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Soil organic carbon (SOC), the second largest carbon reservoir at the Earth’s
surface, plays a key role in climate regulation and ecosystem functioning by
supporting biodiversity, regulating hydrological processes, and maintaining
soil structure and fertility. Land-use change, however, can substantially
reduce SOC stocks, contributing to soil degradation and the loss of
ecosystem services. In this study, we quantified SOC stocks and
estimated associated potential COj,-equivalent emissions across
contrasting land-use types in the central highlands of the Ecuadorian
Andes. A total of 144 soil samples were collected from natural
ecosystems (paramo grasslands and native forests) and anthropogenically
transformed land uses (croplands, pastures, and exotic forest plantations of
pine and eucalyptus). SOC stocks were significantly higher in natural
ecosystems than in transformed land uses. These differences were
associated with a mean SOC loss of 88.1 Mg C ha™ following land-use
change, equivalent to 323 Mg CO,-eq ha™*. Using the IPCC-recommended
stock-difference approach combined with multitemporal land-use data,
substantial potential CO,-equivalent emissions associated with land-use
conversion were estimated at local and regional scales. These estimates
represent potential emissions resulting from the loss of SOC reserves, rather
than direct measurements of soil CO, fluxes, and are subject to uncertainty
associated with spatial soil variability, land-use classification, and the
conversion of soil organic matter to SOC. However, the magnitude of the
estimated losses demonstrates the high sensitivity of high-Andean SOC
reservoirs to land-use change and underscores their crucial importance
for developing climate change mitigation strategies.

KEYWORDS
paramo ecosystems, andosols, agricultural conversion, tropical montane ecosystems,
climate mitigation
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Carbon (C) is a fundamental of global

biogeochemical cycles and is distributed among major reservoirs

component

including the atmosphere, oceans, biosphere, and soils. Among
these, soil organic carbon (SOC) constitutes the second largest
carbon pool at the Earth’s surface, with global stocks estimated at
approximately 1,500 Pg C in the upper 1 m and up to 2,400 Pg C
when considering the upper 2 m of soil depth (

5 ). Through its influence on soil structure,
aggregation, nutrient availability, and water retention, SOC plays a
central role in climate regulation, ecosystem functioning, and
biodiversity conservation ( R ;

; )-

Despite its importance, SOC is highly sensitive to land-use and
land-cover (LULC) change. Processes such as deforestation,
agricultural expansion, grazing intensification, and fire can
substantially reduce SOC stocks by altering organic matter
inputs, soil physical properties, and microbial activity, thereby
). Globally,
soil degradation and land-use change are estimated to contribute

accelerating carbon mineralization (

approximately 3 Gt CO, yr' to atmospheric emissions, representing
a significant driver of climate change ( ).
in SOC
disproportionate effects on atmospheric CO, concentrations,

Even relatively small changes stocks can have
underscoring the relevance of soils in the global carbon balance
( )-

Quantifying potential CO,-equivalent emissions associated with
SOC losses requires a standardized and transparent framework
linking changes in soil carbon stocks to estimated emissions. The
IPCC guidelines for the Agriculture, Forestry and Other Land Use
(AFOLU) sector provide such a framework and recommend the
stock-difference approach to estimate SOC changes resulting from
). This

method quantifies potential emissions based on temporal variations

land-use and management transitions (

in SOC stocks rather than direct measurements of soil CO, fluxes
and is widely applied in national inventories and regional
assessments ( ).

High-Andean ecosystems, particularly montane forests and
paramo grasslands, represent globally significant SOC reservoirs
due to their low temperatures, high organic matter inputs, and slow
decomposition rates ( ). Andean montane
forests, distributed between approximately 1,800 and 3,500 m a.s.l,
provide essential ecosystem services such as climate regulation and
freshwater provision, while storing large amounts of carbon in both
biomass and soils ( s ;

).

Above the forest line, paramo ecosystems extend from the
northern Andes of Colombia to northern Peru, occupying
elevations between approximately 3,000 and 4,800 m as.l.
( ). In Ecuador, paramos cover about
5% of the national territory and play a critical role in water
regulation, soil stabilization, and carbon storage (

). Their soils are characterized by high SOC contents
supported by dense root systems, organic horizons, and
microbial communities that contribute to SOC stabilization

processes  ( ;

02
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Despite the widespread recognition of high-Andean soils as
important carbon reservoirs, available estimates of SOC for
Ecuadorian pdramos and native forests remain spatially limited
and have been derived from studies using different sampling
depths and methodological approaches ( ;

; ). Several studies
have documented substantial SOC accumulation in volcanic-ash-
derived soils; however, these stocks exhibit pronounced spatial
variability associated with ecosystem type, soil profile depth, and
interactions among edaphic and environmental factors, including
mineralogy, topography, climate, vegetation, and landscape position
( ; ;

). Despite these advances, relatively few field studies have
simultaneously compared SOC stocks across multiple natural and
anthropogenic land-use systems in the Ecuadorian Andes while also
linking these differences to multitemporal changes in land use and
land cover ( ). Consequently, the magnitude
of topsoil SOC loss associated with the conversion of paramo and
native forests remains insufficiently quantified in the tropical Andes.
By providing standardized field-based SOC estimates across five
land-use categories in a region dominated by Andosols, this study
contributes empirical data that can improve the representation of
high-Andean soils in regional and global SOC assessments, while
linking these field measurements with multitemporal land-use
information to assess SOC differences and associated potential
CO,-equivalent emissions.

Despite their ecological importance, high-Andean ecosystems
are increasingly threatened by anthropogenic pressures. Population
growth, coupled with limited opportunities for sustainable
livelihoods for local communities, has accelerated the expansion
of the agricultural frontier, driving land-use change from natural
ecosystems to crops, grazing areas, and the establishment of exotic
forest plantations, particularly pine (Pinus radiata) and eucalyptus
(Eucalyptus spp.) ( ;
estimated that approximately one tenth of the national paramo area

). In Ecuador, it is

has been transformed, with consequences for soil structure,
hydrological regulation, and SOC storage capacity (

; )-

In response to these pressures, national initiatives have
increasingly emphasized the restoration and conservation of
high-Andean landscapes, recognizing their role in carbon
sequestration and climate change mitigation (

). Within this context, Chimborazo Province in the central
Ecuadorian Highlands represents a particularly relevant case
study because it combines remnants of paramo and native
forest with adjacent croplands, pastures, and exotic forest
plantations, largely developed within a comparable context of
volcanic-origin soils. It also includes paramo and forest
ecosystems in predominantly rural localities such as
Achupallas, Quimiag, and Columbe, where land-use decisions
are closely linked to social, cultural, and economic factors.

