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Abstract: The low profitability of agricultural products in a globalized market context is causing the
abandonment of less profitable agroforestry systems in Spain. This fact is implicated in a change in
land use, increasing the forest area, which could alter the carbon stock in the soil. Thus, the objective
of this study was to determine if the abandonment of rural areas and the change in land use has an
impact on the soil organic carbon stock in agroforestry systems in southwestern Spain. Through
historical aerial photographs and current satellite images, sites were identified where samples of
abandoned agricultural soils in the 1950s were collected. They were compared with soil samples from
adjacent locations whose agricultural activities continue to this day. After more than 60 years, the
abandonment of agricultural activity is associated with a 54% increase in C concentration and 34.8%
in soil organic carbon in the upper 30 cm of soil profiles. Therefore, the abandonment of agricultural
land has influenced the carbon stock of this territory, becoming a carbon sink.
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1. Introduction

Rural regions are facing great challenges [1]. Agricultural intensification in a global-
ized context hinders the sustainability of regions with less productive soils [2]. A direct
consequence of this is migration from rural areas to cities and the subsequent rural depop-
ulation [3,4]. For example, Spain had a considerable loss of rural population between the
years 1960 and 1975. Such loss has increased since the last economic crisis of 2008 to this
date [5-7]. Sixty-one percent (4000) of the municipalities of Spain have no more than 1001 in-
habitants. Among these, 1286 municipalities (358 more than in the year 2000) have less than
100 registered inhabitants, which puts them at maximum risk of demographic extinction [7].
Apart from an aging population and a loss of services, this rural depopulation involves the
abandonment of marginal agricultural lands and the loss of knowledge associated with the
activities of the rural environment, i.e., husbandry, agriculture and/or forestry [8-10]. In
Spain, an estimated 12 million hectares of rural land have been abandoned [11,12].

After the end of the agro-livestock activities, the abandoned agrosystems begin to be
colonized by natural vegetation [13]. In the absence of new disturbances, forest mass can
appear by natural regeneration [14,15]. Specifically, the forest area of Spain has increased
31% in the 1990-2010 period, with a forest increase rate of 48,000 ha y’l [16]. In areas
with a greater slope, Mediterranean climate conditions and a historically high anthropic
pressure, the traditional agricultural systems are practiced in terraces [17,18].

The soil, as a fundamental component of the ecosystem, plays a key role in the func-
tions of provisioning and regulation of ecosystem services [19,20]. The soil is the substrate
in which the vegetation and crops settles, it provides it with the necessary nutrients for
the production of biomass and recycles these nutrients after the incorporation of the necro-
mass [21]. However, in addition, it participates in the carbon cycle in a dynamic way,
regulating the concentration of atmospheric CO, [22,23]. The importance of the role that
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soils play in the carbon cycle has gained research interest in different world summits [24].
Increasing the stocks of SOC (soil organic carbon) is considered one of the most economical
and effective ways of balancing atmospheric CO, concentrations [25]. Accurate estimations
of regional SOC stocks and their variability are necessary for understanding the carbon
cycle and global climate change as well as improving carbon management strategies in
terrestrial ecosystems [26]. The SOC constitutes approximately two-thirds of the carbon
sequestered in terrestrial ecosystems [27-29]. The organic matter accumulated in the surface
horizons of the soil (epipedons) contain 1200-1500 Pg C (1 Pg = 10'° g), mainly in the form
of biostable humified substances [28,30].

There are many factors and processes that determine the direction and rate of change
in SOC content when vegetation and soil are disturbed. Several studies have found
that the conversion of forests to agricultural land leads to an annual global loss around
16 Pg C [31]. On the contrary, due to the transformation of agricultural lands into perennial
systems, several investigations have inferred that the terrestrial ecosystems of the northern
hemisphere were storing carbon in the soil at a rate of 1-2 Pg C year ! during the 1990s of
the last century [32].

