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Introduction: Climate change mitigation increasingly relies on enhancing soil
organic carbon (SOC) storage, particularly in soils with strong mineral stabilization
mechanisms. This study aimed to quantify the current and potential SOC storage
capacity of volcanic soils.

Methods: A national soil database covering the Chilean latitudinal gradient (n =
1,660) was used to develop quantile regression models relating SOC to Al, in order
to estimate upper and lower SOC storage thresholds. These models were then
applied to soils from the Aysén Region under different land uses (n = 173) to
evaluate current SOC stocks relative to their storage potential.

Results: Results indicated that approaches based on soil texture were inadequate
for estimating SOC storage in volcanic soils, highlighting the importance of
mineral reactivity indicators such as Al,. SOC storage potential increased with
soil reactivity, with the highest potential values observed in soils with Al, > 600 mg
kg™ Soils in the Aysén Region showed a high SOC storage potential, averaging
358 t C ha™, yet current stocks were on average 33.5% below this capacity.
Agricultural crops and grasslands exhibited the largest gaps between current and
potential SOC stocks, whereas wetlands and peatlands were close to or exceeded
their estimated storage capacity due to hydromorphic conditions.

Discussion: These findings demonstrate the high carbon sequestration potential
of volcanic soils in southern Chile and highlight the importance of mineralogical
controls, particularly reactive aluminum, in regulating SOC stabilization and
informing land management strategies aimed at increasing soil carbon storage.

KEYWORDS
extractable aluminium, land use, soil ecosystem function, soil mineral reactivity,
volcanic soils

1 Introduction

One of the key functions of soil is its ability to accumulate, store, and sequester carbon
(European Commission, 2006), a process that not only influences climate regulation, but
also affects other ecosystem functions (Wiesmeier et al., 2019). Soil organic carbon (SOC)
accumulation depends primarily on soil organic matter (SOM) dynamics (Jenkinson et al.,
1992; Ros et al., 2011), which depend on the balance between carbon inputs and losses, as
well as the SOC turnover rate (Cotrufo and Lavallee, 2022). This turnover rate is influenced
by factors such as: (i) the bioavailability of organic residues added to the soil (Gunina et al.,
2017), (ii) edaphoclimatic conditions (Krull et al., 2003; Wiesmeier et al., 2019), and (iii) soil
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carbon  stabilization = mechanisms, including aggregation,
adsorption, and the formation of organo-mineral or organo-
metallic complexes (Krull et al., 2003; Lopez-Ulloa et al., 2005;
von Litzow et al., 2008; Hoffland et al., 2020). In this context, at least
two SOC fractions can be distinguished based on their turnover rate:
i) the labile fraction, which has a high bioavailability and accessibility
to soil microorganisms (Oechel et al., 1998; Wickland et al., 2001;
Wang C. et al, 2022), and ii) the stabilized fraction, which has
recalcitrant organic matter (OM) and organic carbon strongly
associated with Al and Fe on the mineral surface, with a long
residence time in the soil (Shi et al., 2023). This fraction is
related to soil reactivity (colloidal fraction), resulting in chemical
C stabilization and physical protection through aggregation,
preventing microorganisms access to the degradation of OM
(Zunino et al., 1982; Ros et al., 2011; Yudina and Kuzyakov, 2023).

Soil properties can be classified as either inherent or dynamic,
depending on their origin, evolution, and response to environmental
or management changes (Dominati et al., 2010; Bagnall et al., 2023).
Inherent properties, determined by soil formation factors and
processes, are relatively stable and establish a physicochemical limit
for dynamic properties, which can vary over time due to natural
processes or human activities. In this sense, the SOC storage capacity
is strongly influenced by soil mineralogy and texture (Hassink, 1997;
Matus et al., 2006; Wiesmeier et al., 2019). At a global scale, soil
texture, particularly the content of fine fractions (<50 pm or <20 um),
has been established as a key indicator of soil reactivity, showing a
direct and positive relationship with the capacity to store, accumulate,
and sequester SOC (Hassink, 1997). Nonetheless, this behavior is not
uniform across all soil types. In volcanic soils, for example,
mineralogical characteristics derived from parent material confer
unique properties that influence C storage capacity (Percival et al.,
2000; Matus et al., 2006; Parada et al., 2024; Matus et al., 2024). In
these soils, C storage capacity is more closely related to mineralogy-
driven reactivity than texture (Matus, 2021; Clunes et al., 2022a). It has
thus been proposed to consider chemical reactivity indices to estimate
the C storage capacity of volcanic soils, such as ammonium acetate-
extractable aluminum pH 4.8 (Al,). The use of Al, as an indicator of
soil reactivity (as a weighted factor between the colloid content of the
soil and the quality of the colloid) has been widely used high
correlation with SOC in volcanic soils (Matus et al., 2008; Matus
et al., 2014; Valle et al., 2015; Clunes and Pinochet, 2020; Matus et al.,
2024). This method also has many advantages; it is simple, repeatable,
and inexpensive, allowing large quantities of soil to be characterized
according to their reactivity.

