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Abstract: The new world challenges under climate change
call for eco-friendly practices that make agriculture’s eco-
nomic and social dimensions compatible with environmental
preservation and ecosystem resilience. Carbon farming has
emerged as an interesting alternative for dealing with these
new frameworks, as it promotes conservation agriculture
with practices that increase carbon sequestration in soils
and plants. Considering these motivations, this research
intends to bring more insights into the levels of soil organic
carbon (SOC) in the Portuguese context, and this variable is
interrelated with land use, land attributes, and soil characteris-
tics. Statistical information from the INFOSOLO legacy database
was analyzed through statistical methodologies and machine-

learning approaches. The findings provide interesting support
for the stakeholders about the influence of land use and soil
types on the levels of SOC.

Keywords: land use, land cover, soil characteristics, machine
learning, organic carbon

1 Introduction

Agriculture is among the sectors with the most significant
contributions to greenhouse gas (GHG) emissions [1] due to
the nitrous oxide (N2O) and methane (CH4) released from
the soils, livestock production, and energy use in several
parts of the farming activities [2].

There is a set of farming activities that promote carbon
sequestration and the consequent reduction of GHG emis-
sions, called carbon farming practices [3], with several
positive impacts on sustainability [4], namely, in terms of
climate stability, soil fertility [5], and eco-friendly food pro-
duction [6]. These agricultural activities are related to non-
tillage, biodiverse pastures rich in legumes, agroforestry,
and organic amendments [7]. In practice, carbon farming
integrates agricultural production, forestry, and other land
use activities [8], and these are fundamental to achieving
the European objectives defined for the coming years and
decades under the European Green Deal [9]. Sustainable
agriculture practices’ benefits include preserving biodiver-
sity and improving soil and water quality, productivity,
and economic and cultural externalities [10].

The vocational training of farmers, the adjusted policy
instruments, and research are of greatest importance to
optimize the positive impacts of carbon farming on sustain-
able development [11]. Policy measures are crucial in imple-
menting any strategy to promote greater sustainability [12],
specifically through more customized incentives [13]. The
approaches considered to assess carbon sequestration and
related GHG emissions sometimes need adjustments for a
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more accurate inventory of the carbon stored and released
[14] and better quantification of carbon losses and interactions
[15]. Soil organic carbon (SOC) estimation through accurate
methodologies is fundamental to maximizing the benefits of
carbon farming [16].

In any case, the potential contributions of some carbon
farming practices are unclear in some specific contexts.
More research is needed to better understand the added
value and dimensions of these practices [17] for effective
and sustainable development in scenarios of particular
specificities [18]. More contributions to biological processes
are also needed [19]. The discussions about the carbon
farming framework highlight the strengths of associated
practices, some weaknesses, and suggestions for the future,
such as considering co-benefits of carbon farming rather than
viewing these practices primarily as a way of removing
carbon [20]. In some cases, carbon farming approaches, if
not well structured, may bring negative impacts on ecosys-
tems [21].

The circular bioeconomy is another example where
the interconnection of agricultural practices with other
activities may help mitigate GHG emissions, such as aqua-
ponics, where plants may use water from fish production
and then return to the fish tanks, a framework sometimes
referred to as aquatic carbon farming [22]. Blue carbon
farming is another alternative with enormous potential
to remove carbon from the atmosphere [23]. Carbon
farming is usually associated with carbon trading because
the related practices may generate tradable carbon credits,
providing returns for farmers, landowners, and investors [24].

This study investigates the intricate relationships between
SOC levels, land use, soil characteristics, and environmental
factors. It leverages INFOSOLO [25], one of the most compre-
hensive soil databases containing Portuguese data. The fol-
lowing questions guide the research:
RQ1. How do different land use types and their manage-

ment practices influence SOC levels across various
ecosystems?

RQ2. Which soil types exhibit the highest potential for SOC
sequestration, and what factors contribute to this
capacity?