The intensification of agricultural soil management that took place in Europe during
the second half of the 20th century has resulted in a considerable decrease of the content
of carbon in soil [33-35]. Edaphic carbon is important in the soil as it affects many prop-
erties of soils, including their ability to retain water and nutrients, to provide structure
promoting efficient drainage and aeration, and to minimize loss of topsoil via erosion [36].
Agronomists consider soils with less than 1.7% organic matter to be in pre-desertification
stage [37]. However, the current abandonment of agricultural lands and their transfor-
mation or naturalization into forest areas could be changing this reality since forest soils
are characterized for having higher content of organic matter than agricultural soils [28].
Moreover, grasslands generally reach higher SOC levels than croplands due to plant shoots
and roots and contributions of animal C inputs to soils [38,39], with notable exceptions
for agricultural classes with high plant residues, such as the irrigated corn. Two effects
cause this result: the contribution of necromass increases the entry of C into the soil and the
vegetal cover of the soil reduces the mineralization of C [40]. These behaviors are highly
variable and also depend on the climatic, geological, and orographic conditions of the
studied area.

The aim of this study was to determine if the changes in land use caused by the
abandonment of agricultural lands in the last 60 years are associated with changes in the
carbon concentration and the amount of total carbon in the soil. A territory not studied
in southwestern Spain is taken as a model for the growing depopulation of rural areas in
Spain and the growing transformation from a traditional low-productivity agricultural
system to forest systems.

2. Materials and Methods
2.1. Study Area

This study was located in the Montdnchez mountain range, located in the south of the
province of Caceres, in the municipality of Robledillo de Trujillo (2000 inhabitants in 1950;
360 in 2020 [41], Extremadura, Spain. (39°16'10.43" N-5°58'49.34"" W) (Figure 1).

The climate of the study area is Mediterranean, with an average annual temperature
of 16 °C, and an average annual rainfall of 517 mm. Its bioclimatic description situates it
in the meso-Mediterranean level. Its underlying geological material emerged in the Late
Paleozoic and is characterized by metamorphic granite outcrops and massifs [42]. Its acidic
and shallow soils are classified as Cambisol dystric (CM-dy) [43].

The above climate and soil characteristics support natural vegetation of meso-
Mediterranean Portuguese—Extremaduran oak populations constituted by a dense for-
est structure of Quercus pyrenaica, although it is frequently mixed with holm oaks (Quercus
ilex subsp. ballota) in ecotone areas, cork oaks (Quercus suber), and quejigos (Quercus faginea
subsp. broteroi). The shrub layer is mainly composed of Daphne gnidium, Phillyrea angus-
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tifolia, Cistus ladanifer, Cytisus striatus, Cytisus multiflorus, and Ruscus aculeatus [44]. The
main massif of the area is 784 m high, with steep slopes [42], causing the dwellers of this
region to build terraces in the hillsides for traditional agricultural use with plow (Figure 2E).
The most frequent crops are olives and grapes, although their current exploitation is very
marginal, making it difficult to choose suitable locations for sampling.
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Figure 1. Study area and sampling points (SP). I: location considered permanent cultivated soil (CS);
II: location considered abandoned agricultural soil (AS). Satellite image SIGPAC (2020). (Source:
images gathered from IDEE and own source).

Figure 2. As an example, evolution of the soils of the two sampling points; I: location considered
permanent cultivated soil (CS); II: location considered abandoned agricultural soil (AS). (A) Aerial
picture (1956). (B) Interministry orthophoto (1976). (C) Orthophoto SIG Oleicola (1998). (D) Satellite
image SIGPAC (2016). (E) Current picture of point 1.I (2020). (F) Current picture of point 1.IT (2020).
(Source: images gathered from IDEE and own source).
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2.2. Sampling Design

Twenty sampling points were selected in terraces, based on the use of the soil in the
last 60 years, following two fundamental analyzed situations:

e Ten sampling points in terraces cultivated for the last 60 years (CS: cultivated soil)
(Figures 1 and 2(ALBI,CLDLE)).

e Ten sampling points in terraces abandoned for the last 60 years and adjacent to CS.
(AS: abandoned soil) (Figures 1 and 2(AILBII,CII, DILF)).

