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h i g h l i g h t s g r a p h i c a l a b s t r a c t 

• Land management through shrub clear- 
ing and forest management enhances 
SOC stocks. 

• Shrub clearing increases microaggre- 
gates and their SOC contribution in acid 
soils. 

• Aggregate stability improves with af- 
forestation (acid) and all strategies (al- 
kaline). 

• Shrub clearing enhances recalcitrant car- 
bon in alkaline and acid environments. 

• Benefits of post-abandonment land man- 
agement are evidenced in carbon stor- 
age. 
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a b s t r a c t 

The abandonment of rural activities in the Mediterranean mid-mountains has led to the activation of revegetation 
processes, as well as the subsequent implementation of various management measures to mitigate the associated 
ecosystem disservices. Focusing on soil environment and its growing importance in a climate change scenario, 
it is of great interest to study how land management and landscape changes can affect, not only the soil carbon 
storage process, but also its dynamics. A study was conducted in La Rioja (Iberian System, Spain), comparing 
three post-abandonment management strategies: secondary succession, forest management, and shrub clearing 
and extensive grazing. These strategies were analysed in two types of soil environments (acid and alkaline) and for 
two depth ranges (0–20 cm and 20–40 cm). Laboratory analyses were performed on aggregate stability and soil 
organic carbon fractionation with regard to three aggregate sizes ( < 2 mm, 2–5 mm, > 5 mm) and three density 
fractions (free labile, occluded, and heavy fraction). The results showed that: 1) SOC content in aggregates < 
2 mm (relative to total SOC) increases with shrub clearing and grazing strategy in acid environments; 2) aggregate 
stability benefits from the implementation of afforestation in acid environments and from all three study strategies 
in alkaline ones; 3) in acid environments, the percentage of labile fractions (free and occluded) in afforested sites 
is significantly higher compared with shrubland, while in alkaline environments, recalcitrant SOC is significantly 
higher in shrub clearing sites. Thus, land management should be focused on SOC storage after land abandonment 
in Mediterranean mountainous environments. 

1. Introduction 

Mediterranean mountains serve as a crucial reserve for resources 
and ecosystem services for human societies ( Bernués et al., 2014 ; 

∗ Corresponding author. 
E-mail address: melani@ipe.csic.es (M. Cortijos-López) . 

Keesstra et al., 2018 ). As a result of rural exodus, they have been suffer- 
ing from abandonment since the mid-20th century, which has triggered 
slow natural revegetation processes in marginalized areas ( Lasanta- 
Martínez et al., 2005 ; Pueyo and Beguería, 2007 ). The prevalent trend of 
shrub encroachment on abandoned fields brings both ecosystem bene- 
fits (i.e., the recovery of natural systems and a reduction in erosion risk) 
and drawbacks (i.e., a decrease in water and agro-pastoral resources, 
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or an increasing risk of wildfires) ( García-Ruiz and Lana-Renault, 2011 ; 
Lasanta, 2019 ; Khorchani et al., 2021 ). Faced with this positive-negative 
balance, public administrations have implemented a series of manage- 
ment measures that have significantly contributed to landscape evo- 
lution, as well as land use and land cover (LULC) changes in recent 
years. Afforestation programs with coniferous species have been con- 
ducted by national forest services throughout the Mediterranean region 
(i.e., Ortigosa et al., 1990 ; Tomaz et al., 2013 ). Additionally, traditional 
forest management practices, involving Quercus forests, have been em- 
ployed in the area to maintain dehesas for livestock utilization ( Calvo- 
Palacios, 1977 ). In La Rioja (Spain), the regional government are at the 
forefront of the Shrub Clearing Plan (PSC) aimed at creating pastures 
and decreasing forest fires, which has had a positive impact since its 
implementation in 1986 ( Lasanta et al., 2024 ). Finally, these strategies 
vie with the prevalent rewilding approach, where non-intervention al- 
lows for a slow transition towards natural forest ecosystems ( Conti and 
Fagarazzi, 2004 ; Pereira and Navarro, 2015 ). Our study area, located in 
the Leza Valley (Iberian System, Spain), shows a historical past marked 
by intensive livestock and agricultural use. Like many other Mediter- 
ranean mountainous regions, it suffered the consequences of rural ex- 
odus throughout the 20th century, with the subsequent activation of 
revegetation processes in marginal areas. Since then, shrubland has been 
invading these areas, dominating the landscape matrix with up to 41 % 

of the valley surface covered by 2018 ( Cortijos-López et al., 2023 ). This 
context provides both a management challenge and an opportunity to 
promote ecosystem services. 

Soil has become more important as a natural resource due to its key 
role as a carbon sink or source ( Johnson and Curtis., 2001 ; Smith et al., 
2008 ). In the context of global change, the fact that soil can store up 
to twice more carbon than the atmosphere is not to be overlooked 
( Lal, 2008 ; Stockmann et al., 2013 ). However, soil quality and its ca- 
pacity to store and mitigate atmospheric carbon can be significantly 
impacted by LULC changes ( Lal, 2004 ; Sil et al., 2017 ). An increasing 
number of studies are evaluating how various LULCs affect soil carbon 
storage capacity ( Chen et al., 2011 ; Lizaga et al., 2019 ; Bell et al., 2021 ). 
Yet, once we establish this understanding, delving deeper into the dy- 
namics of this process and exploring in more detail becomes imperative. 
From the proportion of soil organic carbon (SOC) stored in each aggre- 
gate size (the smaller the aggregates, the more stable the adsorption of 
carbon by the soil particles), to the resistance of soil aggregates to differ- 
ent disturbances (as an indicator of their resilience in the environment), 
and finally, as the main research question, the different density fractions 
in which SOC is found. In that sense, it is of great interest to know the 
SOC value for each LULC in the recalcitrant fraction, as it gives us real 
information on how much carbon is being stored in the long term, and 
therefore on the suitability of each LULC for climate change adaptation 
and mitigation. 

Aggregate formation is the nucleus of all soil carbon storage mecha- 
nisms ( Blanco-Canqui and Lal, 2004 ). Although models of aggregate for- 
mation may be varied ( Tisdall and Oades, 1982 ; Oades, 1984 ; Six et al., 
2000 ), there is a general conception that organic matter contained in 
macroaggregates is more vulnerable to enzymatic and microbial attacks, 
while microaggregates (approx. < 2 mm) offer greater protection against 
disruption. Likewise, soil aggregation physically protects soil organic 
matter both by spatial separation of microbiota and substrate, and by 
limiting microbial activity regarding the reduced diffusion of oxygen 
within the aggregates ( Six et al., 2002 ; Rabot et al., 2018 ). On the other 
hand, the stability of soil aggregates, defined by Dexter (1988) as the 
ability of soil to persist and maintain its structure against the disruptive 
action of water or other external stressors, is one of the most widely 
used indicators for studying soil structure ( Rabot et al., 2018 ). This 
characteristic can be significantly influenced by LULC, soil type and mi- 
croorganism accessibility to SOC ( İ lay and Kavdir, 2018 ; von Haden 
et al., 2019 ). In addition, density fractionation is a technique that is be- 
coming more relevant with regard to exploring carbon dynamics and 
its stabilization mechanisms for the development of long-term storage 

strategies. In this study, the density fractionation method proposed by 
Golchin et al. (1994) and modified by Cerli et al. (2012) was used to 
separate the bulk soil into three types: two non-associated (or weakly 
associated) organic fractions, with the mineral phase (labile fraction, 
FLF) and occluded within aggregates (occluded fraction, OLF), and a 
heavy fraction (HF) where organic matter is strongly bound to the min- 
eral phase. 

