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Abstract

Land Use Change (LUC) is a process that modify the Earth surface as a consequence of human
activities and that could be a driver for socioeconomical and environmental changes. In agricultural
sciences LUC could affects the land cover (expansion or contraction) or type of management on an
already existing cover. LUC influence deeply also the forest ecosystems (e.g. changes in the canopy
structure, management of residues, grazing or fertilizing) that are the principle soil-keeper
environments and the major carbon and nutrients sink of our Planet. In particular forest soils are
able to store an amount of C and nutrients like N, P and others by far higher than that in
aboveground biomass and atmosphere. Thus, the aim of this thesis is to evaluate the impact of LUC
in forest ecosystems, in particular: i) How a different intensity canopy density management
(thinning) recently applied (=70 y) influence the soil organic C and nutrients (N, P, Ca, Mg, K)
storage capacity in similar forests; i1) How a millennial management in similar forests influence
organic C and nutrients (N, P, Ca, Mg, K) storage capacity in soils developed on different parent
materials; 111) How a differentiate management and forest botanical stand composition affect the
organic C storage in aboveground biomass, soil and roots; iv) How a differentiated management
affect the soil organic C stock and its density fractions. After survey campaigns, soil samples were
analysed and the stock of C and nutrients were calculated following a standardized procedure.

The soil stock of C and appeared to be slightly influenced by thinnings operated in the last 70
years of management compared to three millennia of forest use. Basically forest cover and human
activity are the main soil forming forces. The stocks of organic C and nutrients in the soils under
long-time managed forests were little influenced by parent materials. The long-time during which
plants have modified the soil properties trough acidification, mineral weathering, SOM addition,
and biocyling of nutrients have reduced the influence of the parent materials on the soil properties
making them similar. Organic C stock in aboveground biomass, litter, mineral soil and roots of

broadleaves forests subjected to a differentiate management depends on plant-site relation, stand

v



biological characteristics and management practices. The monitoring activity conducted in a forest
subjected to a differentiated management on total and fractionated organic C stock showed a strict

connection between the cenosis, the site features, the soil properties and the management.
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CHAPTER 1 - INTRODUCTION



1.1. Land Use Change
The land use change (LUC)is generally described as the phenomenon of Earth surface
modification related to human activities such as agriculture, forestry, and building construction
that alter land surface processes including biogeochemistry, hydrology, and biodiversity (Ellis,
2007).
At global scale, as reported by FAO (2020), agricultural land area is approximately five billion
hectares (almost 38% of the global land surface) and one-third of this is used as cropland, while
the remaining two-thirds consist of meadows and pastures for grazing livestock. In this complex
land management framework, LUC is an important driver of change in both environmental and
social structure. Lambin & Geist (2003) highlighted that from society’s point of view, LUC
determines from one point of view a vulnerability to economic and political perturbances but
also an increase in food and fibre production, a better use of resources and consequently an
improvement in wealth and well-being.
In agricultural sciences, LUC could be ascribed to two major phenomena: 1) a change in land
cover associated with the expansion or contraction of the area of land used for different
purposes (e.g., pasture, cropland, urban); ii) a change in the type of management on existing
land cover (e.g., changes in irrigation, fertilizer use, crop type, harvesting practices, or
impermeable surfaces) (Davis et al., 2019).
Regardless of LUC phenomena typology, landscape deep modification process has a strong
influence on pedogenesis and consequently on soil physical, chemical, and biological properties
like pedofauna biodiversity, structure, texture, pH, C content, etc. (Geissen et al., 2009;
Haghighi et al., 2010; Adam et al., 2014) As suggest by Burst et al. (2020), soil properties vary
spatially according to land use; both because land users have selected specific soil properties for
specific land uses, and land uses modify the soil properties.
LUC influence on soil physicochemical properties has indeed been demonstrated to occur since

the Holocene and, later, in bronze and Roman ages in Europe. In fact, soil erosion after forest



clearing and badlands landscape dynamics are clear and worldwide spread examples of this
phenomenon (Burst et al., 2020; Cocco et al., 2015; Hassink, 1994; Houben, 2008; Laganicre et
al., 2010; Zucca et al., 2010). Specific examples of such influences are the effects on soil
texture: a change in the distribution of very large and large pores contributes to less than 1% of
the soil volume, but more than 50% in the total soil water flow (Baranian Kabir et al., 2020);
chemical properties like soil organic carbon content (SOC) are also affected: the change in land
use from a natural environment (e.g., marshes) into a farmlands induces a reduction of SOC
storage of 56%—-60% within 5 years (Ouyang et al., 2013; Zhang et al., 2019).

The effects of LUC are also appreciable on soil biota, for example on soil mesofauna: the mite
species abundance is strongly related to land use type (Minor and Cianciolo, 2007) or, as
reported by Schneider et al. (2015), to soil microbial component: the conversion from natural
ecosystems (e.g. rainforest, Indonesia) to a farmland (e.g. rubber plantation) significantly

changes bacterial community structure.

1.2 Soil organic carbon and nutrients content in forest ecosystems

In every Earth ecosystem, whether it is aquatic or terrestrial, soil plays a key role in regulating
the fluxes of elements as C, N, etc. In particular in forest ecosystems, the input of organic matter
comes from plants (e.g., litter, roots, and branches) (Lehmann et al., 2015; Diao et al., 2020; Wu
et al., 2020). The plant-derived organic materials through many physicochemical and biological
transformation are transformed in soil organic matter (SOM). The plant-soil interaction is
determinant in SOC and other nutrients like N and P stock (Tiessen et al., 1994). Estimations
indicate that the global organic C and N soil content to 1-m depth is 1462-1548 Pg and 133-140
Pg, respectively (Batjes, 1996), an amount that is significantly higher than the sum of the same
elements stocked in vegetation and atmosphere (Lehmann et al., 2015; Mayer et al., 2020).

The stock of C in forest soils until 1 m depth is estimated to be 383 + 30 Pg C at global scale

(Pan et al., 2011). Organic C cycling in forest soils and the capacity of these ecosystems to stock



this element influence their functionality, contrast climate change, and contribute to a
sustainable forest management (Cutini et al., 2021). The fundamental role of C in soils is also
linked to N and P cycles (Innangi et al., 2017; Vinduskova et al. 2019). In fact, organic C
mineralisation is strongly related to N and P availability and their ratios because of their
influence on the abundance and activity of the soil microbial community (Kirkby et al., 2013;
Zheng et al., 2021). N in the terrestrial ecosystem becomes available for biological processes
through atmospheric N> fixation in the soil, and subsequently via decomposition and
mineralization of SOM by soil pedofauna (De Nobili et al., 2020) and microbial communities
(Alarcon-Gutiérrez et al., 2008). the main source of soil P are rocks, and weathering processes
(Walker and Syers, 1976) lead to P release in soils in form of frequently low solubility

phosphatic salts or in organic forms (Arenberg and Arai, 2019).

1.3 Effects of management on C and nutrients soil forest stock

In forest ecosystems, plants management may impact on organic C and nutrient stock. As
highlighted by Mayer et al. (2020), management practices (e.g., site preparation, harvesting
operations, removal of harvest residues and litter) for different purposes have a negative impact
on soil nutrients storage capacity. Planting N-fixing plants, nitrogenous fertilizations and
moderate grazing have a positive impact on SOC storage. Management of tree species diversity
and periodical thinnings in high forests and in the conversion into high forest of coppices did
not modify soil capacity to stock SOC under both broadleaves and conifers (Bravo-Oviedo et
al., 2015; Prasad Dangal et al., 2017; Zhang et al., 2018; Mayer et al., 2020).

A widespread example of European forest management is coppicing, which represents the
oldest form of systematic and sustainable use of forests. It is a very flexible system that requires
a low energy input and has been adapted and modified according to the needs of rural societies,
to whom coppice forests deliver small size wood primarily for energy (firewood and charcoal),

agriculture, and small-scale businesses. Because of the social and economic crisis of that



system, the conversion of coppices into high-forests is considered a sustainable forest
management in many countries (Fabbio, 2016; Fabbio and Cutini, 2017; Cutini et al., 2021) due
to the less soil disturbance that would favour SOC storage (Holscher et al., 2001; Marchi et al.,
2016). Thus, forest management influence on soil, has fostered many scientific researches (e.g.,

Caddeo et al., 2019; Zhang et al., 2019; Zhao et al., 2019; Lee et al., 2020).