The predominance of volcanically derived Andosols in the study
area provides an important edaphic basis for the expected
differences among land-use systems. These soils are characterized
by low bulk density and short-range-order minerals that favor SOC
stabilization under natural vegetation, whereas land-use conversion

may reduce organic matter inputs and alter soil structure, thereby
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Location of the study areas in Chimborazo province: Achupallas, Columbe, and Quimiag.

increasing the vulnerability of SOC stocks to loss (Torn et al., 1997;
Tonneijck et al., 2010; Paez-Bimos et al., 2022; Stafl et al., 2025).
Given the critical role of paramo and montane forest ecosystems
as long-term SOC reservoirs and their vulnerability to land-use
change, a quantitative assessment of SOC stocks and associated
potential CO,-equivalent emissions is essential to support
sustainable land management strategies. In this context, the
integration of standardized field-based SOC measurements across
five contrasting land-use categories with multitemporal land-use
information allows SOC differences and their associated potential
CO,-equivalent emissions to be evaluated within the same high-
Andean volcanic-soil context. Accordingly, this study aimed to
quantify topsoil SOC stocks in the 0-30 cm soil layer across the
main natural and transformed land-use systems of Chimborazo
Province and to estimate the potential CO,-equivalent emissions
associated with observed differences in SOC stocks. Based on the
edaphic properties of volcanically derived Andosols and their
expected response to anthropogenic disturbance, we hypothesized
that: (i) paramo and native forest soils would contain higher topsoil
SOC stocks than croplands, pastures, and exotic forest plantations;
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and (ii) lower SOC stocks in transformed land uses, relative to
natural reference ecosystems, would correspond to substantial
estimated SOC losses and associated potential CO,-equivalent
emissions.

Materials and methods
Description of the study areas

The localities of Achupallas, Columbe, and Quimiag were
selected because, collectively, they encompass the natural and
transformed land-use systems evaluated in this study, including
paramo, native forest, cropland, pasture, and exotic forest
plantations. This selection allowed topsoil SOC stocks to be
compared among land-use categories across three geographically
distinct sectors of Chimborazo Province. Specifically, the localities
were selected as follows: Achupallas (UTM coordinates X: 762669;
Y: 9738743) in the south, Columbe (UTM coordinates X: 746154; Y:
9801254) in the central sector, and Quimiag (UTM coordinates X:
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FIGURE 2

Scenes of the different land uses in the study area: High paramo areas (A1), natural forest areas (A2), and areas converted to pasture (A3) can be
observed; (B) croplands in Achupallas; (C) croplands in Columbe; and (D) burning of paramo for subsequent conversion to cropland in Achupallas, with
the burned area in the foreground and arrows indicating areas burning at the time of the photograph.

776275; Y: 9814701) in the northeastern part of Chimborazo
Province (Figure 1). These localities predominantly feature
Andosol soils of volcanic origin, characterized by low bulk
density and high organic matter stabilization capacity (IUSS
Working Group WRB, 2022), with textures ranging from loam to
sandy loam and clay loam. This broadly comparable pedogenic
context supported the evaluation of land-use-related differences in
SOC stocks among the three localities.

In general terms, the main differentiating characteristics are as
follows: Achupallas covers 101,600 ha, ranges from 2,000 to 4,440 m
a.s.l, with a mean temperature of 12.5 °C, precipitation from 14 to
213 mm, and a relative humidity of 73%, and contains larger areas of
endemic ecosystems such as forest and paramo.

Quimiag covers 13,949 ha, ranges from 2,400 to 5,319 m a.s.L,
with a mean temperature of 16 “C, precipitation between 500 and
2,000 mm, and relative humidity of 79%. It includes the highest
elevation (El Altar volcano) and the lowest population density of the
three localities. It has two types of endemic ecosystems (forest and
paramo) that are being moderately displaced by croplands
and pastures.

Columbe covers 41,548 ha, ranges from 3,080 to 4,320 m a.s.l,
with a mean temperature of 11 °C, precipitation from 14 to
1,750 mm, and a relative humidity of 73%. In contrast to the
others, Columbe has the highest population density and only one
natural ecosystem, the paramo (Figure 1).

In Ecuador, land uses in the high-Andean belt are clearly related
to altitude and the environmental characteristics these ecosystems
offer. The following systems were considered in this study (Figures
2, 3). Representative field photographs of these land-use systems,
including natural ecosystems, agricultural areas, and burning
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practices associated with pdramo conversion, are presented
in Figure 2.

o Natural paramos. The Ecuadorian paramo typically occurs
between 3,000 and 4,800 m a.s.l., and is one of the most
biodiverse ecosystems in the region, with species such as
Calamagrostis intermedia and Chuquiraga jussieui, which are
dominant and structurally important for the production of
underground biomass, carbon capture, water regulation by
their dense root system, and in the conservation of species
adapted to extreme conditions, such as low temperatures and
high humidity (Figures 3A,B).

o Natural forests. These forests are found between 1800 and
3500 m asl, dominated by tree species such as Miconia
bracteolata, Polylepis incana, and Espeletia grandiflora. Their
vertical structure and continuous canopy contribute to soil
stability, litter
formation, which in turn contribute to SOC accumulation.

aboveground biomass production, and
They also play a key role in water capture and the regulation
of hydrological flows (Figures 3C,D).

o Croplands. In the central Andes, Triticum aestivum (wheat),
Hordeum vulgare (barley), and Vicia faba (fava bean) are sown
from 2,000 to 3,500 m a.s.l,, often intercropped with maize (Zea
mays) and common bean (Phaseolus vulgaris) and rotated to
maintain soil fertility. Traditional draft animals are still used,
although mechanized methods such as tractors are also
employed (Figure 3E).

o Pastures. Species such as perennial ryegrass (Lolium perenne),
white clover (Trifolium repens), and Kentucky bluegrass (Poa
pratensis) are cultivated between 3000 and 3500 m above sea
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FIGURE 3
Systems considered in this study: (A,B) natural paramos; (C,D) natural forests; (E) croplands; (F,G) pastures; (H) exotic forest plantations.

FIGURE 4

level. These species are widely used in livestock production
systems. However, inadequate pasture management and
increased livestock numbers can lead to soil overexploitation,
compaction, and vegetation degradation, which affects SOC
dynamics. Pastures are often established broadcast, which
facilitates their expansion in high-altitude terrain (Figures 3F,G).

Exotic forest plantations. Plantations with exotic species such as
Eucalyptus globulus and Pinus radiata are found between
2,500 and 3,500 m asl. These fast-growing species are
established for timber production, and many lack sustainable
forest management (Figure 3H).

