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Abstract: Forest soils contain a large amount of organic carbon (OC); therefore, small changes in
these ecosystems have effects on climate. In this study, variation in the quantity of C pools that
occurred in one year in the soil of temperate forests managed by two farms in the Apennine chain
(Emilia-Romagna Region) was investigated using elemental and isotopic C analyses of soil samples
collected in 2020 and 2021. In one year, soil from the Branchicciolo (BRA) farm lost organic matter as
shown by the decrease in C contents and the less negative C isotopic signatures (13C/12C), whereas
the C contents and C isotopic signatures remained almost stable during time in the soil from the
Beghelli (BEG) farm. This cannot be related to thinning interventions, as much more forest material
was removed from the BEG forest than from the BRA forest (60% and 25%, respectively). Therefore,
other causes should be considered. The BRA forest was at a lower altitude than the BEG forest; thus,
it was more affected by C depletion due to the warmer temperature. Moreover, the sandy soil in the
BRA forest was less prone to sequestering organic matter than the soil in the BEG forest, which was
characterized by phyllosilicates (including vermiculite) and zeolites (clinoptinolite) having high C
sequestration capacity. This work showed the different impacts of the pedo-climatic conditions in
two nearby farms, which should be considered in planning appropriate silvicultural management for
OC sequestration.

Keywords: soil; forest; carbon; isotopic signature; climate change; silvicultural management

1. Introduction

Soil is the central interface of Earth’s critical zone, i.e., the layer of our planet where the
lithosphere, hydrosphere, atmosphere, biosphere, and, recently, anthroposphere interact
with each other; thus, it is most vulnerable to the effects of climate and/or anthropic
activities [1]. Soil is also one of the most important ecosystem resources; however, it is not
renewable on the human generation scale [2]. Its ecological functions are numerous and
include nutrient cycling, water regulation, filtering, supporting plant systems and human
structures, promoting biodiversity and habitat, and carbon storage and turnover [3,4]. Soils
store carbon (C) in an inorganic form (SIC), which is derived from carbonatic minerals,
and an organic form (SOC), which is derived from the decomposition of soil organic
matter (SOM) [5]. Globally, soils store 2500 gigatons (Gt) of C, including 1550 Gt of
SOC and 950 Gt of SIC. The amount of C in the soil is ~3 and ~4.5 times more than the
atmosphere pool (760 Gt) and the biosphere pool (560 Gt), respectively [6–9]. More than
40% (860 Gt) of the OC in terrestrial ecosystems is stored in forest soils [10,11], which
means that forests play a major role in the C cycle, second only to the oceans [12]. Pan and
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Birdsey [10] and Köhl and Lasco [13] calculated that world forest ecosystems remove nearly
2 Gt year−1 of C from the atmosphere, thereby absorbing about 30% of anthropogenic CO2
emissions. However, climate change is exerting substantial effects on forest ecosystems
worldwide, posing risks to the ability of forests to sequester C [14–16]. In the current climate
change model, sustainable forest management practices and the related C sequestration
are becoming a priority for our society. Therefore, several works investigated the impact
of different silvicultural practices on C sequestration, such as afforestation, harvesting,
thinning, fertilization, and drainage of peatlands and wetlands (see for a review [17]).
However, a deep understanding of the SOM processes and related factors is still required
to reconstruct C cycle dynamics in the forest ecosystem [17]. In this context, the Rural
Development Program (RDP) of the Emilia-Romagna Region (Northern Italy) financed
the SuoBo project, which aims to assess and preserve the quantity and quality of SOM in
two mountainous forest ecosystems located on the Apennine chain of the Emilia-Romagna
Region. To reach such general aims of the project, the present study deals with investigating
the soil C forms and their relationships with the pedo-climatic conditions taking into
consideration two forest ecosystems. The two selected farms were located close to each
other (15 km), but they were at different altitudes, and the soils were characterized by
different textures. For this work soil samples were collected from both farms in 2020
and 2021 in the same locations to assess any variations in soil OC pools occurring in
one year at both farms and explore the possible natural (e.g., pedo-climatic conditions)
and/or anthropic (e.g., silvicultural practices) causes. In detail, both the total C and the
OC fractions were measured and isotopically characterized in two soil layers (0–15 and
15–30 cm; top- and subsoil, respectively) at the farms, to assess any increase or decrease
in C and the modifications to the isotopic signature, as Teng and Ma [18] pointed out the
importance of deciphering the isotopic signature of the Earth’s surface and critical zone
processes. In addition, this project quantified the OC pools, characterized by different
turnover and permanence in the soil (e.g., labile and stabile pools). This comprehensive
approach allowed us to evaluate SOM evolution and thus assess C sequestration and/or
GHG release from the mountainous forest soils.

