating the average bulk
density of other horizons in the same pedon. If no bulk density was
available for any horizons of the pedon, we estimated the bulk density
from an empirical relationship between SOC content (in %) and bulk
density (for samples with %SOC < 25; bulk density = 0.9481 x
e’0‘054XSOC, R? = 0.41, root mean squared error = 0.26, n = 1773)
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established using all available data in the dataset. When the data for only
one of the three criteria was missing, such a horizon was retained if the
other two criteria were met. This less-stringent modification was
necessary due to a large number of missing data, especially volcanic
glass content; otherwise, a large part of vitric horizons would have been
screened out. If a horizon met both the andic and vitric properties, such
horizon was classified as andic. In our dataset, 1290 horizons in 340
pedons from 29 countries met the andic criteria, while 977 horizons in
345 pedons from 32 countries met only the vitric criteria. There were
146 pedons that had only andic horizons, 151 pedons that had only
vitric horizons, and 194 pedons that had both andic and vitric horizons.

2.3. Geochemical, climatic, and vegetation variables

We collected data on soil geochemical, climatic, and vegetation
variables for statistical analyses to evaluate the key factors influencing
the spatial variation in SOC content in Andisols. Geochemical properties
considered in this study included soil pH in H,0 measured with a soil-to-
water ratio of 1:2.5 and reactive metal phases that included 0.2 M
oxalate-extractable aluminum (Aly,) and iron (Fer), 0.1 M
pyrophosphate-extractable aluminum (Al,) and iron (Fe,), and their
differences (Aloy-Alp and Feoy-Fep,). Pyrophosphate-extractable Al and Fe
represent the amount of organically complexed metals with minimal
dissolution of SRO Al/Fe minerals (such as allophane, imogolite, and
ferrihydrite). Acid oxalate extracts both organically complexed metals
and poorly crystalline Al and Fe oxide phases including SRO minerals.
The differences in extractable metals between the two methods (i.e.,
Alox-Al, and Feox-Fep) approximately represent SRO Al (allophane and
imogolite) and Fe (ferrihydrite) minerals, respectively (Parfitt and
Childs, 1988). However, as these extractions are not highly selective, it
should be noted that the metals extractable by sodium pyrophosphate
and acid oxalate reagents only roughly correspond to specific metal
phases (Rennert, 2018). Exchangeable calcium (Caex) as determined by
ammonium acetate extraction at pH 7.0 or clay content, or both, was
included in separate statistical analyses due to the limited availability of
the data for these variables. Climatic variables included mean annual
temperature (MAT) and mean annual precipitation minus potential
evapotranspiration (MAP-PET), which were estimated by TerraClimate
(data between 1958 and 2019, ~5 km resolution) (Abatzoglou et al.,
2018). Net primary production (NPP) data was estimated by MODIS/
Terra Net Primary Production (MOD17A3HGF v006, data between 2000
and 2021, 500 m resolution) (Running and Zhao, 2021). Land use in-
formation was extracted from each paper, but when missing, it was
estimated by Copernicus Global Land Cover Layers (CGLS-LC100
Collection 3, data between 2015 and 2019, 100 m resolution) (Buchhorn
et al., 2020), and subsequently summarized into eight categories (See
Fig. 1).

2.4. Statistical analysis

All statistical analyses were conducted in R (version 4.3.0; https://
www.r-project.org/). We first examined possible systematic differ-
ences in geochemical and climatic characteristics among the four
Andisol groups based on the soil development stage (vitric versus andic)
and dominant reactive Al phases (allophanic versus non-allophanic).
Vitric and andic properties were determined according to the WRB
classification system, while allophanic and non-allophanic properties
were defined by the Al,/Alyy ratio of below and above 0.5, respectively
(Shoji et al., 1996). Difference in these variables between the groups was
tested by the Wilcoxon rank sum and considered significant at p < 0.01.
We then tested whether general soil-forming factors and SOC contents
between Al-rich (or proto-imogolite) allophane and Si-rich allophane
soils differ (Parfitt, 1990). Al-rich allophane typically has an Al/Si ratio
of 2, whereas Si-rich allophane has a ratio of 1 (Parfitt, 1990; Watanabe
et al., 2023). We also examined the variability in the SOC-to-Al, molar
ratio (SOC/Al,,) under different temperature and moisture regimes and
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pH and NPP ranges to test if the nature of organo-Al complexes was
dependent on these variables. Results and discussions related to these
analyses are provided in Supporting Information for parsimony (Sup-
plementary Discussion S1, S2, Figs. S1, S2).