While exploring the impacts of various management strategies on 
SOC storage is intriguing, factors such as depth and soil environment 
type can be equally relevant. Depth has been investigated in some stud- 
ies, revealing distinct patterns depending on LULC ( Hao et al., 2017 ; 
Li et al., 2019a ). Conversely, the soil environment type (acid or alka- 
line) has been understudied, although it is proving to exert considerable 
influence on behaviour patterns under the same management strategy 
( Yang et al., 2018 , 2020 ) that can be attributed to the pH impact on 
properties such as cation exchange capacity, microbial activity, or nu- 
trient availability ( Cortijos-López et al., 2023 , 2024a ). 

As a consequence, the initial hypothesis of this study establishes that 
systems that are managed after land abandonment (such as pastures, 
shrub clearings, or managed forest areas such as dehesas) will exhibit 
a strong capacity for long-term carbon storage, particularly in alkaline 
environments. The main objective is to investigate SOC storage across 
three management strategies for abandoned fields in marginal areas of 
Mediterranean mountains: secondary succession, forest management via 
dehesas and afforestation, and shrub clearing and extensive grazing. 
These SOC dynamics will be examined within two types of soil environ- 
ments — acid and alkaline — and at different depths (0–40 cm). This 
main objective entails a series of secondary objectives: i) investigating 
SOC fractionation and content for each aggregate size; ii) analysing ag- 
gregate stability (AS); and iii) evaluating SOC distribution across density 
fractions to assess their long-term mineralization potential, in all cases 
based on LULC, soil environment type, and depth. 

2. Materials and methods 

2.1. Study area 

The Leza Valley (Iberian System, Spain) is of interest as it typifies the 
processes of abandonment and marginalization in mountainous areas 
within the Mediterranean, while also offering a good example of diverse 
land management practices. 

Covering an area of 274.2 km2 and ranging in altitude from 600 
to 1800 m.a.s.l., the valley shows a Cbf climate classification accord- 
ing to Köppen ( AEMET and MTE, 2018 ). Average temperatures range 
from 6 °C to 11 °C, with higher and lower altitudes experiencing the 
extremes. Annual precipitation, ranges from 600 to 1,000 mm, and it is 
mainly concentrated in spring and autumn, with dry summers, offering 
the characteristics of a Mediterranean mountain climate ( Cuadrat and 
Vicente-Serrano, 2008 ). 

The Valley boasts gentle relief, with low, eroded slopes, accentuated 
by fluvial dynamics on the riverbeds. Its lithology gives rise to two pri- 
mary soil types. Calcic Kastanozems ( IUSS Working Group WRB, 2015 ), 
predominate in calcareous areas and which are characterized by an 
organic-rich A horizon and a pH typically ranging between 7 and 8.5. 
Dystric Cambisols ( IUSS Working Group WRB, 2015 ), dominate areas of 
quartz sandstones, sandstones, and claystones, with low organic matter 
content and a pH that varies between 6 and 6.5 ( Machín, 1994 ). 

The diverse vegetation covers in the valley reflect the region’s history 
and the managed responses to underlying challenges. Natural forests 
are predominantly composed of various oak species ( Quercus pyrenaica 

in siliceous environments and Quercus faginea in calcareous ones) and 
Fagus sylvatica . These are interspersed with pine forests that have been 
established through afforestation efforts ( Pinus sylvestris in acid environ- 
ments and Pinus nigra in alkaline ones). In shrublands, which is the most 
widespread cover due to agricultural abandonment, different species 
dominate depending on the soil characteristics. In acid environments, 
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Table 1 

Guide of abbreviations for the different LULCs under study. 

Strategy Land use and land cover Dominant specie and management 

Secondary 
Succession 

CRL: cropland Almond grove under traditional management with shallow tillage and no fertilization (alkaline environments) 
SH: shrubland With Cistus laurifolius (acid environments) and Genista scorpius (alkaline environments) as the dominant 

species, it represents the first stage after abandonment and, therefore, our target LULC on which to implement 
the management measures 

BS: bushland Larger species, as Juniperus communis (both environments), replaces shrub ones in the second stage after 
abandonment 

F: forest It is the climax stage of the natural revegetation process. Q. pyrenaica (acid) and Q. faginea (alkaline) are the 
dominant tree species 

Forest Management Af.M: managed afforestation Afforestation area with P. sylvestris (acid) and P. nigra (alkaline) of approximately 50–70 years and ∼800 
trees/ha with thinning and clearing cutting-harvesting practices (trend to ∼400 trees/ha), and extensive 
livestock production 

Af.NM: no managed afforestation Afforestation area with P. sylvestris (acid) and P. nigra (alkaline) of approximately 50–70 years and ∼800 
trees/ha without forestry works or livestock harvesting 

Dh.M: managed dehesa Silvo-pastoral system of old-cleared forest ( ∼250 years and ∼40 trees/ha) characterized by extensive land use, 
with Q. pyrenaica (acid) and Q. faginea (alkaline) as the dominant species. Forestry works as thinning (young 
trees) and clearings, and livestock harvesting are carried out 

Dh.NM: no managed dehesa Silvo-pastoral system of old-cleared forest ( ∼250 years and ∼40 trees/ha) characterized by extensive land use, 
with Q. pyrenaica (acid) and Q. faginea (alkaline) as the dominant species. No forestry works or livestock 
harvesting are carried out 

Shrub Clearing and 
Grazing 

YSC: young shrub clearing Pasture area, with herbaceous dominance (both environments), of less than 5 years since their management 
through shrub clearing. Stocking rate between 0.5 and 1 LU/ha/year 

MSC: medium shrub clearing Pasture area, with herbaceous dominance (both environments), of approximately 15 years since their 
management through shrub clearing. Stocking rate between 0.5 and 1 LU/ha/year 

OSC: old shrub clearing Pasture area, with herbaceous dominance (both environments), of more than 25 years since their 
management through shrub clearing. Stocking rate between 0.5 and 1 LU/ha/year 

CP: control pasture Pasture area that has been grazed for centuries and can be considered as a natural balanced system. Stocking 
rate between 0.5 and 1 LU/ha/year 

Note : All sites were carefully selected to be comparable thanks to personal interviews with stakeholders and the regional government, and GPS information. 
Management pressures were consistent across same LULCs (regardless of environment) to ensure comparability and minimize inaccuracies. 

Cistus laurifolius is the dominant species, while in alkaline environments, 
the vegetation consists of Genista scorpius, Thymus vulgaris, Salvia rosmar- 

inus , and Buxus sempervirens ( Fernández-Aldana, 2015 ). 
Although secondary succession is the most common process follow- 

ing abandonment (non-management), the study area presents interest- 
ing management alternatives. Many Quercus forests have traditionally 
been utilized for various silvopastoral purposes under the structure of 
dehesas ( Calvo-Palacios, 1977 ). These areas are characterized by ex- 
tensive use, alternating forests that have been cleared long ago (ap- 
proximately 250 years old) with natural pastures. Additionally, conifer 
afforestation was implemented by national programs during the sec- 
ond half of the 20th century in response to the slow natural revege- 
tation process following abandonment ( Ortigosa, 1990 ). These efforts 
aimed to regulate hydrological and geomorphological processes associ- 
ated with soil erosion and flooding ( Nadal-Romero et al., 2023a ). No- 
tably, shrub clearing and grazing management practices have been im- 
plemented. These specific regional measures were initiated in 1986 for 
socio-economic purposes, aiming to revitalize rural activity. This was 
done through extensive livestock farming, and due to environmental 
reasons, focused on fire prevention by removing much of the fire-prone 
shrubland ( Lasanta et al., 2009 ). 