The growing need to develop public policies that promote the
sustainable use of natural resources has driven the scientific
community to develop methodologies for quantifying soil
ecosystem functions (Baveye et al, 2016). However, direct
evaluation methods are often costly and time-consuming, leading
to the search for alternative approaches. In this context, Vogel et al.
(2019) proposed a methodological framework based on indicators to
estimate both the intrinsic potential and the current state of an
ecosystem function. The intrinsic potential has been defined as the
maximum capacity a soil can provide, measured through inherent
properties associated with the evaluated function, while also
considering site conditions such as climate and topography. On
the other hand, the current state is determined by dynamic
properties, which reflect the present conditions of the soil. This
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approach represents an efficient alternative for assessing key
ecosystem functions, such as SOC storage, without incurring the
high costs associated with traditional methods.

In this scenario, the Aysén Region, located in southern Chile,
emerges as a highly relevant area due to its vast pristine landscapes
and diverse vegetation, which respond to the region’s climatic
variations, where precipitation and temperature change
significantly along a transverse gradient from east to west (Hepp
and Stolpe, 2014). Additionally, geological processes, such as
glaciation and volcanic material deposition, combined with a
rugged topography, have favored the development of a highly
diverse range of soils (Luzio, 2010). These characteristics make
this region an ideal setting for evaluating SOC storage function,
considering the intrinsic potential of a wide diversity of soils
(Supplementary Table S1) with a broad range of SOC contents
(Supplementary Table S4). Therefore, this study hypothesized that
soil reactivity, determined by inherent properties related to the
colloidal fraction, is a key indicator for quantifying the SOC
storage function. Consequently, with the use of a soil reactivity
index, both the intrinsic potential and the current SOC storage of
Aysén Region soils were described. Therefore, the objective of this
study was to evaluate the SOC storage function (potential and
current) across different soils and vegetation covers in the Aysén
Region using the reactivity index as a fundamental parameter for
classification. Mathematical models based on Chilean soil data were
developed to quantitatively assess this function and compare the
reactivity of the colloidal fractions of soils, which were estimated
using a chemical soil indicator (Al,). Subsequently, model parameters

were adjusted to the specific edaphic conditions of the region.

2 Materials and methods
2.1 Study area: Aysén Region

The Aysén Region (Supplementary Figure S1), located in the
Chilean Patagonia (southern), covers approximately 108,494 km and
is characterized by a low population density (0.8 inhabitants km™")
and a predominantly rural landscape (93% of the total area)
(ODEPA, 2021). Its economy relies primarily on activities such as
raising livestock, tourism, and marine resource exploitation. At the
beginning of the 20th century, land-clearing fires affected 3 million
hectares, primarily in valleys (Hepp and Stolpe, 2014). According to
the National Forestry Corporation (CONAF) (2020), 40.9% of the
region is covered by native forests, 25.9% by grasslands and
shrublands, 14.5% by snow and glaciers, and 12.9% by areas
devoid of vegetation. Additionally, water bodies (4.2%), wetlands
(1%), exotic tree plantations (0.3%), agricultural lands (0.07%), urban
and industrial areas (0.03%), and mixed forests (0.01%) are present.

This region exhibits diverse morphological features, including
mountains, valleys, rivers, and fjords. Fluvioglacial deposits
predominate in the north, while the south is characterized by
fluvial erosion and a more rugged topography (Casanova et al.,
2013). Climate conditions vary depending on the slope of the Andes
Mountains: the western slope is wetter, with an annual precipitation
of up to 3,898 mm, and mean temperatures of 9 °C, whereas the
eastern slope is drier, with an annual precipitation of 564 mm and
mean temperatures of 6.4 °C (Hepp, 2019). These conditions result
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Schematic of the methodological workflow to model and evaluate the carbon storage function in Chilean soils.

in four agroclimatic zones: coastal or insular, humid, intermediate,
and steppe, along with diverse areas with microclimates (Hepp and
Stolpe, 2014). Andisols, associated with morainic, fluvioglacial, and
alluvial deposits (Luzio, 2010) predominate, alongside Entisols,
Inceptisols, Spodosols, Histosols, and Mollisols (Hepp and Stolpe,
2014). Considering the aforementioned factors, evaluating the SOC
function in the Aysén Region is crucial due to its edaphoclimatic
diversity and the presence of pristine ecosystems.

2.2 Databases used to assess the soil C
storage function

This study utilized four databases (BS-1, BS-2, BS-3 and BS-4;
Figure 1) to model and evaluate the soil C storage function in
Chilean soils, focusing on volcanic soils in the Aysén Region.