Study design and soil sampling
The study followed an observational design, employing stratified
sampling by land-use type and locality. The unequal number of

samples among land-use categories reflected the actual field
conditions in the high-Andean study areas, including the spatial
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Nested soil-sampling design. Each 250 x 250 m sampling block contained three 20 x 20 m plots (P1-P3). Within each plot, five soil subsamples (M1-
M5) were collected from the four corners and the center and combined to obtain one composite sample.

distribution of land uses, access difficulties, topographic and
logistical constraints, the time available for sampling, laboratory
processing capacity, and available resources. Despite these
constraints, the sampling design included the main land-use
categories present across the three localities and allowed their
SOC stocks to be compared within the scope of this study.

A 500 x 500 m grid was defined using ArcGIS 10.5. This grid was
overlaid onto the map and aligned to the north for each locality,
according to the stratification criteria (land use and location).
Within each cell a 250 x 250 m sampling block was established.
In each sampling block, three 20 x 20 m plots were set. Soil samples
were collected at a depth of 0-30 cm, as this layer is particularly
responsive to LULC changes and provides a standardized depth for
comparison among land-use categories, thereby directly reflecting
alterations driven by anthropogenic activities (Mahmood et al,
2024). Sampling was conducted using a soil auger, collecting five
subsamples of 0.5 kg each from the four corners and the center of
each plot. The subsamples were combined in a container,
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TABLE 1 Monitoring points by locality and land use, plot (P).

10.3389/sjss.2026.17377

Land use Achupallas Quimiag Columbe
P P
Natural Forests 21 6 np 27
Paramos 18 6 33 57
Intervened Pastures 6 9 15 30
Croplands np 9 12 21
Exotic tree plantations 6 np 3 9
TOTAL 144

np: land use not present.

thoroughly homogenized, and used to obtain a composite soil
sample weighing approximately 1 kg (Figure 4).

Each sample was labeled with UTM coordinates (X and Y),
sampling date, locality, land-use type, and identification number,
and was immediately transported to the laboratory for storage at
room temperature and subsequent analysis. Soil sampling was
carried out between October 2023 and May 2024, corresponding
to the rainy season in Ecuador. Across the three localities,
Achupallas, Columbe, and Quimiag, a total of 57 paramo sites,
27 natural forest sites, 30 pastures, 21 croplands, and 9 exotic forest
plantations were sampled (Table 1).

Soil analyses

Soil samples were collected from the 0-30 cm layer to
standardize comparisons among land-use categories and to
maintain consistency with the default 30 cm depth used in the
IPCC Tier 1 approach for estimating SOC stocks in mineral soils.
This depth is widely used in SOC studies because SOC stocks in the
surface mineral layer can be particularly responsive to changes in
land use and soil management (IPCC et al,, 2019; Lim et al., 2018).
Consequently, the reported SOC stocks refer exclusively to the 0-
30 cm layer and do not represent total SOC stocks throughout the
soil profile.

Soil bulk density (SBD) was determined from one undisturbed
core sample collected from each plot (total of 144 samples) at a depth
of 0-30 cm, corresponding to the same plots used for SOC sampling.
Using a 100 cm® stainless steel cylinder, each cylinder was labeled,
sealed with plastic film to prevent moisture loss, placed in a
resealable polyethylene bag (Ziploc), and transported to the
laboratory in portable coolers (FAO, 2023). Upon arrival at the
laboratory, each sample was removed from the cylinder and weighed
to obtain the wet weight, then oven-dried at 105 °C for 24 h to
determine the dry weight (DW). Soil bulk density was calculated as:

SBD = M
V (em?)

In addition, soil samples were air-dried for 3-6 days depending
on their initial moisture, and sieved to 2 mm. The pH was
determined on these samples using a soil-to-water ratio of 1:2.5
(wiv) (FAO, 2021).
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The particle-size distribution was determined using the
Bouyoucos hydrometer method on 100 g of oven-dry soil,
employing a dispersing solution to ensure complete breakdown
of soil aggregates and to quantify the proportions of sand, silt, and
clay (Gee and Bauder, 2018; Motsara and Roy, 2008).

Soil organic matter (SOM) was determined by loss-on-ignition
on ground material (sieved at 425 and 212 pm). Five grams from the
212-425 pm fraction were weighed into pre-tared 30 mL crucibles,
dried at 105 °C for 24 h, weighed (W s:c), then ashed at 450 °C for
2 h and weighed again (Wysoec) (Martinez et al., 2017; Nelson and
Sommers, 1996; Hoogsteen et al., 2018). Prior to weighing, samples
were placed in a desiccator to reach room temperature and avoid
moisture uptake; the mass loss corresponds to SOM.

Wigsc (g)-W450°C (g)
Wigsc (g)

SOM (%) = 100

The loss-on-ignition (LOI) method was selected due to its low
operating cost for a large number of analyses, making it appropriate
for large-scale soil evaluations. The LOI method has been widely
used to estimate soil organic matter (SOM) and infer SOC dynamics
and losses across different soil types and ecosystems (Chambers
et al., 2024; Hoogsteen et al., 2018; Jensen et al., 2018; Kupka and
Gruba, 2022). Previous studies comparing the LOI and DUMAS
(dry combustion) methods have reported no significant differences
in their results (Ng et al, 2025; Cargua Catagna et al, 2017).
However, the Van Bemmelen conversion factor (1.724) is
commonly used to convert SOM to SOC, although this factor
may vary depending on soil mineralogy (Pribyl, 2010; Allison,
2016; Minasny et al, 2020). Since most soils in the central
highlands are of volcanic origin (Andosols), the LOI values
should be interpreted as estimates, not absolute measurements.

SOC (%) = SOM *

1,724

Sensitivity and uncertainty analysis of the Van
Bemmelen conversion factor

To assess the uncertainty associated with the Van Bemmelen
factor, SOC stocks were recalculated using alternative conversion
factors of 1.9 and 2.0, selected based on the values examined by
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and consistent with those obtained for agricultural
soils by . For each alternative scenario, SOC
content was recalculated by replacing the reference factor of 1.724 in
the SOM-to-SOC conversion equation with 1.9 or 2.0, and the
corresponding SOC stocks and potential CO,-equivalent estimates
were subsequently recalculated. However, the factor of 1.724 was
retained as the reference scenario.
The SOC stock in the upper 30 cm was calculated using the
following equation ( ; ).

SOC (%)

100
x Depth (cm) x 100

Socsmck (Mg C ha_l) = x SBD (g cm’3)

where SOC is the soil organic carbon concentration (%), SBD is soil
bulk density (g cm™), Depth is the thickness of the sampled soil layer
(cm), and 100 is the unit-conversion factor from g C cm™ to
Mg C ha'.