2. Materials and Methods
2.1. Sites Description

Two temperate forests were selected along the Northern Apennines in the Emilia-
Romagna region (Northern Italy; Figure 1a). One study site was an uneven-aged deciduous
forest of oak, hornbeam, and walnut trees located at Sasso Marconi (44◦20′15′′N, 11◦16′32′′E)
at about 225 m above sea level (a.s.l.) and exposed at southwest. This was managed by the
“Branchicciolo farm” (BRA; Figure 1b). The BRA forest was situated on deposits formed
after multiple landslides in the surrounding mountains, where a limestone–sandstone
sedimentary succession crops out (Figure 1b). The other study site was an uneven-aged
chestnut forest located in Monte San Pietro (44◦24′19′′N, 11◦07′24′′E) at about 560 m a.s.l.
and located on a north-facing slope. This was managed by the “Beghelli farm” (BEG;
Figure 1c). The BEG forest was located on a silty succession (Figure 1c). The forests were
15 km apart (Figure 1a), and both had a humid subtropical climate with hot, humid
summers (June–August) and cold, humid winters (December–February). However, due
to the different altitudes, the two areas experienced different mean temperatures and
precipitation. In 2020, at Sasso Marconi, the mean annual temperature was 14.2 ◦C, and
the average annual rainfall was 671 mm, whereas at Monte San Pietro, the mean annual
temperature was 13.8 ◦C, and the average rainfall was 723 mm [19]. In 2021, at Sasso
Marconi, the mean annual temperature was 15 ◦C, and the average annual rainfall was
509 mm, whereas, at Monte San Pietro, the mean annual temperature and rainfall were
14.3 ◦C and 520 mm, respectively [20].
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Beghelli (BEG) farm. (d) Schematic design showing the sampling: At each farm, four sites were 
identified; at the center of each plot, a soil profile and four 0–30 cm depth pits were dug. For each 
site, soil layers at 0–15 cm and 15–30 cm depth were collected from each minipit and deciduous to 
obtain a composite sample. 
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treatment was performed with the removal of 25% of the stems (mainly dead and 
unhealthy plants) at the BRA forest and with the removal of 60% of the forest material 
(i.e., stems, understory bushes, poor-quality trees) at the BEG forest. All remaining 
harvested trees and all plant residues were removed from the sites. 
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Table 1. The slope of sites identified in the Branchicciolo (BRA) forest and the Beghelli (BEG) 
forest. 

Figure 1. (a) Locations of the investigated farms in the Apennine chain of the Emilia-Romagna
Region (Northern Italy). Simplified geomorphological maps of the studied areas showing the location
of (b) the mixed forest at the Branchicciolo (BRA) farm and (c) the chestnut forest at the Beghelli
(BEG) farm. (d) Schematic design showing the sampling: At each farm, four sites were identified;
at the center of each plot, a soil profile and four 0–30 cm depth pits were dug. For each site, soil
layers at 0–15 cm and 15–30 cm depth were collected from each minipit and deciduous to obtain
a composite sample.

2.2. Sampling

In both forests, the first soil sampling was performed in October 2020, and the second
sampling was performed one year later: in July 2021 at BRA and in September 2021 at BEG.
After the soil sampling carried out in 2020, within the study sites, a thinning treatment was
performed with the removal of 25% of the stems (mainly dead and unhealthy plants) at
the BRA forest and with the removal of 60% of the forest material (i.e., stems, understory
bushes, poor-quality trees) at the BEG forest. All remaining harvested trees and all plant
residues were removed from the sites.

To perform the sampling, in each area, four sites were identified at different slopes
(Table 1).

In each study site, four soil profiles were dug down to the pedological substrate in
2020. For each soil profile, genetic horizons were described and sampled as indicated
by Schoeneberger et al. [21]. In addition, a fixed-depth sampling (0–15 and 15–30 cm) was
performed in each site in 2020 and 2021 (Figure 2). In particular, close to each soil profile,
four pits were dug down to 30 cm depth (starting from the A horizon), and the samples
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were collected from the 0–15 and 15–30 cm intervals. The samples from the same interval
depth were merged to obtain a composite sample.

Table 1. The slope of sites identified in the Branchicciolo (BRA) forest and the Beghelli (BEG) forest.

Site Slope (%)

Branchicciolo forest

BRA1 20
BRA2 5
BRA3 3
BRA4 45

Beghelli forest

BEG1 20
BEG2 45
BEG3 32
BEG4 45

Environments 2023, 10, x FOR PEER REVIEW 4 of 17 
 

 

Site Slope (%) 
Branchicciolo forest  

BRA1 20 
BRA2 5 
BRA3 3 
BRA4 45 

Beghelli forest  
BEG1 20 
BEG2 45 
BEG3 32 
BEG4 45 

In each study site, four soil profiles were dug down to the pedological substrate in 
2020. For each soil profile, genetic horizons were described and sampled as indicated by 
Schoeneberger et al. [21]. In addition, a fixed-depth sampling (0–15 and 15–30 cm) was 
performed in each site in 2020 and 2021 (Fig. 2). In particular, close to each soil profile, 
four pits were dug down to 30 cm depth (starting from the A horizon), and the samples 
were collected from the 0–15 and 15–30 cm intervals. The samples from the same interval 
depth were merged to obtain a composite sample. 

 
Figure 2. Sampling soil layers (0–15 cm and 15–30 cm) from a minipit dug at one of the farms 
investigated by the SuoBo project. 

2.3. Soil Sample Preparation, Textural Analysis, and Determination of Physicochemical 
Parameters 

The composite soil samples were air-dried and sieved at 2 mm. For the <2 mm soil 
fractions, the particle size distribution was investigated using the pipette method, after 
dispersion of the sample with a sodium hexametaphosphate solution [22]. The pH value 
was determined potentiometrically in a 1:2.5 (w/v) soil:distilled water suspension with a 

Figure 2. Sampling soil layers (0–15 cm and 15–30 cm) from a minipit dug at one of the farms
investigated by the SuoBo project.