First, the approach proposed by Vogel et al. (2019) was assessed
in volcanic soils using a database (BS-1) comprised of 47 records
published between 1973 and 2016 in the Agro Sur journal (ISSN
0719-4196). This database allowed us to examine the relationships
between soil texture and organic carbon content in volcanic soils.
Subsequently, to develop quantile regression models that related
organic carbon content to the reactivity indicator, a second database
(BS-2) from the Chilean Degraded Soils Recovery Program
(Sistema de Incentivos para la Sustentabilidad Agroambiental de
los Suelos Agropecuarios (SIRSD), 2004) was employed. This
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dataset, which contained 1,660 soil samples collected from the
Arica and Parinacota Region (I) to the Magallanes Region (XII),
facilitated the estimation of critical carbon storage levels for major
soil groups at the national level.

Next, correction factors specific to the organic carbon
distributions and bulk densities of soils in the Aysén Region were
developed. For this purpose, a third database (BS-3) was used,
comprised of 64 soil profiles reflecting the organic carbon
distribution factor and 50 for the bulk density factor. These data
were based on morphological descriptions and laboratory analyses
of soil profiles published by the National Institute for Agricultural
Research (INIA) (Stolpe and Hepp, 2014). These correction factors
were then used to adjust carbon storage function estimates to the
specific characteristics of different soils in the Aysén Region.

Finally, the developed models and correction factors were
applied to a fourth database (BS-4), with 173 samples collected as
part of a FONDEF project (2023/2024). This database allowed for
the evaluation of both the potential and current state of the soil
carbon storage function in soils throughout the Aysén Region.

2.3 Evaluation of an existing SOC storage
estimation model

To assess the applicability of the Vogel et al. (2019) approach in
volcanic soils, the BS-1 database, containing data on organic carbon
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TABLE 1 Functionality indices for organic carbon storage adapted from Vogel
et al. (2019).

Name indicator = Symbol  Units Equations
Potential carbon storage Cp kg m? (Cmax*10)*Bd*h* fSOC
Intrinsic potential index Isoc Unitless G Cmax
Current carbon storage Cs kg m™ (SOC*10)*Bd*h* fSOC
Current state index Isoc Unitless CS%%{W

content, soil texture, fine particle content (<50 m), and bulk density
was utilized. Based on these data, the original equations proposed by
Vogel et al. (2019) were applied to calculate the indices of the soil
carbon storage function (Table 1), including both the current state
(Cs) and its dimensionless index (I soc), as well as the intrinsic
potential (Cp) and its respective index (I soc). The equation for Cp
was adjusted according to the authors’ specific recommendations for
particles smaller than 50 pm (Equation 1).

Cp = (7184020 T)p,d (1- V) 1)

Where T is the percentage of particles <50 um (%), p,, is the bulk
density (g cm™), d is the topsoil depth (dm) and V is the volume of
rock fragments >2 mm (%) (Vogel et al.,, 2019).

2.4 Testing SOC dynamics models

To assess carbon storage in agricultural soils at a depth of 20 cm,
samples from BS-2 were classified into three groups based on the Al,:
soils with <200 mg kg (n = 713), those between 200 and
600 mg kg™' (n = 279), and those with >600 mg kg™' (n = 668).
This classification assumes that these groups exhibit distinct
behaviors due to their clay dominance, estimated from Al, values
correlated with SOC in soils. Thus, Al, is considered an indicator of
reactivity (Matus et al., 2008; Clunes and Pinochet, 2020; Rodriguez,
1993). According to a study by the Agricultural Studies and Policy
Office (ODEPA, 2024), soils with Al, < 200 mg kg™ primarily
consist of mineral soils dominated by crystalline clays and organic
soils. Those with Al, between 200 and 600 mg kg™" are associated
with older volcanic or clayey brown materials, whereas soils with
Al, > 600 mg kg™' are typically mature and recent “Trumaos”,
“Nadis”, and Podzols.

2.5 Potential and current state of the carbon
storage function

The carbon storage function was quantified using equations
derived from models developed with quantile regressions that
adapted the Vogel et al. (2019) approach for volcanic soils. The
results were adjusted using correction factors specific to Aysén
Region soils (BS-3; Figure 1), based on chemical and physical
properties assessed in laboratory analyses of samples collected
from different geographic locations and vegetation covers (BS-4;
Supplementary Table S3).

A total of 173 soil samples were collected from various locations
in the Aysén Region (BS-4). Vegetation covers were grouped into
eight categories: forests and tree-covered areas, including samples
from primary native forests (“Lenga” (Nothofagus pumilio) and
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“Nirre” (Nothofagus antarctica)) and secondary regrowth (n =
47); agricultural crops, including species such as alfalfa, oats, and
turnip (n = 6); shrubs and bushes, including samples from
“Murtilla” (Ugni molinae) and shrubland (n = 19); grasslands,
including “Coirén” (Festuca spp.) and mixed pastures (n = 75);
wetlands and swamps, including peat bogs locally referred to as
“Mallines” and peat bogs (n = 9); riparian vegetation, with samples
from reeds and wet meadows (n = 5); silvicultural crops, including
samples from pine plantations (n = 10); and others, comprising
samples from subdivided land and hillsides (n = 2).