The discrimination was carried out by consulting cartographic sources, through
the viewfinder incorporated on the website of the Spatial Data Institute of the Spanish
Ministry of Development [42]. The sources consulted were: American flight Series A
1945-1946, American flight Series B 1956-1957, interministry orthophoto 1973-1986, na-
tional orthophoto 1980-1986, SIG Oleicola 1998, SIG PAC 2002, and current satellite image
(Figure 2).

From each sampling point, a single sample was analyzed at three different depths:
0-10 cm, 10-20 cm, and 20-30 cm (1 = 60). The aim was to determine the variations in the
amount of carbon at different depths of the soil profile. To reduce the errors caused by the
heterogeneity of the soil, each sample aggregated from three soil cores separated from each
other by 5 m (triangle-shape).

The method followed to collect the soil samples is known as the “known volume
cylinder method” [45]. By this method, a metal cylinder of known volume (10 cm deep
and 10 cm in diameter) is pierced into the soil, and, without compressing, the volumetric
sample of soil is extracted unchanged.

Once in the laboratory, after drying and weighing, the samples were then filtered
by sieving (2 mm pore size) to separate the thick fraction of stones and gravels (>2 mm)
from soil fraction (<2 mm). Soil texture (0-30 cm) was analyzed using the Bouyoucos
method [46].

2.3. Carbon Content in Soil

This soil has no limestone or other rock-C components, so it is assumed that the
measured carbon in soil is equivalent to the amount of organic carbon in it, the total carbon
content in soil, expressed as g m~2, is obtained by applying the following formula [47]:

SOC =100C x Da x G x (100 — V)/100

where C is the carbon concentration of fine soil fraction (mg 100 mg~!). The organic carbon
concentration in soil was determined using the method of Walkley and Black (1934) [48], by
dichromate oxidation [49]. Da is the apparent density of soil (g cm~2). For its calculation,
the dry weight of the samples were divided by its volume. G is the horizon thickness
(cm) and V is the percentage of horizon volume occupied by stones and gravels. It was
estimated by quantifying the volume of water evacuated in a pipe when submerging the
stones and gravel.

This method underestimates around 30% of the real organic carbon content. In the
work published in 1934, Walkley and Black, propose a factor of 1.3 to express the results
in percentage of organic carbon or carbon concentration. Later work confirms this mean
value [28,50,51].

2.4. Statistical Analyses

The distribution and heteroscedasticity of the data were tested by applying the Shapiro—
Wilk test and the Breusch-Pagan test, respectively. All variables analyzed present normal
distribution (Shapiro-Wilk test, p > 0.05) except SOC (Shapiro-Wilk test, p < 0.05). Thus, to
compare the apparent density (Da), the percentage of stone volume (%V), and the carbon
concentration between horizons, the parametric Student’s t-test was performed. In the case
of SOC, it was analyzed using the non-parametric Mann-Whitney U-test. To compare the
carbon concentration between the abandoned and cultivated soils, the Student’s t-test of
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paired samples was performed. Moreover, to compare the SOC between abandoned and
cultivated soils, the Wilcoxon test was performed. In addition, the ANOVA test and the
Student’s t-test were performed to compare the carbon concentration values throughout
the profile in each land use. Moreover, Student’s ¢-test for paired samples was performed to
compare values per horizon between cultivated and abandoned soils. Similarly, the Kruskal-
Wallis test and the Mann—-Whitney U-test were performed to compare the SOC values
throughout the profile in each land use. Moreover, the Wilcoxon test for paired samples
was performed to compare values per horizon between cultivated and abandoned soils.
All the analyses were carried out using the IBM SPSS Statistics v. 22 software.