Subsequently, the potential CO,-equivalent emissions associated
with ecosystem conversion were estimated using the stoichiometric
carbon to CO, conversion factor of 44/12, derived from the
molecular weight ratio between elemental carbon (12 g mol™)
and carbon dioxide (44 g mol™) ( ). This
conversion was expressed as:

CO;-cq (MgCO, ha™") = SOCek (Mg Cha™) x (44/12)

To quantify the change in carbon stock (AC) within a given pool
over a specified time interval, the stock-difference method was
applied by comparing values at two reference points between the
years 2000 (t;) and 2020 (t,). The LULC areas used for this analysis
were obtained from the previously validated multitemporal
classification of . Landsat 7 ETM+
images for 2000 and Landsat 8 OLI images for 2020, both with a
spatial resolution of 30 m, were classified using a supervised
maximum-likelihood algorithm. Classification accuracy was
assessed using confusion matrices with 210 reference points per
locality; overall accuracy and Kappa values were 89%/87% for
Achupallas, 88%/85% for Columbe, and 87%/84% for Quimiag.
When stock changes were estimated on a per-hectare basis, the
resulting values were multiplied by the total area of the
corresponding land-use stratum to obtain the overall change in
carbon stocks for the compartment under analysis (

):

_(Ct,-Cty)
T -t

AC

Finally, the estimated change in carbon stock over the evaluation
period was converted into CO,-equivalent emissions by reapplying
the stoichiometric conversion factor, allowing us to quantify the
potential CO,-equivalent emissions associated with land-use change
in the study area, which refer exclusively to the 0-30 cm soil layer
from which the SOC stock differences were derived.

Data analysis

Statistical analyses were conducted in the R environment (v.
43.0) ( ) the
ggplot2 packages for data processing and visualization (

using tidyverse and

07

10.3389/sjss.2026.17377

H ). SOC stock differences were evaluated
using linear models (one-way ANOVA) fitted with the Im function,
with land use treated as a fixed categorical factor.

Given the observational nature of the study and the spatial
distribution of samples, analyses were performed on a priori defined
data subsets to assess SOC variability at different scales: (i) between
natural and managed ecosystems, (ii) among land-use categories,
and (iii) within each locality (Achupallas, Columbe and Quimiag),
using independent models.

This approach corresponds to a stratified (multi-scale) analysis
and allows the characterization of SOC variability across analytical
scales without fitting a single global model.

Model assumptions were evaluated using residual diagnostics
(Q-Q plots and residuals vs. fitted values). When necessary, data
transformations were applied to improve model fit. Multiple
comparisons were performed using estimated marginal means
with Tukey adjustment (a = 0.05), implemented in the emmeans
package ( ). Because design-based sampling weights or
inclusion probabilities were not available, unweighted models were
used. The fitted linear-model framework allowed comparisons
among categories with unequal sample sizes, while comparisons
involving the least represented categories were interpreted
cautiously.

Residual spatial autocorrelation was evaluated separately for
each locality using Moran’s I and a row-standardized spatial
weights matrix based on the four nearest neighbors derived
from the UTM coordinates. Significance was assessed using
9,999 permutations, and sensitivity was examined using three
to six nearest neighbors. Residual semivariograms were also
examined. Because significant residual spatial dependence was
detected only in Columbe, its locality-specific model was refitted
using generalized least squares (GLS) with an exponential spatial
correlation structure based on Euclidean distances among
sampling locations. For this spatial model, SOC stock values
were square-root transformed, and pairwise comparisons were
adjusted using the Holm method. Moran’s I was subsequently
recalculated on the normalized residuals of the adjusted model.
The original linear models were retained for Achupallas and
Quimiag. These analyses were performed using the spdep,
gstat, and nlme packages.

General soil characteristics

The study areas exhibit distinct geological characteristics;
Columbe and Quimiag possess relatively uniform andesitic and
tuffaceous compositions, whereas Achupallas displays greater
lithological complexity, including metamorphic and sedimentary
formations ( ).

The pH showed differences by use and locality, ranging between
5.39 +0.54 and 6.83 + 0.07. In general, natural ecosystems exhibited
lower pH values compared to intervened systems (p < 0.05).

The SBD exhibited an inverse relationship with Organic Matter
(OM) content across all study areas ( ). Natural ecosystems,
which recorded the highest OM concentrations (reaching up to
45.39 + 14.23 in Achupallas forests), consistently showed the lowest
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TABLE 2 Sample size and mean + SD (95% CIl) for key soil variables, texture, and lithology.

Locality Ecosystem Landuse n pH: Mean+ SBD: Mean + OM: Mean + Texture Lithology
SD (95% Cl) SD (95% Cl) SD (95% CI)
Achupallas Natural Natural forests | 21 5.50 + 0.35 0.29 + 0.06 4539 + 14.23 Sandy loam Agglomerates, lavas,
(5.34-5.66) (0.26-0.32) (38.91-51.87) dacites, schists, tillite, and
Paramos 18 6.09 + 050 0.40 + 0.06 32.89 + 5.46 (30.18- quartzite
(5.84-6.34) (0.37-0.43) 35.61)
Intervened Intervened 6 5.69  0.19 0.57 + 0.21 22.16 £ 11.16
pastures (5.49-5.89) (0.35-0.79) (10.45-33.87)
Croplands np np np np
Exotic tree 6 6.29 + 0.13 0.64 + 0.04 25.12 + 1.23 (23.83-
plantations (6.15-6.43) (0.60-0.68) 26.41)
Quimiag Natural Natural forests | 6 6.30 + 0.39 0.70 + 0.09 17.86 + 3.62 (14.06- | Clay loam Pyroclastic rocks and tuff
(5.89-6.71) (0.61-0.79) 21.66)
Paramos 6 6.05 + 0.33 0.51 £ 0.10 29.59 + 10.21
(5.70-6.40) (0.41-0.61) (18.88-40.31)
Intervened Intervened 9 6.54 + 0.22 0.79 + 0.12 12.58 + 10.21 (4.73-
pastures (6.37-6.71) (0.70-0.88) 20.43)
Croplands 9 6.46 + 0.19 0.79 + 0.09 14.06 + 2.66 (12.02—
(6.31-6.61) (0.72-0.86) 16.11)
Exotic tree np np np np
plantations
Columbe Natural Natural forests | np np np np Sandy loam | Andesitic lavas, tuffs, and
Paramos | 33 5.39 + 0.54 0.75 + 0.10 16.90 + 2.54 (16.00- shale
(5.20-5.58) (0.71-0.79) 17.80)
Intervened Intervened 15 6.37 + 1.01 1.13 £ 0.21 6.03 + 2.46
pastures (5.81-6.93) (1.01-1.25) (4.67-7.39)
Croplands 12 6.45 + 0.14 1.31 £ 0.09 4.10 + 2.09
(6.36-6.54) (1.25-1.37) (2.77-5.43)
Exotic tree 3 6.83 + 0.07 1.26 £ 0.20 2.57 £ 0.32
plantations (6.66-7.00) (0.76-1.76) (1.77-3.37)

Values are presented as mean + standard deviation (95% confidence interval). n: sample size; SBD: soil bulk density; OM: organic matter; np: land use not present.