The analyzed soil properties included Al, (mg kg™") (Sadzawka
et al., 2006), SOC determined using the Walkley-Black method (g C
100 g') (Sadzawka et al., 2006), bulk density (g cm™) (Bd) (Day,
1965), and total depth (dm; Supplementary Table S4). The first three
properties were evaluated in the top 20 cm (0.2 dm) of the soil
profile, while total depth was recorded up to 10 dm. In cases where
the soil profile exceeded this depth, a value of 11 dm was assumed.

According to the classification based on Al, content, the regional
sampling included 49 soils with an Al, content of <200 mg kg',
36 samples with an Al, content between 200-600 mg kg™, and
88 samples with an Al, content of >600 mg kg™".

2.6 Development of correction factors for
organic carbon and bulk density with depth

To model the depth distribution dynamics of the total soil
organic carbon contents (fSOC) and bulk densities (fBd) in soils
of the Aysén Region correction factors using the BS-3 dataset
were developed for these properties (Supplementary Figures
$2,S3). This dataset was derived from the characterization of
69 soil profiles described in the article “Characterization and
Properties of the Soils of Western Patagonia” (Aysén) (Stolpe
and Hepp, 2014), representing soil orders such as Andisol,
Entisol, Inceptisol, Spodosol, Histosol, and Mollisol
(Supplementary Table S1).

A total of 64 profiles and 294 horizons were selected for fSOC
for fBd

incomplete or

calculation, and 50 profiles and 239 horizons

(Supplementary Table S1), after excluding
insufficient data. Values were adjusted to a reference depth of
40 cm and organized into 17 depth intervals of 10 cm, ranging
from [0-10 cm] to [160-170 cm]; outliers were removed. To
optimize correction factors, logarithmic functions were evaluated
for fSOC, and cubic functions for fBd, across different distribution
quartiles (see Supplementary Figures S2,S3). The functions with the

lowest mean squared error (MSE) were selected.

2.7 Quantification of the soil organic carbon
storage function

The potential carbon storage capacity (Cp), according to Vogel
et al. (2019), represents the soil’s intrinsic maximum capacity to
store carbon (Table 1), determined by its inherent properties. It
defines the upper critical level for soil organic carbon storage
(Figure 2). This potential is measured using the potential storage
index (I soc), which ranges from 0 to 1, where values close to
1 indicate soils with a higher storage capacity relative to the
maximum established by the model (C model) developed
in Section 2.3.
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Graphical representation of the indices of potential functionality and current status

Conversely, the current state (Cs) was calculated based on the
SOC content measured in the laboratory, considering it as a dynamic
property. The current state index (I soc) permitted a comparison
between the current storage and its intrinsic potential, where values
close to 1 reflect a state near the soil’s maximum potential.
Additionally, a lower critical level (Cmin) was established to
represent the minimum threshold of organic carbon required to
maintain soil functionality associated with ecosystem services. This
lower critical level may help identify severe degradation scenarios,
where the soil loses its capacity to recover its initial conditions.

2.8 Statistical analysis

Quantile regressions are widely used in other areas of science
when one wants to separate values that differ from the mean, using
extreme values to adjust regressions between an independent and
dependent variable, either with their minimum or maximum values
(Koenker, 2005). Quantile regressions were thus employed to model
the relationship between SOC and Al,. The analyses were performed
using a combination of Python and Microsoft Excel tools. Nonlinear
quantile regression models were implemented in Python, using the
pandas libraries for data manipulation, NumPy for numerical
calculations, SciPy for parameter optimization, and matplotlib for
visualization. The models were adjusted to exponential and
Langmuir functions at different percentiles (pl to p99) to
establish minimum and maximum thresholds for the organic
carbon storage of large soil groups in Chile.

In Excel, the BS-1 database allowed us to evaluate the direct
applicability of the approach used by Vogel et al. (2019) in volcanic
soils. Once the equations were determined, their performance was
evaluated using the adjusted mean squared error (MSEa), calculated
only with observations above or below the regression curves
according to upper or lower thresholds, selecting the models with
the lowest error and highest conceptual consistency. With the BS-3
database, correction factors were constructed from the quartiles by
depth, adjusting logarithmic and cubic equations, evaluated
according to their MSE and R’ choosing those with the best fit
to adapt the equations to the soil conditions of the Aysén Region.
Finally, the BS-4 database was used to estimate the current and
potential state of the carbon storage function in soils of the Aysén
Region (Table 1).
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3 Results

3.1 Evaluation of the Vogel et al. (2019)
approach in Chilean volcanic soils

The approach proposed by Vogel et al. (2019) was found to be
unsuitable for quantifying the carbon storage function in volcanic
soils. The maximum Cp value obtained from the data was
30.9 mg g ' (3.1%), which is significantly lower than the values
commonly found in volcanic soils. As shown in Figure 3, Cs was
found to be at least ten times higher than the Cp value calculated.