2.2. Soil sampling 

Samples were collected from various LULCs for each of the manage- 
ment strategies —secondary succession, forest management, and shrub 
clearing —within a depth range of 0–40 cm (sampled every 10 cm), 
and for each soil environment type ( Fig. 1 ). Acid and alkaline environ- 
ments were previously differentiated based on their bedrock character- 
istics (derived from geographic information layers) and typical vegeta- 
tion communities (identified by dominant species of shrubland, pine, or 
Quercus sp.). This allowed the study areas to be classified prior to labora- 
tory pH analysis. pH values oscillated between 4.9 and 7.9, and 6.5 and 
8.8 in acid and alkaline environments, respectively. One point in acid 
sites (medium shrub clearing pasture) presents high pH values, but we 

have classified these into two groups based on vegetation communities 
and the complex edaphic processes affecting soil. 

Four LULC categories were selected for each management strategy 
( Table 1 ). In secondary succession: i) cropland (CRL), almond cultiva- 
tion representing the initial condition before abandonment (only present 
for alkaline soils as, at that time, its limited presence did not allow for a 
control situation to be found in acid environments); ii) shrubland (SH), 
the initial phase of secondary succession process after abandonment, 
and the most extended LULC that should be managed; iii) bushland 
(BS), the subsequent phase where shrubland transitions to larger species; 
and iv) forest (F), representing the climax state with established tree 
species. In forest management: i) managed afforestation (Af.M), involv- 
ing forest operations such as thinning and clear-cutting harvesting, com- 
bined with livestock introduction; ii) no managed afforestation (Af.NM); 
iii) managed dehesa (Dh.M), characterized by extensive livestock farm- 
ing and shrub clearing; and iv) no managed dehesa (Dh.NM). Lastly, 
in shrub clearing and grazing: i) young shrub clearing pasture (YSC), 
cleared less than 5 years ago; ii) medium shrub clearing pasture (MSC), 
around 15 years since the last intervention; iii) old shrub clearing (OSC), 
cleared over 25 years ago; and iv) control pasture (CP), areas grazed for 
so long that they have reached a natural balance. In the case of both 
secondary succession and shrub clearing, the study adopts a chronose- 
quence approach, where the time factor regarding the progression of 
both strategies is replaced by spatial analysis ( Bonet, 2004 ), which is 
based on information provided by land managers and meticulous his- 
torical studies of the area. At each point and depth, three composite 
samples were collected by combining three subsamples, selecting ar- 
eas with similar altitude, exposure, and topography so as to minimize 
errors. 

2.3. Laboratory analyses 

The analyses were conducted in the laboratories of the Pyrenean 
Institute of Ecology (IPE-CSIC) and the Institute for Biodiversity and 
Ecosystem Dynamics in the University of Amsterdam (IBED-UvA). Ini- 
tially, 20 aggregates (approximately 4.5 mm in size) were randomly 
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Fig. 1. Study area. Leza Valley in La Rioja (Spain) and location of the different LULCs classified by soil environment type (acid and alkaline). Note : lowercase letters 
on each image denote the LULC type within each management strategy —secondary succession, forest management, and shrub clearing and grazing —as indicated in 
the legend. 

selected from the three soil samples, taken at each point and depth, to 
analyse their stability using the Drop test ( Imeson and Vis, 1984 ). Wa- 
ter droplets were poured onto each aggregate from a height of 1 m, 
and the number of drops required to break it, to the extent that its 
largest fragment passed through a 2 mm mesh, were counted. Subse- 
quent analyses were performed on the fine fraction obtained from air- 
dried samples and sieved through a 2 mm mesh. The pH was estimated 
using a pH meter suspended (1:2.5) in deionized water. Texture anal- 

ysis was conducted using a particle size analyser (Mastersizer 2000, 
Malvern Panalytical Instruments, Almelo, the Netherlands), following 
oxidation of organic matter with H2 O2 . Total carbon (C) and total ni- 
trogen (N) were analysed by dry combustion with an oxygen injection 
using an elemental analyser (Carbon/Nitrogen/Sulphur LECO 928 se- 
ries LECO CNS 928, St Joseph, MI, USA). SOC content was equivalent 
to C in acid environments, and the result of subtracting the CaCO3 % 

(by using the Bernard Calcimeter methodology from which the total 
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inorganic carbon was calculated) in alkaline environments. SOC val- 
ues were expressed as both concentration (%) and stock (content per 
area, Mg ha− 1 ). The SOC/N ratio was estimated from the SOC and 
N values. 

Other sets of sub-samples were air-dried and sieved through 5 mm 

and 2 mm mesh sizes, dividing them into three size ranges ( < 2 mm, 
2–5 mm, > 5 mm) for aggregate size fractionation. Subsequently, car- 
bon (C) content was analysed using the elemental analyser, and the soil 
organic carbon (SOC) content (%) was extracted for each aggregate size 
(considering CaCO3 in alkaline environments). 

Following the methodology of Golchin et al. (1994) and 
Cerli et al. (2012) , density fractionation was carried out on bulk 
soil samples. Firstly, 10 g of air-dried sample were taken and added, 
along with 50 ml of sodium polytungstate (NaPT, density of 1.6 g 
cm− 3 ), into a centrifugation tube. After one hour, the suspension was 
centrifuged at 6800 × g for 20 min at room temperature. The floating 
free light fraction (FLF) was separated and collected using a pore glass 
fiber filter (0.7 𝜇m Whatman GF/F filter), then washed with deionized 
water until its conductivity reached 200 𝜇S cm− 1 . The remaining 
sample was resuspended in NaPT (50 ml) and sonicated (150 J Ml− 1 ) 
(Sonopuls HD 3200 with a VS70 probe) and calibrated in an ice bath 
(to maintain the temperature at 40 °C). After the dispersion process, 
the occluded light fraction (OLF) was extracted by repeating the 
centrifugation process (6800 × g for 20 min), filtration, and washing 
with deionized water. To ensure complete sedimentation of the smallest 
clay-sized particles, the remaining sample was successively washed with 
deionized water, shacked, and centrifuged until reaching a conductivity 
of 500 𝜇S cm− 1 in the wash water. The resulting soil material yielded 
the heavy fraction (HF). Finally, the samples were homogenized (HF 
was milled) and freeze-dried. The different fractions were used for N 

and SOC content (in the case of HF, the estimated CaCO3 of the HF 
recovery fraction was considered), and SOC/N ratio determination. The 
relative contribution of SOC by density fractionation was estimated by 
multiplying the mass percentage of each fraction by its respective SOC 

content. 
Due to the high number of samples, the time-intensive nature, and 

the high cost of fractionation analyses, only two samples per LULC, 
soil environment type and depth (every 10 cm), have been analysed. 
To address this limitation and enable subsequent statistical analyses, 
the samples were grouped into two depth categories (0–20 cm and 20–
40 cm) for each LULC after analysis. This approach ensured replication 
at each depth, resulting in four soil samples per LULC for every 20 cm. 
It is important to consider the limitations arising from this data group- 
ing —stemming from the limited replication in the laboratory analysis 
and the grouping of the samples at different depths —when interpreting 
the effects of different management strategies on the results of aggregate 
size and density fractionation. 

2.4. Data and statistical analysis 

First, a Factor Analysis of Mixed Data (FAMD) of qualitative and 
quantitative variable categories was undertaken. Normal distribution 
was assessed using the Shapiro-Wilk normality test, and variance ho- 
mogeneity was examined using Levene’s test for the different factors. 
Since normal distribution was not met for many of the study parame- 
ters, non-parametric tests —specifically Kruskal-Wallis analyses of vari- 
ance —were employed to establish differences between LULCs, depth, 
and soil environment type. Additionally, a post hoc Least Significant Dif- 
ference (LSD) test was performed to identify differences among LULCs 
within the same environment and grouped depth. Finally, Spearman’s 
correlation coefficient was used to assess the relationship among the 
different soil physicochemical properties analyzed, and the correlations 
were plotted in a correlogram. Statistical significance was considered for 
analyses with p -values below 0.05. The statistical analyses and graph- 
ical representations were conducted using IBM SPSS Statistics 25 and 
RStudio (Version 2022.07.2 Build 576). 