To test H1, we used a generalized additive mixed model (GAMM)
implemented in the “mgcv” package (Wood, 2022) to identify the set of
variables that best explained variation in SOC content while accounting
for possible nonlinear relationships between predictors and SOC (Yu
et al., 2021). Details are provided in Supplementary Methods. Briefly,
the horizon midpoint depth, soil geochemical properties, climate vari-
ables, and net primary production (NPP) were used as standardized (Z-
scored) fixed effects to account for differences in scale. We used thin
plate regression splines for each term in the model (Wood, 2003).
Because of the positive continuous nature and right-skewed distribu-
tions of SOC content, we fitted a GAMM with a Gamma family using a
log-link function. Importantly, this approach differs from fitting a
GAMM with a Gaussian family on log-transformed SOC (see Supple-
mentary Methods). The model performance was quantified using the
deviance explained, which is a generalization of R? and can be inter-
preted similarly (P84, (Wood, 2006). We optimized the fixed effects and
the random effect structure so that the model fit by maximum likelihood
had the lowest Akaike's information criterion (AIC). The final model (n
= 1383, no missing data) included depth, Al,, Alx-Al,, Fe,, pH, MAT,
and NPP as the fixed effects and random slopes of the depth effect based
on the pedon as well as random intercepts based on the study. The
significance of model terms was estimated using approximate F-values.
We also used a GAMM to identify the variables that best explained the
variation in Al, content, using depth, pH, MAP-PET, MAT, and NPP as
the predictors (n = 1715, no missing data). The predicted relationships
between SOC and predictors were presented in the original scale of
predictors by reverse Z-scoring, using R packages “gratia” (Simpson,
2023) and “ggplot2” (Wickham, 2016).

To gain mechanistic understanding of the results of the GAMM
analysis, we tested whether molar ratios of Fe/Al, and (Feox-Fep)/(Aloy-
Alp) vary with soil pH or MAP-PET. These ratios represent the Fe/Al
ratios of the organically complexed phase and SRO minerals, respec-
tively. As we were interested in the overall trend in the Fe/Al ratios
along these variables, generalized additive models (GAMs) were used
with soil pH or MAP-PET as the fixed effect. We used thin plate
regression splines for each term in the model, with a Gaussian family
(Wood, 2003). The content of allophane in soil samples was also esti-
mated to estimate the maximum contribution of allophane to SOC
content via organic matter sorption, using the following equations
(Mizota and Reeuwijk, 1989).

%Allophane = %Si,x x 100/y (@D)
where
Y =23.4—5.1 x (%Aloy, — %A,)/%Siox @

To test H2, we fitted GAMMs to subsets of samples grouped ac-
cording to the combinations of the soil development stage and dominant
reactive Al phases, to identify the factors that influenced the SOC con-
tent within each Andisols type. To test H3, we applied GAMMs to subsets
of samples sorted by pH, MAT, or MAP-PET classes to examine whether
influential factors (pH, Alp, Alyy-Al,, or Caex) on SOC content vary with
these variables. Details of these analyses and the number of samples in
each model are provided in Supplementary Methods and in Table S1.
These GAMM analyses of sub datasets allowed us to quantitatively assess
relative contributions of specific metal phases along climatic and acid-
—base gradients as well as with pedogenic development, which was not
possible with the full global model. In all models, we quantified the
contribution of each covariate using AAIC, defined as the AIC increase
between the reduced and full models with each smooth term removed.
AAIC measures the loss of predictive information attributable to each
covariate, accounting for both goodness-of-fit and the penalty on
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smoothness (Wood, 2006). To facilitate comparison across covariates
and different models, AAIC values were normalized by the sum of all
AAIC values within each model, yielding a relative importance metric
(% of total AAIC).

3. Results
3.1. General characteristics of Andisols

Soil pH of the samples compiled ranged between 3.1 and 9.3 and
declined with the increase in annual water balance (i.e., MAP-PET,
Fig. 2). The pH histogram showed that samples were largely clustered at
pH 4.5-6.5 with the peak at around 5.5 particularly for allophanic
Andisols under wetter climate (Fig. 2).

The observed variations in geochemical characteristics among the
compiled Andisol samples were partly explained by distinguishing the
four Andisol groups based on the combinations of soil development
stage (andic versus vitric) and dominant reactive Al phases (allophanic
versus non-allophanic) (Fig. 3). All geochemical variables (such as SOC,
TN, Fe, Al, and other cations) showed variations spanning two to three
orders of magnitude, whereas climate and vegetation variables (MAT,
MAP-PET, and NPP) differed by one to two orders of magnitude across
the data points (Figs. S3, S4). The environmental conditions favoring the
formation of allophanic and non-allophanic Andisol groups were
distinct, with the latter characterized by higher SOC content and lower
pH (Fig. 3a, d). When comparing allophanic versus non-allophanic soils,
non-allophanic soils had higher SOC (median 7.6%, n = 630 versus
median 2.9%, n = 1299, p < 0.01, Fig. 3a, Fig. S3), lower pH (median
5.0, n = 624 versus median 5.8, n = 1175, p < 0.01, Fig. 3d, Fig. S3), and
higher Al, and Fe;, contents (Al,: median 1.2%, n = 630 versus median
0.42%, n = 1299, p < 0.01, Fig. S3; Fep: median 0.94%, n = 564 versus
median 0.12%, n = 931, p < 0.01, Fig. S3) than allophanic soils. The
higher median SOC content of non-allophanic soils was due primarily to
a more even distribution of SOC, rather than to a greater number of
horizons with high SOC (Fig. S6). In addition to SOC content, C:N ratio
in non-allophanic soils (median 18.2, n = 272) was higher than that in
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allophanic soils (median 14.2, n = 514, p < 0.01, Fig. 3b, Fig. S3),
implying slower organic matter decomposition rate and/or larger
abundance of high C:N compounds such as phenolic and pyrogenic C in
non-allophanic soils. When comparing vitric versus andic soils, andic
soils had higher SOC contents (median 5.3%, n = 1097) than vitric soils
(median 1.8%, n = 832, p < 0.01) with no clear difference in C/N ratios
(~ 15) (Fig. 3b, Fig. S4). Soil bulk density varied among the four groups
showing inverse patterns to SOC content (Fig. 3c). The content of SRO Al
and Fe minerals, approximated by Al,x + 1/2 Feqy, was higher in andic
than vitric soils and in allophanic than non-allophanic soils, as expected
(Fig. 3e). Both Al,/Alyy and Fep/Al, ratios were significantly higher in
non-allophanic soils (Fig. 3f, g). Climatic variables had no clear differ-
ences among the different soil groups (Fig. 3h, i).