These results suggest that using soil texture as an indicator to
quantify organic carbon storage in volcanic soils is not appropriate.
Therefore, the specific characteristics of Chilean volcanic soils were
incorporated in an adaptation of the Vogel et al. (2019) approach.

3.2 Development of models for estimating
critical carbon storage limits in soils

Exponential models exhibited more errors (MSEa = 3160.7) than
parabolic models (MSEa = 2645.6). However, exponential models
(Table 2) were selected as the most appropriate because the parabolic
models obtained after iterations presented negative intercepts at low
percentiles (pl and p5), which is conceptually inappropriate.
Although this could have been solved by setting the intercept to
zero, this would have contradicted with the empirical approach of
this study.

To define the critical carbon storage levels, percentiles p5 (lower
limit) and p95 (upper limit) were selected, thereby avoiding
overfitting associated with extreme percentiles (pl and p99).
These values identified soils with a saturation potential (p95) and
those at risk of degradation (p5). Additionally, models fitted at
percentiles pl0 and p90 could be used as alternatives for a more
rigorous evaluation, narrowing the critical levels (Figure 4).

A total of 12.6% of the BS-2 (209 samples) fell outside the p5/
P95 models, with 6.5% of the dataset below p5 and 6.1% above p95.
Among the data below p5, 56.5% corresponded to soils with >600 Al,,
35.2% to soils with <200 Al,, and 8.3% to soils with 200-600 Al,.
Meanwhile, the data above p95 were mostly from soils with >600 Al,
(63.4%), followed by soils with <200 Al, (30.7%) and those with
200-600 Al, (5.9%). In comparison, the p10/p90 models excluded a
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FIGURE 3
Relationship between potential carbon stock (Cp) and current stored carbon stock (Cs) in volcanic soils taken from the Agrosur journal (BS-1),

calculated using the equations proposed by Vogel et al. (2019). Each color corresponds to a different level of fitting, using different point groups to assess
the slope variability in the application of the equation from Vogel et al. (2019).

TABLE 2 Models generated using quantile regression adjusted to an exponential function for estimating carbon storage in soils.

Percentile Model equation MSEa RMSE Number of points used for error calculation
1 34.94(1-EXP (~0.00007*Al,)) + 0.04 34 1.9 16 (0.96%)
5 26.2*(1-EXP (-0.00017* AL,)) + 0.22 75.8 8.7 83
10 21.4*(1-EXP (-0.00024* AlL,)) + 0.43 174.3 13.2 166
20 15.9%(1-EXP (~0.00041* Al,)) + 0.68 489.4 22.1 333
30 16.4*(1-EXP (-0.00044* Al,)) + 0.8 966.7 311 498
40 15.8*(1-EXP (~0.00050* AL)) + 1.15 1647.3 40.6 663
50 15.4*(1-EXP (-0.00057* Al,)) + 1.37 2653.8 515 829
60 16.7%(1-EXP (~0.00056* Al,)) + 1.72 11,571.8 107.6 665
70 14.74(1-EXP (-0.00069% Al,)) + 2.29 9226.1 96.1 498
80 13.6*(1-EXP (~0.00083* Al,)) + 3.04 71722 84.7 332
90 10.8*(1-EXP (~0.00094* Al,)) + 5.58 4406.6 66.4 173
95 10.3*(1-EXP (~0.0012* AL)) + 8.06 2175.8 46.6 74
99 13.1*(1-EXP (=0.0012* Al,)) + 11.61 526.1 22.9 20

larger portion of the dataset (27.5% of total BS-2, 456 samples). These
outliers from the p10/p90 models mainly corresponded to soils
with >600 Al, (38.9%), <200 Al, (21.6%), and 200-600 Al, (15.1%).
Although the number of data points falling outside the limits was
higher in these models, the distribution of soil types remained similar
to that observed in the p5/p95 models.

3.3 Evaluating carbon storage

According to functionality indices, soils in the Aysén Region
demonstrated a carbon storage capacity (Cp) of 358 + 133 t C ha™!,
with a range of [40-734], placing them in a medium-to-high
potential range compared to other Chilean soils. The carbon
storage potential index (I soc) was 0.71 * 0.10 [0.45-0.98].
However, these soils are currently storing 33.5% less carbon than
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their potential capacity, with a current storage (Cs) averaging 238 +
120 t C ha! [14-712], and an I soc of 0.59 + 0.60 [-0.08; 4.95].

3.3.1 Role of Al, in current and potential
SOC storage

Soils with Al, >600 mg kg™' demonstrated the highest potential
carbon storage capacity (Cp), with an average of 410 + 122t Cha™},
followed by soils with Al, <200 mg kg™ (-19.8% of soils with Al, >
600) and soils with Al, between 200 and 600 mg kg™ (-32.9% of soils
with Al, > 600). Regarding the current carbon storage state (Cs),
soils with Al, >600 mg kg™' stored, on average, 284 + 120 t C ha™’,
while soils with Al, between 200-600 mg kg ™' and <200 mg kg™
stored between 22.2% and 40.4% less than soils >600 mg kg™,
respectively (Figure 5).
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FIGURE 5

Distribution of carbon storage functionality indices in soils of the Aysén Region according to Al, content.