2.3. Soil Sample Preparation, Textural Analysis, and Determination of Physicochemical Parameters

The composite soil samples were air-dried and sieved at 2 mm. For the <2 mm soil
fractions, the particle size distribution was investigated using the pipette method, after
dispersion of the sample with a sodium hexametaphosphate solution [22]. The pH value
was determined potentiometrically in a 1:2.5 (w/v) soil:distilled water suspension with
a Crison pH meter. The electrical conductivity (EC) was also performed in a 1:2.5 (w/v)
soil:distilled water suspension with an Orion conductivity meter. Additionally, an aliquot
of the <2 mm sample was powdered in an agate mill. In the powdered samples, the
carbonate content was measured using volumetric analysis of the CO2 released by a 6 M
HCl solution [23].
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2.4. X-ray Powder Diffraction Data Collection

X-ray powder diffraction (XRD) analyses were performed on the powdered soil sam-
ples collected at the 15–30 cm depth from each site at the farms in order to identify the
main phases of the soil that were less disturbed by anthropogenic activities. Before pro-
ceeding with the analyses, for each soil sample, an aliquot of powder was dried at 60 ◦C
overnight to remove the hygroscopic water. Data collection was performed using a Bruker
D8 Advance Da Vinci diffractometer working in Bragg–Brentano geometry equipped with
a LynxEye XE silicon strip detector (angular range of the detector window size = 2.585◦ 2θ)
set to discriminate Cu Kα1,2 radiation, and a Ni-filter to suppress Cu Kβ component. The
powder was placed on a zero-background sample holder and scanned in a continuous
mode from 3 to 80◦ 2θ with a step size of 0.02◦ 2θ and a counting time of 5 s per step.
Qualitative phase analysis of collected patterns was performed using Bruker AXS EVA
software (v.5). Semi-quantitative analysis was performed using Profex software (version
4.3.6) [24].

2.5. Geochemical Analyses
2.5.1. Carbon Elemental Analysis and Carbon Speciation

The C fraction contents (expressed in wt%) were measured from the powdered soil
samples using an Elementar SoliTOC Cube analyzer (Elementar©, Hanau, Germany) at
CREA (Council for Agricultural Research and Economics, Institute of Gorizia, Italy). Ho-
mogenous powdered samples (around 100 mg) were weighed in stainless steel crucibles
and placed in an autosampler. The analysis was carried out with a “smart combustion”
method [25], which involves a three-step heating of the samples to 400, 600, and 900 ◦C
with holding times of 230, 120, and 150 s, respectively, in order to measure different C
fractions: (i) the thermally labile organic carbon (TOC400) stripped out at temperatures
below 400 ◦C, (ii) the residual oxidizable carbon (ROC) at temperatures of 500–600 ◦C,
and (ii) the total inorganic carbon (TIC) derived from the thermal breakdown of carbonate
minerals at 650–850 ◦C. The total carbon (TC) was calculated using the instrument as the
sum of TOC and TIC. A standard of calcium carbonate (CaCO3, Calciumcarbonat, Elemen-
tar) and a soil standard (Bodenstandard, Elementar with approximately 1.3% C content)
were analyzed before, between, and after each run. Repeated analyses of standard and
soil-certified accuracy and precision better than 5% of the measured concentration were
followed as per Natali et al. [26].

2.5.2. Carbon Isotopic Analysis

Carbon isotope ratios (13C/12C) were determined with an elemental analyzer (EA)
Vario Micro Cube (Elementar©, Hanau, Germany) coupled with an isotope ratio mass
spectrometer (IRMS) Isoprime 100 (Isoprime©, Manchester, UK) at the Department of
Physics and Earth Science of University of Ferrara (Italy), following the procedure described
by Natali and Bianchini [27] and Natali et al. [28]. Homogenous powdered samples (up to
40 mg) were weighed and wrapped in tin capsules and burned at 950 ◦C for the isotopic
analyses of total carbon (δ13CTC) and at 500 ◦C for the isotopic analyses of organic carbon
(δ13CTOC). Isotope ratio is expressed following isotope signature δ notation (in ‰):

δ = (δRsample/δRstandard − 1) × 1000

where Rsample is the isotopic ratio 13C/12C of the sample and Rstandard is the isotopic ratio
13C/12C of the Vienna Pee Dee Belemenite (V-PDB) international standard [29].

Calibration of the instrument was carried out using several standards: limestone
JLs-1 [30], Carrara Marble [27], Jacupiranga carbonatite [31], and caffeine IAEA-600. As
defined using repeated analyses of selected samples, the isotopic δ13CTC and δ13CTOC
values had an average standard deviation (1σ) of ±0.1‰ and ±0.3‰, respectively.
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2.5.3. Nitrogen Elemental Analysis

The N contents (expressed in wt%) were measured from the powdered soil samples
using the EA Vario Micro Cube (Elementar©, Hanau, Germany) at the Department of
Physics and Earth Science of the University of Ferrara (Italy). Up to 40 mg of the powdered
sample was wrapped in tin capsules and combusted at 950 ◦C in the EA to release NOx
gases in the combustion tube. The gases are transferred into the reduction tube filled with
native copper to remove the excess of oxygen and convert NOx species into N2. Finally, the
N contents were quantitatively determined using a thermo-conductivity detector (TCD).
Calibration of the instrument was carried out using two standards: caffeine IAEA-600 and
peach leaves NIST SRM1547 [32]. The precision of elemental concentration measurement
was estimated using repeated analyses of the standards, and accuracy was estimated using
a comparison between the reference and measured values, which was in the order of 5% of
the absolute measured value. Uncertainties increase for contents approaching the detection
limit (0.001 wt%).