3. Results 

3.1. Soil organic carbon stock 

Cortijos-López et al. (2023 , 2024a , 2024b ) analysed the differences 
in physico-chemical soil properties and SOC and N storage (Mg ha− 1 ) in 
different LULCs, for acid and alkaline environments at different depths. 
The results of SOC stock in the soil profile (0–40 cm) for each LULC and 
environment, separated into the three management strategies consid- 
ered for this article, are shown in Fig. 2 . During secondary succession, 
a progressive SOC increase (not significant) was observed for both en- 
vironments as succession progressed to the young forest stage (F). Sig- 
nificant differences were observed between CRL and F in alkaline soils, 
showing an improvement in soil quality and storage regarding time fac- 
tor. Forest management showed significant differences both between 
LULC types (dehesas and afforestations) and in the case of afforestations 
in acid environments. However, no differences were observed between 
these LULCs in alkaline environments. Af.M from acid environments was 
found to be the LULC with the highest SOC storage. In shrub clearing 
management, no significant changes were observed between LULCs in 
acid environments. In alkaline environments, a significant increase was 
detected up to approximately 25 years of management (OSC). 

Considering SH as the most widespread LULC in the valley (unman- 
aged after land abandonment), to which the different post-abandonment 
strategies would be applied, significant higher SOC stocks were found in 
both afforestation systems in acid environments and Dh.NM in alkaline 
ones. 

3.2. Influence of environment conditions 

The influences of different environmental variables in our study were 
analysed. The results of a FAMD are shown in Fig. 3 , where qualitative 
variables (LULC, soil environment, predominant vegetation species, and 
intensive use in the past) and quantitative variables (soil depth, alti- 
tude, slope, precipitation and temperature) were considered, together 
accounting for 26 % of the variability. In the plot of qualitative vari- 
ables, a large contribution in CRL data distribution was observed in Dim 

1, and the non-intensive use in the past and the LULCs of dehesas and 
afforestation in Dim 2. It should be noted how the uses of pasture and 
secondary succession were grouped together occupying a central posi- 
tion in the plot, while forest management and cultivation created in- 
dependent groups with a greater contribution to the dispersion of the 
data. 

The graph of quantitative variables showed the predominance of 
three variables: temperature, precipitation and altitude in the contri- 
bution of the data, oriented in opposite directions (temperature inverse 
to precipitation and altitude) on the axis of Dim 1. 

Although the contribution of some environmental variables to the 
distribution of the data was observed, these only managed to explain 
16.9 % and 9.3 % in Dim 1 and Dim 2, respectively. Therefore, this 
analysis shows that environmental factors are not as relevant in our 
study, and we continue to focus on the previously established edaphic 
factors and the detailed analysis of their influence on SOC dynamics. 

3.3. Fractionation and SOC content according to aggregate size 

SOC content was analysed in three aggregate size ranges ( < 2 mm, 
2–5 mm, > 5 mm) and the percentage of SOC in each category size with 
regard to total SOC was obtained ( Fig. 4 ). 

SOC was mainly stored in aggregates > 2 mm accounting for more 
than 53 % of the total SOC content in all LULCs ( Fig. 4 ). The contribution 
of different aggregate sizes with depth does not show a clear pattern, 
not even when considering management time (strategies of secondary 
succession or shrub clearing). 

Natural secondary succession and forest management strategies 
showed higher SOC storages in aggregates < 2 mm in alkaline envi- 
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Fig. 2. Soil organic carbon (SOC) stock in the different LULCs and strategies according to soil environment (acid or alkaline) (adapted from Cortijos-López et al., 
2023 , 2024a, 2024b ). Different lower-case letters show significant differences between LULCs within the same strategy and environment. Asterisks show a significant 
increase in SOC stock within the same environment compared to the target management situation, shrubland. Note : CRL, cropland; SH, shrubland; BS, bushland; 
F, forest; Af.M, managed afforestation; Af.NM, no managed afforestation; Dh.M, managed dehesa; Dh.NM, no managed dehesa; YSC, young shrub clearing; MSC, 
medium shrub clearing; OSC, old shrub clearing; CP, control pasture. 

ronments. In regard to shrub clearing and extensive grazing strategy, 
this statement was only true during the first years of management; in 
the old pasture, higher storage in aggregates < 2 mm was observed in 
acid environments. 

Considering SH as reference (current baseline situation in the aban- 
doned marginal areas), pastures management increased the SOC accu- 
mulation in aggregates < 2 mm in the long term in acid environments. 
Higher values were also observed in Dh.NM and BS. In alkaline environ- 
ments, no LULC exceeded the SOC percentage ( < 2 mm) in the topsoil 
of SH, and only afforestation and YSC exceeded it at 20–40 cm depth. 

3.4. Aggregate stability (AS) through water drop impact resistance 

AS under water drop impact was examined across all soil depths 
( Fig. 5 and Fig. S1 in the Supplementary materials). Generally, it was 
noted that AS was higher in alkaline environments and decreased with 
depth (with some exceptions such as shrub clearing in acid environ- 
ments). 

When focusing on the topsoil horizon (0–10 cm) ( Fig. 5 ) in acid en- 
vironments, higher significant AS was observed in afforested sites (as 
the accumulation line holds a higher proportion of aggregates with a 

higher number of drops supported), compared to other management 
controls, such as natural secondary succession (particularly F stage) or 
shrub clearing in acid environments. 

Compared to shrublands, a significant increase in AS was observed 
in both Af.M and Af.NM, as well as BS, while a slight non-significant im- 
provement occurred with shrub clearing practices. However, a slow sec- 
ondary succession did not improve AS in the long term (60–100 years). 

In alkaline environments ( Fig. 5 ), all the strategies led to the signifi- 
cant enhancement of AS (F, Af.M and Dh.NM and MSC) when compared 
with shrubland. In general, higher AS was also observed in forest sys- 
tems (excluding Af.NM). 

3.5. Density fractionation and SOC and N distribution among fractions 

FLF and OLF fractions only represented a small proportion of the soil 
mass, while HF fraction recovered a higher proportion (more than 90 % 

in most cases). Despite soil mass fraction distribution, SOC content in 
HF only averaged 2 g kg− 1 . FLF and OLF dataset averages represented 
a SOC content of approximately 29 g kg− 1 and 34 g kg− 1 respectively. 
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Fig. 3. Factor Analysis of Mixed Data of qualitative variable categories (graph above: LULC, soil environment, predominant vegetation species, and intensive use 
in the past) and quantitative variables (graph below: soil depth, altitude, slope, precipitation and temperature). Note : CRL, cropland; SH, shrubland; BS, bushland; 
F, forest; Af.M, managed afforestation; Af.NM, no managed afforestation; Dh.M, managed dehesa; Dh.NM, no managed dehesa; YSC, young shrub clearing; MSC, 
medium shrub clearing; OSC, old shrub clearing; CP, control pasture. 