RQ3. What is the impact of elevation and its interaction
with land use and soil type on SOC dynamics?

RQ4. Which features (e.g., chemical, physical, and spatial
variables) are most influential in predicting SOC
levels, as identified by machine learning techniques?

RQ5. How can these findings inform sustainable land
management practices and policy interventions to
enhance SOC storage and mitigate GHG emissions?

2 Literature review

SOC assessment is fundamental for climate change adapta-
tion andmitigation and has gained widespread attention in
recent decades. One of the main objectives of this research
is to identify the main explanatory variables of SOC, as well
as the most accurate models. The main variables influen-
cing SOC variation are elevation, slope, compound topo-
graphic index, average temperature, average and total pre-
cipitation, texture, and soil type. Wetland areas have the
highest levels of SOC, while forest and natural areas have
higher contents than agricultural lands. Portugal is among
the European countries with the lowest levels of average
SOC [26]. In southern Europe, SOC is related to nitrogen,
density, cation exchange capacity, available water, micro-
bial biomass, and carbon fractions [27]. In another frame-
work, such as that of the northeast of Portugal, SOC was
interrelated with elevation, land use and land cover, sev-
eral indices (such as normalized difference vegetation
index), and erosion risk. In this case, elevation and land
cover, for example, impact SOC levels. Agricultural areas
have lower soil carbon than herbaceous vegetation, pas-
ture, and shrub species [28].

In any case, soil fertility may present different char-
acteristics for the same land cover [29]. Soil use may partly
explain the levels of SOC, but effectively is not the only
dimension that must be considered in the processes of
carbon dynamics in soils worldwide. Storm events, for
example, may significantly impact the SOC temporal evolu-
tion [30]. Irrigated or postflood lands tend to have lower
levels of SOC [31].

Agricultural practices and soil fertility adjustments
(e.g., with composted organic resources) also impact SOC
levels [32]. Human-induced land changes have decreased eco-
systems’ biotic production capacity [33]. No-tillage is an
example of an agricultural practice with a positive impact
on SOC, including in Western European vineyards [34,35],
as it reduces erosion and nutrient losses [36]. Nonetheless,
some issues of overestimation may arise in quantifying the
benefits of no-tillage [37]. The most significant changes in soil
carbon due to agricultural practices of no-tillage versus con-
ventional tillage seem to be on the labile soil organic fractions
(organic carbon [OC], active carbon, and hot-water extrac-
table carbon) [38]. Grasslands may also contribute to SOC
accumulation [39] and the provision of other ecosystem ser-
vices [40]. In addition, modern agroforestry systems bring
enormous potential for carbon sequestration [41].

Another dimension interrelated with SOC is soil micro-
bial biomass, which has positive correlations. In some
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circumstances, bacterial diversity is negatively correlated
with SOC [42]. Nematode trophic groups are also positively
related to SOC levels in forests of northern Portugal [43].

In specific contexts, such as the montado systems in
southern Portugal, SOC levels are positively correlated
with precipitation [44]. Wildfires in Mediterranean ecosys-
tems are other factors that may negatively influence SOC
levels [45], depending on subsequent land management,
with the potential for recovery in the short to medium
term [46]. Portuguese northern regions with eucalypts
have greater SOC than other parts of the country and inland
regions. On the other hand, soil sequestration is greater in
granitic soils, Cambisols, Leptosols, and Fluvisols [47].

The most common soil groups in the Iberian Peninsula
are Cambisols, Regosols, Leptosols, Luvisols, Fluvisols, and
Calcisols. In these contexts, SOC may mitigate crust forma-
tion and erodibility [48]. SOC levels are important indicators
of soil quality [49], highlight the potential for soil degrada-
tion [50], and play a crucial role in carbon balance [51] and
climate regulation [52]. Shrub communities in Mediterra-
nean ecosystems fundamentally promote carbon sequestra-
tion and contribute to global warming mitigation [53].