Soils with Al, <200 mg kg™ presented the maximum value of I soc
(4.9) and a higher frequency of outliers, suggesting that these soils have
been exposed to conditions favoring carbon accumulation above expected
levels. In addition, more than 25% of the soils with Al, between
200-600 mg kg exceeded the threshold of T soc = 1, indicating that
in these cases carbon accumulation could exceed its intrinsic capacity. On
the other hand, only two negative 1 soc values were found, both in soils
with Al, >600 mg kg™, indicating possibly severe degradation in these soils.

3.3.2 Current and potential status of the carbon
storage function according to the type of
vegetation cover in the Aysén Region

Soils with the highest potential carbon storage capacity (Cp)
were found under grasslands (436 + 83 t C ha™), agricultural crops

Frontiers in Environmental Science

(401 £ 40 t C ha™') and silvicultural crops (382 + 64 t C ha™). In
contrast, soils with the lowest capacity were those under forests and
woodlands (300 + 134 t C ha™'), riparian vegetation” (200
160 t C ha') and wetlands (115
54 t C ha™') (Figure 6).

In terms of the intrinsic potential index (I soc), soils under the
category others (0.81 £ 0.12) and grasslands (0.78 + 0.16) showed the
highest values, close to the theoretical maximum (Cmax). On the

+
and marshes +

other hand, soils under silvicultural crops (0.59 + 0.12), riparian
vegetation (0.54 + 0.09) and agricultural crops (0.53 + 0.15) showed
the lowest values.

Regarding the current carbon (Cs) storage status, soils under
grasslands stored, on average, 278 + 112 t C ha™!, followed by
shrublands and shrubs (237 + 137 t C ha™') and forests and
woodlands (221 + 130 t C ha™). The lowest values were observed
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in agricultural crops (177 + 86 t C ha™'), wetlands and marshes
(177 £ 67 t C ha™") and riparian vegetation (134 + 44 t Cha™"). The
gaps between Cp and Cs varied according to the type of vegetation
cover. Agricultural crops presented the largest gap, with 224 t Cha™'
(55.9% of its potential was unused), followed by silvicultural crops
(191 t C ha™!, 50.0% of its potential was unused) and grasslands
(158 t Cha™, 36.2% of its potential was unused). In contrast, forests
and woodlands showed the smallest gap (79 t C ha™, 26.3% of
its potential was unused), suggesting they are closer to their
maximum capacity.

Two vegetation covers stood out for exceeding their potential
carbon storage capacity: wetlands and marshes and riparian
vegetation. Wetlands, despite having the lowest potential capacity
174 t C ha™,
representing a surplus of +51.3%. Similarly, riparian vegetation

(Cp = 115 t C ha™"), stored, on average, Cs =

exceeded its potential capacity, with a I soc of 1.66. These
exceptions are explained by the anaerobic conditions of these
vegetation types, which slow the decomposition of organic
matter, allowing carbon to accumulate and exceed the intrinsic
capacity of the soil. However, this condition can be considered
fragile because environmental changes, such as desiccation or
drainage, could quickly reverse this accumulation, releasing
carbon into the atmosphere. More details can be found in
Supplementary Table S5.

4 Discussion

4.1 Evaluating soil organic carbon
storage capacity

In this study (Figure 4), we observed Al, to be a reliable
indicator of SOC stabilization in soils with Al, >600 mg kg™,
characteristic of volcanic soils or soils influenced by volcanic
material (Rodriguez, 1993). In Chile, Matus et al. (2006) found
that ammonium acetate (Al,)-extractable aluminum better
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correlated with SOC levels than the clay content in allophanic
soils on a regional scale. Al, reflects the formation of organo-Al
complexes, which are key in SOC stabilization in acidic soils
(Matus et al., 2008; Parada et al.,, 2024). In addition, the
incomplete dispersion of the clay and silt fractions during
textural analyses in volcanic soils makes it impossible to use
the clay content as the sole indicator of C storage in these soils
(Matus, 2021). On the contrary, in soils with lower Al, contents,
most likely dominated by less reactive crystalline clays, Al, was
not a reliable indicator of SOC stabilization. This suggests that
the effectiveness of Al, as an indicator depends on soil
mineralogy and the predominant stabilization mechanism,
which varies according to soil type (Kogel-Knabner and
Amelung, 2021). In acidic soils, SOC stabilization occurs
mainly through the formation of organic-Al complexes
(Matus et al., 2008; Shimada et al., 2022), while in alkaline
soils (common in northern Chile) other processes predominate.