SBD (0.29 + 0.06-0.75 + 0.10 g cm™). In contrast, intervened areas
were characterized by higher SBD (0.57-1.31 g cm™) and generally
lower OM levels.

Soil texture differed clearly among localities: sandy loam
predominates in Columbe and Achupallas, whereas clay loam
prevails in Quimiag. Coarser textures in Columbe and
Achupallas may facilitate aeration but limit water retention,
contrasting with the finer texture of Quimiag that favours water

retention.

Variation of SOC stocks at ecosystem, land
use, and local scales

SOC stock variation was examined at three complementary
scales of interpretation: (i) ecosystem level (natural vs. intervened
systems), (ii) land-use category, and (iii) land use within
each locality.

Spanish Journal of Soil Science

The SOC stock exhibited pronounced differences between
natural ecosystems and intervened systems across the entire
study area. On average, natural ecosystems (paramo and natural
forests) displayed significantly higher SOC stocks (264.1 + 101.3 Mg
Cha™') than intervened systems (176.0 + 82.55 Mg C ha™'; p < 0.001)
(Figure 5A), indicating a substantial depletion of soil carbon
associated with land-use change.

Statistical analysis demonstrated significant overall differences
in SOC stocks between natural and anthropogenic systems. While
natural forests and paramo ecosystems exhibited the highest SOC
stocks with no significant differences between them, land-use
conversion to productive systems resulted in a significant
reduction of the carbon pool (p < 0.001). Pastures showed the
most marked decline in SOC stocks and presented significantly
lower values than natural ecosystems, whereas croplands and exotic
forest plantations showed intermediate values and did not differ
significantly from either natural ecosystems or pastures (Figure 5B).
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FIGURE 5

Tukey's HSD post hoc test (a = 0.05) after ANOVA.

SOC stock (Mg C ha™) in ecosystem and land-use categories. (A) SOC stock in natural and transformed ecosystems. (B) SOC stock in land-use
categories. Dots represent individual observations; diamonds represent mean values (u). Different letters indicate significant differences according to
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FIGURE 6

generalized least-squares (GLS) model with Holm adjustment.
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SOC stock (Mg C ha™) by locality and land use. Diamonds represent mean values (u). Different letters indicate significant differences among land-use
categories based on the fitted models with multiplicity adjustment (a = 0.05). For Columbe, pairwise comparisons were obtained from the spatial

SOC stocks varied among localities, reflecting the influence of
spatial context and land-use type (Figure 6). Residual spatial
autocorrelation was not significant in Achupallas (Moran’s
I = -0.106, p = 0.446) or Quimiag (I = 0.021, p = 0.600). In
Columbe, the initial model showed weak but significant positive
residual spatial dependence (I = 0.209, p = 0.008). After fitting the
spatial GLS model, residual autocorrelation was no longer
significant (I = 0.031, p = 0.549). Sensitivity analyses using
three to six nearest neighbors and the examination of residual
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semivariograms supported these results. Accordingly, the original
linear models were retained for Achupallas and Quimiag, whereas
the spatial GLS model was used for Columbe. In Achupallas, the
highest SOC stocks were observed in exotic forest plantations
(277.3 £ 15.80 Mg C ha™"), followed by paramo (243.1 + 84.34 Mg
C ha™") and natural forests (220.5 + 24.60 Mg C ha™'), with no
significant differences among these systems. In contrast,
grasslands exhibited the lowest mean SOC stock (182.6 =+
31.90 Mg C ha™), indicating a lower SOC storage under this
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TABLE 3 Comparison of soil organic carbon stocks and estimated differences between natural ecosystems and transformed land uses in Andean studies.

Land-use comparison SOC stock in natural

ecosystem (Mg
C ha™®)

transformed land use

SOC stock in Estimated SOC
difference (Mg

C ha™)

References

(Mg C ha™)

Natural ecosystems (paramo and native forest) 264.1 176.0 88.1 Present study
versus transformed land uses (pastures,

croplands, and exotic forest plantations)

Péramo converted to cropland and pine 144 87 57 Farley et al. (2013)
plantations

Paramo converted to pine plantations 102.7 89.8 12.9 Bremer et al. (2016)
High-montane forest converted to eucalyptus 40 18 22 Carrion-Paladines
plantations et al. (2022)
High-montane forest converted to pine 40 13 27

plantations

TABLE 4 Land-use/land-cover change in the three localities over 20 years (2000—-2020).

LULC*/ Loss  Annual variation Total Variation in C CO,-eq per year (derived
TAC** in surface area variation in C per year from annual variation in C
stock)
ha Gg C (Gg C yr?) (Gg CO,-eq yr?)
ACHUPALLAS
Paramo and 83757 | 67862 | 15894 ~795.7 ~1,400 ~70.02 ~256.74
forest
Intervened 127064 | 28314 | 15607 780.4 1,375 68.75 252.08
systems
QUIMIAG
Paramo and 6838 | 65106 | -327.6 -1638 -28.86 ~1.44 -5.28
forest
Intervened 6,888 7,007 | 1192 5.96 1050 053 1.94
systems
COLUMBE
Paramo 23841 | 11894 | 11948 ~597.4 -1,053 -52.63 -192.98
Intervened 13226 | 26486 | 13259 663 1,168 58.41 214.17
systems

*LULC (Change of land use and land cover).
“*TAC (Annual rate of change) (Damian-Carrion et al, 2026).

land use. Croplands were not present at this site. In Quimiag,
natural ecosystems accumulated the highest SOC stocks, with
particularly elevated values in paramo (396.5 + 138.2 Mg C ha™")
and natural forests (340.4 + 102.7 Mg C ha™'), with no significant
differences between them. Pdramo soils exhibited significantly
higher SOC stocks than croplands (253.9 + 15.0 Mg C ha™") and
grasslands (249.3 + 65.2 Mg C ha™'), whereas natural forests
showed intermediate values and did not differ significantly
from either paramo or the anthropogenic land uses (Figure 6).