3.2. Determinants of SOC variations: geochemical factors and metal
chemistry

3.2.1. Limited effect of clay content control

The relative importance of the examined variables shifted when the
GAMM models included either “clay content”, “Cae“, or both in addi-
tion to the other variables selected in the main model (Table S2, Figs. S7-
S9). When clay content alone was included in GAMMs, it was one of the
poorer predictors for SOC (Table S2, Fig. S8). Clay content had a positive
but weak predictive influence on SOC only for soils with low clay con-
tent (approximately < 20%), contrary to the strong and exponential
influence of Al, in the full observed range (Fig. S8). When both clay and
Caex contents were considered, clay content was not a significant pre-
dictor of SOC (Table S2, Fig. S9). It should be noted that the measure-
ment of clay content in Andisols is prone to errors due to incomplete
dispersion of physically stable aggregates (Asano and Wagai, 2014).
However, this error should not significantly affect the present results
because we excluded the clay content data in our analysis if the
dispersion of clays was deemed incomplete due to the use of sodium
hexametaphosphate as a dispersant (Nanzyo et al., 1993; Ping et al.,
1988).

3.2.2. Greater significance of Al over Fe

Our GAMM analysis for the global dataset indicated that organically
complexed Al (Al,) was by far the strongest predictor of SOC content,
followed by SRO Al minerals (Alox-Aly), after accounting for depth effect
(Table 1, Fig. 4). Soil pH and Fe,, were also significant predictors of SOC
although their relationships with SOC varied depending on their ranges
(Fig. 4). In contrast with Al,, the importance of Fe, was much lower,
showing only for the soils with approximately < 1% Fe, and low SOC
content. Furthermore, SRO Fe minerals (Fe.x-Fe,) were not a significant
predictor of SOC. NPP was predicted to have a small positive effect on
SOC, indicating weak control by vegetation carbon inputs, but this effect
may be underestimated due to uncertainty in NPP estimates.. Among the
climatic variables used, only MAT had a significant impact on SOC,
though the relationship was weak and fluctuating (Fig. 4). These results
indicate that variation in SOC in Andisols is primarily associated with
reactive Al phases, with Fe phases and climate variables exerting sec-
ondary influences.

Organo-Al complexes (Al,) were more abundant than organo-Fe
complexes (Fe,) for 96% of the samples (median Fe/Al, molar ratio
of 0.27). The increase in Fe, occurred with decreasing soil pH especially
< 4.5 (Fig. 5a). SRO Al minerals were also more abundant than SRO Fe
minerals in 87% of the samples (Fig. 5b). The median Fe/Al molar ratio
for SRO minerals was 0.26, closely matching that of organo-metal
complexes (Fig. 5a), suggesting that the partitioning of these two
metals into both organo-metal complexation and SRO minerals may be
governed by a common mechanism. The observed non-linear Fep/Al,
with pH (Fig. 5a) likely reflects differences in hydrolysis behavior be-
tween Fe and Al, as Fe undergoes hydrolysis at lower pH (pKa) than Al
(Chadwick and Chorover, 2001). The abundance of SRO Al minerals
peaked at pH 5.5-6.2 (Fig. S10), consistent with the optimal pH
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Fig. 3. Density distribution of geochemical and climatic characteristics of Andisols according to the combinations of the soil development stage and
dominant reactive Al phases. Dashed vertical lines represent the median value for each group.

Table 1

Fixed-effect variables from the generalized additive mixed model of SOC content
(Deviance explained = 88.1%). Only significant predictors (p < 0.01) are pro-
vided and ordered in a descending order of their relative importance determined
by AAIC'.

Predictors EDF F-value AAIC Relative importance (%)
Al, 6.642 47.407 327 40.3

Depth 6.833 90.169 240 29.5

Aloy-Aly 2.698 28.839 82.7 10.2

pH(H,0) 5.426 9.766 75.9 9.34

Fe, 7.114 7.881 47.3 5.82

NPP 1 18.228 2.78 2.78

MAT 5.769 3.854 2.10 2.10

EDF = Effective degree of freedom.

" p-value < 0.001.

 Exchangeable Ca and clay content were not considered due to the liSmited
sample numbers that included these geochemical variables. See Table S2 for
models with these variables included.

condition of 5-7 for the secondary formation of allophane and imogolite
from volcaniclastic parent materials (Dahlgren et al., 2004). While SRO
Fe minerals are generally more susceptible to reductive dissolution than
SRO Al minerals, we detected no significant decrease in the Fe phase
relative to the Al phase under wetter conditions (Fig. 5d). Interestingly,
Aly/Aloy and Fep,/Feoy ratios showed very similar patterns along soil pH
and MAP-PET (Fig. S11). These ratios increased sharply at pH < ~6 but
showed no clear trend with MAP-PET (Fig. S11).