3.5.1. SOC distribution according to soil density fractionation 

The distribution of SOC was analysed in terms of its contribution 
to the total SOC of the samples from each soil fraction across dif- 
ferent management strategies and LULCs, both in topsoil (0–20 cm) 
( Fig. 6 ) and at depth (20–40 cm) (Fig. S2 in the Supplementary 

materials). In acid topsoil, the highest and lowest SOC contribu- 
tion in the FLF were found in BS (28.9 %) and YSC (2.5 %), re- 
spectively. To the contrary, an opposite trend was observed in the 
HF, where the highest value was recorded in YSC (94.5 %). At 
depth, Af.NM showed the highest SOC contribution in FLF (31.3 %). 
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Fig. 4. Soil organic carbon content in three soil aggregate size ranges ( < 2 mm; 2–5 mm; > 5 mm) according to two soil environments (acid or alkaline) and three 
management strategies: secondary succession, forest management, and shrub clearing and grazing. The percentage in the plot indicates the percentage of SOC in 
< 2 mm aggregates size with respect to total SOC. Note : CRL, cropland; SH, shrubland; BS, bushland; F, forest; Af.M, managed afforestation; Af.NM, no managed 
afforestation; Dh.M, managed dehesa; Dh.NM, no managed dehesa; YSC, young shrub clearing; MSC, medium shrub clearing; OSC, old shrub clearing; CP, control 
pasture. 

On the other hand, the highest HF values were recorded in OSC 

(96.6 %). 
In alkaline environments, across all depths, the highest FLF values 

were observed in afforested sites (29.3 % in Af.M in the topsoil, and 
31.3 % in Af.NM at 20–40 cm), and the highest HF was recorded in OSC 

(96.2 % and 96.6 % at 0–20 cm and 20–40 cm, respectively). 
When focusing on topsoil ( Fig. 6 ), differences between acid and al- 

kaline environments were only evident for the LULCs of forest manage- 
ment. 

Observations in acid environments according to management strat- 
egy were as follows: i) In secondary succession, no significant differ- 
ences in carbon mineralization (HF) were observed between the differ- 
ent stages. The significantly higher values of labile SOC in BS coincided 
with greater AS and SOC proportion in aggregates < 2 mm; ii) In forest 
management, the higher accumulation of mineral SOC (HF) in dehesas 
compared to afforested areas, as well as in managed areas compared 
to unmanaged ones was worth noting. In FLF and OLF, the opposite 
was observed, with greater contributions in afforested sites. However, 
no significant differences were observed between any two LULCs within 
the same fraction; iii) Shrub clearing exhibited an irregular evolution 

pattern over time in all fractions. The significantly lower value of MSC 

in HF coincided with the lower proportion of SOC in aggregates < 2 mm 

and their lesser stability. 
In alkaline soil environments, observations varied depending on the 

type of strategy employed: i) Secondary succession decreased HF con- 
tribution with the advancement of revegetation, while increasing la- 
bile carbon. However, no significant differences were observed between 
LULCs. These HF values were also related to the proportion of SOC in 
aggregates < 2 mm; ii) In forest management, afforested areas exhib- 
ited significantly higher FLF values, while dehesas showed higher HF 
values. Dh.M was identified as the most suitable LULC for long-term 

carbon storage. No significant differences were observed in OLF among 
LULCs; and iii) Shrub clearing, similar to the observations in acid soils, 
did not show a linear increase of SOC in HF over time with management. 
OSC presented the highest values of SOC in the recalcitrant fraction. 

To sum up, the secondary succession strategy did not result in a SOC 

increase in HF fraction, in neither acid nor alkaline environments, com- 
pared to our initial state after abandonment, characterized by shrub- 
land. However, the shrub clearing with extensive grazing displayed a 
slight increase in recalcitrant carbon in alkaline environments and a sig- 
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Fig. 5. Aggregate stability (AS) to water drop impact according to LULC, management strategy, and environment (acid or alkaline), for 0–10 cm depth. On the x -axis, 
the cumulative percentage of samples that withstand a certain number of impacts ( y -axis) without breaking. The letters to the left of the legend: i) in capital letters, 
different letters show significant differences between LULCs of the same strategy in acid environments; ii) in lower case, different letters show significant differences 
between LULCs of the same strategy in alkaline environments; iii) asterisks indicate a significant increase in AS when compared to the target management (SH) 
within the same soil environment (acid or alkaline). Note : CRL, cropland; SH, shrubland; BS, bushland; F, forest; Af.M, managed afforestation; Af.NM, no managed 
afforestation; Dh.M, managed dehesa; Dh.NM, no managed dehesa; YSC, young shrub clearing; MSC, medium shrub clearing; OSC, old shrub clearing; CP, control 
pasture. 

nificant increase in acid ones. Meanwhile, in forest management, only 
Dh.M stood out in alkaline environments for long-term storage, with 
afforestations showing prominence in the FLF and OLF fractions. 

3.5.2. SOC/N ratio content according to soil density fractionation 

The distribution of SOC/N ratio for each soil fraction was investi- 
gated under different management strategies and LULCs in the topsoil 
(0–20 cm) ( Fig. 7 ), as well as at depth (20–40 cm) ( Fig. S3 in the Supple- 
mentary materials). On the topsoil of acid environments, pastures after 
shrub clearing showed the smallest values in both FLF and HF (12.7 in 
MSC and 10.0 in OSC, respectively). Af.M exhibited the poorest qual- 
ity of this parameter across all fractions. At depth, a similar trend was 
observed except for the highest value of F (17.5) in the HF. In alkaline 
environments, afforestation once again stood out with the highest values 
of SOC/N ratio in the labile fraction, both in the topsoil and at depth. 
However, in the recalcitrant fraction, dehesas stood out in the topsoil 
(values ranging from 13.1 in Dh.M to 9.8 in Dh.NM), while SH showed 
the best value at depth (9.8). 

Focusing on the topsoil, smaller SOC/N ratios were visibly observed 
in HF compared to FLF or OLF. Moreover, soils in alkaline environments 
generally exhibited slightly lower values across most LULCs ( Fig. 7 ). 

According to the management strategy, observations taken from acid 
environments were as follows: i) In secondary succession, the smallest 
SOC/N ratio was found in F in the HF fraction, while in FLF and OLF, 
SH showed smaller values. No significant differences were observed be- 
tween LULCs; ii) The forest management showed the lowest ratios for all 
fractions in Dh.NM, corresponding to good AS and the highest percent- 
age of SOC in aggregates < 2 mm. Significant differences were observed 
in the HF fraction between Af.M and Dh.NM. Both afforestation and de- 
hesas appeared to improve this property under unmanaged conditions; 
and iii) In shrub clearing, no pattern of evolution or change of SOC/N 

ratio mineralization was observed over time. 
In alkaline soil environments, results showed that: i) In secondary 

succession, forest advancement did not result in an improvement of this 
property, with the lowest SOC/N ratio observed in SH across all frac- 
tions. Significant differences were observed in HF between this initial 
stage of revegetation and subsequent stages; ii) The forest management 
once again showed the smallest SOC/N ratio values in the Dh.NM, with 
significant differences in FLF compared to Af.M and Af.NM, as well as in 
OLF compared to Af.M; and iii) The shrub clearing exhibited a similar 
scenario to that of acid environments, where no clear pattern for this 
parameter could be observed over time, nor was there any increased 
mineralization (HF fraction). 
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Fig. 6. SOC distribution (contribution to the total sample), in 0–20 cm soil depth, for each soil fraction (FLF: labile fraction; OLF: occluded fraction; HF: mineral 
fraction), depending on the soil environment (acid or alkaline) and three management strategies: secondary succession; forest management; shrub clearing and 
grazing. Different lower-case letters show significant differences between LULCs within the same strategy and fraction. Asterisks show a significant increase in SOC 
content within the same fraction and environment compared to the target management situation, shrubland. Note : CRL, cropland; SH, shrubland; BS, bushland; 
F, forest; Af.M, managed afforestation; Af.NM, no managed afforestation; Dh.M, managed dehesa; Dh.NM, no managed dehesa; YSC, young shrub clearing; MSC, 
medium shrub clearing; OSC, old shrub clearing; CP, control pasture. 