2.6. Statistical Data Analysis

Statistical analyses were performed using the R environment (R version 4.0.2 [33]).
One-way analysis of variance (ANOVA) and Tukey’s HSD post hoc tests were applied to
each C fraction, total nitrogen, and C isotopes to determine statistical differences among
the soil samples collected in 2020 and 2021 within each farm. For all statistical tests, the
cutoff value was set at p < 0.05, which indicated significant differences between the groups.
Correlation plots were used to investigate possible relationships among the C pools and
isotopic parameters.

3. Results
3.1. Soil Texture and Physicochemical Properties

The physicochemical characteristics of the soil profiles from the two farms are reported
in Table 2.

Table 2. Values of pH, electric conductivity (EC), CaCO3, clay, sand, and silt contents in the soil
horizons of the soil profiles in the sites at the Branchicciolo and Beghelli farms.

Site Horizon Depth (cm) pH EC
(µS cm−1)

CaCO3
(g kg−1)

Sand
(g kg−1)

Silt
(g kg−1)

Clay
(g kg−1)

Branchicciolo

BRA 1

Oi 4–0 n.d. n.d. n.d. n.d. n.d. n.d.
A1 0–5 7.6 426 107 827 168 5
A2 5–10.5 7.7 328 140 762 222 16
AB 10.5–20.5 7.5 259 189 679 315 6
Bw 20.5–33.5 7.1 200 229 703 231 66
BC 33.5–40+ n.d. n.d. n.d. n.d. n.d. n.d.

BRA 2

Oi 4–0 n.d. n.d. n.d. n.d. n.d. n.d.
Oe 0–1 n.d. n.d. n.d. n.d. n.d. n.d.

A/Oe 0–2/3 7.9 285 124 810 158 32
A 2/3–11/12 7.8 293 166 684 252 64

Bw 11/12–31 7.9 204 229 707 224 69
BC 31–44 7.8 195 222 701 239 60

BRA 3

Oi 3–0 n.d. n.d. n.d. n.d. n.d. n.d.
Oe 0–2/3 n.d. n.d. n.d. n.d. n.d. n.d.
A 2/3–16 7.6 280 173 729 210 61

Bw 16–30 7.7 189 213 742 160 97
BC1 30–46/49 7.7 205 211 677 220 103
BC2 46/49–66+ 7.9 195 226 651 234 115
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Table 2. Cont.

Site Horizon Depth (cm) pH EC
(µS cm−1)

CaCO3
(g kg−1)

Sand
(g kg−1)

Silt
(g kg−1)

Clay
(g kg−1)

Branchicciolo

BRA 4

Oe 0–1 n.d. n.d. n.d. n.d. n.d. n.d.
A 1–2 7.6 364 56 767 203 29

AB 2–7 7.4 272 127 645 276 79
Bw1 7–15 7.6 255 144 677 246 77
Bw2 15–27 7.8 222 167 586 309 105
BC 27–37 7.8 213 178 555 342 103

Beghelli

BEG 1

Oi 2–0 n.d. n.d. n.d. n.d. n.d. n.d.
Oe 0–1 n.d. n.d. n.d. n.d. n.d. n.d.
A 1–7 6.9 258 111 507 434 59

Bw 7–24 7.1 298 36 370 355 275
BC 24–37 n.d. n.d. n.d. n.d. n.d. n.d.

BEG 2

Oi 0.2–0 n.d. n.d. n.d. n.d. n.d. n.d.
A1 0–4/5 5.6 191 0 582 337 81
A2 4/5–6/7 5.4 99 0 460 399 141
Bw 6/7–21 4.9 70 0 315 450 235
BC1 21–36 5.9 89 0 334 383 283
BC2 36–51 5.7 98 0 347 258 395

C 51–61+ 7.4 180 0 504 180 316

BEG 3

Oi 0.5–0 n.d. n.d. n.d. n.d. n.d. n.d.
Oe/Oa 0–0.5 6.8 311 182 n.d. n.d. n.d.

AE 0.5–4.5/7.5 6.3 150 0 294 468 238
AB 4.5/7.5–23 6.9 279 0 255 500 245
Bw 23–38 7.4 324 0 225 458 317
BC1 38–45 7.5 225 0 203 435 362
BC2 45–65+ 7.0 144 0 235 439 326

BEG 4

Oi 2–0 n.d. n.d. n.d. n.d. n.d. n.d.
A 0–7 6.8 253 0 534 371 95

Bw1 7–18 6.3 58 0 214 532 254
Bw2 18–38 7.2 154 0 294 464 242

C 38–49 n.d. n.d. n.d. n.d. n.d. n.d.

n.d. = not determined.