Spanish Journal of Soil Science

Finally, in Columbe, where paramo constitutes the dominant
natural ecosystem, this system exhibited a markedly higher
SOC stock (248.0 + 92.8 Mg C ha™') than intervened land uses.
Pastures (116.4 + 48.9 Mg C ha™'), croplands (110.8 + 33.3 Mg C
ha™'), and particularly exotic forest plantations (56.9 + 14.2 Mg C
ha™') showed pronounced reductions in soil carbon storage
according to the spatial GLS model (all Holm-adjusted
p-values <0.001), providing clear evidence of substantial SOC
losses associated with paramo conversion.
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TABLE 5 Soil organic carbon stock in high-Andean ecosystems.

10.3389/sjss.2026.17377

Location SOC stock (Mg C ha™) References
Chimborazo -Ecuador 264.1 (0-30 cm) Present study
Peru 181 (0-20 cm) Castafieda-Martin and Montes-Pulido (2017)
Bolivia 210 (0-5 cm)
260 (5-15 cm)
Colombia 164 (0-30 cm) Gutiérrez et al. (2020)
Ecuador 125-275 (0-30 cm) Ayala Izurieta et al. (2021); Quiroz Dahik et al. (2021); Castaneda-
Martin and Montes-Pulido (2017), Hribljan et al. (2016)
Northern Ecuador 530 (150-200 cm) Tonneijck et al. (2010)

Relationship between SOC stock and
potential CO,-equivalent emissions

The differences observed in SOC stocks between natural
ecosystems and intervened systems resulted in substantial
contrasts in potential CO,-equivalent emissions associated with
land-use change. When comparing the mean SOC values
obtained for natural ecosystems (paramo and natural forests) and
intervened systems (grasslands, croplands, and exotic forest
plantations), an average SOC loss of 88.1 Mg C ha' was
estimated following land-use conversion (Table 3). This loss
corresponds to a potential CO,-equivalent emission estimate of
approximately 323 Mg CO,-eq ha™".

In addition, the sensitivity analysis showed that using
conversion factors of 1.9 and 2.0 reduced the estimated mean
SOC loss from 88.1 Mg C ha'-80.0 Mg C ha' (-9.3%) and
76.0 Mg C ha™ (-13.8%), respectively. The corresponding
estimates of potential CO,-equivalent emissions decreased from
323.1 Mg CO,-eq ha™ to 293.2 and 278.5 Mg CO,-eq ha’,
respectively. Despite these reductions, the overall pattern was still
evident, as natural ecosystems continued to have higher SOC stocks
than transformed land-use systems.

To incorporate the temporal dimension of land-use change,
multitemporal land-cover assessments between 2000 and
2020 were used to estimate an annualized soil carbon loss.
By combining field-measured SOC differences and the
transformed areas in each locality derived from the LULC
analysis (Damidan-Carrion et al., 2026), an average annualized
SOC loss estimate of 4.4 Mg C ha™' yr™' was estimated. This
value corresponds to an annualized potential CO,-equivalent
emission estimate of approximately 16.15 Mg CO,-eq ha™' yr™*
per hectare converted during the 20-year period.

At the local scale, annual SOC losses and estimated potential
CO,-equivalent emissions varied considerably among locations.
This heterogeneity reflects both the specific magnitude of carbon
depletion and the extent of ecosystem transformation identified
across the different study locations (Table 4). In Achupallas, where
the conversion of paramo and forest was most extensive, SOC losses
reached 70.0 Gg C year™', equivalent to 256.7 Gg CO,-eq year . In
Columbe, the transformation of the moorland generated estimated
emissions of 193.0 Gg CO,-eq year' (52.6 Gg C year '), while in
Quimiag, the associated emissions were considerably lower,
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reaching only 528 Gg CO,-eq year" (144 Gg C year™),
consistent with the smaller area affected during the 20-year
study period.

At the regional scale, paramo ecosystems in Chimborazo
Province cover approximately 196,053 ha, as estimated by the
Ecuadorian governmental environmental authority for 2023,
collectively storing around 51,299 Gg C as SOC. Under a
theoretical scenario involving the complete conversion of these
natural ecosystems to anthropogenic land uses (grasslands,
croplands, and exotic forest plantations), potential emissions
associated with land-use change would reach approximately
9,405 Gg CO,-eq yr', representing a substantial fraction of
Ecuador’s annual national emissions. These estimates correspond
to potential emissions derived from SOC stock losses and do not
represent directly measured atmospheric emissions.

In summary, the observed reductions in SOC stocks across high-
Andean ecosystems represent potential CO,-equivalent emissions.
These values varied according to land-use type, as well as the
intensity and spatial extent of ecosystem conversion in each
study area.

Discussion

Effects of land-use change on basic
soil variables

Converting natural ecosystems to agricultural land significantly
alters key soil parameters. Paramo and forest soils had more acidic
pH than intervened systems, as a consequence of the alkalinizing
effect of ash from pre-cultivation burning (Arunrat et al., 2024;
Elakiya et al., 2023; McLaughlin, 2009; Ratier Backes et al., 2021)
(Figure 2D) and other inputs applied by farmers (e.g., CaCO3, CaO,)
(Enesi et al., 2023; Olego et al., 2021; Torres Ramos et al., 2014;
Wenyika et al., 2025). Increases in pH affect the soil’s capacity to
store C by modifying stabilization mechanisms of organic matter
and favouring microbial activity (Malik et al., 2018). In general, the
transformation of acidic soils to near-neutral pH reduces the
solubility of Fe, Al, and Mn and the reactivity of their
and therefore the
complexes that protect soil organic matter (Hargrove, 1986; Wen

hydroxides, stability of organo-mineral

et al, 2025), while increasing the bioavailability of nutrients such as
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P and N. These soil-level changes favour the mineralization of
organic matter by microorganisms and the consequent loss of
SOC stock ( ).

Similarly, the higher compaction observed in intervened soils
(SBD up to 1.3 g cm™) relative to paramo and native forest soils
(SBD: 0.29-0.75 g cm™) indicates loss of porosity and infiltration as
a consequence of SOC loss in the Andean region ( ;

) and specifically in Ecuadorian paramos (

; ; ). This
structural collapse is mediated by a robust inverse coupling between
SBD and OM, wherein the depletion of the organic matrix facilitates
the reorganization and closer packing of mineral particles. Given the
common pedogenic origin of these sites, these differences are
primarily attributed to land-use intensification and altitude-
driven climatic conditions rather than inherent textural variations
( ; ).