From a global perspective, the most favourable SOC/N values were 
achieved with the shrub clearing strategy across all three fractions. Fur- 
thermore, when considering our baseline condition for the implemen- 
tation or absence of management (shrubland), a significant diminution 
in the SOC/N ratio was observed in acid environments, both in FLF (by 
YSC, MSC, and OSC) and in HF (YSC, OSC, and CP) ( Fig. 7 ). 

3.6. Correlation between soil parameters 

A higher number of significant correlations between soil properties 
were found in acid environments than in alkaline ones ( Fig. 8 ). 

In acid environments, the value of HF-rec (the percentage contribu- 
tion of this fraction to the total SOC of the sample) significantly cor- 
related with all soil parameters (except clay content). Moreover, this 
correlation was only positive with pH value and silt content. It was note- 
worthy that HF-rec showed a negative correlation with SOC stock in this 
type of environment. On the other hand, AS demonstrated an inverse re- 
sponse, correlating negatively and significantly with pH and HF-rec, but 
positively with SOC stock and most of the studied parameters. 

In alkaline environments, significant correlations for HF-rec notably 
decreased. Among them, a positive correlation with clay content stood 
out. It was worth noting the negative correlation of AS with both pH 

and carbonate content. It’s of particular interest to consider that the 
strongest positive correlation of mineral SOC (HF C) occurred in both 
environments with SOC of aggregates between 2 mm and 5 mm. 

4. Discussion 

4.1. Relevance of environmental factors 

Environmental and human factors conditioned SOC evolution after 
land abandonment. In our location, the influence of environmental fac- 
tors only accounts for a small portion of data variability (just 26 %). 
This limited factor may be due to the restricted study area, where vari- 
ables like temperature, annual precipitation, and altitude —which are 
present in both literature and our analyses —show little variation be- 
tween sampling sites (in order to make them comparable). Meanwhile, 
other factors, such as intensive use in the past, are quite widespread. 
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Fig. 7. SOC/N ratio, in 0–20 cm soil depth, for each soil fraction (FLF: labile fraction; OLF: occluded fraction; HF: mineral fraction), according to the soil environment 
(acid or alkaline) and three management strategies: secondary succession; forest management; shrub clearing and grazing. Different lower-case letters show significant 
differences between LULCs within the same strategy and fraction. Asterisks show a significant decrease in SOC/N ratio within the same fraction and environment 
compared to the target management situation, shrubland. Note : CRL, cropland; SH, shrubland; BS, bushland; F forest; Af.M, managed afforestation; Af.NM, no 
managed afforestation; Dh.M, managed dehesa; Dh.NM, no managed dehesa; YSC, young shrub clearing; MSC, medium shrub clearing; OSC, old shrub clearing; CP, 
control pasture. 

In the study area, the landscape was characterised by an intense hu- 
man impact on the terracing of hillsides for agricultural use and an ex- 
tensive grazing tradition ( Lasanta et al., 2009 ; Arnáez et al., 2017 ). Pre- 
vious studies have noted how continued agricultural use can decrease 
SOC, regardless of intensification ( Haddaway et al., 2017 ; Crespo et al., 
2021 ). However, Eclesia et al. (2012) found that changes in SOC were 
independent of initial cover, but highly dependent on current vegeta- 
tion type, and that precipitation was a factor that could explain up to 
50 % of SOC variability. Garcia-Pausas et al. (2007) found that 41 % of 
SOC variability was explained by altitude, and 57 % by the combina- 
tion of summer temperatures and precipitation. However, the increase 
or decrease in SOC, according to climatological variables and altitude, 
is still controversial and depends on the study area ( Martin et al., 2010 ; 
Miao et al., 2022 ). 

4.2. SOC content in different aggregate sizes 

Soil aggregation and its regulating dynamics can also be affected to a 
greater or lesser extent by LULC and management, from the breakdown 

of aggregates by tillage to increased organic matter input by vegetation 
type ( Six et al., 2002 ; Wright and Hons, 2004 ). 

SOC’s association with different aggregate sizes has been previously 
studied across various LULC. In our study, a generally higher SOC con- 
tent was observed in aggregates > 2 mm. Usually, a higher proportion 
of aggregates > 2 mm has been linked to increased SOC content in 
forests and pastures, regardless of soil environment ( Li et al., 2019a ; 
Cheng et al., 2023 ). However, the stability of aggregates > 2 mm and 
their consequent SOC content can be influenced by numerous factors. 
In forest ecosystems, differences have been observed based on species 
(favourable conditions in broadleaved compared to coniferous forests 
( Liu et al., 2024 )), age (higher content of aggregates > 2 mm and SOC 

in intermediate stages of restoration ( Li et al., 2019a ; Bai et al., 2020 )), 
or management practices (greater intensification of forest harvesting re- 
sulting in lower soil structural quality ( Guo et al., 2021 )). These results 
have been also observed in our study ( Fig. 4 ). 

Concerning soil depth, a decrease in SOC content of aggregates < 

2 mm was observed with depth, except for forest management systems. 
Literature shows that both SOC and aggregate > 2 mm content tend to 
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Fig. 8. Correlogram of soil parameters analysed according to the 
type of environment (acid or alkaline). The degree of negative or 
positive correlation is shown (red or blue, respectively), and the 
coefficient of correlation is crossed out when there is not signifi- 
cance ( p -value < 0.05). The following parameters are studied: pH, 
clay, silt, sand, soil organic carbon (SOC), nitrogen content (N), soil 
organic carbon-nitrogen ratio (SOC/N), soil organic carbon stock 
(SOC stock), carbonates content (CaCO3 ), soil organic carbon con- 
tent in labile fraction (FLF C), soil organic carbon content in oc- 
cluded fraction (OLF C), soil organic carbon content in mineral 
fraction (HF C), soil organic carbon contribution to total soil or- 
ganic carbon of sample in labile fraction (FLF-rec), soil organic car- 
bon contribution to total soil organic carbon of sample in occluded 
fraction (OLF-rec), soil organic carbon contribution to total soil or- 
ganic carbon of sample in mineral fraction (HF-rec), soil organic car- 
bon/nitrogen ratio in labile fraction (FLF SOC/N), soil organic car- 
bon/nitrogen ratio in occluded fraction (OLF SOC/N), soil organic 
carbon/nitrogen ratio in mineral fraction (HF SOC/N), soil organic 
carbon stock in < 2 mm aggregate size ( < 2 mm), soil organic car- 
bon stock in 2–5 mm aggregates size (2–5 mm), soil organic carbon 
stock in > 5 mm aggregates size ( > 5 mm), and aggregate stability 
(Ag.stab.). 
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decrease with depth ( Bai et al., 2020 ; Guo et al., 2021 ). Additionally, 
studies have noted an increase in SOC concentration in the aggregate < 

2 mm fraction with depth in forest systems ( Liu et al., 2024 ). 
Regarding soil environment, different patterns were found. In acid 

environments, an improvement in stable SOC content (aggregates < 

2 mm) was achieved when comparing shrublands with the grazing 
management strategy. However, in alkaline environments, no LULC ex- 
ceeded stable SOC content of SH in the topsoil. Jiménez et al. (2011) and 
Grandy and Robertson (2007) observed an increase in SOC within aggre- 
gates < 2 mm when transitioning to forest systems in acid environments. 
However, Liu et al. (2014) did not find any significant increases in SOC 

aggregates < 2 mm when moving from shrubland to more advanced 
vegetation states in alkaline ones. This was consistent with our findings 
( Fig. 4 ), thus demonstrating the relevance of environmental type in the 
proportion of different aggregate sizes and their associated SOC content. 