The soil profiles from the BRA farm were quite homogeneous each other. The soils
were mainly sandy loam; only the most superficial horizons at the BRA 1 and BRA 4 sites
were loamy sand (Figure 3). The soils from BRA showed relatively high pH values (7.1–7.9),
associated with a high concentration of carbonate (56–229 g kg–1) due to the presence of
limestone deposits in this area. The soil profiles from the BEG farm were homogenous with
each other. The most superficial horizons were sandy loam, while the rest of the horizons
showed a loam or clay loam texture (Figure 3). In the BEG sites, soil pH was from acidic to
neutral (4.9–7.5), in accordance with the absence of carbonate. The EC values of the BRA
soils (158 to 342 µS cm–1) were slightly lower than the BEG soils (180 to 532 µS cm–1).

3.2. Phase Identification

An example of X-ray powder diffraction patterns collected at room temperature for
each farm is reported in Supplementary Figure S1, and the semiquantitative data for
each sample are reported in Table 3. Irrespective of the area of provenance, in all the
investigated samples, the main phase is quartz. The other common mineralogical phases
include feldspars (albite and microcline) and phyllosilicates (muscovite, kaolinite, and illite
in both farms plus chlorite in the BRA farm and paragonite and vermiculite in the BEG
farm). However, phyllosilicates are less abundant in the BRA soils than in the BEG soils.



Environments 2023, 10, 156 8 of 17

Only the BRA soils are characterized by the presence of calcite, as they are in an area with
limestone–sandstone deposits. On the other hand, the BEG soils also contain clinoptilolite,
an authigenic mineral of the zeolite group.
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Figure 3. Soil texture samples of the BRA and BEG horizons collected in 2020 were plotted on the
USDA (United States Department of Agriculture) triangle for soil texture classification.

Table 3. Contents and relative standard deviation of the main mineralogical phases of the composite
soil samples collected at the fixed depth of 15–30 cm from the Branchicciolo (BRA) and Beghelli (BEG)
farms in 2021.

Farm Branchicciolo Beghelli

Site BRA 1 BRA 2 BRA 3 BRA 4 BEG 2 BEG 3 BEG 4

wt% wt% wt% wt% wt% wt% wt%

Quartz 29.5 ±0.4 33.4 ±0.3 34.0 ±0.3 33.9 ±0.3 28.5 ±0.3 30.7 ±0.4 40.5 ±0.4

Feldspars

Albite 8.3 ±0.3 9.5 ±0.3 11.5 ±0.3 9.6 ±0.3 9.4 ±0.3 11.5 ±0.3 13.5 ±0.3

Microcline 8.0 ±0.6 4.2 ±0.3 6.8 ±0.4 4.7 ±0.4 9.9 ±0.4 9.0 ±0.5 10.5 ±0.5

Phyllosilicates

Muscovite 6.8 ±0.6 8.6 ±0.5 11.6 ±0.6 12.7 ±0.6 20.5 ±0.5 21.0 ±0.6 4.3 ±0.5

Paragonite --- --- --- --- --- --- --- --- 6.3 ±0.3 --- --- 7.9 ±0.4

Kaolinite 3.5 ±0.2 5.2 ±0.4 8.0 ±0.4 6.1 ±0.4 15.5 ±0.4 13.2 ±0.5 6.6 ±0.3

Illite 5.0 ±0.7 8.4 ±0.5 2.9 ±0.6 6.7 ±0.6 3.5 ±0.5 7.0 ±0.6 6.7 ±0.6

Chlorite 9.1 ±0.7 6.4 ±0.5 4.7 ±0.4 4.8 ±0.4 --- --- --- --- 4.3 ±0.1

Vermiculite --- --- --- --- --- --- --- --- 2.1 ±0.1 1.6 ±0.1 0.6 ±0.1

Carbonates

Calcite 29.8 ±0.4 24.3 ±0.2 20.4 ±0.3 21.5 ±0.2 --- --- --- --- --- ---

Zeolites

Clinoptilolite --- --- --- --- --- --- --- --- 4.4 ±0.2 6.0 ±0.3 5.0 ±0.2
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3.3. Soil Carbon and Nitrogen Elemental Contents and Carbon Isotopic Ratios