SOC assessment in the topsoil is crucial for adjusted soil
quality monitoring, and the availability of statistical infor-
mation and accurate models can bring significant added
value in frameworks that require tailored approaches for
each scenario’s particularities [54]. SOC transport investiga-
tion sometimes requires specific approaches to managing
particular conditions [55]. Tailored methodologies are essen-
tial to assess land use dynamics [56] in different global con-
texts. Accurate models are vital to support assessments that
can be a basis for better land management and the design
and implementation of policies [25].

3 Methodology

This section systematically addresses the research ques-
tions through a structured analysis of the INFOSOLO
dataset [25], according to the following logic:
• To answer the research question RQ1, we perform an
examination of land use categories and their interactions
with SOC across various ecosystems.

• With respect to RQ2, we analyze SOC levels across dif-
ferent soil types and identify key contributing factors.

• The impact of elevation on SOC dynamics, described by
RQ3, is investigated by examining the correlation
between elevation, land use, and soil type, providing
insights into how these variables interact to affect SOC
levels.

• To answer RQ4, which aims to determine the most influ-
ential features in predicting SOC levels, we employed the
random forest algorithm to rank variables based on their
impact.

• The findings are used to answer RQ5 by exposing sustain-
able land management practices and policy interven-
tions, offering actionable insights to enhance SOC storage
and mitigate GHG emissions.

The remainder of this section outlines the exploratory
analysis conducted, the details of the feature selection pro-
cess, and the characterization of the dataset utilized in this
study.

3.1 Exploratory analysis

The exploratory analysis focuses on the following aspects:
(1) Land use categories and their specific subdivisions;
(2) Soil types;
(3) Interactions between land use, soil types, and SOC;
(4) Elevation;
(5) Interactions between elevation, soil types, and SOC;
(6) Interactions between elevation, land use, and SOC.

The previous analysis offers valuable insights to guide
potential interventions to enhance SOC levels.

3.2 Feature selection

The SOC prediction framework could act as a powerful tool
to evaluate, in advance, the likely impacts of specific inter-
ventions on various soil types and agricultural practices. To
support this, we conduct a feature relevance analysis using
the random forest algorithm [57], a robust machine learning
method recognized for its effectiveness in feature selection
and prediction tasks. This algorithm allows for the identifica-
tion of key variables that significantly influence SOC levels.
We apply the algorithm to all dataset variables and rank
them based on their impact on SOC prediction. Variables
with negligible impact are then excluded from the analysis.

3.3 Dataset characterization

The INFOSOLO soil information dataset [58] represents the
most comprehensive effort to date in consolidating soil
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information within Portugal. Currently, the database
includes the physical and chemical characteristics of
11,342 horizons/layers studied in 4,545 soil profiles, pre-
viously dispersed across paper reports, theses, and online
sources, obtained from 2000 to 2022.

The database incorporates measured soil properties
such as particle size distribution, coarse elements, soil
bulk density, pH, SOC, cation exchange capacity, and
exchangeable cations. In addition, soil water retention at
field capacity and the wilting point, estimated through ped-
otransfer functions, are included. Over the years, several
procedures were implemented for data harmonization as
described by Ramos et al. [25]. Relative to SOC, values
obtained using either wet or dry combustion methodolo-
gies were harmonized, converting dry combustion values
to align with wet combustion measurements [59].

Table 1 summarizes soil reference groups, showing the
number of soil profiles and their respective frequency per-
centages within the dataset. The large discrepancies in the
number of soil profiles among the soil reference groups in
the table are justified by the natural distribution of soil
types, which varies significantly across different regions,
with some soils being inherently more prevalent due to
climatic, geological, and ecological conditions.

Because of their restricted representativeness, all soil
reference groups with fewer than ten soil profiles were
excluded from the analysis.

The analysis and interpretation of the results were
supported by previous research and documents [26,60–62].