. Aim of the thesis

The object of this thesis is the evaluation of the impact of LUC on different soil properties and

in particular the capacity to store organic C and other nutrients. In particular, the research

question are:

1. What is the impact of management in similar forests subjected to different population
regulation treatments on soil organic C and nutrients (N, P, Ca, Mg, K) storage capacity?

2. What is the impact of the management on the soil organic C and nutrients (N, P, Ca, Mg, K)
storage capacity in similar forests with soils developed on different parent materials?

3. What is the impact of management on forest soil capacity to store organic carbon in fine
earth, rock fragmetns, and roots compare to aboveground biomass of different typology
developed on the same parent material?

4. What is the impact of differentiated forest management on SOM fractions storage capacity?
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Abstract

In forest ecosystems, a variety of abiotic and biotic soil forming factors drives soil organic matter
(SOM) and nutrients cycling with a profitable outcome on climate change mitigation. As a
consequence, type and intensity of forest management, through its impact on carbon (C) and
nutrient soil stocks, can be considered as an additional soil forming force. In this study, we
investigated the influence of the coppice conversion into high forest on pedogenesis and on soil C
and nutrient (N, P, Ca, Mg, and K) stocks, fifty years later the beginning of the conversion-cycle.
The trial was established in a Turkey oak forest historically managed under the coppice system in
central Italy. Specifically, we considered tree population density (natural evolution — control,
moderate thinning, heavy thinning) where soil samples were collected according to genetic horizon
to estimate C, N, and P stocks both in the forest floor and at fixed depth intervals (0-30, 30-50 and
50-75 cm). Further, the stocks of exchangeable Ca, Mg, and K were also assessed for the mineral
layers. The results showed that litter and the upper layer of mineral soil (0-30 cm) contained a
similar quantity of C (about 74-83 Mgha!), independently of the trials and no differences were
observed also in the whole soil stocks (about 192-213 Mg ha™!). The comparison of the mean stocks
calculated per 1-cm of thickness of organic (O), organo-mineral (OM), and mineral (M) layers,
although it did not display any difference among trials (excepted for P and Mg), showed a similar
capability of the organo-mineral horizons to store C and nutrients compared with the organic ones
(e.g., about 6-12 Mg ha!, 0.3-0.5 Mg ha and 0.5-1.5 kg ha! for C, N and P, respectively). Our
findings showed that thinning operated on Turkey oak coppice did not affect soil capacity to store C
and nutrients. These results suggested that the forest ecosystem itself is the main soil forming force
and this is consistent with the target of adopting forest management able to control the global C
cycle through the storage of SOM in the mineral soil rather than in forest floor, where SOM

turnover is faster.

Keywords: forest soil, organic matter, rock fragments, pedogenetic horizons, coppice conversion

into high forest, sustainable forest management
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1. Introduction

Soil organic matter (SOM) plays key roles in terrestrial ecosystems, where it is involved in many
processes of soil conservation. SOM is fundamental in stabilizing soil structures and reducing soil
erosion, improving water-holding capacity, and releasing nutrients to plants, microorganisms, and
soil fauna (Bot and Benites, 2005; Canedoli et al., 2020). In forest soils, the input of organic matter
depends on litter production, mortality of fine roots, roots exudates, and shoots residues (Lehmann
et al., 2015; Diao et al., 2020; Wu et al., 2020). Thus, depending on the interaction among the main
soil forming forces (parent material, climate, living organisms, relief, and time; Jenny, 1941), a
vastity of physicochemical and biological processes affects the transformation of plant-derived
organic materials in SOM. During this transformation, SOM is stabilized by the formation of
organo-metallic complexes with di- and trivalent cations (Kaiser et al., 2016), the formation of
organo-mineral complexes with clay minerals (Kogel-Knabner et al., 2008, Barré et al., 2014;
Gartzia-Bengoetxea et al., 2020), and the occlusion within aggregates (Schrumpf et al., 2013),
favouring its preservation in the soil. Therefore, plant species, soil properties, and their interactions
play a key role in determining the soil organic C (SOC) stock and, due to SOM elemental content,
also in the biogeochemical cycles of nutrients like N, P, Ca, Mg, and K (Tiessen et al., 1994). For
instance, estimations indicate that the mean world soil content to 1-m depth is 1462-1548 Pg for
organic C and 133-140 Pg for total N (Batjes, 1996), more than the global content obtained
combining vegetation and atmosphere (Lehmann et al., 2015; Mayer et al., 2020).

In forest ecosystems, forest management may impact on SOC and nutrient stock. In their review,
Mayer et al. (2020) reported that management practices like site preparation, harvesting operations,
removal of harvest residues, and removal of litter and biomass for fodder, fuel, or animal bedding
have a negative impact on SOC stock capacity. Conversely, N addition, introduction of N-fixing
plants, and herbivory regulation have a positive impact on SOC storage. Other practices like
management of tree species diversity and periodical thinnings over the whole stand lifespan that are

used to manage tree population density in high forest [which consists in a stand of trees, generally
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originated from seed , that develop a high, closed canopy (SAF, 2008)] and in the conversion into
high forest of coppice systems seem not to interfere with the soil capacity to stock organic C under
both broadleaves and conifers (Bravo-Oviedo et al., 2015; Prasad Dangal et al., 2017; Zhang et al.,
2018; Mayer et al., 2020).

Coppicing represents the oldest form of systematic and sustainable use of forests. It is a very
flexible system that requires a low energy input and has been adapted and modified according to the
needs of rural societies, to whom coppice forests deliver small size wood primarily for energy
(firewood and charcoal), agriculture, and small scale businesses. As a matter of fact, coppice forests
characterize the European landscapes, especially in mountainous areas of central, east and southern
Europe. Due to rural migration and technical and economic restrictions, most of the coppice forests
are today neglected or abandoned, representing a significantly underused natural resource (Unrau et
al., 2018). In Italy, coppice forests cover 3.663 million hectares (Mairota et al., 2018)) and both
evergreen and deciduous Quercus spp. make a significant share of the total cover (nearly 1.6
million ha). Following the crisis of the firewood and charcoal system, the conversion of coppices
into high-forests is considered a sustainable forest management in many countries (Fabbio, 2016;
Fabbio and Cutini, 2017; Cutini et al., 2021) due to the low-frequency soil disturbance that would
favour the storage of SOC (Holscher et al., 2001; Marchi et al., 2016). Therefore, the link between
forest management and soil properties, with its specific capacity to determine SOC stock and
climate change mitigation, has fostered a number of scientific researches (e.g., Caddeo et al., 2019;
Zhang et al., 2019; Zhao et al., 2019; Lee et al., 2020), but scarce has been the interest on the effect
of forest management on the soil stock of nutrients like N, P, Ca, Mg, and K, whose abundance and
availability is key to soil fertility and biomass production.

The aim of this work was to assess the role of thinning performed for the conversion of a coppice
forest into high forest on soil C, N, available P, and exchangeable Ca, Mg, and K stocks. The effect

of periodical thinning vs no silvicultural intervention (namely, natural evolution following the
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suspension of periodical harvestings) was investigated in a Turkey oak (Quercus cerris L.) stand
under conversion into high forest and managed as coppice up to 1949 (last coppicing).

To test the hypothesis that different forest managements can affect soil C and nutrients stocks, and
to investigate on the contribution of each horizon to the whole soil stocks, we estimated: 1) C, N,
and P stored in the genetic horizons (ranked in organic, organo-mineral and mineral horizons) and
at fixed depth intervals (0-30, 30-50, and 50-75 cm); and ii) exchangeable Ca, Mg, and K stored in
the mineral soil (organo-mineral and mineral horizons) and at fixed depth intervals (0-30, 30-50,

and 50-75 cm).

2. Materials and Methods

2.1. Environmental and historical background

The study was conducted in the Natural Reserve of Monterufoli-Caselli forest, Tuscany, Italy (Fig.
1), a Natura 2000 Site (SPA-SAC IT5170008 Complesso di Monterufoli). The whole reserve covers
a gentle hilly environment and extends for 4,828 ha within altitudes spanning between 100 and 560
m. The mean annual precipitation is 750 mm and the mean annual air temperature is 13.5 °C.
Geology of the area is rather complex being dominated by serpentinite and polygenic breccias
(Paleocene), followed by calcareous sandstone interbedded with limestone (Cretaceous), pelitic
marine sediments (Pliocene), silty-clay schists (Cretaceous), and quartzous sandstone interbedded
with arenaceous limestone (Paleocene). The area was heavily influenced by human activities since
ancient times. Central Italy, and especially Tuscany, was subject to an intense mining activity
during Bronze and Iron ages. As reported by Cartocci et al. (2007), Tuscany can be considered one
of the most important ancient metallurgical districts of Italy, with several active mining centres
since the Iron Age. In the study area, considerable was the production of iron, pyrite, base metals,
silver, antimony, mercury, and gold for millennia (Chiarantini et al., 2018). Because of this activity,

there was the need of fuel for metal smelting, with the consequent exploitation of forests (especially
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oak forests of Quercus cerris L., Quercus pubescens Willd., and others) for charcoal production

(Carrari et al., 2017).