3. Results

Table 1 shows the parameter values required for the SOC calculation. Stoniness
increases as depth increases, but the differences are not significant (p > 0.05). The D, does
not vary between the horizons analyzed. The carbon concentration depends on the depth
of the soil profile, finding significant differences (p < 0.05) between the most superficial
part and the rest. The average values found, regardless of land use, in the upper 10 cm (H1)
correspond to 3.23 & 1.34 mg C 100 mg~!, which decreases to 1.25 4- 0.26 mg C 100 mg ™!
on the H3 (20-30 cm) (p < 0.05). The same is true when analyzing the SOC going from
2227 +7.67 Mg Cha! t0 9.38 + 1.67 Mg C ha~! (p < 0.05). When the thickness of the
horizon considered is extended to 30 cm (TH), the land studied has a carbon concentration
of 1.97 + 1.09 mg C 100 mg~! and a SOC of 43.89 + 11.41 Mg C ha~!. Half of the carbon in
the edaphic profile analyzed is found in the upper 10 cm.

Table 1. %V (stone volume percentage), D, (apparent density, g cm~3), C concentration
(mg C 100 mgfl), and SOC (soil organic carbon, Mg C ha~1) for the three analyzed horizons as
average of both land uses (cultivated and abandoned) (H1: 0-10 cm; H2: 10-20 cm; H3: 20-30 cm)
and for the entire profile (TH: 0-30 cm). Comparison between horizons; a, b: different letters indicate
significant differences (Student’s t-test and Mann-Whitney U-test, p < 0.05).

%V AD Concegtration SOC
mg C 100 mg1 Mg Cha1
H1 (0-10) 1111+ 626a 1.37+0.17a 323+£134a 2227 +7.67 a
H2 (10-20) 12.10 £ 6.38 a 158 +0.12 a 142+ 027b 11.76 £ 2.06 b
H3 (20-30) 14.05 £ 757 a 148 +0.09 a 125+ 0.26b 9.38 £1.67b
TH (0-30) 12.42 £ 1.50 1.47 +0.10 1.97 + 1.09 43.89 +11.41

In the studied land, the increase in C concentration after abandonment was above 54%,
going from 1.54 4 0.76 mg C 100 mg ! in cultivated soils (CS) to 2.38 4= 1.59 mg C 100 mg !
in abandoned soils (AS) (Figure 3).

The SOC values range from 37.38 4 4.32 Mg C ha~! to 50.4 4 12.25 Mg C ha~! for
cultivated and abandoned soils, respectively (Figure 4). Therefore, in the upper 30 cm, C
stocks in abandoned soils is 34.8% higher than in soils that are still cultivated.

It is important to highlight that, in all horizons, both C concentration and SOC were
higher in AS than in CS, although such differences were only significant in the most superfi-
cial horizon (H1) (Figures 5 and 6). Furthermore, there was also a progressive and significant
decrease of C concentration along the profile in both land uses, from 2.23 £+ 0.42 mg C
100 mg ! to 1.09 4- 0.20 mg C 100 mg ! in CS (p > 0.05), and 4.2 + 1.87 mg C 100 mg ! to
1.41 £ 0.33 mg C 100 mg~! in AS (p < 0.05) (Figure 5). The SOC showed the same behavior,
with significant differences (p < 0.05) between the upper 10 cm and the rest of the profile
(Figure 6).
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Figure 3. Comparison between the values of C concentration (mg C 100 mg ') in the first 30 cm of
cultivated soils (CS) and abandoned soils (AS); a, b: different letters indicate significant differences
(Student’s t-test of paired samples, p < 0.05).
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Figure 4. Comparison of the values of total soil organic carbon (SOC) (Mg C ha~1) in the first 30 cm
between cultivated soils (CS) and abandoned soils (AS); a, b: different letters indicate significant
differences (Wilcoxon’s test, p < 0.05).
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Figure 5. Values of C concentration (mg C 100 mg ') in each horizon (H1: 0-10 cm; H2: 10-20 cm;
H3: 20-30 cm) of cultivated soils (CS) and abandoned soils (AS). Different small letters indicate
significant differences between the same horizon of different land use (Student’s t-test for paired
samples, p < 0.05). Different capital letters indicate significant differences between different horizons
with the same land use (ANOVA test, p < 0.05).
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CSH1 ASH1 CSH2 ASH2 CSH3 ASH3