The information presented in Figure 1 is obtained
through QGIS software [63], and considering the informa-
tion available on the open data portal of the Portuguese
Public Administration [64]. The Norte is the region where
the most observations were obtained, and here, among the
data collected, Cambisols, Anthrosols, and Regosols prevail
as soil types, and irrigated crops, fallow, rainfed arable
crops, pasture, horticulture, and vineyard as land use. In
this region, SOC levels vary between 24% (Fluvisols and
fallow) and 0% (arenosols and horticulture). The majority
of observations present values of less than 10% for SOC and
a reasonable number show no values for SOC. Another
important region with a large number of observations is
the Alentejo where SOC levels vary between 16% (Histo-
sols) and 0% (Cambisols and forest land use). The same
context for the low levels of SOC verified in the Norte
can be seen here. These results highlight that some soil
types and land uses are more likely to store SOC, but the
effective capacity of soils to sequester carbon depends on
several factors.

4 Results

This section presents the results of our analysis, high-
lighting key findings related to the factors influencing
SOC levels, the predictive features selected by the
Random Forest model, and the potential implications for
soil management and agricultural practices.

4.1 Land use

Table 2 presents groups of land uses designed to normalize
classifications across multiple sources and reduce the com-
plexity of interpretation. By categorizing land uses into
well-defined groups, it ensures consistency in analysis,
making it easier to compare and integrate data from var-
ious origins. This approach simplifies interpretation, facil-
itates decision-making, and promotes a clearer under-
standing of land use patterns and their implications.

The graph in Figure 2 underscores the relationship
between land use categories and soil health by illustrating
how land management practices influence SOC levels.

Table 1: Distribution of soil reference groups

Soil reference groups Number of soil profiles Frequency (%)

Acrisols 48 1.6
Alisols 24 0.8
Anthrosols 441 15.0
Arenosols 57 1.9
Calcisols 131 4.4
Cambisols 637 21.6
Ferralsols 25 0.8
Fluvisols 231 7.8
Gleysols 19 0.6
Histosols 3 0.1
Leptosols 185 6.3
Lixisols 6 0.2
Luvisols 310 10.5
Planosols 20 0.7
Plinthosols 3 0.1
Podzols 17 0.6
Regosols 604 20.5
Solonchaks 5 0.2
Solonetz 7 0.2
Stagnosols 2 0.1
Umbrisols 59 2.0
Vertisols 117 4.0
Total 2,951

Source: Own elaboration based on data from INFOSOLO.
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Figure 1: Distribution of observations by NUTS 2 in mainland Portugal. Source: The map in Figure was generated using QGIS from the Infosolo
database.

Table 2: Groups of land uses

Category Includes Reason

Rainfed arable crops Oats, rye, barley, durum wheat, triticale, common wheat, sunflower These crops are typically grown in areas relying on
rainfall without irrigation

Irrigated arable
crops

Maize, rice, cotton, sugar beet, potatoes These crops often require irrigation due to their
higher water needs

Mixed crops Other cereals, other root crops, other leguminous and mixtures for
fodder, mixed cereals for fodder

These groups involve multiple crops grown
together or for specific purposes like fodder

Horticulture Tomatoes, melon, other fresh vegetables, floriculture and
ornamental plants

These are high-value crops typically grown in
controlled environments or as specialty crops

Permanent crops Vineyards, olive groves, fruit trees (e.g., apple fruit, pear fruit,
cherry fruit, nuts trees, almond)

These crops are perennial and cultivated over
many years

Pastures and
grasslands

Temporary grasslands, grassland without tree/shrub cover,
grassland with sparse tree/shrub cover

These are open land types primarily used for
grazing or hay production

Forest and woodland Pine-dominated coniferous woodland, pine forest, forest, eucalypt
forest, quercus forest, chestnut forest, mediterranean woodlanda,
Mixed woodlandb

All fall under forest or woodland ecosystems with
minor distinctions

Other land types Rocks and stones, Bare land, Non built-up area features, Shrubland
without tree cover

These represent nonagricultural or sparsely
vegetated areas

Source: Own elaboration based on data from INFOSOLO.
aEcosystems found in regions with a Mediterranean climate, characterized by hot, dry summers and mild, wet winters. These woodlands typically
feature a mix of broadleaf evergreen trees and shrubs adapted to withstand drought and periodic wildfires.
bForests where neither coniferous (cone-bearing) nor broadleaved (deciduous) species dominate the canopy; instead, both types are present in
significant proportions.
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Vertical lines indicate the quartiles, while the width and
the shape of the violins illustrate variations in soil carbon
storage potential among these land use categories.