3.3. pH dependency of metal phases and their predictive power

Further GAMMs analysis was conducted to examine the extent to
which environmental factors affect the relative importance of specific
metal phases that account for SOC variation (Fig. 6). The importance of
Al, was almost always the highest but declined sharply at median pH >
6.3 (Fig. 6a). The importance of Al, increased linearly with increasing
annual water balance (Fig. 6¢), while no such clear trend was found with
temperature (Fig. 6b). SRO Al minerals (Alyx-Al,) were not significant
(at 0.01 level) at extreme pH ranges (median pH < 4.8 or median pH >
6.8) and their importance was always lower than that of Al, across the
pH gradient (Fig. 6a). Importantly, Caex became significant at the me-
dian pH > 5.7 and its importance increased considerably at the median

pH > 6.3. At above this pH, Caey exceeded the importance of Al,
(Fig. 6a), which corresponded to the sharp decline in Al, content from
pH 4.5-5.5 towards pH 7 (Fig. S10a). Consistent with these GAMM re-
sults, Al, increased with decreasing soil pH especially < 6, whereas Alyy-
Al, showed a maximum at approximately pH 5.5 (median 1.2%, inter-
quartile range 0.3%-3.0%, n = 1584) and decreased sharply above and
below this pH (Fig. S10a, c). The contents of both Al, and Alox-Al, were
very low at alkaline pH > 7. The variation in Al, content was strongly
influenced by soil pH with the maximum Al, level at soil pH 4.5-5
(Fig. 7a) and, to some extent, by annual water balance (Fig. 7d).

3.4. Pedogenic stage and SOC-metal relationships

To clarify how pedogenic stage shapes SOC-metal interactions, we
fitted GAMMs separately for the four Andisol groups. Across these
groups, even in the two allophanic groups, SRO Al mineral content was a
much less important SOC predictor than organically complexed Al
(Fig. 8). In the less developed (vitric) Andisols, SRO Al mineral was not a
significant variable (Table S3). From a pedogenic perspective, it is
noteworthy that Al, exerted a stronger influence on SOC in more
developed andic soils than the younger vitric soils when comparing the
corresponding allophanic or non-allophanic groups (Fig. 8).

4. Discussions

Our working hypothesis was that climate, and the associated varia-
tion in soil pH, exerts a dominant control on metal phases and their
relationships with SOC. Accordingly, we first discuss climate-driven
pedogenic processes that affected the reactive metal phases and their
pool sizes, followed by an evaluation on how specific metal phases likely
influence SOC storage and its implications for SOC persistence.

4.1. pH driven controls on reactive Al phases

Analysis of the extended Andisol database revealed strong coupling
among climate, soil pH, and soil chemical and mineralogical responses,
highlighting soil pH as a key integrator of climatic and pedogenic con-
trols on reactive Al phases. The observed peak in soil pH at ~5.5 (Fig. 2)
is consistent with the acidic-side threshold identified in a global subsoil
dataset (Slessarev et al., 2016) and suggests that most Andisol samples
are near chemical equilibrium with respect to dominant acid-base
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reactions. Pedogenically, protons (acidity) generated by atmospheric
and respiratory CO5 as well as organic acids (particularly under greater
water input) are consumed through the weathering of volcaniclastic
parent materials and the reactions involving exchangeable complexes
(Ugolini and Dahlgren, 2002). Under acidic conditions, soil pH is
therefore largely regulated by Al hydrolysis reactions in soil solution,
with dissolved Al activities buffered by equilibrium with reactive Al
phases (e.g., Al hydroxides and SRO Al minerals) and associated dis-
solved and exchangeable Al species (Chadwick and Chorover, 2001).
Across the pH gradient, two major reactive Al phases, organically
complexed Al (Al,) and SRO Al minerals (Alyx-Aly), co-occurred in most
Andisol samples, but their relative abundance varied systematically with
pH (Fig. S10a, ¢, S11a,c). Under alkaline conditions (pH > ~7), typically
associated with drier climates (Fig. 2) and carbonate (mainly CaCOs3)
buffering, high base saturation and low dissolved Al availability sup-
press the formation of both organo-Al complexes and SRO Al minerals.
Under such conditions, elevated dissolved Si from volcanic glass disso-
lution can favor halloysite dominance in the colloidal fraction (Wada
et al., 1987; Wada and Kakuto, 1985). As soil acidifies under wetter
climates, carbonate buffering diminishes and, at pH around 5.5, domi-
nant exchangeable cations shift from non-hydrolyzing base cations to Al

species. Near pH ~5.5 where Al hydroxide solubility is minimized and
Al hydrolysis is most active, SRO Al minerals reached maximum abun-
dance (Fig. S10c), consistent with previous reports (Dahlgren et al.,
2004).

Further acidification below pH ca 5.5 is characterized by increasing
concentrations of monomeric Al in soil solution and exchange sites,
together with elevated organic acid inputs reflecting less complete
organic matter decomposition and enhanced organo-metal coprecipita-
tion under acidic conditions (Chadwick and Chorover, 2001; Scheel
et al., 2008; Takahashi and Dahlgren, 2016; Tonneijck et al., 2010).
With further acidification below pH ~5.5, increasing Al solubility and
hydrolysis elevate dissolved Al concentrations, promoting strong
complexation with organic ligands even as ligand protonation increases,
because AI** can bind effectively to partially deprotonated functional
groups. To a lesser extent, reactive Fe phases exhibit similar behavior, as
reflected by comparable pH-dependent patterns of Al,/Alox and Fe,/Fegy
ratios (Fig. S11).