Figure 6. Values of SOC (Mg C ha~1) in each horizon (H1: 0-10 cm; H2: 10-20 cm; H3: 20-30 cm) of
cultivated soils (CS) and abandoned soils (AS). Different small letters indicate significant differences
between the same horizon of different land use (Wilcoxon’s test, p < 0.05). Different capital letters
indicate significant differences between different horizons with the same land use. (Kruskal-Wallis
test and the Mann-Whitney U-test, p < 0.05).

Analysis of the soil texture reveals that cultivated and abandoned soils have the same
characteristics (Table 2). There are no significant differences in the percentages of sand, silt,
and clay between the two land uses. Both land uses maintain a loamy sand texture.
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Table 2. Soil texture values expressed as percentage. CS: cultivated soils; AS: abandoned soils.
Comparison between land uses; different letters indicate significant differences (Mann-Whitney
U-test, p < 0.05).

CS AS
Sand 86 £132a 89+ 125a
Silt 11.5+55a 8.6+t42a
Clay 25+05a 24+0.6a

4. Discussion

In Mediterranean agroforestry systems with low productivity, high slope, and limited
accessibility, the agricultural exploitation of the territory is limited, which leads to its
abandonment [52]. Once the agricultural activity is abandoned, a series of ecological
changes take place in the farmland [53], both in the biodiversity and nutrient dynamics,
including the soil carbon content [54,55].

SOC is the main component of soil organic matter (SOM) and it is essential for the
stabilization of the soil structure, as well as for the retention and release of plant nutrients,
and it allows the infiltration and storage of water in the soil [56,57]. Therefore, it is
fundamental for guaranteeing soil health, fertility and food production. The loss of SOC
indicates a certain degree of soil degradation [58].

The optimal conditions for plant growth is in the range of 1-3 mg C 100 mg ! [59]. The
values obtained in our study were within this range and would allow the growth of crops.
However, 50% of the soil profiles analyzed in Spain have a C concentration of less than 1 mg
C 100 mg~! [60], indicating that the soils in Spain are at risk for desertification. In Europe,
16% of the cultivated land is vulnerable to desertification [61], with the sustainability of
agricultural systems being at a serious risk in the long term [62]. In view of these data
presented here, the area analyzed in the present study is not in this situation.

The SOC values are in line with those reported by other authors. Rodriguez et al. [55]
estimated the values of SOC in Spain at 56 Mg C ha~! in the first 30 cm, although these
amounts are unequally distributed over the country. Thus, in Extremadura, where our
study was conducted, these authors estimated an amount of 42.3 Mg C ha~! [60,63], which
is similar to that reported in our study.

Forest soils are characterized for having greater amounts of soil organic matter (SOM)
than agricultural soils. Moreover, the intensification of agricultural soil management in
Europe during the second half of the 20th century has resulted in a considerable decrease
of SOM content [33]. In soils of Catalonia, under a Mediterranean climate, an average of
5.7 mg C 100 mg~! was found in mature forest soils, compared to 1.03 mg C 100 mg~!
and 1.5 mg C 100 mg ! found in cultivated and abandoned agricultural soils [62]. Even
with the possible sampling error due to the limited number of sampling points, significant
differences between land uses are observed. In the studied land, the abandoned soils
(2.38 + 1.59 mg C 100 mg~!) present a carbon concentration 54% higher than the soils that
continue to be cultivated (1.54 &+ 0.76 mg C 100 mg’l) (Figure 3).