Pastures and grasslands show higher median OC
values than agricultural land categories. However, OC
values within these categories may vary significantly, as
depicted by the violins’ width and shape, reflecting the
diversity of OC retention. Agricultural categories display
lower OC values than others, indicating OC depletion. The
exception is Irrigated Arable Crop and Horticulture, which,
despite their variability, expose moderate OC values.

The variability in OC values indicates soil carbon storage
potential among these land use categories. One example is the
Forest and Woodland, which displays a wide range of OC
values despite its lowest median OC levels of all the cate-
gories, suggesting a complex interplay of ecological factors
influencing carbon storage. These findings emphasize the
role of land management in shaping soil health and carbon
sequestration potential across ecosystems.

Figure 3 illustrates the distribution of OC values across
different forest and woodland subcategories. Mixed
woodland and Mediterranean woodland exhibit the
highest OC median values and high variability, indicating
diverse soil conditions and carbon retention capacities.
Quercus forest and chestnut forest display lower but stable
OC distributions, reflecting consistent organic matter

contributions from broadleaf trees. These values contrast
with the Eucalypt forest’s high median OC levels.

4.2 Soil type

Figure 4 illustrates the distribution of OC across various
soil types. Anthrosols, Leptosols, Umbrisols, Regosols, and
Ferralsols have higher OC medians than other soil types.
Fluvisols exhibit more OC variability. These soils are young
and develop in alluvial deposits near rivers, leading to
significant spatial heterogeneity in their organic matter
content. By contrast, Ferralsols, Vertisols, Calcisols, Gley-
sols, and Planosols contained variability. This can be
attributed to their intrinsic soil properties, such as stable
mineral compositions, uniform organic matter stabiliza-
tion mechanisms, and consistent land use practices, lim-
iting OC level fluctuations.

4.3 Soil types and agricultural practices

The interaction between land use practices and inherent
soil characteristics drives the observed variability in OC

Figure 2: Relationship between land use and OC. Vertical lines present the lower quartile, median, and upper quartiles. Source: Own elaboration
based on data from INFOSOLO.
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Figure 3: Breakdown of OC into forest types. Vertical lines present the lower quartile, median, and upper quartiles. Source: Own elaboration based on
data from INFOSOLO.

Figure 4: Relationship between soil type and OC. Source: Own elaboration based on data from INFOSOLO.
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content. These insights are valuable for land management
strategies, as they underscore the importance of tailoring
practices to maintain or enhance soil carbon stocks in
agricultural and natural ecosystems.

The heatmap in Figure 5 presents the distribution of
OC across different combinations of soil types and land
uses. Patterns in the heatmap reveal that specific land
use categories, such as forested areas or pastures, tend to
be associated with higher mean OC levels in certain soil
types. This aligns with the expectation that these land uses
often involve less soil disturbance, promoting organic
matter accumulation.

Permanent crops expose low median OC values,
except for the Umbrisols. Umbrisols are typically rich in
organic matter due to their formation under forested or
vegetated conditions, which leads to the accumulation of
organic-rich topsoil. In addition, permanent crops, such as
fruit orchards and vineyards, are cultivated over many
years without frequent soil disturbance. This minimizes
soil erosion and organic matter loss, promoting carbon
sequestration. In addition, organic residues from perma-
nent crops, like leaf litter and pruned material, contribute
consistently to the soil organic pool, enhancing OC levels in

soils like Umbrisols that already support organic matter
retention.