The high affinity of Al for organic ligands and the relative stability of
the resulting complexes, combined with weak competition from silicic
acid at anion exchange sites, further promote organo-Al complex for-
mation and Si leaching (Jansen et al., 2003; Klotzbiicher et al., 2020;
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Nierop et al., 2002; Scheel et al., 2007). Consequently, rapid weathering
of volcanic glass in surface horizons under vegetation typically leads to
the formation of reactive Al phases including organo-Al complexes and
SRO aluminosilicate, together with amorphous opaline Si from the
leached Si (Shoji et al., 1993).

Consistent with this framework, Al, increased sharply with soil
acidification particularly below pH ~6 (Fig. S10a) and reached a
maximum around pH 5 (Fig. 7a), closely matching key pK values for Al
hydrolysis in solution. Al, content also increased under wetter sites
(Fig. 7d), indicating that climate-driven water balance (i.e., net water
percolation through soil) indirectly regulates reactive Al speciation by
controlling soil pH and Al solubility.

4.2. pH dependent predictors of SOC storage: Ca and reactive Al and Fe
phases

Among candidate predictors of SOC variations, we evaluate the
relative importance of texture (%clay) and exchangeable Ca, extractable
Al versus Fe phases, and organo-Al complexes versus SRO Al minerals.

4.2.1. Minor role of clay content and limited role of calcium

Limited explanatory power of clay content for SOC variation in
Andisols found in this study confirms the previous observations from
Andisols and other soil types (Arai et al., 2025; Ashida et al., 2021;
Fukumasu et al., 2021; Matus et al., 2014, 2006; McNally et al., 2017;
Rasmussen et al., 2018; Salonen et al., 2024). In fact, decomposition rate
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in Roth-C model was modified by replacing clay content with Al, to
improve the model fitting to the long-term SOC data across Andisols in
Japan (Shirato et al., 2004). More recently, in an inventory dataset of

Japanese arable topsoils, the phosphate retention capacity, a proxy for
reactive Al and Fe contents (Ichinose et al., 2024), explained SOC
variation better than clay content across 7500 lowland soils as well as
4300 Andisols (Matsui et al., 2021). These results support broader utility
of reactive Al phases to explain SOC variations (see section 4.3).

Our statistical model showed greater importance of Caey than Al in
explaining SOC variation at soil pH >6 (Fig. 6a), which is consistent with
the dominance of calcium carbonate control on acid-base reactions in
soil exchange complex (Breemen et al., 1983; Chadwick and Chorover,
2001; Rowley et al., 2017). These results align with previous regional-
and global-scale studies that have shown the increasing importance of
Caey in explaining variations in SOC with increasing soil pH (Ichinose
et al., 2024; Rasmussen et al., 2018). These trends may be explained by
three factors: (i) an increase in soil pH may enhance the liberation of
organic ligands from organo-Al complexes, thereby destabilizing them
(Takahashi et al., 2006), (ii) an increase in Cacy associated with higher
soil pH may enhance crop productivity and increase carbon input into
soil (Heckman et al., 2023; Paradelo et al., 2015), and (iii) an increase in
Caex may enhance Ca-mediated stabilization of SOC through cation
bridging, organo-Ca complexation, and aggregation (Oades, 1988;
Rowley et al., 2017). The second factor is unlikely in our case, as there
was negative correlation between NPP and Caey (Fig. S5). For the third
factor, previous studies (Fukumasu et al., 2025; Kaiser et al., 2012) have
shown that pyrophosphate extractable organic C (OC) was positively
correlated with Cagx or pyrophosphate extractable Ca in the arable soils
with near-neutral pH range, implying that Ca ions may be the dominant
form of organo-metal complexes in these soils.
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4.2.2. Reactive Al versus Fe phases

We found clear support of the stronger control of Al, over Fe phases
on SOC content (H1) using the global Andisols dataset (Fig. 4), which
aligns with previous correlation studies across a broad range of soils
formed under less-constrained pedogenic conditions (Masiello et al.,
2004; Percival et al., 2000; Skjemstad et al., 1990; Wada and Higashi,
1976). Similarly, stronger control of Alyk over Feyx on SOC content is
often observed across soils (e.g., Yu et al., 2021) due possibly to the
inclusion of organo-metal complexes in oxalate-extractable pool. Fe
phases were relatively more abundant than Al phases outside the Al-
buffered pH domain, specifically under strongly acidic conditions for
Fe, and under alkaline, low water availability conditions for SRO Fe
minerals (Fig. 5), suggesting a potentially greater role of Fe in SOC
persistence under these conditions; however, limited data precluded
further assessment. At least three factors may contribute to the greater
significance of Al than Fe phases.