In general terms, C saturation in soil results from the
accumulation in different reservoirs (Six et al., 2002; Stewart
et al, 2008), where chemical stabilization through interactions
with mineral particles can be responsible for 72%-86% of the
accumulated carbon (Matus et al., 2024; Begill et al, 2023). In
this study, we aimed to replace the mineral particle-based
indicator with a chemical index, such as Al,, to assess the
function in volcanic soils. By using quantile models and selecting
the 95th percentile as a reference a broad concept of SOC saturation
was adopted, integrating the contribution of all reservoirs in SOC
stabilization and accumulation. From this perspective, the upper
critical level, the 95th percentile (p95) should be interpreted as the
threshold at which SOC accumulation ceases to be determined by
edaphic properties and becomes influenced by environmental
factors (Krull et al., 2003). This threshold represents a practical
tool for land use management, since soils that exceed this level can
be considered fragile due to the loss of their resilience to recover
carbon that could eventually be lost in the face of anthropogenic
interventions (Clunes et al., 2022b).
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4.2 Carbon storage function in soils of the
Aysén Region, Chile

The higher carbon storage potential observed in the Aysén
Region (Figure 5), suggests a relatively high level of storage
compared to other regions of the country and around the world.
The values estimated in the Aysén Region exceeded those
reported by Chen et al. (2019) for agricultural soils in France,
who determined the maximum SOC content at various
percentiles. These values ranged from 110 t ha™' to 260 t ha™
(0-50 cm). In comparison, 77.5% of the Aysén soils exceeded the
maximum range found in France (Cp > 260 t ha™"), with 46.3% of
these doubling this maximum (Cp > 420 tha™"), and only 4.1% of
the Aysén soils showing values below 110 t ha™'. Although the
differences in the depths considered in both studies could
partially explain the variability in their estimates, carbon
accumulation was not homogeneous throughout the profile
and drastically decreased at greater depths, a phenomenon
that was considered in the adjustments of our estimates
(see Section 2.6).

It could be argued that this difference was generated because
the evaluation in the Aysén Region included soils with diverse
uses, not exclusively agricultural lands. However, 67.7% of the
soils with Cp > 420 t ha™' corresponded to pastures, while no data
from wetlands or swamps were observed in this Cp interval. On
the contrary, 70.9% of the soils with Cp > 420 t ha™' had a
Al, >600 mg kg™' (x =906.8 mg kg™"), which could suggest that the
mineralogy of the soils could explain this high storage capacity.
Nonetheless, we recognize that there are other factors (e.g., soil
water content) not considered in this study that could also have
had an influence.

Regarding the current state of SOC storage, on average, the
Aysén Region had a Cs =238 t C ha™’, a value exceeding the global
averages. Minasny et al. (2017) collected global SOC data, with
values ranging from 17.9 t Cha™ in Indonesian rice fields (0-15 cm)
to 105.3 t C ha™' in New Zealand grasslands (0-30 cm). In contrast,
Chilean volcanic soils, such as those in Aysén, tend to have higher
values. Padarian et al. (2017) estimated stocks exceeding 100 t C ha™
between latitudes 43°S and 46°S, and Dube et al. (2012) reported
stocks between 150 and 194 t C ha™' in silvopastoral Andisols
(0-40 cm). Consistently, Mufioz et al. (2007) reported stocks of
up to 136 t C ha™' in Alfisols of the Maule Region (0-40 cm), which
further elevates the high carbon storage capacity of the Andisol soils
of the Aysén Region.

Although SOC values in Aysén are high, the current state index
(T soc = 0.59) indicates that even with such high Cs values compared
to national and international values, these soils still have the capacity
to store more carbon. Therefore, effective land management
considering the functional potential of soils could increase
storage and promote carbon sequestration (Don et al, 2024),
thus helping to mitigate the effects of climate change, as well as
improving soil health.

Regarding the functionality indexes observed in the three
classifications according to Al, values, it was expected that the
Cp values would increase with increasing Al, values, that is, Cp
would be lower in soils with Al, <200 mg kg™’, higher in soils with
Al, between 200 and 600 mg kg and highest in soils with
Al, >600 mg kg (ODEPA, 2024). However, this was not
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fulfilled (Figure 5); the lowest average Cp was found in soils with
Al, between 200 and 600 mg kg™". At first, we assumed this could be
due to differences in depth (mean value measure of group), but as it
can be seen in Supplementary Table S3, no differences among
varying soil depths with Al, <200 mg kg™ were found. We then
observed that the bulk density values for these two groups was
0.85 g cm™ for soils with Al, <200 mg kg™' and 0.54 g cm™ for soils
with Al, between 200 and 600 mg kg™', which were less than
expected based on the estimated mineralogy for each of the
groups (>1 g cm™ in soils with Al, <200 mg kg™ and slightly
less than 1 g cm™ in soils with Al, between 200 and 600 mg kg™"). For
this reason, we revised the variation of this variable by eliminating
vegetation covers that, due to their genesis, had lower bulk density
values, such as wetlands and marshes and riparian vegetation
(<05 g However, this
modification generated no differences in the Cp trend.

cm?  Supplementary  Material).