The average contents of TC, IC, TOC, and N in the 0–15 cm and 15–30 cm soil lay-
ers from the BRA and BEG farms in 2020 and 2021, as well as the respective isotopic
ratios, are shown in Figure 4. The data related to the individual sites are reported in
Supplementary Table S1.
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Figure 4. Average contents of the total (TC), inorganic (TIC), organic (TOC), labile organic (TOC400),
and residual oxidizable (ROC) carbon and nitrogen (N), as well as the isotopic signature of TC
(δ13CTC) and TOC (δ13CTOC) in the soil samples collected at 0–15 and 15–30 cm soil depths from
the Branchicciolo (BRA) and Beghelli (BEG) farms in 2020 and 2021. The error bars are the standard
deviations. A one-way ANOVA was applied to each parameter considered for the BRA and BEG
forests separately, and the results were also reported (* p < 0.01; *** p < 0.0001); where the asterisks
are missing, the groups are not statistically different (p > 0.05). Different lowercase letters represent
significant differences (p < 0.05) among the layers in 2020 and 2021, according to Tukey’s HSD post
hoc test applied to the BRA and BEG forests separately.
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The ANOVA and Tukey’s HSD post hoc tests showed that in the BRA soil, the contents
of all the C fractions and δ13CTC and δ13CTOC were significantly affected by the year and
depth of sampling (p < 0.0001). The only exception was found in the inorganic pool. In
detail, for the BRA farm, both in 2020 and 2021, the topsoil (0–15 cm) was characterized
by higher TC elemental contents than the subsoil (15–30 cm) coupled with more negative
δ13CTC. However, in one year, the TC contents decreased, and the isotopic ratios became
less negative at all depths (Figure 4a,c). The TIC contents from the BRA farm were lower
in the topsoil than in the subsoil in 2020 and 2021 and did not change significantly in
one year (Figure 4g). On the contrary, the C contents in the organic fractions (i.e., TOC,
TOC400, ROC) from the BRA farm were higher in the topsoil than in the subsoil in both
years and strongly decreased from 2020 to 2021 at all depths (Figure 4b,e,f). Noteworthy,
the organic C fraction prevailed over the inorganic C fraction, and the labile organic carbon
was much higher than the residual oxidizable carbon both in the topsoil and subsoil. The
isotopic fingerprint of the organic fraction was referred to as TOC (Figure 4d). Overall,
the TOC isotopic values did not change significantly with depth in both years, as they
became slightly less negative from the topsoil to subsoil (Figure 4d). In addition, the TOC
isotopic fingerprints of the topsoil and subsoil had less negative values from 2020 to 2021
(Figure 4d). Finally, the N contents are always higher in the topsoil and subsoil. However,
the N contents were low in both years, with 2020 recording the highest values (Figure 4h).
A different situation occurred at the BEG farm. According to the ANOVA and Tukey’s
HSD post hoc tests, for the BEG soil, the contents of all the C pools and N were statistically
very similar (p > 0.05) among the years; only δ13CTC (p < 0.01) and δ13CTOC (p < 0.0001)
were affected by the year of sampling. At the BEG farm, the topsoil had higher TC content
and a more negative δ13CTC value than the subsoil both in 2020 and 2021 (Figure 4a,c).
One year after the first sampling, the TC content increased in the topsoil and had a more
negative isotopic value, whereas TC decreased in the subsoil without any change in the
isotopic fingerprint (Figure 4a,c). The TIC content was lower in the topsoil than in the
subsoil in both years; however, the TIC content did not change from 2020 to 2021 at any
depth (Figure 4g). The TOC, TOC400, and ROC contents always had the highest values
in topsoil, and these values increased with time (Figure 4b,e,f). On the other hand, the
TOC, TOC400, and ROC contents in subsoil remained stable (Figure 4b,e,f). Regarding the
BRA soils, in this case, the organic C fraction was higher than the inorganic C fraction,
and the labile organic carbon was much higher than the residual oxidizable carbon both in
the topsoil and subsoil. Regarding the TOC isotopic fingerprint, the values were always
more negative in the topsoil than in the subsoil (Figure 4d). However, the δ13CTOC values
became less negative both in the topsoil and subsoil in one year (Figure 4d). Finally, the
N contents were low in both years and mirrored the trend in TOC and TOC400, with the
highest N content in the topsoil, which also slightly increased from 2020 to 2021, whereas
the N content in the subsoil did not record any changes with time (Figure 4h).

4. Discussion
4.1. Variation in C and N Contents and C Isotopic Ratios in the BRA Soil over Time

At the BRA farm, the organic C fractions (i.e., TOC, TOC400, and ROC) decreased with
depth and time, while TIC did not record significant changes, reflecting the relatively high
carbonate contents (Table 2) of the limestone–sandstone deposits in the area (Figure 1b).
This was also confirmed by the presence of calcite in the XRD patterns of all BRA samples.
In detail, in the BRA topsoil (0–15 cm), most of the C was included in the most labile organic
fraction (i.e., TOC400), which is commonly related to untransformed organic matter [26].
Only a limited amount of C is preserved as ROC, i.e., the C fraction with a longer turnover.
In both years, the amount of TOC400 decreased with depth while remaining the predomi-
nant OC fraction. In general, subsoils tend to contain a substantial portion of stored soil
OC in more protected forms [34], which was detected as ROC during the analyses [26].
However, in this case, both TOC400 and ROC contents decreased significantly in one year
in the topsoil and subsoil, which testifies to the scarce preservation of organic matter. Such
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a trend was also observed for N, which confirms the organic matter loss, as this element
is mainly hosted in organic substances. In mountain forests, rapid organic matter loss
is normally associated with erosion processes, which mainly affect the most superficial
horizons [35,36]. This phenomenon can be enhanced by intensive silvicultural practices [35]
and/or intensive rainfall [37]. In the BRA farm, the highest C and N losses were recorded
in the soil samples collected from the BRA 4 site (Table S1), which is located in the steep-
est zone (45% slope; Table 1) of the study site and, therefore, it is vulnerable to erosion
processes. However, the BRA 2 and BRA 3 sites, which were characterized by low slopes
(5% and 3%, respectively), also recorded a strong decrease in organic C fractions and N
(Table S1). In these latter sites, the erosion processes cannot cause strong organic matter
loss in one year; therefore, other anthropic and/or natural causes should be considered.
Silviculture practices could have a role in this phenomenon; however, the removal of 25%
of the stem cannot be the only reason for the SOC depletion recorded in the BRA forest.
Climate conditions, namely, temperature and precipitation, are other important factors
that affect the sequestration of organic C. Indeed, soil OC accumulation and sequestration
are favored in cold and humid areas rather than in hot and dry regions [38–40]. Since the
BRA soils are located at a lower altitude compared with the BEG soils, the temperature is
warmer and, combined with the reduced amount of aboveground plant biomass for the
drought, this could have promoted SOM depletion. This trend was also exacerbated by the
slope of the BRA forest toward the southwest, i.e., having maximum sun exposure, which
implies an increase in soil temperature, and consequently, soil evaporation [41]. The higher
temperatures could have enhanced microbial activity and, therefore, accelerated SOM
decomposition, as demonstrated by the decrease in TOC400 and ROC in both the topsoil
and subsoil (Figures 4e,f and 5a). The limited supply of C input could have exacerbated
this situation, as the soil microorganisms could have also decomposed the more stable
organic matter (i.e., ROC) in the BRA soil. Accordingly, the isotopic signatures related to
the total (δ13CTC) and organic (δ13CTOC) C fractions in the BRA topsoil and subsoil were
more negative in 2020 rather than in 2021 (Figure 4c,d). The depletion of δ13CTC over time
reflects the lower amount of organic material in both the topsoil and subsoil, which is
difficult to explain as it could be related to (i) erosion phenomena, which removed the most
superficial materials and/or (ii) higher temperatures, which triggered isotopic fractionation
processes promoting 12C emission into the atmosphere. Also, the δ13CTOC in the topsoil
and subsoil was slightly less negative in 2021 than in 2020, which further confirms the
enhancement of mineralization processes [42,43].