@ Control
(? Moderate thinning
@ Heavy thinning

o

L} 50 1090 kbm
—

[} 100 200 km
-

Google Earth

Fig. 1. Study site location in the Natural Reserve of Monterufoli-Caselli forest, Tuscany, Italy, and profiles

distribution in the experimental area.

Table 1. Stem density (number per unit area) for the three Turkey oak forest trials (control, moderate

thinning and heavy thinning) in the inventory years 1969, 1978, 1989, 1998, and 2004. Natural

Reserve of Monterufoli-Caselli forest, Tuscany, Italy.

Inventory year

1969 (first thinning) 1978 1989 (second thinning) 1998 2004

Trial Layer
Before After Before After
thinning  thinning thinning thinning
No. ha'!
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Control Total 4269 4191 3589 3653 3417

Dominant® n.a. 1093 1089 1037 715 664 578
Heavy

Dominated® n.a. 2563 2959 2081 2026 2133 2150

thinning
Total® 4988 3656 4048 3118 2741 2797 2728
Dominant® n.a. 1500 1481 1292 1036 992 869

Moderate
Dominated® n.a. 2466 2542 1783 1764 1811 2183

thinning
Total® 5238 3966 4023 3075 2800 2803 3052

n.a.=not available.

#Dominant trees constitute the higher canopy level, receiving direct sunlight.
Dominated trees are located under the dominant canopy layer, receiving filtered sunlight.

“Total refers to all the trees that constitute the canopy.

2.2. Study area

The study was run in a long-term monitoring area located within the Caselli Forest. Forest stands
consisted of Turkey oak (Quercus cerris L.) for about 90%, with broadleaves like Fraxinus spp.,
Ulmus spp., Ostrya spp., and Quercus ilex L. as subsidiary species. Under the coppice system, in
Italy Turkey oak cover =675,000 ha, i.e. the 18.4% of coppice forests (Manetti et al., 2020). Leaf
area index (LAI) ranged from 4.3 to 5.2 (Cutini, 1996). Here, last coppicing was performed in 1949;
then, in 1969, a long-term experiment aimed at comparing the periodical thinning of standing crop
vs its natural evolutive pattern to achieve coppice conversion into high forest was established. The
main goal of the experiment was to verify stand dynamics as for its structural-compositional
arrangement and functional traits of tree biomass. The treatments on the ground were the full
release of the dominated layer, moderate thinning (MT) and heavy thinning (HT) with an average

release of 1500 and 1100 stems ha™! in the dominant layer, respectively. The coppice under natural
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evolution, in absence of any practice, was considered as control (CTR); here, the average full tree
density was 4269 ha! (Fabbio and Amorini, 2006; Manetti and Gugliotta, 2006). Each trial was
repeated four times according to a randomized blocks design. Within plots of several thousands of
m?, we selected a survey area of 900 m? all within a NNE-NNW exposure on slopes roughly
ranging from 10 to 20% (Table S1, Supplementary Materials). A second thinning was implemented
in 1989 releasing 715 and 1036 shoots ha! in HT and MT, respectively. Average stem density
decreased to 3589 ha! in CTR. The arrangement of stand structure following the applied
silviculture was a two-storied stand: the dominant layer mainly made of Turkey oak, and the
dominated layer made the set of subsidiary broadleaved species.

Other inventories were performed in 1998 and 2004. In 2004, there were 578 shoots ha™! in the
dominant layer of HT and 869 shoots ha™! in MT. Average full stem density was 3417 ha! in CTR.

Main stand parameters are summarized in Table 1.

2.3. Sampling sites and soil sampling

The study site spanned from 337 to 345 m above sea level, on soil formed on calcareous sandstone
interbedded with limestone. In each of the four plots of the three trials, in 2017 a survey was run to
evaluate the spatial variability of surface stoniness, rock outcrops, slope, micro-topography,
dominant vegetation, and understorey to select the location where to dig a soil profile. Then, a total
of 12 profiles (1 profile » 4 plots * 3 trials) representative of each plot conditions were opened
within locations with 12-15% slope and 90-95% soil cover. In each plot the soil profile was dug at
~] m from the stem (downslope position) of one of the oldest trees and until the depth of =1 m,
except for lithic contact. For each profile, the organic horizons forming the forest floor were
morphologically described per Baize et al. (2008) and sampled in an area of about 3 m? around the
profile. The mineral soil was morphologically described per Schoeneberger et al. (2012) and
sampled by genetic horizons. Soil morphologies provided of understorey composition (Frati et al.,

2021) are reported in Table S1 of Supplementary Material. During the field operations, the collected
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samples were stored in a refrigerated bag and, once in the laboratory, they were allowed to air-dry.
Thus, the mineral samples were sieved at 2 mm to separate the fine earth (< 2-mm fraction) from

the skeleton (> 2-mm fraction).

2.4. Laboratory analysis
The bulk density of both fine earth and skeleton of each horizon was determined by soil cylinders.
Specifically, two horizontal soil cores were collected from each mineral horizon by using cylinders
of 503 cm?® (height: 10.8 cm; diameter: 7.7 cm). In the laboratory, the collected sample was sieved
at 2 mm and the volume of the skeletal particles was determined by water displacement after the
particles were water-saturated (Corti et al., 1998). The volume of the fine earth was obtained by
subtracting that of the skeletal particles from the total volume of the cylinder. Both fine earth and
skeleton were then heated at 105°C and weighed. The content of large cobbles was estimated by the
“percent of area covered” figure reported in Schoeneberger et al. (2012), and their bulk density
determined as mentioned above. For the organic horizons, the bulk density was estimated by
pedotransfer functions (De Nicola et al., 2014), which have been tested by other researcher in
various Italian contexts (Brenna et al., 2010; Garlato et al., 2009a, b; Guermandi et al., 2013). These
equations provide bulk density as a function of the percentage of estimated organic matter (OM = 2
* organic C) as follows:

1. For OM > 30%: bulk density (g cm™) = 0.00589 * organic C + 0.554;

2. For OM = 30-15%: bulk density (g cm™) = 0.00745 * organic C + 0.593;

3. For OM < 15%: bulk density (g cm™) = 0.00797 * organic C + 0.553.
Aliquots of 20 g of fine earth were used to determine the particle-size analysis after they were
maintained submerged in deionised water for 24 h; sand was retrieved by wet sieving at 0.053 mm,
while silt and clay were obtained by sedimentation. All the following analyses were performed on
both fine earth and skeleton. The pH values were determined potentiometrically in water after one

night of solid:liquid contact at 1:2.5 w:v ratio for the mineral samples and 1:8 w:v ratio for the
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organic samples (Cardelli et al., 2019). Total organic carbon (TOC) was estimated by K-dichromate
digestion, heating the suspension at 180 °C for 30 minutes (Nelson and Sommers, 1996). Water-
extractable organic matter (WEOM) was extracted after one night of the 1:10 solid:liquid
suspension in an orbital shaker at 140 rpm and filtered through a Whatman 42 filters (Agnelli et al.,
2014). The organic C content of the extract (WEOC, water-extractable organic carbon) was
determined by titration (Nelson and Sommers, 1996). Total N (TN) was measured by a dry
combustion analyser (EA-1110, Carlo Erba Instruments, Milan, Italy), while available P (Pay) was
determined following the Olsen et al. (1954) method. Exchangeable Ca, Mg, and K were displaced
by a 0.2 M BaCl: solution (solid:liquid ratio 1:10) and extracted after 10 min of shaking (Corti et
al., 1997). The obtained suspensions were centrifuged and filtered through Whatman 42 filters.
Elements were determined by atomic absorption with a Shimadzu AA-6300 spectrophotometer
(Tokyo, Japan). For the skeletal fraction, pH, Pa.y, and exchangeable Ca, Mg, and K were
determined on unground fragments, while TOC, WEOC, and TN were measured on ground aliquots

(Ugolini et al. 1996; Corti et al., 1997; Corti et al., 2002).