Soil texture is a key edaphic factor influencing the physical
protection and stability of SOC ( ). Although soil
texture does not change with land-use conversion, it regulates
organic matter aggregate formation and the adsorption of
organo-mineral particles. This physical restriction decreases
thereby
increasing SOC residence time and enhancing SOC stability. In

microbial mineralization and decomposition rates,
this study, the prevalence of loam textures may contribute to SOC
stabilization through physical protection mechanisms (

). However, variations in SOC from a lithological perspective
can be explained by differences in parent material. In Quimiag, soils
have developed over pyroclastic materials rich in reactive minerals
and exhibiting clay loam textures, which promote more effective
SOC stabilization. In contrast, Achupallas is characterized by soils
derived from agglomerates, siliceous lavas, and metamorphic
materials, with sandy loam textures that provide lower mineral
protection for SOC. Finally, Columbe originates from a combination
of andesitic lavas, tuffs, and shales, resulting predominantly in sandy
loam textures and intermediate conditions, where land use plays a
decisive role in SOC conservation or loss ( ;

).
SOC storage in high andean ecosystems

Previous studies have highlighted the high SOC content of
high-Andean soils ( ) ( ),
considering them among the most important C reservoirs on
the planet ( ;

). Volcanic-ash-derived soils characteristic of the region show
a notable capacity to accumulate and store organic carbon,
contributing substantially to the global balance of soil carbon
( ; ). A comparison of
our results with the values presented in shows that the
mean SOC stock obtained in this study (264.1 Mg C ha™" at 0-
30 cm) was higher than those reported for the paramos of Peru and
Colombia, as well as one of the values recorded in Bolivia. The
second value for Bolivia (260 Mg C ha™') was similar to ours, which
was also close to the upper limit of the range documented for
Ecuador (125-275 Mg C ha™'). Therefore, the result obtained is
among the highest values recorded for the surface layers of the
, highlighting the
of the

high-Andean soils included in

importance of the pdaramos and native forests

12

10.3389/sjss.2026.17377

Chimborazo province as carbon reservoirs. However, the
accumulated stock of SOC tends to increase with depth; this

allows us to contextualize the value of 530 Mg C ha™*

reported
for northern Ecuador in profiles of 150-200 cm depth, compared
to the first 30 cm considered in this study. SOC stock in paramo
soils can be twelve times higher than in forest plantations
( ) such as pine plantations (Pinus patula,
Pinus radiata; 12.5-14.8 Mg Cha™") (
eucalyptus plantations (Eucalyptus sp.; 18.2 Mg C ha™") (
), and even higher than in tropical ecosystems
such as lowland tropical rainforest (100-200 Mg C ha™') and
). Our

results show that SOC stock in Andean paramo soils exhibits high

) or

tropical montane forest (~74 Mg C ha™) (

spatial variability ( ) exceeding 50% among localities
( ). Despite this spatial heterogeneity, a consistent pattern
emerges in which natural ecosystems maintain substantially higher
SOC stocks than anthropogenic land uses, as observed in

These results support our first hypothesis that natural ecosystems
(paramo and native forests) store significantly higher SOC stocks
than anthropogenic land uses such as croplands, pastures, and
exotic forest plantations. The high SOC stocks in paramo
ecosystems are primarily driven by the combination of low
temperatures and high soil moisture, which inhibit microbial
decomposition rates ( ). These
environmental constraints, coupled with the high recalcitrance
of Andean vegetation, promote a greater accumulation of organic
matter in paramo soils than in forest areas.

Furthermore, the results obtained show that it is a fragile
reservoir and that substantial SOC losses may occur when
). This
pattern suggests that land-use conversion and intensification reduce
the mechanisms that protect SOC in volcanic soils, particularly

natural soil is transformed into agricultural soil (

through disturbance of soil structure and loss of organic matter
protection ( ; ). Therefore, the
observed differences among land-use categories emphasize the
sensitivity of these SOC-rich soils to anthropogenic disturbance.

A comparative analysis of SOC stocks ( ) reveals a
consistent pattern of lower stocks in agricultural and livestock
systems and exotic forest plantations than in natural Andean
ecosystems. Despite methodological variations in sampling depth
among the cited studies, our results show an estimated mean SOC
difference of 88.1 Mg C ha™', which exceeds the previously
documented range of 12.9-57 Mg C ha™'. The greater difference
is mainly related to the high SOC stocks of the natural reference
ecosystems, paramos and native forests (264.1 Mg C ha™'), rather
than to exceptionally low values in the transformed land uses
(176.0 Mg C ha™'). In addition, our analysis integrates two
natural ecosystems and three transformed land-use categories,
whereas previous studies generally evaluated specific land-use
conversions. Therefore, the 88.1 Mg C ha™' represents a mean
difference among current land-use categories rather than a
temporal loss rate measured directly. The magnitude of this
estimated SOC difference not only reflects a decline in soil
quality but also provides the basis for estimating the associated
potential CO,-equivalent emissions. These estimates do not
represent directly measured CO, fluxes.

The use of a fixed Van Bemmelen factor introduces uncertainty
into SOC stock estimates and potential CO,-equivalent estimates.
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The sensitivity analysis showed that conversion factors of 1.9 and
2.0 reduced these estimates by 9.3% and 13.8%, respectively,
compared with the baseline factor of 1.724. This suggests that the
baseline estimates may be moderately overestimated if the actual
conversion factor for these soils is closer to 1.9 or 2.0. However,

reported a factor of 1.729 for Ecuadorian
paramo soils, which is very close to that used in this study; therefore,
the actual magnitude of the bias cannot be determined without an
independent measurement of SOC.

In addition, the reported estimates should be interpreted
considering that high-Andean soils may store substantial
amounts of SOC below the depth evaluated in this study (0-
30 cm). Although this standardized depth allowed consistent
comparisons among land-use categories and the assessment of a
soil layer that is particularly responsive to changes in land use and
management, SOC stocks in deep organic-rich profiles and peat-
forming environments, where substantial carbon accumulation may
occur below 30 cm, were not assessed ( H

). Therefore, the SOC stocks reported here refer
exclusively to the 0-30 cm layer and should not be extrapolated
to the entire soil profile.