4.3. Aggregate stability 

Regarding AS, a decrease was observed with depth, while higher 
levels were noted in alkaline environments compared to acid ones. 
A decrease with depth has already been observed in previous studies 
( Cheng et al., 2023 ; Liu et al., 2024 ) and may be strongly linked to the 
reduction in aggregate size ( Bai et al., 2020 ), which in turn is influenced 
by the spatial distancing of topsoil horizons with greater root presence 
and organic matter input ( Rabot et al., 2018 ). Regarding soil environ- 
ment, Han et al. (2016) explained how lower pH can limit the base 
saturation of the cation exchange capacity, altering reactive minerals 
such as Al/Fe oxides and influencing aggregate formation and stability. 
In addition, Bronick and Lal (2005) established that the carbonate con- 
tent, together with other characteristics such as the proportion of clay 
or SOC, condition the process of flocculation, cementation and particle 
regrouping in the formation of stable aggregates. 

Focusing on topsoil ( Fig. 5 ), AS in acid soils was significantly im- 
proved by afforestation. However, the strategies of shrub clearing (slight 
increase) and secondary succession (long term decrease), did not re- 
sult in higher stability. Previous research on acid environments presents 
varying findings. Some studies, similar to ours, suggest higher stability 
values in shrubland associated with higher organic matter input from 

the aboveground biomass ( Dorji et al., 2020 ). In contrast, others studies 
show stability increases during the transition from cultivation to natural 
forest or pasture, likely due to enhanced litter input and a possible in- 
crease of microbial and fungal biomass ( Delelegn et al., 2017 ). In forest 
systems, Liu et al. (2024) emphasized the importance of tree species, 
with higher AS in broadleaved forests than in coniferous ones, justified 
in easier litter decomposition and higher substance secretion in the soil. 
Whereas Bai et al. (2020) underscored the management age of forest sys- 
tems (AS reached its maximum in 20-year-old afforestation) negatively 
related to plant diversity (mature trees are strong competitors for re- 
sources) and consequently impacting on nutrient supply and recycling. 

In alkaline environments, both these strategies resulted in the signif- 
icant improvement of AS compared with post-abandonment situation 
( Fig. 5 ). This was also observed by Cheng et al. (2023) , with the highest 
stability values in forests and grasslands. Kalhoro et al. (2017) noted 
an increase in AS in pastures compared to crops. These authors argue 
that the enhanced development of the root system together with higher 
surface litter reserves, increased microbial activity, and organic matter 
content all promote binding processes that generate more stable aggre- 
gates. 

4.4. SOC distribution among density fractions 

The distribution of SOC across different density fractions was anal- 
ysed. The process of SOC stabilization is regulated by several mecha- 
nisms: i) physical protection through occlusion between aggregates or 
pores; ii) chemical protection by interaction with organic molecules or 
mineral surfaces; or iii) selective preservation based on the recalcitrance 

of certain organic compounds ( Marschner et al., 2008 ). Thus, SOC can 
be separated into different fractions based on these characteristics, pro- 
viding information about its composition and persistence capacity in the 
soil. As observed in our results, the FLF fraction occupies the lowest mass 
percentage of the soil profile but has high SOC content that still has to 
undergo microbial and enzymatic digestion, losing much of the carbon 
in its emission into the atmosphere over the course of these processes. 
OLF fraction, occluded in the aggregates, provides further SOC protec- 
tion from disruption. Finally, HF fraction, which occupies the highest 
percentage of mass, is associated with old, digested SOC, strongly ad- 
hered to the mineral surface, but also the least abundant. 

It was found that LULCs such as BS (acid environments) and af- 
forestation (both acid and alkaline soils) contributed more to the la- 
bile fraction (FLF), while pastures contributed more to the recalcitrant 
fraction (HF). At this point, it is important to point out, that the greater 
contribution of labile organic material in afforestations does not convert 
rapidly into greater carbon accumulation in the mineral fraction ( Nadal- 
Romero et al., 2016 ; Cortijos-López et al., 2024b ). This may be closely 
linked to the recalcitrant nature of pine needles and the constraints im- 
posed by radiation and temperature on closed forest ecosystems, which 
in turn hinder microbial decomposition and digestion ( Marschner et al., 
2008 ; Li et al., 2019b ). On the other hand, grasslands play a prominent 
role in long-term SOC storage (HF fraction). This observation aligns with 
findings from other researchers ( Nadal-Romero et al., 2023b ; Nogueira- 
Pinheiro et al., 2023 ) and may be attributed to inputs of residues and 
nutrients, coupled with increased root biomass, fostering microbial ac- 
tivity and aggregate formation processes ( Blanco-Canqui and Lal, 2004 ; 
Hao et al., 2017 ). 

Focusing on the topsoil ( Fig. 6 ), only forest management strategy 
showed differences between environments. In acid soils, secondary suc- 
cession and shrub clearing did not show a consistent increase in SOC 

across any fractions over time. Under forest management strategy, dif- 
ferences were observed between dehesas (with higher recalcitrant SOC) 
and afforestations (more labile SOC), although these differences were 
not statistically significant. 

Previous literature on studies conducted in acid environments shows 
highly diverse responses. For instance, Mujuru et al. (2013) observed in 
two soil types (clayey and sandy) that SOC content was higher in natu- 
ral forests compared to various agricultural management practices, and 
the mineral fraction was strongly correlated with clay content. How- 
ever, Guidi et al. (2014) suggested that the transition from managed 
grassland to old-growth forest increased particulate organic matter but 
decreased mineral SOC stock, one can assume due to the reduced phys- 
ical protection of SOC. Pulido-Fernández et al. (2013) also noted that 
when comparing dehesa areas with shrubland of Retama sphaerocarpa no 
significant differences were observed among LULCs. Li et al. (2019b) , 
on the other hand, examined differences between a reforested water- 
shed and one dominated by shrubland and pasture, finding significantly 
higher HF values in the latter. 

In alkaline environments, the transition to forest systems through 
secondary succession or afforestation led to an increase in labile SOC 

and a decrease in recalcitrant SOC (non-significant). Under forest man- 
agement strategy, dehesas exhibited higher HF content, while in shrub 
clearing, no relationship between time factor and the SOC content in HF 
was observed. 

When comparing each LULC with the target situation of SH, it was 
found that in acid environments, only the shrub clearing strategy signif- 
icantly improved long-term SOC content (HF). In alkaline soils, a slight 
but non-significant increase in SOC was observed with shrub clearing 
and dehesas. However, in this environment, afforestation led to a sig- 
nificant increase in organic fractions SOC (FLF and OLF). 

The contribution of organic matter according to the type of vege- 
tation or management may increase the proportion of FLF ( Six et al., 
2002 ). The fraction of HF may be influenced by physicochemical soil 
factors (such as clay content), the type of organic matter (more easily 
degradable compounds), or even practices that may either promote or 
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hinder microbial activity and thus, the mineralization of organic mat- 
ter towards more stable phases ( Sanderman et al., 2021 ). Depth also 
affects the distribution of fractions: in shallower horizons with direct 
input of organic matter, the labile fraction will predominate, while in 
deeper horizons, the lack of fresh material input leads to a predomi- 
nance of HF ( Hao et al., 2017 ; Li et al., 2022 ). Despite our previous fac- 
torial analysis, environmental conditions have proven highly relevant 
in other studies. For instance, grazing management may be suitable in 
humid environments, although detrimental in drier ones ( Li et al., 2022 ; 
Nogueira-Pinheiro et al., 2023 ). Hence, the importance of field studies 
prior to regional-scale actions and SOC modelling focused on proper 
environmental management is underscored. 

4.5. SOC/N distribution among density fractions 

In both acid and alkaline environment, similar patterns related to 
SOC/N ratios in density fraction were observed. Overall, pastures exhib- 
ited the lowest SOC/N ratio, while afforest areas had the poorest values 
both at the topsoil and depth across all fractions ( Fig. 7 and Fig. S3). 
When focusing on topsoil ( Fig. 7 ), alkaline soils showed slightly lower 
SOC/N ratio for most of the LULCs studied. 