2.5. Stock calculation

Soil rock fragments can contain considerable amounts of nutrients (Ugolini et al., 1996). In
particular, as pointed out by Corti et al. (2002) and Cuniglio et al. (2009), calcareous skeleton may
represent a large reservoir of C, N, and nutrient cations. Thus, considering the soil as made of fine
earth only may result in significant overestimations of the soil nutrient budget. Therefore, C and
nutrients (N, P, Ca, Mg, K) stocks were calculated for each genetic horizon taking into
consideration both fine earth and skeleton contributions.

The amount of element stored in the fine earth and skeleton was calculated as following (De Nicola

et al., 2014):
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ES=ECeBD e TH e CC (1)

where ES is the element stock (in Mg ha™! for C, N, and exchangeable Ca, Mg, and K; in kg ha™! for
Pay), EC is the element concentration (g kg™! for C and N; mg kg™ for P,y and exchangeable Ca, Mg,
and K), BD is the bulk density (kg dm™), TH is the horizon thickness (cm), and CC is the
coefficient applied to normalize the units of measure (10”' for C, N and Pav; 10™* for exchangeable
Ca, Mg, and K).

Thus, the total C and nutrient stored in each genetic horizon were determined as the weighed mean

for the fine earth and skeleton contents:

ESTOT = [(ESfe @ FE%) + (ESsk ® SK%)] / 100 )

where EStor is the total amount of element stored in the genetic horizon (in Mg ha™! for C, N, and
exchangeable Ca, Mg, and K; in kg ha™! for Pay), ESte is the amount of element contained in the fine
earth, FE% is the percentage of fine earth content in the horizon, ESs is the amount of element
contained in the skeleton, SK% is the percentage of skeleton content in the horizon.

For each element, the amount stored by 1-cm thickness of the organic, organo-mineral, and mineral

horizons was also calculated.

2.6. Statistical analysis

Because of the soil variability, profiles showed slight differences in the sequence of horizons. Thus,
genetic horizons were grouped into soil layers based on their nature: forest floor (OLn, OLv, OFr,
and OH horizons), organo-mineral (A and AB horizons), and mineral (Bw, Bg, BC, and Cr
horizons). Properties of the soil layers were obtained by calculating the weighed mean of each
property based upon the thickness of each horizon. The element stocks for the 0-30, 30-50, and 50-

75 cm of soil were calculated considering the thicknesses of the organo-mineral and mineral soil
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horizons. To highlight differences in C and nutrient stocks, one-way ANOVA was performed along
the soil layers and among soils under different forest managements. Prior to ANOVA, normality
and homoscedasticity of the dataset were assessed using Shapiro-Wilk statistical test and by
Levene's test at 5% significance level, respectively. Assumptions were not violated and Tukey's
Honest Significant Difference (HSD) test with P<0.05 was used to compare differences among
means. Results of ANOVA (F value and significance level), showing the influence of management
and depth on physical and chemical properties and elements stock in the surveyed soils are reported

in Table S5 a/b of Supplementary Materials.

3. Results

3.1. Soil morphology, and physical and chemical properties in the three forest trials

Properties of the experimental site were similar in the three forest trials.

All the soils were classified as Humustepts (Soil Survey Staff, 2014). Soil morphology organized in
soil layers is reported in Table 2 and Table S1 of Supplementary Material. The litter layer was on
average 2 to 5 cm thick and was mainly made by Turkey oak leaves and branch fragments. Organo-
minerals horizons showed a thickness spanning from 2 to 6 cm thick, and the soil structure was
moderately to well-developed, in form of crumbs or subangular blocks; in the area massively
frequented by wild boars (MT), the structure was platy. Mineral horizons showed poorly to well-
developed structure mainly made of subangular and angular blocks. Gley B horizons (Bg) indicate
periodical soil water saturation (Soil Survey Staff, 2014). The skeleton content in the three trials
ranged from 0 to 50-60%, with the greatest contents in depth (Table 2). The soil pH was sub-acid
(ranging between 5.69 and 6.15), with no significant difference among layers and trials (Table 3).
The particle-size distribution showed a coarser texture in the organo-mineral horizons (loam to
sandy-loam textures) than in the mineral ones (silty clay and clay loam). No statistically significant
difference (P>0.05) among the trials was observed. As expected, the largest contents of TOC,

WEOC, TN, and Pay were in the litter and showed a decreasing trend with depth. Among the trials,
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no difference occurred for TOC, WEOC, and TN, whereas the organo-mineral horizons of HT
displayed the highest Pay concentrations. The WEOC/TOC ratio showed very high values with
respect to other reports (Corvasce et al., 2006; De Feudis et al., 2017), with statistically significant
differences only in the MT trial, where the mineral horizons displayed the highest value. The C/N
ratio showed a significantly decreasing trend with depth in all the trials, with no significant
difference among them (Table 3, S2 and S3 of Supplementary Material for fine earth and skeleton

data, respectively).
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Table 2. Average morphological properties of the soil profiles under Quercus cerris L. in the three forest trials (Heavy thinning, Moderate thinning, and Control),
according to each soil layer category. Natural Reserve of Monterufoli-Caselli forest, Tuscany, Italy. For symbols see legend.

Mean

Trial slope Exposure Layer Horizons* Depth® Thickness® Boundary! Colour® Structure’ Consistence® Roots" Skeleton' Observation
% From - to cm %
cw Undecomposed
. OLn; OLv; - .
Litter oH 4/3-0 1.5-3.5 cb SYR 32 - - 0 40-60 leaves and little
ab branches
2mi,vf,f;m
Organo- . cw SYR 3/1 7.5YR 3fgr fr R .
Hea\fy 1525 NNW mineral A; AB 0-5/4 2-5 aw 24/ 1-3£:m grtsbk fi 3mi,vf,fm, 40-60 Mycelium
thinning w co
1mi,vf,f,m,
. cw 5YR 4/6 10YR 1m abk, 2f,m sbk co
Mineral BA; BC, C 3/5-35/65 11-15 sw 713 3£m sbk.abk fr 2mivEf: <1-50 Cutans
3m,co
Intense wild boar
turbation. Leaves
. OLn; OLv; cw - 0
Litter OFr; OH 10/6-0 2-4 os 75YR 3/2 - - dmivEf 5-30 and branch
fragments.
Mesofauna
ImivE Intense wild boar
Moderate NNW Organo- . aw 7.5YR 2.5/1 2f,m,cr pl->m abk N turbation.
thinning 12-18 NNE mineral A; AB 0-2/17 3-6 cw 10YR 4/3 3f,m,c cr,abk,sbk fr 2mi,v 0-30 Charcoal
3f,m,co
fragments
Imi,vf,m,c
o Charcoal
7.5YR 3/1 o
Mineral  Bw, Bg 827//1173'0 1721 cw 10YR 7/3 2.13?;?1;1?1;1( fir 2- 0-30 I\fr/[agml";n:fl'
SYR 4/6 AT AR 3mi,vf,f,m, et
Cutans
co
Leaves and
OLn: OLyv: 0 branch
Litter 1 VLY 10/7-0 2-5 W 75YR3/2 - - . 0-20 fragments.
OFr; OH as 1mi,vf,f
Mesofauna.
Mycelium
NNW 2f,m sbk 2mi,vf,f Charcoal
Control 11-16 NNE Or.gano- A; AB 0-2/8 3-5 cw 7-5YR2.5/1 3fcr fr 3mi,vff; 0-10 fragments.
mineral 10YR 4/4 .
Im Mycelium
1mi,vf,f;m, Charcoal
. Bw, Bg, 2/8- cw 10YR 4/3 2f,m,c abk,sbk co fragments.
Mineral BC 56/155 23-27 cs 10YR 6/4 3f,m sbk,abk fr 2mivf; 0-60 Mycelium.
3f,m,co Cutans

* designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.

" Numbers separated by slash (/) indicate the range of depths observed in the four profiles, while the hyphen (-) means “from (what is before it) to (what is after it)”.

¢ referred to the lowest and highest mean thickness.

da=abrupt, c=clear; g=gradual; d=diffuse; s=smooth; w=weavy; i=irregular; b=broken

°moist and crushed, according to the Munsell Soil Color Charts. The reported colors are the extremes for the horizons considered.
f1=weak, 2=moderate, 3=strong; th=thin, f=fine, m=medium, c=coarse; cr=crumb, abk=angular blocky, sbk=sub-angular blocky, pl=platy. The reported structures are the extremes for the horizons considered.
¢ fr, friable.