When analyzing the functionality indices of soils under different
vegetation covers it has been assumed that certain ecosystems are
large carbon sinks (Don et al., 2024), such as wetlands and swamps,
nonetheless our estimates showed that these present the lowest Cp
(Figure 6). This can be explained by organic soils low relative
mineral content, which, according to the method proposed in
this work, was expected to have a lower carbon storage potential
in these soils. Nonetheless, this was not true in this case, in fact,
wetlands and swamps were the only vegetation covers whose current
state (Cs) exceeded their intrinsic potential (Cp) (Figure 6). This
phenomenon is explained by the fact that the carbon accumulation
in this type of ecosystem does not depend primarily on the soil
matrix, but rather on its anaerobic condition, which slows the rate of
decomposition. This allows the volume of plant litter input to be
greater than the losses, generating accumulations that exceed the
estimated levels.

As previously discussed, we consider that a condition where Cs >
Cp represents a condition of fragility (Clunes et al., 2022b). Carbon
that is accumulated above established levels can easily be lost if the
ecosystem shifts from an anaerobic to an aerobic condition due to
climate change, land-use changes, or other natural or anthropogenic
processes. To exemplify the sensitivity and fragility of these
ecosystems, Wang H. et al. (2022) modeled the effects of drought
on wetlands in Georgia and South Carolina, United States, and found
that the rate of SOC sequestration could decrease from 44% to 4%
under recurrent drought conditions, which could represent a loss of
0.95 Tg C yr ' along the Atlantic Coast. Although the Cs of the rest of
the analyzed vegetation covers did not exceed their potentials on
average, some cases of forests and woodlands, grasslands and
shrublands presented a current state index (I soc) higher than 1.
This could indicate recent changes in land use, where organic carbon
has not yet reached an equilibrium, resulting in higher values than
expected (Chen et al,, 2019).

Soils with agricultural crops presented the highest carbon
storage potential (Cp), surpassing even forests and woodlands.
This finding is interesting, as it has traditionally been assumed
that forests are the optimal carbon sinks. However, we argue that it is
a mistake to evaluate soil carbon storage capacity based on
vegetation cover. Forests are often considered as control
treatments, but this capacity should be understood as an intrinsic
property of the
measurements using its dynamic and inherent properties. In

soil assessed through direct or indirect
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other words, although forests contribute more carbon to the soil
than agricultural crops, as corroborated by our estimates (Cs forest >
Cs agricultural crops), the exact amount of carbon stored is
determined by the soil and its characteristics. In this sense, we
identified that the soils with the greatest potential to store carbon are
being used for agricultural crops, resulting in the largest gap between
Cs and Cp, with —55.9% with respect to their potential. Improving
management practices that favor residue accumulation could help
reduce the gap between the current and potential states. It is also
essential that more informed decision-making, a more efficient use
of resources, and the sustainable use of natural resources are
prioritized in agricultural lands in the Aysén Region in light of
these results.

5 Conclusion

This work represents an initial proposal to quantify the
ecosystem function of carbon accumulation in diverse soils on
a regional scale, considering reactivity as the main mechanism.
We recognize the constrictions of this approach, especially in soils
with crystalline mineralogy and a more alkaline pH. Another
limitation of this study is that it assumed that not all the C
determined in a soil corresponded to C effectively stored by the
soil, i.e., the study assumed that plant residues in degradation
stabilized as residues themselves were not SOC, but were
considered in the determination of C during extraction (e.g.,
determination of C in peatlands/wetlands). Therefore, these
types of soils (e.g., soils under peatlands and wetlands) are
extremely fragile because anthropogenic intervention can easily
degrade them.

We propose evaluating new chemical indices or creating
composite indices that reflect the variability of stabilization
mechanisms found in Chilean soils. It is essential that future
research further validate this proposal, explore alternative
approaches, such as the parabolic curves discarded in this study,
and determine whether the selected percentiles are sufficiently strict
and accurate when estimating carbon accumulation potentials. This
could aid us in the effective determination of saturation and allow us
to detect areas of fragility for the carbon storage function.

The Aysén Region stands out in terms of its high soil carbon
storage potential (Cp), with an average that exceeds 350 t C ha™'
(depth ~8.5 dm), a very high level of storage compared to national
and international values. Agricultural soils in the region, although
they present the highest Cp, reflect the largest gap with respect to
their current state (Cs), which confirms the necessity to improve
management practices and carbon accumulation in these systems.
This confirms that carbon storage should not be evaluated only in
terms of the input of organic residues associated with vegetation
cover, but in terms of the carbon storage capacity offered by the soils,
determined by their inherent properties.

Wetland and swamp ecosystems were notable because they were
the only vegetation covers where average Cs exceeded Cp, though
this condition can be considered fragile because these systems are
highly vulnerable to environmental changes. The possibility of rapid
loss of accumulated carbon, especially under aerobic conditions,
underscores the importance of their conservation as a key strategy in
the face of climate change.
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