First, fundamental chemistry indicates that Al has higher charge
density and higher affinity to oxygen-donor ligands such as carboxylic
and phenolic functional groups compared to Fe. In soil environments,
dissolved Al species can readily form soluble complexes with dissolved
organic matter (DOM) holding multiple acidic functional groups (Scheel
et al., 2007; Tipping, 2002) whereas dissolved Fe tends to polymerize
into colloidal oxides and oxyhydroxides even in the presence of organic
acids (Nierop et al., 2002). In fact, reactive Al pools were on average
3.7-3.8 fold greater (on molar basis) than reactive Fe pools (see section
3.2.2). Nevertheless, both metals likely contribute to organo-metal
coprecipitate formation in various forms depending on pH, the type of
organic matter, and the C:metal ratio (Chen et al., 2023; Kleber et al.,
2015).

Second, from a geochemical perspective, Andisol parent materials
are commonly dominated by felsic pyroclastic deposits, which generally
contain higher Al and lower Fe contents compared to mafic volcanic
materials. However, the influence of parent material composition on
reactive metal pool sizes is difficult to isolate, because weathering tra-
jectories are strongly influenced by geographic context (see Introduc-
tion), the distinction between ash- and lava-derived substrates, and the
degree of congruency during mineral dissolution. In particular, mafic
minerals tend to release Al and Fe more simultaneously during early
weathering, whereas felsic minerals can retain Al in secondary phases
(Nesbitt and Young, 1984).

Third, the dominant chemical equilibria governing acid-base re-
actions in soils (Chadwick and Chorover, 2001; Jackson and Sherman,
1953) predict that dissolved Al tends to occupy cation exchange sites
under neutral to moderately acidic pH conditions where most of the
Andisols are found (Fig. 2). In contrast, Fe hydrolysis reactions become
dominant only under strongly acidic conditions (pH <~4). Thus, at the
observed pH range, Al is generally more available than Fe to bind with
organic matter unless Fe dissolution from Fe-rich minerals is particularly
high. Such exceptions may include non-allophanic soils that have
received continental aeolian dust rich in Fe (Inoue and Naruse, 1987;
Nagashima et al., 2023).

4.2.3. Organically complexed Al versus SRO Al minerals

Much stronger predictive power of organically complexed Al (Aly)
compared to SRO Al minerals (Alox — Alp) to explain SOC variation
(Fig. 4), even at the pH range favoring allophane and imogolite forma-
tion (Dahlgren et al., 2004), is a significant finding as no previous
studies have directly demonstrated that Al, exerts a stronger influence
than SRO Al minerals at the global scale. We further found stronger SOC-
Al, relationship in more developed andic Andisols than in vitric ones
(Fig. 8), supporting H2. Pedogenesis from volcaniclastic materials pro-
ceeds from vitric to andic Andisols, and then to other soil orders where
reactive metal phases transform into thermodynamically more stable
crystalline minerals such as halloysite, kaolinite and gibbsite (Ostwald
ripening) (Tadros, 2013). Chronosequence studies (Lawrence et al.,
2015; Masiello et al., 2004; Torn et al., 1997) suggest that Al,, together
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with other reactive metal phases, may continue to play a critical role for
SOC persistence (discussed more in Section 4.3).

Organo-Al complexes estimated by pyrophosphate extraction tech-
nique could lead to their overestimation (Parfitt and Childs, 1988;
Rennert and Lenhardt, 2024): SRO Al minerals are colloidal in size
(Calabi-Floody et al., 2011) and thus susceptible to peptization espe-
cially when high-speed centrifugation and/or filtration are omitted in
Al, measurement (Wagai et al., 2013). Thus, further method develop-
ment to accurately estimate reactive metal phases is critical (Fukumasu
et al., 2025; Rennert and Lenhardt, 2024). Nonetheless, distinct pattern
of Al, and Alo-Al, against pH (Fig. S10) and the positive correlation
between SRO Al and Fe mineral contents (Fig. S5) suggest that this
artefact is unlikely to explain the observed patterns.Several factors may
explain why Al, outperformed SRO Al minerals as a predictor of SOC.
First, SRO Al minerals have a relatively limited capacity to protect
organic matter. Our estimate of allophane content ranged up to 68%
(median 4.0%) of the bulk sample mass (Egs. (1) and (2); Fig. S12).
While the amounts of DOM sorbed onto allophane can vary depending
on experimental conditions (e.g., solution pH and the molecular
composition of DOM used), previous laboratory experiments estimated
the maximal adsorption capacity of allophane ranged from 61 to 135 mg
Cg allophane’1 (Ding et al., 2019; Inoue and Wada, 1968). Based on the
maximal adsorption capacities, the amount of OC that could be sorp-
tively stabilized by allophane is only 10%—21% of observed SOC (me-
dian estimated contribution, n = 1262). Actual contributions of sorptive
stabilization by allophane would be even smaller because the maximum
DOM adsorption was estimated at a solution pH of 4.5 and the sorptive
capacity decreases with increasing pH (Ding et al., 2019), while the
median pH of our global dataset was one-unit higher (5.6). A limited
importance of sorptive stabilization by SRO Al minerals has been
inferred from selective dissolution of various metal phases and co-
dissolved organic matter, estimating that only up to 20-30% of total
SOC was attributable to sorptive association with SRO Al minerals
(allophane/imogolite) in a typical allophanic Andisol (Wagai et al.,
2013). These theoretical and experimental estimates support the limited
importance of SRO Al mineral in predicting SOC variation, in agreement
with our GAMM analysis results (Fig. 4).