" 0=absent, v,=very few, 1=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse. The reported roots abundances are the extremes for the horizons considered.
' The reported values are the extremes for the horizons considered.
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Table 3. Mean values of pH, particle-size distribution, concentration of total organic carbon (TOC), water-extractable
organic C (WEOC), total nitrogen (TN), and available phosphorus (Pav), and WEOC/TOC and C/N ratios of the soil
layers under Turkey oak forest submitted to three management trials (control, moderate thinning and heavy thinning).
Natural Reserve of Monterufoli-Caselli forest, Tuscany, Italy. Numbers in parentheses are the standard deviations.
Columns with different lowercase letters indicate differences within each trial, columns with different capital letters
indicate differences within the same soil layer among trials, both at P<0.05 level of significance.

. Particle-size distribution
Trial hofi‘;gns n pH TOC WEOC N Pay WTE(;)CC/ CN
Sand  Silt Clay
g kg-! gkg! mg kg'!

Li ; 5.962A 362.44 24 7.9124 13.542A 36.6°4 0.02°4  26.6*

er (0.64) (103.06) (3.57) (1.66) (9.9) (0.00) (2.7)

Control Organo- . 589°%  467°A 387 146 99,93 22304 53304 488 0024 186
mineral 071)  (110) (56)  (56) (46.53) (0.48) (2.24) (4.6) 0.00)  (2.6)

Mineral 10 S86% 155°% 373 472 1364ch 0.59 bA 0.94 b 16" 0.05%  11.3¢

(105  (63) (23)  (68) (3.15) (0.17) (0.09) (1.7) 0.02) (59

Liver o 391 ] ] ] 31640% 663 12519 360" 0020 2534

(0.54) (99.97) (2.92) (1.52) (11.9) 0.01)  (13)

Moderate  Organo- , 569 330 4434 227°% 57,00 1.19 bA 3,320 675 0024 17.10A
thinning ~ mineral 0.74)  (166) (85  (82) (61.64) (1.52) (3.15) (4.8) 0.01)  (5.0)
Mineal o 599%%  143°% 3990 4590 9.57¢A 0.64 bA 1.04 A 0.8%4 007  10.6°

0.94)  (52) (44)  (84) (3.94) (0.29) (0.54) (0.9) 0.03)  (33)

Lier g 602% ] ] ] 312,592 7,049 12024 3489 002 253

(0.60) (102.18) (2.90) (1.74) ©.1) 0.00) (0.5

Heavy ~Organo-  615%%  627°% 260%™ 104" 14527%%  2.12% 6.27 A 19.0%4 001 235
thinning  mineral ©.11)  (96)  (63) (398) (39.29) (0.50) (2.06) (4.9) 0.01) (6.8
Mineral 11 5754 18404 37824 43824 11.88¢A 0.50%A 1.11¢A 1.3¢A 0.05%  10.6°

fnera 059  (99) (57) (110) (6.38) 0.21) (0.43) (1.7) 0.03)  (0.4)
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3.2. C and nutrient stocks in the three forest trials

In the three trials, litter and the upper 0-30 cm mineral layer contained similar quantity of C, which
was higher than in the 30-50 and 50-75 cm mineral layers (Table 4). Other differences among litter
and mineral layers were observed for TN in CTR, exchangeable Ca in HT, and K in HT and MT,
always with the highest stock in the 0-30 cm layer. However, the stock of all elements showed no
statistical difference among the trials. The contribution of the skeleton to the element stocks was
negligible or null for C, TN, and Pay, but ranged from =1.5 to =11% for exchangeable K, and from
~27 to =63% for exchangeable Ca and Mg (Table 4 and Table S4 of Supplementary Material).

The amount of the elements stored by 1-cm thickness of the organic, organo-mineral, and mineral
horizons in the three trials is reported in Fig. 2. The quantity of C, TN, and Pay stored in 1 cm of
litter was often similar to that of the organo-mineral horizons (except for Pa.y in CTR), and from
three- to ten-fold higher than that of the mineral horizons (except for TN in CTR, where no
significant difference was observed). For the exchangeable Ca, Mg, and K, the stock capacity of 1
cm of organo-mineral horizons was generally greater than in the mineral horizons but because the
samples were small (Webster, 2001), the differences were not statistically significant except for Ca
in MT, Mg in HT, and K in both HT and MT, where the variability was proportionally less than in
the other cases. Contrasting the stock capacity per 1-cm thickness among the different trials, only
P.y and exchangeable Mg showed significant differences, with the highest contents of the two

elements in the organo-mineral horizons of HT (Table 3).
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Fig. 2. Stocks of C and nutrients per 1-cm thickness of organic (O), organo-mineral (OM), and
mineral (M) layers in the soils under Turkey oak forest submitted to three management trials
(control, moderate thinning and heavy thinning). Natural Reserve of Monterufoli-Caselli forest,
Tuscany, Italy. Whiskers are the standard deviations. Different lowercase letters indicate differences
among soil layers for each property within trial, different capital letters indicate differences within

the same soil layer among trials, both at P<0.05 level of significance.

4. Discussion
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4.1. Effect of thinning on soil morphology and physicochemical properties

The effect of thinning on the main pedological features appeared negligible in the studied forest. In
the topsoil, which is the soil portion most sensitive to disturbances and management practices (Song
et al., 2005), the effect of thinning could have been masked by the wild boar activity. In our case,
the topsoil mixing due to wild boars seemed to have not substantially affected the soil morphology,
probably because all trials have been characterized over time by their presence, albeit with different
intensities.

Although the soils developed from calcareous parent material, the soil profiles displayed sub-acid
pH values, indicating that soils have been subjected to a heavy decarbonation induced by several
acidification processes (Haynes, 1990; Richter et al., 2007; Lemanceau et al., 2009; Chapin et al.,
2011; Cocco et al., 2013; Corti et al., 2019). Because of this, and the long time needed to dissolve
all carbonates (Cocco et al., 2013), these soils can be considered as highly weathered (e.g.,
Sundquist and Visser, 2003) and, consequently, it was not expected that the forest thinning could
induce marked changes on soil pH in 50 years. Moreover, even when carbonates have been
dissolved, acidification is buffered by clay and organic matter (Brady and Weil, 2017), which
contribute to reduce pH changes. The soil texture is a parameter not responding quickly to
environmental changes; in fact, it is similar for all the trials. Along the profiles, the texture was finer
at depth than at the surface probably for the occurrence of lessivage, a process that requires long
time to produce differences in terms of soil texture and drainage (Buurman et al., 1998; Quénard et
al., 2011; Calabrese et al., 2018).

The decreasing of TOC, TN, and P.y with depth is a common trend in soil and especially in forest
soils, where the majority of the biomass produced is added in form of litter (Mason and Zanner,
2005). While TOC and TN were not affected by thinning, as they respond slowly to changes (Bai et
al., 2017), the different P.y content in the organo-mineral and mineral horizons of the three trials
were considered an effect of the forest thinning. In fact, working on soils under Fagus sylvatica

forests, Cardelli et al. (2019) reported that P liberation and activity of enzymes involved in the P
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cycle are higher in the organo-mineral (A) than in the organic (O) horizons because of the major
content of decaying SOM and the consequently greater availability of P-bearing substances like
nucleic acids, carbohydrates, proteins, and fatty acids. The major reduction of the canopy density in
HT might have enhanced SOM degradation through the increased solar radiation and temperature
(e.g., Gressel et al.,, 1996; Scharenbroch and Bockeim, 2007; Cheng et al., 2021)), with the
subsequent higher release of P.

The WEOM content and the WEOM/TOC ratio did not change among the trials. This behaviour
was unexpected because WEOM, which is composed of easily degradable molecules that represent
the main C and energy source for the soil microbial community (De Feudis et al., 2019), is
considered as an indicator of microbial activity (Gutiérrez-Girén et al., 2015), very sensitive to
disturbances and management (Chantigny, 2003). However, since the WEOM is released following
SOM mineralization (Bartos et al., 2020) and the two thinning intensities did not produce different
litter thicknesses (Table 2) and soil TOC and TN concentrations (Table 3) in respect to the control,
it would justify the similar WEOC contents and WEOC/TOC ratios found among the trials.
Throughout the profiles, the decreasing content of WEOC and the parallel increase of WEOC/TOC
ratio (statistically significant only in MT) confirmed the importance of this soluble fraction as
energetic substrate for the organisms harbouring the deeper soil horizons. The increase of the
WEOC/TOC ratio in the mineral layers, where the clay content is the highest, could be also due to
adsorption of organics on the clay mineral lattices, with the formation of mobile organo-mineral
complexes (Corvasce et al., 20006).