It should be noted that the choice of sampling points was difficult since there were few
paired plots (CS-AS) that were all cultivated 60 years ago and that have followed a different
use trajectory until today. Therefore, it must be taken into account that 60 years ago all the
plots were cultivated areas, so that the differences found may be due to the change of use.
The absence of differences in texture, and especially in clays, between CS and AS ensures
that there is no systematic bias as to why the soils were abandoned, and that CS and AS are
the same soil type.

These differences may be due to the carbon contribution from the decomposition of
vegetation associated with current land use [57,64,65]. In the study area, the vegetation
grown in the abandoned soils is currently forest vegetation. Forest recolonization by prior-
to-cultivation Q. pyrenaica has been in ongoing progress for decades, reaching an advanced
stage in its succession trajectory. At present, we find a mixed Quercus forest (Q. pyrenaica,
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Q. ilex and Q. suber) with a shrub layer associated and mixed with feral individuals from
abandoned crops (Vitis vinifera, Ficus carica and Olea europaea).

The effect of the abandonment of agricultural land on soil C stock has been studied
in a wide variety of environments, from tropical areas to northern territories, but there
are no data in the study area. In tropical areas, soil carbon can accumulate at a rate of
1.30 Mg C ha~! yr~! during the first 20 years [66]. In central Yakutia (Russia), the SOC in
cultivated lands is almost half of that in forest lands. However, after abandoning these
crops, the SOC recovery increases 30% in 20 years with respect to lands that continue to be
cultivated [67]. In Germany, a study analyzed the carbon reservoirs in abandoned agricul-
tural land, finding the highest carbon content in the secondary forest soil (206 Mg C ha~!),
followed by old forest soil (157 Mg C ha—') and cultivated soil (151 Mg C ha—1), which
shows the potential of abandoned agricultural lands in soil carbon fixation [68]. In the
current study, the amount of SOC of the AS 34.8% higher than in cultivated soils, in the
first 30 cm. Results presented here do not support the idea that Mediterranean soils have
a low recovery of the carbon lost as a result of the intensive agricultural activity that has
been carried out [34,63,65,69].

It is important to highlight that, in all horizons, both C concentration and SOC were
higher in AS than in CS, although such differences were only significant in the most superfi-
cial horizon (H1) (Figures 5 and 6) due to an entry of organic matter from the decomposition
of the plant necromass in the upper horizon. The lack of significant differences at depths
below 10 cm seem to indicate that the stabilization of the carbon in lower horizons is
slow, as already demonstrated by other authors [57,65,70]. Furthermore, there was also
a progressive and significant decrease of C concentration along the profile in both land
uses (Figure 5). The AS, i.e., those with a plant coverage, had a greater and more stable C
concentration at greater depth compared to CS. The SOC showed the same behavior, with
significant differences between the first 10 cm and the rest of the profile (Figure 6).

Knowing the reference C concentration and SOC values of terrestrial ecosystems,
in general, and Mediterranean agrosystems, in particular, it is possible to determine the
changes that can be expected after a change of use with the one studied [71]. The capacity
of carbon reservoir recovery of agricultural and degraded soils of the world is estimated at
2100 billion tons per year, with 400-1200 billion tons per year corresponding to agricultural
soils, if ecological or conservation agricultural practices were applied and agricultural lands
were converted to pasture lands or forest lands [72]. This potential must be studied in each
case, preserving the use of fertile agricultural land for food production.

5. Conclusions

The abandonment of low-profitability agricultural lands could lead to a change in
some edaphic variables, such as the carbon content. In mid-mountain areas of southwestern
Spain, with terraced cultivation systems and 60 years after the cessation of agricultural
activity, the cultivated areas have been transformed into agroforestry systems having 54%
higher concentration of C and 34.8% more total organic carbon. Therefore, the natural
reforestation of cropland abandoned by rural depopulation is presented as a socioecological
process that could favor carbon fixation in the soil.
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