Irrigated arable crops show high OC levels for
Acrisols, Leptosols, and Umbrisols. The consistent addition
of organic residues and improved soil moisture conditions
under irrigation collectively contribute to the elevated OC
levels in these soils.

4.4 Elevation

A variability in the relationship between elevation and OC
is expected, shaped by soil type-specific characteristics and
environmental factors such as climate, vegetation, and
land use.

Figure 6 shows the correlation between elevation (Z)
and OC for selected soil types. The data reveal that most
soil types exhibit weak correlations, with positive and nega-
tive trends reflecting the complex interactions between alti-
tude and soil properties. The strongest positive correlation is
observed for Podzols, known for forming in cool, wet cli-
mates, suggesting that their OC tends to increase at higher

Figure 5: Heatmap showing the mean OC content for different combinations of soil types and land uses. Source: Own elaboration based on data from
INFOSOLO.
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elevations. In contrast, Alisols show a strong negative corre-
lation between elevation and OC, suggesting that OC may
decline at higher altitudes due to reduced vegetation pro-
ductivity or harsher environmental conditions.

The analysis of Leptosols, Planosols, and Umbrisols
reveals a moderate correlation between OC and elevation
(Z), indicating that altitude changes affect the OC content in
these soil types. Due to cooler temperatures and slower
decomposition rates, Leptosols, typically shallow and
found in mountainous or rocky terrains, likely accumulate
more OC at higher elevations. Planosols, often associated
with waterlogged conditions and clayey subsoils, may
show a moderate correlation as higher elevations improve
drainage, enhancing organic matter preservation. Similarly,
Umbrisols, known for their rich organic horizons, benefit
from accumulating organic matter in elevated, forested
regions where vegetation density and climatic conditions
favor OC buildup. These moderate correlations underscore
the interplay between topography, climate, and soil charac-
teristics in shaping OC dynamics.

Figure 7 shows the correlation between elevation (Z)
and OC content for various land use categories.

Horticulture exhibits the strongest Z-OC correlation,
while forest and woodland, pastures and grasslands,
exhibit moderate positive correlations. These land uses
are typically associated with perennial vegetation or dense
tree cover, which enhances OC storage at higher elevations

due to cooler temperatures and slower decomposition
rates. Forested areas, in particular, benefit from greater
organic matter inputs from leaf litter and reduced erosion
in elevated terrains.

Irrigated arable crops and mixed crops display weak
negative Z-OC correlations. This indicates that as elevation
increases, OC levels slightly decrease, potentially due to
reduced water availability and less-intensive agricultural
activity at higher altitudes, which can limit organic matter
inputs and soil carbon accumulation.

4.5 OC predictors

Figure 8 presents the feature importance when used to
predict OC content. The random forest algorithm was
used to select relevant dataset features.

The top-ranked predictors are N (nitrogen content),
latitude, CEC (cation exchange capacity), pH, and Si (silt
content). These results emphasize the critical role of soil
chemical properties (e.g., nitrogen, pH, and CEC), spatial
factors (e.g., latitude), and soil texture characteristics (e.g.,
silt content) in influencing OC levels. Such insights validate
the relevance of these features and provide a foundation for
developing targeted interventions and improving predictive
models for effective SOC management.

Figure 6: Correlation between elevation (Z) and OC content for various soil types. Source: Own elaboration based on data from INFOSOLO.
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5 Discussion

This research aims to contribute to the relationships
between SOC levels, land use, land cover and soil charac-
teristics. The information in the INFOSOLO database was
considered and analyzed using statistical methodologies
and machine learning approaches.

Data analysis shows that the following agricultural
land use categories present the highest levels of SOC: pas-
tures and grasslands irrigated arable crops, and horticul-
ture. Between the forest and woodland subcategories,
mixed woodland, Mediterranean woodland, and eucalypt

forest are the forest land uses with higher values for the
SOC. These results highlight the interrelationships of the
SOC with the land use and land cover for the Portuguese
contexts and the relevance of the pastures and grasslands
for the respective levels of OC [28,39]. Considering these
land uses may contribute to preserving or increasing the
mitigation of GHG emissions, carbon farming may be a
solution to promote SOC storage in land uses with lower
percentages of carbon sequestration.