In acid soils, secondary succession and shrub clearing strategies did 
not show significant differences in their LULC for any of the fractions. 
However, in the first case, a positive trend (a decrease in the ratio) over 
time could be observed in HF. In forest management, Dh.NM, exhibited 
the lowest ratios, with notable improvement when management was 
absent. The acid shrubland in our study area, primarily composed of C. 

laurifolius , could be contributing organic matter rich in compounds that 
are difficult to digest, hindering the use of nutrients in organic fractions 
( Marschner et al., 2008 ; Zalegh et al., 2021 ). This could be further in- 
fluenced by a low pH and base saturation, potentially limiting microbial 
activity ( Hinsinger et al., 2003 ; Khandakar et al., 2021 ). The improve- 
ment of SOC/N ratio in HF during the transition to forest was previously 
observed by Mujuru et al. (2013) in acid soils found in Zimbabwe. In- 
terpreting data in forest management systems becomes more complex, 
as the tree species and management practices could affect the digestion 
and recalcitrance of organic matter ( Six et al., 2002 ; Marschner et al., 
2008 ). Previous studies did not find significant differences when com- 
paring dehesas with shrublands ( Pulido-Fernández et al., 2013 ). How- 
ever, Li et al. (2019b) observed significantly higher N contents in the 
labile fraction and significantly lower ratios in the mineral fraction in 
afforested areas compared to pastures and shrubland. They justified it 
through a probable limited surface microbial activity due to lower soil 
radiation and temperature in forest systems. Overall, pastures tend to 
play a significant role in nitrogen input, especially when leguminous 
species predominate ( Hao et al., 2017 ). 

In alkaline soils, secondary succession did not lead to an improve- 
ment in this parameter, with the best ratios observed in SH. Forest man- 
agement and secondary succession strategies showed patterns similar 
to those in acid environments, with Dh.NM standing out in the former, 
and an irregular evolutionary pattern in the latter. In this environment, 
the prevalence of G. scorpius in SH was notable which is a leguminous 
species that also serves as a nurse plant for herbaceous species, shielding 
them from herbivory and notably increasing nitrogen content ( Gómez- 
Aparicio et al., 2004 ; Brooker et al., 2008 ). Throop et al. (2013) also doc- 
umented this substantial increase in subcanopy shrubland compared to 
grassland. In forested systems, the higher SOC/N ratio in organic frac- 
tions of afforested areas once again stood out. In this context, Nadal- 
Romero et al. (2023b) observed a significant enhancement of this prop- 
erty during the transition from afforestation or shrubland to pastures. 

When considering our post-abandonment baseline (SH), the bene- 
fits of shrub clearing management for this property were evident anew 

(lower values), with its application being significant in acid environ- 
ments (more demanding). 

4.6. Soil properties influencing SOC storage 

The correlation analyses revealed a greater number of significant 
parallels between soil properties in acid environments. Notably, there 
was a positive correlation between mineral SOC (HF-rec) and pH, and 
a negative correlation with SOC stock. In contrast, the opposite pattern 
was observed with AS. These results may indicate that in acid envi- 
ronments (more restrictive), pH behaves as a determining factor in the 
capacity of the system for long-term SOC storage (system saturation, 
Bronick and Lal, 2005 ; Han et al., 2016 ). 

In alkaline environments, a notable positive correlation was ob- 
served between recalcitrant SOC (HF-rec) and clay content. The de- 
pendency of SOC content on soil properties such as clay type has 
been emphasized by previous studies ( Blanco-Canqui and Lal, 2004 ; 
Sanderman et al., 2021 ). On the other hand, the negative correlation 
of AS with carbonate content and pH was noteworthy. The former has 
previously been noted by Throop et al. (2013) . 

Finally, a strong positive correlation between mineral SOC and 2–
5 mm aggregates was found in both environments, consistent with find- 
ings from previous studies ( Grandy and Roberts, 2007 ; Li et al., 2019a ). 

This analysis underscores the importance of distinguishing between 
acid and alkaline soil environments when devising landscape manage- 
ment plans aimed at enhancing long-term SOC storage. 

4.7. Implications for management 

Mediterranean mid-mountain regions were extensively exploited 
from the Middle Ages to the 20th century, resulting in widespread defor- 
estation ( García-Ruiz et al., 2020 ). Since the mid-20th century, socioe- 
conomic marginalization has led to the massive abandonment of agricul- 
tural, grazing, and agroforestry activities ( Nadal-Romero et al., 2021 ). 
LULC changes associated with this abandonment are key factors in shap- 
ing the rural landscape in the Mediterranean ( Lasanta-Martínez et al., 
2005 ; Sirami et al., 2010 ). Understanding their implications at different 
scales is crucial for effective environmental management and the provi- 
sion of ecosystem services ( Padilla et al., 2010 ; Pelorosso et al., 2011 ). 

This study focuses on SOC storage dynamics as an important tool for 
climate change mitigation, yielding several key findings: i) Firstly, acid 
and alkaline soil environments influence the effects of management af- 
ter land abandonment. ii) The secondary succession strategy has shown 
better AS and higher SOC content in aggregates < 2 mm during interme- 
diate stages of the revegetation process compared to the climax stage. 
Although other studies emphasise long-term carbon storage increases 
with advanced revegetation ( Blanco-Canqui and Lal, 2004 ; Yang et al., 
2019 ), this was not observed in our study area, questioning the effec- 
tiveness of the strategy in Mediterranean climates ( Nadal-Romero et al., 
2016 ). iii) Forest management has demonstrated improvements in soil 
AS and increased contributions of organic (labile) material. Thus, this 
justifies its historical use to mitigate erosion and soil degradation risks 
( Ortigosa, 1990 ). Finally, ⅳ ) shrub clearing and extensive grazing have 
improved carbon storage dynamics, with slight increases in SOC con- 
tent in aggregates < 2 mm and AS, and significant SOC contents in the 
mineral fraction. This strategy shows promise as a mitigation approach, 
offering both regulation services (CO2 mitigation in the atmosphere), 
and socio-economic benefits (including the revitalization of rural life 
and its associated activities) ( Lasanta et al., 2024 ). 

Creating a mosaic landscape that includes all LULCs, and selecting 
the most suitable area for each, based on various indicators and previous 
studies, appears to be the most logical and resilient option for addressing 
the uncertainties of global change ( Lindenmayer et al., 2008 ; Martínez- 
Sastre et al., 2017 ). 

5. Conclusions 

This study has explored three post land abandonment management 
strategies —secondary succession, forest management, and shrub clear- 
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ing and grazing —in two soil environments (acid and alkaline) and at 
different depths (0–40 cm). The results of this study confirm our initial 
hypothesis: land management after the abandonment of cultivated fields 
influences the capacity of soil to store carbon, especially in alkaline en- 
vironments. In particular, the shrub clearing strategy stands out above 
other LULCs. This strategy improved AS while also showing a greater 
contribution of SOC in aggregates < 2 mm and a significant increase in 
mineral SOC in acid environments. In alkaline soils, AS increased with 
all strategies, with pastures showing a slight increase in mineral SOC, 
while afforestation significantly increased labile SOC. The best SOC/ N 

ratios were consistently observed with the shrub clearing strategy across 
all soil fractions and environments, accompanied by a higher number of 
significant correlations in acid soil environments. 

In conclusion, in our study area, the shrub clearing strategy stood 
out, providing long-term carbon storage in the context of global change, 
while also offering socio-economic benefits for rural development. Nev- 
ertheless, we recommend the use of different management practices to- 
ward a mosaic landscape approach, where the particular characteristics 
of each area could be considered — acknowledging the importance of 
differentiating between environments — allowing for a variety of land 
uses that contribute different properties and benefits to soil quality. 
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