Second, organo-Al (and organo-Fe) complexes have a much higher
capacity to bind DOM, per mol of metal, compared to sorptive associa-
tion with SRO Al and Fe minerals (Wagai et al., 2013; Wagai and Mayer,
2007). In our dataset, Al,:Al,y molar ratios had a median of 0.29 and half
of samples ranged from 0.13 to 0.5 (Fig. S11). In other words, the molar
mass of Al, was at least 13% of Al for three quarters of the samples.
The C:metal molar ratio of organo-metal complexes (pyrophosphate
extracts) was previously estimated to be 8.3 for Andisols (i.e. the ratio of
pyrophosphate-extractable OC to Al, + Fe,, Takahashi and Darhgren,
2016). This ratio is more than one order of magnitude higher than that of
sorptive associations with SRO Al minerals (Wagai et al., 2013; Wagai
and Mayer, 2007). Thus, the observed content of Al, could account for
larger portions of bulk SOC variation than that of Al-Al, phase, even
when Alyx-Al, content was higher.

Soil pH likely alters the stability of organo-metal complexes, despite
the consistently strong SOC-Al, relationship across the pH gradient
below ~6.5 (Fig. 4; Fig. 6a). The higher abundance of Al, and Fe,
relative to SRO Al and Fe minerals at pH < ~5 (Fig. S11a,b) can be
attributed to the high affinity of organic ligands for metals, which en-
hances resistance of associated C to microbial degradation and sup-
presses SRO mineral formation (Boudot et al., 1989; Kunito et al., 2016;
Scheel et al., 2008). Because the dominant metal-binding functional
groups in soil organic matter—primarily carboxyl groups—have
apparent pKa values around pH 4-5, with broader distributions
extending to ~6 (Sparks, 2003; Tipping, 2002), decreasing pH promotes
ligand protonation, which weakens metal-ligand bonding and increases
free A" activity. However, the resulting increase in potential ligand
biodegradability is likely offset by reduced microbial and enzymatic
activity under strongly acidic, Al-toxic conditions. At moderately acidic
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pH (5-6.5), stronger inner-sphere and polydentate metal-organic
bonding enhances the stability of organo-metal complexes, thereby
limiting SRO mineral formation even though Al and Fe hydroxides
exhibit minimum solubility in this pH range.

Precipitation of organo-Al complexes may outpace their re-
dissolution, promoting shifts in Al speciation and contributing to their
persistence. In Andisols, exchangeable, organically complexed, and
polymerized Al phases (e.g., SRO aluminosilicates) coexist under dy-
namic equilibrium (Dahlgren et al., 2004; Mizota and Reeuwijk, 1989),
a framework that may also apply to other soils at lower Al contents.
Precipitation of dissolved organo-metal complexes can occur during
metastable supersaturation or drying, and coprecipitation with other
metals (e.g., Ca, Fe, Mn) or with colloidal clays and metal oxides likely
enhances resistance to dissolution and microbial degradation. When
precipitation exceeds re-dissolution, Al is redistributed from less reac-
tive mineral reservoirs, potentially expanding the operationally defined
reactive Al pool over pedogenic timescales. Although speculative, these
processes may explain the persistence of organo-Al complexes in older,
non-allophanic Andisols and potentially in a broader range of soils
(Lawrence et al., 2015; Percival et al., 2000).

In summary, although Al, was the strongest overall predictor of SOC,
its dominance varied systematically with pedogenic conditions. Strongly
acidic soils (pH ~4-5) favored Al, over SRO Al minerals (Alox—Alp,
Fig. S11a), whereas moderately acidic soils (pH ~5-6) promoted the
coexistence of Al, and Aly—Al, pools (Fig. S10a, c). Across this range,
organo-Al complexes exerted the primary control on SOC variation
(Fig. 6a). In contrast, more alkaline and drier conditions (pH > ~6.5)
depleted reactive Al pools (Fig. S10a, c) and shifted soils towards
carbonate-buffered systems (section 4.1), under which exchangeable Ca
became more important for SOC storage (Fig. 6a). Together, these re-
sults support H3.

4.3. Global significance of organo-Al complexation beyond Andisols

Pyrophosphate-extractable Al (Alp) is widely recognized as a strong
correlate of soil C in volcanic soils, reflecting the stabilizing role of
organo-Al complexes. Under very acidic conditions, large proportions of
Al are associated with organic matter, while inorganic Al phases remain
abundant. At moderately acidic pH (~4.5-6.5), continuous Al supply
from SRO Al minerals and strong complexation by organic ligands
(Section 4.1) maintain low free AI** activity and favor organo-Al
dominance. Although these reactions are especially pronounced in
Andisols, they arise from general water flux-driven pedogenesis and
thus occur across soil types (Chadwick and Chorover, 2001). Conse-
quently, while global-scale studies tend to emphasize the protective role
of SRO Al and Fe minerals for SOC across a range of soil types under
moderately acidic and wet conditions, particularly at depth (von Fromm
et al., 2025; Rasmussen et al., 2018), our results indicate that organo-Al
complexation may dominate SOC stabilization across much of the pH
range below ~6.5 in a broad array of soils.