The magnitude of the values of the C/N ratio for the three trials agreed with those reported in other
studies conducted on Mediterranean forests ( Corral-Fernandez et al., 2013; Cools et al., 2014). The
decreasing trend of the C/N ratio with depth is a common trend in forest soils, where the litter is
made by less degraded (and with higher C/N ratio) biomass than the organic molecules translocated

into the deeper soil horizons after SOM decaying (Marinari et al, 2021).
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Table 4. Stocks of C, total N (TN), available P (Pay), and exchangeable Ca, Mg, and K, and relative contribution of the fine earth (FE), for the soil
thicknesses 0-30 cm, 30-50 cm, and 50-75 cm under Turkey oak forest submitted to three management trials (control, moderate thinning and heavy
thinning). Natural Reserve of Monterufoli-Caselli forest. Numbers in parentheses are the standard deviations. Different lowercase letters indicate
differences among soil layers for each property within trial, different capital letters indicate differences within the same soil layer among trials, both

at P<0.05 level of significance.

Stock Thickness Control Moderate thinning Heavy thinning
Total stock FE (%) Total stock FE (%) Total stock FE (%)
79.8134 74.86%4 743834
C stock (Mg ha') Litter 99.99 99.99 99.99
(9.58) (31.67) (11.33)
82.78% 75.86%A 75.71%4
0-30 cm 99.99 99.99 99.99
(16.64) (11.92) (28.19)
23.06% 20.77% 23.72%
30-50 cm 99.99 99.99 99.99
(9.17) (4.70) (11.65)
27.07% 20.52b4 28.4204
50-75 cm 99.99 99.99 99.99
(11.93) (3.08) (14.91)
3.04%4 3.00%A 2.9734
TN stock (Mg ha'') Litter 99.99 99.99 99.99
(0.47) (1.15) (0.46)
0-30 cm 6.07°A 99.99 5.10%A 99.99 5.46% 99.99
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30-50 cm

50-75 cm

P,y stock (kg ha™) Litter

0-30 cm

30-50 cm

50-75 cm

Exchangeable Ca stock (Mg ha™!) 0-30 cm

30-50 cm

50-75 cm

(1.10)
2.400A
(0.80)
2.890A

(1.22)

8.06%
(1.30)
8.93
(6.00)
2.454
(3.10)
3.06%

(3.87)

11.13%
(3.30)
11.1124
(4.62)

9.284

99.99

99.99

100.00

100.00

100.00

100.00

85.05

62.69

63.18

-33-

(1.18)
2399
(1.43)
3.40%

(0.52)

8.78%A
(4.94)
8.25%4
(6.61)
1.60%
(2.86)
1.9424

(2.18)

10.70%
(7.55)
8.743A
(4.57)

11.09%A

99.99

99.99

100.00

100.00

100.00

100.00

80.37

80.27

79.54

(2.45)
2,70
(1.40)
3.21%4

(1.80)

8.37%
(1.35)
8.48A
(4.63)
2.46%
(3.10)
2.12

(4.07)

16.98
(1.83)
11.270
(1.38)

14.05%4

99.99

99.99

100.00

100.00

100.00

100.00

73.57

69.62

69.45



Exchangeable Mg stock (Mg ha™!) 0-30 cm

30-50 cm

50-75 cm

Exchangeable K stock (Mg ha'!) 0-30 cm

30-50 cm

50-75 cm

(7.63)

0.77%4
(0.10)
0.76%
(0.44)
0.63%

(0.60)

0.53%4
(0.47)
0.17%
(0.06)
0.14%A

(0.13)

73.37

37.49

37.99

98.35

88.82

88.60

(1.80)

0.74%
(0.35)
0.48%4
(0.21)
0.48%4

(0.42)

0.29%
(0.04)
0.15%
(0.04)
0.16

(0.06)

67.67

59.10

54.30

96.58

94.72

93.48

(5.79)

1.23%4
(0.60)
0.73%
(0.48)
0.89%

(0.62)

0.40%4
(0.12)
0.19°A
(0.07)
0.23%A

(0.07)

55.75

45.62

43.41

94.87

91.76

91.22
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4.2. Effect of thinning on the stocks of C and nutrients

In all the trials, SOC stock is similar in both litter (with a general thickness of 6-10 cm) and 0-30
cm layer, while the SOC stored below 30 cm depth amounted to 54-69% of that in the upper layer.
The large amount of C stored in the sub-superficial mineral soil has a basic ecological relevance due
to the role of forest soils as C sink and, hence, in the climate change mitigation. In the mineral
layers, SOM is stabilized and protected from degradation (e.g., Ono et al., 2013; Yao et al., 2019)
mostly because of clay minerals associations and oxygen limitation (e.g., Wattel-Koekkoek et al.,
2003; Kleber, 2010). As a consequence, with increasing depth the C turnover rate slows down and
the mean residence time of SOM (e.g., Trumbore, 2000; Wang and Chang, 2001) and decaying
roots (e.g., Agnelli et al., 2014) tend to increase.

Regarding the different stocks observed along the depth for TN (in CTR) and exchangeable Ca (in
HT) and K (in HT and MT), they appeared not related with the amount of roots or with the presence
of leguminous species in the understorey that could have enriched the soil of N (Table S1 of
Supplementary Materials). The knowledge on the influence of thinning on the stock of elements in
the different layers along the soil depth is scarce but, working on a multi-centennial holm oak
(Quercus ilex L.) forest in a pedoclimatic condition similar to that of our trials, Agnelli et al. (2016)
found that many soil features, especially those not directly linked to the microbial activity, were
rather homogeneous for each soil depth because of the long lasting pedogenesis. Since our trials
were established under a forest cover as old as at least three millennia, we believe that, especially
for exchangeable Ca and K, differences derived from spatial differences of parent material and
skeleton content rather than to thinning experimentation started =50 years before this study.

The three trials showed no significant effect for none of the four (in case of C, N, and Pay stocks) or
three (for exchangeable Ca, Mg, and K) layers considered. Thinning has been reported not to be
able to produce changes on the organic C (and N) stock in naturally settled broadleaves and conifers
stands (e.g., Bravo-Oviedo et al., 2015; Bai et al., 2017; Prasad Dangal et al., 2017; Zhang et al.,

2018; Mayer et al., 2020). Opposite results were found in planted forests. For example, in their
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review Gong et al. (2021) took into consideration 77 articles on the effect of forest thinning on SOC
stocks in the 0—30 cm mineral soil thickness across planted forests in China and concluded that a
moderate thinning significantly increased SOC stocks with respect to both no-thinning and heavy
thinning. Instead, working in a Picea crassifolia Kom. plantations, He et al. (2018) observed a
decrease of the C stock with increasing thinning intensity, with a parallel increase of soil water
storage. These reports reinforced the hypothesis that thinning cannot affect the stock of C and other
elements in soils with long forest cover history, where pedogenesis has heavily homogenized the
soil profile.

The 1-cm stock values confirmed that the organic and the organo-mineral horizons are able to stock
similar amounts of C, TN, and Pa., while more in depth this ability is minor. While the
concentration of C and TN in the organic and organo-mineral horizons was ascribed to their
richness of SOM, the large concentration of P.y was attributed to the degradation of SOM, which
released P from the organic structures (e.g., Pistocchi et al., 2018; Ni et al., 2021). With respect to 1
cm of mineral horizons, the ability of 1 cm of organo-mineral horizons to stock nutrient cations was
statistically significant only for Ca in MT, Mg in HT, and K in HT and MT, but a generalized trend
was observed in all cases, even though the differences were not significant because the samples
were relatively small. In all these cases, the differences were attributed to the relatively fast SOM
degradation occurring in the organo-mineral horizons (e.g., Pistocchi et al., 2018; Wang et al.,
2019).