Potential CO,-equivalent emissions
associated with SOC losses

The potential CO,-equivalent emissions estimated in this
study were derived from SOC stock differences associated with
land-use change, following the stock-difference approach
recommended by the IPCC guidelines for the AFOLU sector.
This relationship supports our second hypothesis that lower
SOC stocks in transformed land uses, relative to natural
reference ecosystems, correspond to substantial estimated
SOC
emissions. Under this framework, decreases in SOC stocks

losses and associated potential CO,-equivalent
can be expressed as a potential net carbon release to the
atmosphere, an approach that is widely applied in regional
and global assessments when direct measurements of soil CO,
fluxes are not available ( ). However, as these
estimates rely on a “space-for-time” substitution rather than
continuous longitudinal monitoring, they represent potential
rather than observed fluxes; consequently, our results should be
interpreted as an approximation of long-term landscape
transformation impacts rather than a record of transient soil
carbon dynamics. Accordingly, the observed differences in SOC
stocks support the interpretation that land-use conversion
contributes to SOC losses, although the observational design
does not allow direct causal attribution.

The average SOC loss of 88.1 Mg C ha™' (equivalent to
323 Mg CO,-eq ha') observed following the conversion of
paramo and natural forests to anthropogenic land uses falls
within the upper range reported by global land-use change
of the

original SOC stocks, particularly in tropical and mountainous

studies, which document reductions of 20%-50%

regions characterized by high initial soil carbon contents
( ; 3

). In the context of high-Andean volcanic soils, which
are characterized by substantial carbon accumulation under
natural conditions ( ;
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), SOC losses can be particularly pronounced following
extensive disturbances affecting soil depths of 50-200 cm (
), which is consistent with the magnitude of the
potential emissions estimated in this study.

For comparison, previous studies have reported SOC loss
rates for other paramo and Andean forest ecosystems. For
instance, reported SOC loss rates in
of 0.045% !

intermediate C yr,
yr~', whereas

paramo
corresponding to <0.1 Mg C ha~

ecosystems
1

estimated losses ranging between 1.5 and
2.5 Mg C ha™' yr™' in abandoned forests and paramos. These
values provide useful context for the annualized estimate
this
comparison should be interpreted with caution because our
estimate was derived from SOC stock differences rather than

obtained in study; however, direct quantitative

from repeated temporal measurements. From a national
perspective, the magnitude of SOC stock losses estimated
here represents approximately 26% of the 36,088 Gg CO,
emissions reported for Ecuador’s production system by

, and nearly half of Ecuador’s net
greenhouse gas emissions in 2018 (16,280 Gg CO,-eq),
which were largely associated with land-use change and
The high
emission rates estimated in this study, which exceed the

forestry activities ( ).

values reported for lower altitude ecosystems, are probably
due to the inherent vulnerability of high-altitude SOC stocks

( ; ). While the natural
accumulation of microbial residues in these cold
environments creates organo-mineral complexes (stable

micro- and macro-aggregates) that physically protect the
carbon from mineralization, SOC may remain vulnerable to
further losses ( ; ).
Intensive management can trigger greenhouse gas (GHG)

) and
). This pattern

emissions ( ;
the collapse of soil aggregates (
may be associated with soil structural disruption; while the
natural accumulation of microbial residues creates stable
organo-mineral complexes that physically protect carbon
( ), intensive management disrupts these
aggregates and exposes previously shielded organic matter to
rapid mineralization. This process is further exacerbated by
nutrient imbalances that constrain microbial carbon use
efficiency, leading to higher CO, emissions despite potential
carbon inputs ( ).

The annualized SOC loss estimate for the analyzed 20-year
period can be interpreted in light of evidence indicating that
most SOC losses occur during the first decades following land-
use conversion, before ecosystems reach a new quasi-
equilibrium state after several decades or even more than a
century ( ; ). Building on this,
our results reflect findings in high-Andean volcanic soils, where
the rapid depletion of labile C fractions during the first
three decades confirms this phase as a critical period of
accelerated mineralization ( ). Consequently,
the annualized estimate should be interpreted cautiously in
relation to rates reported for tropical and montane
ecosystems undergoing early stages of conversion and is

consistent with the high vulnerability of SOC in high-Andean
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ecosystems subjected to anthropogenic pressures (Poeplau et al.,
2011; Zhao et al., 2025).

The regional-scale projections presented in this study are not
a retrospective account of historical degradation; rather, they
represent theoretical scenarios of potential emissions derived
from the total or partial mobilization of current SOC stocks.
While our baseline is informed by multitemporal assessments,
these projections should not be interpreted as actual current
emissions. Complete conversion of paramo ecosystems is
unlikely due to legal, environmental, and socioeconomic
constraints; however, these scenarios allow the quantification
of the carbon storage ecosystem service provided by these
systems and highlight their relevance for nature-based climate
change mitigation strategies (Griscom et al., 2017; Rumpel and
Chabbi, 2021).

Estimates of potential emissions are subject to uncertainties
associated with soil spatial heterogeneity, temporal variability in
SOC decomposition rates, and errors inherent to satellite-based
al,
indicate that classification errors using these approaches typically

land-use classification (Brasika et 2025). Previous studies
range between 5% and 15%, or are expressed as up to 95%
classification confidence, introducing a comparable level of
uncertainty in regional-scale emission estimates (Garcia et al,
2019; al,
magnitude of SOC losses estimated in this study is consistent

Olofsson et 2014). Despite these limitations, the
with ranges reported for land-use change in high-Andean
ecosystems. Our results therefore support the view that the
degradation and conversion of paramo and montane forest
ecosystems may substantially reduce their capacity to function as
long-term carbon reservoirs, potentially contributing to increased
CO, emissions at regional scales (Carrillo-Rojas et al., 2019; Stafs
et al., 2025).

Conclusions

Land-use change was consistently associated with lower soil
organic carbon reserves in the high Andean ecosystems of the
central Ecuador highlands, confirming that paramos and native
forests function as important SOC reservoirs. Their conversion to
anthropogenic land uses, such as croplands, pastures, and exotic
forest plantations, was associated with substantial SOC depletion,
highlighting the high sensitivity of these ecosystems to disturbances
and the crucial importance of their conservation for maintaining soil
carbon storage.

SOC losses can be expressed as potential CO,-equivalent
emissions, indicating that the degradation of high-Andean
ecosystems may reduce their capacity to retain soil carbon. While
uncertainties remain regarding spatial soil heterogeneity and land-
use classification, these results emphasize the important role of
paramo and montane forest ecosystems as long-term SOC
reservoirs and their strategic importance for climate change
mitigation and sustainable soil management in the tropical
Andes. Therefore, the protection and sustainable management of
these ecosystems with high SOC content should be considered a
priority within regional land-use planning strategies, particularly for
climate change mitigation. Future research should incorporate
repeated long-term measurements, deeper soil layers, and
spatially explicit assessments to better quantify SOC dynamics

Spanish Journal of Soil Science

14

10.3389/sjss.2026.17377

and reduce uncertainty in potential CO,-equivalent emission
estimates.
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