The consistently stronger predictive power of Al,, relative to SRO Al
minerals, reactive Fe phases, or soil texture highlights the importance of
organically complexed Al pool for explaining SOC variation. Our global
analysis, together with prior findings that clay or clay + silt contents are
much weaker predictors of SOC than reactive Al pools across a wide
range of soil types under humid climates (Section 4.2.1), suggests that
reactive Al content can provide a more robust basis than texture for
soils’ potential capacity to stabilize SOC. This has direct implications for
modeling, as most soil C models rely on texture-based modifiers (%clay)
to parameterize mineral protection, while largely omitting explicit
representations of reactive Al and Fe phases (Bailey et al., 2018; Basile-
Doelsch et al., 2020).

Identifying dominant SOC stabilization mechanisms remains critical
because alternative mechanisms imply fundamentally different repre-
sentations in SOC models. Regional- to global-scale correlations between
SOC and oxalate-extractable metals (von Fromm et al., 2025; Ren et al.,
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2024; Yu et al., 2021) are commonly interpreted as sorptive stabiliza-
tion by SRO minerals, often characterized by non-linear SOC increases
and apparent saturation behavior (Yu et al., 2021) analogous to texture-
based limits (Georgiou et al., 2025). These patterns are typically
attributed to saturation of mineral protective capacity or limitations in C
inputs. In contrast, our Andisol dataset which covers equally broad cli-
matic gradients while constraining parent material and soil age showed
largely linear SOC responses to increasing Al, and SRO Al mineral
contents (Fig. 4). This contrast suggests that, where reactive metal
supply is sustained by weathering, SOC storage and organo-metal
complex formation may be governed by the balance between metal
and carbon inputs rather than by fixed mineral saturation limits or C
supply alone.

Stoichiometric considerations support this interpretation and further
imply the importance of reactive metal supply. Typical C/metal molar
ratio of the organo-metal complexes is 8.3 (Takahashi and Dahlgren,
2016), whereas bulk SOC/Al, ratio in our dataset mostly ranged be-
tween 9 and 15 (median 13.5, interquartile range 8.5-14.6, n = 1689,
Fig. S2), consistent with values reported for tropical weathered soils
(SOC/(Al, + Fep) ratio of 12-17 in A horizons and 5-8 in B horizons;
Ashida et al., (2021)). While bulk SOC includes particulate OM not
primarily associated with metals, meso-density fraction (isolated by
sequential density fractionation) represents the main mineral-associated
SOC pool. Interestingly, C/Al, ratio in these fractions was even higher,
17.8 + 3.5 among soils from five soil orders (Wagai et al., 2020), in
agreement with previous studies (Heckman et al., 2018; Wagai et al.,
2013). These results suggest that Al released through ion exchange or
weathering is efficiently complexed by organic ligands (Berggren and
Mulder, 1995; Heckman et al., 2013), consistent with a strong role of
reactive metal availability in organo-metal complex formation.

As the most practical index of the reactive Al pool at regional to
global scales, we propose the use of Alyy. First, Alox pool includes both
organically complexed Al (Al,) and SRO Al minerals, thereby serving as
an integrated proxy for reactive Al. Second, Al,x measurements are far
more widely available than Al, in global datasets (von Fromm et al.,
2025). Third, reactive Al and Fe phases—including organo-Al complexes
and SRO Al and Fe minerals, and to a limited extent, crystalline metal
oxides—may act synergistically to enhance SOC persistence via
coprecipitation-type processes including ternary association of AI3*,
dissolved organic matter, and oligomeric precursors of SRO minerals
(Jamoteau et al., 2024; Tamrat et al., 2019; Wagai et al., 2020), as well
as through microaggregate formation involving other metals (e.g., Ca),
clay minerals, and organic or inorganic binding agents (Amelung et al.,
2023; Totsche et al., 2018; Wagai and Mayer, 2007). For example, SOC
showed a strong linear relationship with Al, + Fe, across both young
and old (buried) Andisol horizons in Japan, whereas associations with
hydrous Al and Fe oxides, including SRO minerals, became pronounced
only after 2.5-5 kyr of burial (Wada and Higashi, 1976). Consistent with
this, Lawrence et al. (2015) demonstrated that Al, and Fe), in combi-
nation with high surface area secondary minerals such as halloysite, best
explain the variation in SOC storage and persistence along a 0.25-1200
kyr chronosequence under a wet, temperate climate (Lawrence et al.,
2015). These findings indicate that multiple metal-mediated stabiliza-
tion mechanisms can operate concurrently, with shifting dominance
over pedogenic timescales as soil pH buffering domains evolve.

In this context, Alyx could serve as a useful surrogate for the suite of
reactive metal phases, supported by (i) predictable changes in relative
abundance of Al, and Al,y along soil pH gradient (Fig. S11a), and (ii)
generally systematic changes in reactive Al and Fe speciation patterns
(Al,/Al,y and Fep,/Feoy ratios) against soil pH and MAP-PET (Fig. S11).
Nevertheless, the use of Alyx as a proxy for SOC protection hinges on
improved mechanistic understanding of how reactive metal pools form,
transform, and interact with organic matter across multiple timescales,
from management-relevant annual to decadal scales to longer pedogenic
timescales. Such understanding is important for informing SOC models
that seek to represent mineral-associated carbon persistence. Progress
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toward this goal will require improved representation of coupled
weathering and biogeochemical processes governing organo—mineral
interactions.
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