When contrasting the 1-cm stock capacity among the trials, thinning appeared to have an effect only
on Pay and exchangeable Mg, which assumed the highest values in the organo-mineral horizons of
HT. Also in this case, although not significant, the same appeared true at least for the potentially
available Ca, while for the exchangeable K differences were probably disturbed by spatial
variability of parent material and skeleton contribution. However, since a more intense thinning is
expected to induce a diffuse higher soil water storage because of the resulted lower canopy density

(He et al., 2018), it is probable that a larger water availability in the organic and organo-mineral
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horizons favoured a greater SOM mineralization with consequent release of nutrients (e.g.,

Vesterdal et al., 1995; Prescott, 2002; Chiti et al., 2015; Gross et al., 2018).

5. Conclusions

The soil physicochemical parameters and the stock of C and nutrients in the litter and in the 0-30,
30-50, and 50-75 cm layers under a multi-millennial Turkey oak forest cover, appeared slightly
influenced by thinnings operated along the last 50 years. This result, which contradicts our research
hypothesis, was achieved considering the contribution of the skeletal fraction that, especially in
depth, was present in a considerable amount. The only parameters that appeared to be more affected
by thinning were P,y and exchangeable Mg. The more intense thinning was able to increase the 1-
cm storage of the organo-mineral horizons via a major SOM mineralization. Our results contrast
with those reported for recently (decades) planted forests, especially if plantation occurs in former
cultivated fields, where thinning has tangible effects on element storage. This is equivalent to
saying that, after about three millennia of Turkey oak forest use, both forest cover and human
activity are the main soil forming forces.

Our study also showed that organo-mineral and mineral horizons under the Turkey oak forest are
able to store an amount of SOM similar to the litter layers. Since the SOM contained into the
organo-mineral and mineral horizons has higher recalcitrance and, consequently, is less involved in
the C turnover processes than that of the forest floor, it is mandatory to adopt forest managements
strategies able to increase SOM in depth rather than in the superficial organic horizons, to affect
positively the global C cycle.

Finally, considering that i) coppice stands under conversion into high forest via natural evolution
and by means of periodical thinnings appeared to be equal as for soil ecosystem properties 50 years
later, and that i7) the latter option is more profitable for environmental, socio-economic issues and
recreational purposes, thinning implementation can be considered as a valuable solution, among the

different and complementary strategies on the floor, to manage nowadays the original coppice area.
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Table S1. General features of each study plot (<900 m?) and morphology of the profiles under Quercus cerris L. Natural Reserve of Monterufoli-Caselli forest, Tuscany, Italy. For
symbols see legend.

Horizon?

Depth

Thickness

Colour®

Structure®

Consistence! Roots®

Boundary®

Skeleton

%

Other observations?

Heavy thinning: 578 stems per ha released for coppice conversion into high forest

Plot 3. (43.20962N, 10.70267E) Slope 15-18%; Exposure: NNE. Altitude: 337-342 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Presence of a charcoal kiln. The surface shows a large presence of rock outcrop. Light wild boar activity. Emerging rock: 80%; Boulders: 5%. Soil cover: 95%. Understorey cover:
80%. Moss cover: 70% (including rock outcrop). Vegetation. Trees: Quercus cerris L. (90%), Fraxinus ornus L., Ostrya carpinifolia Scop.. Bushes: Ruscus aculeatus L. (20%),
Cornus sanguinea L., Crataegus monogyna Jacq., Hedera helix L., Pteridium aquilinum L. Kuhn. Herbaceous layer: Cyclamen spp. Parent material: limestone.

Soil (Soil Survey Staff, 2014): fine, mixed, mesic Lithic Humustept.
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Light wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, R. aculeatus

Light wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, R. aculeatus

A few mycelium

A few mycelium between A and Bw1

A few thin cutans

Common moderate cutans

Common thin cutans

A few cutans

Plot 5. (43.21013N, 10.70353E) Slope 7-12%; Exposure: NNW; Altitude: 338 341 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Emerging rock: 15%. Soil cover: 90%. Understorey cover: 60%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L. (80%), Fraxinus ornus L., Ulmus spp., Ostrya carpinifolia
L., Quercus ilex L. Bushes: Ruscus aculeatus L. (60%), Cornus sanguinea L., Crataegus monogyna Jacq., Smilax aspera L., Rubus ulmifolius Schott., Daphne laureola L., Hedera
helix L., Pteridium aquilinum ( L.) Kunh Herbaceous layer: Cyclamen spp.. Parent material: limestone.

Seil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.
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Undecomposed leaves and branch fragments
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of Q. cerris, F. ornus, R. aculeatus, Q. ilex
A few mycelium and mesofauna
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Common thin cutans
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Plot 7. (43.2074N, 10.70071E) Slope 15-20%; Exposure: NNE; Altitude: 340-345 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.
Emerging rock: 5%. Soil cover: 95%. Understorey cover: 50%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L. (90%), Fraxinus ornus L., Ostrya carpinifolia Scop.,
Quercus ilex L. Bushes: Ruscus aculeatus L. (50%), Cornus sanguinea L., Crataegus monogyna Jacq., Smilax aspera L., Rubus ulmifolius Schott., Daphne laureola L., Hedera

helix L.. Herbaceous layer: Cyclamen spp.. Parent material: limestone.
Soil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.
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41-69

69-84

84-95+

3-6
1-2

3-4
1-2
2-12
15-26
20-26

25-28

13-14

7.5YR 3/3
7.5YR 3/2
7.5YR 372
7.5YR 5/6
10YR 5/6
10YR 4/2
10YR 5/8
10YR 5/2
10YR 5/4
10YR 6/3

2f,m cr+sbk
2f,m abk-sbk
2f,m sbk-abk

2m sbk-abk

2f,m sbk-abk
2m abk

fr
fr
fr

fr

fr
fr

1mi,vf; 3f
2mi,vf; 3f
1mi,vf,f; 3m
Imi,vf,f
Imi,vf,f

1mi,vf; 3f; Im,co

v1Imi,vf,f,m,co
v1mi,vf,f,m,co

(%%

(%%

cs
cs
ci
cb
cW

cw

(%2%%

<1
5

Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex
Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex. A
few mycelium

A few mycelium. Mesofauna

A few mycelium. Mesofauna

Minute skeleton

A few thin cutans

Abundant cutans

Abundant thick cutans

Abundant moderate cutans
Common moderate cutans

Plot 11. (43.20801N, 10.70108) Steep slope 15-20%; Exposure: NNW; Altitude: 340-344 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Emerging rock: 10%. Soil cover: 95%. Understorey cover: 60%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L. (90%), Fraxinus ornus L., Ostrya carpinifolia Scop.,
Quercus ilex L.. Bushes: Ruscus aculeatus L. (60%), Cornus sanguinea L., Crataegus monogyna Jacq., Smilax aspera L., Rubus ulmifolius Schott, Daphne laureola L., Hedera
helix L., Pteridium aquilinum (L.) Kunh. Herbaceous layer: Cyclamen spp.. Parent material: limestone.

Seil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn

OLv

OFr
OH
A
Bwl
Bw2

8-4

42

2-1

1-0

0-3
3-18
18-69

3-10

2-5

2-3
0.5-1
1-2
10-15
40-50

7.5YR 2.5/1
7.5YR 2.5/1
10YR 6/6
10YR 5/8

3f sbk+cr
2f,m abk
Im abk

fr
fr
fr

0

vlimi
Imi,vf
Imi,vf; 2f
1mi,vf; 2fm,co
1mi,vf; 2f; 3m,co
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cw

cw

cw
CS

cw

cw

10

10

10
10
2-3
25
50

Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, C.
sanguinea, Q. ilex

Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, C.
sanguinea, Q. ilex

A few mycelium

A few thin cutans
Common moderate cutans



BC
Cr

69-83

83-86+

10-13

10YR 5/6

1m sbk

fr

1mi,vf,fm
vimi,vff

cw

60
75

A few thin cutans

Moderate thinning: 869 stems per ha released for coppice conversion into high forest

Plot 1. (43.20983N, 10.70421E). Slope 10-12%; Exposure: NNE. Altitude: 337-340 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

The ground surface shows the presence of two small gorges (about 20% of the soil surface cover) and intense wild boar activity; the presence of Ruscus aculeatus L. restricts the
wild boar activity on uncovered areas, where soil shows a lamellar structure due to trampling. Emerging rock: 30%. Soil cover: 90%. Understorey cover: 50%. Moss cover: 5-10%.
Vegetation. Trees: Quercus cerris L.(80%), Fraxinus spp., Ulmus spp., Ostrya carpinifolia Scop., Quercus ilex L. Bushes: Ruscus aculeatus L.(50%), Crataegus monogyna Jacq.,