4.2. Variation in C and N Contents and C Isotopic Ratios in BEG Soil over Time

In the BEG soil, the TC and all organic fractions decreased from the topsoil to the
subsoil both in 2020 and 2021. However, in one year, these C contents slightly increased in
the topsoil, especially TOC400, which is indicative of organic matter input, e.g., from plant
residues on the forest floor (Figure 5b). Accordingly, the δ13CTC in the topsoil in 2021 was
slightly more negative, whereas the TC isotopic signatures of the subsoil and those of OC in
the BEG soils remained similar over time. The absence of any variations in C contents and
signatures indicates that this area was not affected by the erosion process, despite it being
characterized by a steep slope (slope gradient 20–45%). In addition, it was not affected by the
loss of organic matter due to silviculture management, despite the removal of 60% of forest
material (i.e., stems, understory bushes, small and low-quality trees). The preservation of
organic matter was likely promoted by: (i) the colder mean air temperatures occurring
in BEG compared with BRA; (ii) the selection of the period for the second sampling of
BEG (September), when the vegetative period was concluding and most organic input
was expected; (iii) the altitude, which slowed down SOC decomposition rates [44–46]; and
(iv) the shady slope, as the BEG forest was exposed toward the north, which guarantees
higher soil moisture and lower soil temperature contents compared with sunny slopes, like
those in the BRA forest, even during droughts [41]. Another important factor of the SOC
stock is the soil texture, considering the SOM stabilization capacity of minerals with reactive
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mineral surface areas. The texture of the BEG soil was clay loam/loam, characterized by the
presence of authigenic secondary phyllosilicates, including clays and zeolite minerals. Such
texture is more favorable for sequestering and protecting organic matter in more stable
forms than the sandy BRA soil (Figure 4). According to Tian and He [47], temperature
affects the amount of litter but has no effect on OC stability. In fact, the stabilization of
OC is determined by the interaction with soil minerals, which makes the organic matter
inaccessible to decomposer organisms [48]. In this case, SOM can be protected and can
persist over long time scales [49,50] in recalcitrant forms (i.e., ROC). It is well known that
clays and zeolites adsorb a greater quantity of OC and have high stabilization capacity due
to their large specific surface area (SSA) and their cation exchange capacity (CEC), i.e., the
measure of layer charge in minerals [51–54]. According to the texture analyses (Table 2)
and mineralogical analyses (Table 3, Figure S1), the BEG soils have higher clay and zeolite
contents than the BRA soils. Therefore, the BEG soils were more prone to stabilize the OC
in recalcitrant form, preserving the organic matter from degradation. It is important to
clarify that clay minerals have different stabilization capacities [53,55]. For clay, the 2:1
type phyllosilicates (e.g., vermiculite and iilite) adsorb a greater quantity of OC in soil
than the 1:1 type clay minerals (e.g., kaolinite), as the formers contain a larger amount
of SSA and CEC than the latter [53]. In this case, only the BEG soils were characterized
by the presence of vermiculite, which is considered the clay mineral with the highest
ability to stabilize SOC, as it is characterized by the highest SSA and CEC among the
phyllosilicates [51,54]. Similarly, among natural zeolites, clinoptinolite, which was hosted
in the BEG soil, has exceptionally high CEC, which guarantees organic carbon sequestration
in soil [56]. Therefore, the mineralogical composition of the BEG soils contributes to organic
matter preservation.
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Figure 5. Average elemental contents of the total (TC), inorganic (TIC), organic (TOC), labile organic
(TOC400), residual oxidizable (ROC) carbon in 0–15 and 15–30 cm layers from the (a) BRA and (b) BEG
farms in 2020 and 2021.