Regarding soil characteristics, Anthrosols, Leptosols,
Umbrisols, Regosols, and Ferralsols appear as the soil
groups with the highest percentages of SOC. The impor-
tance of some of these soil groups for carbon sequestration
was also highlighted in previous research, namely, the
relevance of the Leptosols [47]. When the land use was
combined with the soil characteristics, the findings
revealed that irrigated arable crops show high OC percen-
tages for Acrisols, Leptosols, and Umbrisols. Combining
some soil characteristics with sustainable practices may
optimize SOC storage.

The scientific literature considers elevation an impor-
tant variable impacting soil carbon sequestration [26].
The results show that the correlation between the eleva-
tion and the carbon sequestration is higher for the fol-
lowing soil types: Podzols, Leptosols, Planosols, and Umbri-
sols. This correlation is also greater for the horticulture,
forest and woodland, pastures, and grassland land use
groups.

Figure 7: Correlation between elevation and OC for Land Use Categories. Source: Own elaboration based on data from INFOSOLO.

Figure 8: Feature importance. Source: Own elaboration based on data
from INFOSOLO.
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5.1 Disclaimer and limitation

Although our work gives insight into SOC levels in relation-
ships between land use and soil characteristics, as well as
environmental factors, several limitations must be stated.

5.1.1 Internal validity

The analysis performed in this study is based on the INFOS-
OLO database. Although comprehensive, it may have inherent
biases due to the uneven distribution of soil profile data across
Portugal. Some regions and soil types are underrepresented,
which may affect the generalizability of the findings.

While machine learning techniques, such as Random
Forest, have been used to identify key predictors of SOC,
they rely on available data and may not fully capture com-
plex soil–environment interactions. Also, the land use clas-
sification in the study is simplified for analysis and may
mask fine-scale variations in SOC dynamics. Future studies
should refine the relationships by adopting a more grain
classification of agricultural and natural land use types.

5.1.2 External validity

Finally, our work may not account for external factors,
such as land management practices, historical changes in
land use, and climate variability. These factors can signifi-
cantly influence SOC levels and should be integrated into
future research efforts.

Despite these limitations, the findings provide a solid
foundation for policymakers and researchers to support
targeted strategies to improve SOC storage and promote
sustainable land use practices.

6 Conclusions

Our analysis provides valuable insights for stakeholders,
including policymakers and farmers, to promote sustainable
land management practices that enhance soil carbon seques-
tration, mitigate GHG emissions, and strengthen environmental
resilience. By aligning agricultural and land use strategies with
the findings, stakeholders can support more effective climate
action and foster healthier ecosystems.

Promoting land use types with higher potential for soil
carbon sequestration, such as pastures, grasslands, and spe-
cific forest subcategories, is essential. Encouraging sustain-
able agricultural practices – e.g., agroforestry, no-till farming,

and organic amendments – can significantly improve soil
health and carbon storage. Knowledge of the influence of
key variables, such as soil type, elevation, and land use, can
guide the design of targeted interventions that optimize SOC
sequestration while ensuring economic viability.

The findings underscore the importance of policies
that incentivize eco-friendly land management practices.
Policymakers are encouraged to integrate these results into
strategies that combine environmental benefits with eco-
nomic value, such as subsidies for sustainable farming
techniques, reforestation programs, or carbon credits for
land management practices that maximize SOC storage.

Future research should build on these findings by
incorporating the most influential predictors, such as soil
type, nitrogen content, and land use, into comprehensive
explanatory models tailored to the Portuguese context.
These models could provide deeper insights into the
dynamics of SOC storage, enabling more precise predic-
tions and the development of localized land management
strategies.
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