4.3. Comparison between the Farms

Figure 6 presents an analysis of the relationship between the soil geochemical variables
considered in this study, i.e., C and N contents and the relative isotopic fingerprints for
the BRA and BEG farms in 2020 and 2021. According to the plots, the C in the soil is
mostly related to the organic matter at both farms, as there is a strong correlation between
the TC and TOC contents (R2 = 0.90), and in particular with TOC400 (R2 = 0.88). This is
not surprising, as it is well known that on the forest floor, the principal source of “fresh”
organic matter is dead plant material (litter), followed by rhizodeposits (i.e., exudates from
plant roots), fecal material, and bodies of the soil biota [5]. Such organic materials are
progressively decomposed by soil fauna and microorganisms (fungi, bacteria, and arches),
which release a portion of C as CO2 through respiration and transform the remnants
into microbial biomass. After that, C is converted into microbial products, which can be
bonded to the surface of clay minerals, thus protecting C from decomposition for a long
period [5,52] and creating stable soil C (or ROC), which is preserved in general at higher
depths (i.e., >15 cm) [26]. In Figure 6, the TC contents shows a good correlation with the
ROC contents (R2 = 0.75). In addition, it also highlights the loss in ROC contents from the
BRA soils from 2020 to 2021, whereas, in the BEG soils, the difference between the years is
not as evident, despite the removal of 60% of forest material during the annual thinning
intervention (much more than what was removed in the same time in the BRA forest). Here,
the mineral clays and zeolites in the soils could have played an important role in preserving
the organic matter from decomposition.

In summary, the BRA farm recorded more OC contents than the BEG farm both in
2020 and 2021 (Figures 4 and 5). The average OC contents in the BRA soil decreased rapidly,
probably due to the combined effects of higher mean air temperatures compared with BEG
and the reduced amount of vegetation biomass. On the other hand, the average OC contents
in the BEG soil were almost stable in one year due to (i) the colder temperature, typical of
higher altitude and the sampling period in 2021 (September) and (ii) the predominance
of authigenic secondary phyllosilicate (including vermiculite) and zeolite (clinoptinolite)
minerals.
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5. Conclusions

The central interface of Earth’s critical zone is soil, which carries out several ecosystem
services, including carbon (C) sequestration, is fundamental for the fertility of the area as
well as for reducing greenhouse gases (e.g., CO2) in the atmosphere. Forest soil has the
highest C sequestration capacity; therefore, understanding its dynamics and the influence
of natural (e.g., climate and soil texture) and anthropic (e.g., silvicultural management)
factors is fundamental for the mitigation of climate change. This work investigated the
capacity of C sequestration into soils from two temperate forests in the Apennine Mountain
area (Emilia-Romagna; Italy) managed with silvicultural practices by two farms. Despite
the Branchicciolo (BRA) and Beghelli (BEG) farms being located only 15 km apart, they
experienced different situations in a span of only one year. The BRA soil had more C
fractions than the BEG soil in 2020. However, after only one year, the situation changed
drastically. The BRA soil recorded strong decreases in the TC and OC fractions, and the
relative isotopic signature became less negative, indicating a loss in organic matter. On the
contrary, in the BEG soil, all the C fractions and the related isotopic signature remained
stable over time. It is important to investigate the potential reasons for these opposite trends
in the two nearby farms, which cannot be related to the silvicultural management, as much
more forest material was removed from the BEG forest than in the BRA forest (60% and
25%, respectively). We ignored the effects of erosional processes considering that some of
the BRA sampling sites, recording loss of organic matter, were in approximatively flat areas.
However, the two farms differed from each other in altitude, soil texture, and composition:
these are important factors for organic C sequestration in forest soil. Among the two farms,
there was an altitude difference of about 300 m, which may have created different micro-
climate conditions. The BEG forest was located at a higher altitude than the BRA forest.
Thus, the colder temperature could have promoted C preservation. A crucial role was also
played by the different soil textures at the two farms. Phyllosilicates, in particular clays,
and zeolites are predominant in the BEG clay loam/loam soils and not in the BRA sandy
soils. These minerals are characterized by high specific surface area and cation exchange
capacity, which promotes SOC sequestration and protects the organic matter fractions from
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microbial decomposition. In addition, the BEG soils are characterized by the presence of
vermiculite, a mineral with the highest capacity to sequester among phyllosilicates.

This work shed light on the importance of detailed knowledge of the local pedo-
climatic conditions of an area, even at the mineralogical scale, which can differ substantially
in a relatively restricted portion of territory and create opposite trends for OC seques-
tration. In this way, forest farmers and the local and national authorities can plan the
most appropriate silvicultural management to favor OC sequestration, or at least, to con-
trast SOM degradation. The effects of organic matter loss in forests will be devasting, as
these environments represent one of the largest sinks of C. Therefore, a loss of forests will
lead to large disturbances to C cycle dynamics on a global scale, as well as the loss of
ecological biodiversity.
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Table S1: Elemental of the total (TC), inorganic (TIC), organic (TOC), labile organic (TOC400), residual
oxidizable (ROC) carbon, and nitrogen (N), as well as the isotopic signature of TC (δ13CTC) and
TOC (δ13COC) of the composite soil samples collected at the fixed depths of 0–15 and 15–30 cm in
Branchicciolo (BRA) and Beghelli (BEG) farms in 2020 and 2021.
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