Daphne laureola L.,. Herbaceous layer: Cyclamen spp. Parent material: limestone.
Soil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn 6-4 1-3 - - - 0 cwW 30 Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, Q, ilex, R. aculeatus

OLv 4-2 1-3 - - - 2mi,vf,f CcW 30 Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, Q. ilex, R. aculeatus

OH 2-0 1-3 7.5YR 3/2 - - 2-3mi,vf,f; Im cW 30 Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, R. aculeatus. Spiders and ants

A 0-2 2-5 7.5YR 3/1 2tn,m pl—m fr 2mi,vf,f,m,co aw 30 Intense wild boar turbation. A few mycelium

abk

Bwl 2-25 20-25 10YR 4/6 2m abk fr 2mi,vf,f; 1m,co cwW 20 A few mycelium. A few thin cutans

Bw2 25-34 7-10 10YR 4/3 2m sbk+abk fr 1mi,vf,f;3m,co cW 20 A few mycelium. Common moderate cutans

Bw3 34-80 32-44 10YR 4/3  2-3m sbk+abk fr 1mi,vf,f; 2m,co cW 30 Common moderate cutans

Cr 80-83+ - 10YR 5/2 1m abk fr 1mi,vf,f m,co - 80 Common thin cutans (7.5YR 3/1 color)

Plot 4. (43.20848N, 10.70334E) Slope 15-20%; Exposure: N. Altitude: 337-343 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.
Intense wild boar activity. Emerging rock: 20%. Soil cover: 90%. Understorey cover: 50%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L.(90%), Fraxinus spp., Ulmus spp.,
Ostrya carpinifolia Scop., Quercus ilex L. Bushes: Ruscus aculeatus L. (50%), Crataegus monogyna Jacq.(20%). Herbaceous layer: Cyclamen spp.. Parent material: limestone.

Soil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn

OLv

OH

A

AB

6-3

3-1

1-0

0-2

2-17

2-5

2-3

0.5-1

0.5-2

8-15

7.5YR 3/2

7.5YR 3/1

7.5YR 4/2

3m sbk

2-3m
cr+abk+sbk

fr

fr

0

Imi,vf
2mi,vf,f,m

2mi,vf; 3fm
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cw

cw

cw

cw

cw

20

20

20

Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, Q. ilex, R. aculeatus

Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, Q. ilex, R. aculeatus

Intense wild boar turbation. A few mycelium,
mesofauna and earthworms

Intense wild boar turbation. Charcoal
fragments

Charcoal fragments



Bwl 17-43 24-32 7.5YR 4/4 2f,m abk fr 2mi,vf; 3fm,co cwW 5 Charcoal fragments. A few mycelium. A few
thin cutans

Bw2 43-62 18-20 10YR 5/4 2-3f,m abk fr 1mi,vf; 2f; 3m,co cwW 5 A few to common thin cutans
Bw3 62-94 28-34 10YR 4/4 2f,m abk fr 1mi,vf; 2f, co cwW 5 Common to abundant moderate cutans
Bg 94-130 32-38 7.5YR 3/1 2f,m,c fr Ivf cwW 5 Abundant thick cutans
abk-+sbk
2A 130-142+ - 10YR 4/1 2f,m abk fr 1vf - 2

Plot 8. (43.20739N, 10.70105E) Slope 15-20%; Exposure: NNE; Altitude: 337-342 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Intense wild boar activity. Emerging rock: 10%. Soil cover: 90%. Understorey cover: 60%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L.(90%), Fraxinus spp., Ulmus spp.,
Ostrya carpinifolia Scop., Quercus ilex L. Bushes: Ruscus aculeatus L.(40%), Crataegus monogyna Jacq.(30). Herbaceous layer: Cyclamen spp.. Parent material: limestone.

Soil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn 10-6 2-7 - - - 0 cwW 10 Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, Q. ilex, R. aculeatus

OLv 6-4 2.3 - - - 0 cwW 10 Intense wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, Q. ilex, R. aculeatus

OFr 4-3 2-3 - - - Imi,vf cW 10 Intense wild boar turbation
OH 3-0 2-3 7.5YR 3/2 - 2mi,vf,f cs 10 Intense wild boar turbation
A 0-2 1-2 7.5YR 3/2 2fm cr fr 1mi,vf; 2f cwW <1 Intense wild boar turbation. Charcoal
fragments
Bw 2-20 14-20 10YR 5/6 2f,m abk-sbk fr 2mi,vf;, 3fm cW <1 Charcoal fragments. A few to common thin
cutans
Bgl 20-39 18-22 10YR 5/4 2f,m sbk-abk fr 2mi,vf; 3f;m,co cW <1 Charcoal fragments. Mn nodules. Abundant
thick cutans
Bg2 39-67 26-28 10YR 5/8 2f,m abk sbk fr Imi,vf: 2f,m,co cW <1 A few earthworms. Mn nodules. Common
thick cutans
2Bg 67-87 16-23 10YR 7/3 2f,m abk-sbk fr 1mi,vf,f,m,co cs <1 Siltite fragments. A few to common thin
cutans
R 87-90+ - - - - - - Siltite fragments

Plot 12. (43.20782N, 10.70061E) Slope 5-20%; Exposure: NNW; Altitude: 341-345 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

The area shows the presence of macro-furrow (about 10%). About 5% of the area has a steep slope of 5% while the remaining part has a bump morphology with a steep slope of
20%. Moderate wild boar activity. Emerging rock: 5%. Soil cover: 95%. Understorey cover: 70%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L.(80%), Fraxinus ornus L.,
Ostrya carpinifolia Scop., Quercus ilex L. Bushes: Ruscus aculeatus L.(70%), Cornus sanguinea L., Crataegus monogyna Jacq., Smilax aspera L., Rubus ulmifolius Schott.,
Daphne laureola L., Hedera helix L., Pteridium aquilinum (L.) Kunh Herbaceous layer: Cyclamen spp. Parent material: limestone.

Seil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn 9-4 5-10 - - - 0 cW 5 Moderate wild boar turbation.
Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C. sanguinea
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OLv 4-2 2-3 - - - 0 cW 5 Moderate wild boar turbation.
Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C. sanguinea

OFr 2-1 1-2 10YR 2/1 - - 1 mi,vf cs 5 Moderate wild boar turbation
OH 1-0 0.5-1 10YR 2/1 - - 1mi,vf cs 5 Moderate wild boar turbation
A 0-4 2-4 7.5YR 2.5/1 3f,m,c cr fr 1mi,vf; 3f cwW 0 Moderate wild boar turbation. Charcoal
fragments
AB 4-9 4-6 10YR 3/2 3m,c crtabk fr 1mi,vf; 2f cwW 0
10YR 4/3
Bwl 9-32 20-25 10YR 5/6 1m abk fr 1mi,vf; 2f; Im %% 0 A few mycelium. A few thin cutans
Bw2 32-54 20-25 10YR 5/3 1m sbk fr 1mi,vf; 3m,co cwW 0 Common moderate cutans
Bg 54-97+ 38-45 5YR 4/6 1m abk fr 1mi,vf,f,m,co cs 0 Mn nodules. Abundant thick cutans
10YR 5/6

Control: 3417 stems per ha; last final rotation cut of coppice implemented in 1949

Plot 2. (43.20947N, 10.7035E) Slope 12-20%; Exposure: NNE; Altitude: 337-341 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

The surface of this parcel shows a large presence of rock outcrop (=70%) and a gorge (about 20% of the soil surface cover). The rock outcrop forms an alternation of rock and small
gently sloping terraces; on the outcropping rock the soil is absent. Light wild boar activity. Emerging rock: 50%; Boulders: 5%. Soil cover: 90%. Understorey cover: 50%. Moss
cover: 10%. Vegetation. Trees: Quercus cerris L. (80%), Fraxinus ornus L., Ostrya carpinifolia Scop.. Bushes: Ruscus aculeatus L.(40%), Cornus sanguinea L., Crataegus
monogyna Jacq, Smilax aspera L., Rubus ulmifolius Schott., Daphne laureola L., Hedera helix L., Pteridium aquilinum (L.) Kunh Herbaceous layer: Cyclamen spp..Parent
material: limestone. Seil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn 8-6 2-3 - - - 0 cW 5 Light wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, R. aculeatus, C. sanguinea

OLv 6-3 1-4 - - - 0 cW 5 Light wild boar turbation. Undecomposed
leaves and branch fragments of Q. cerris, F.
ornus, R. aculeatus, C. sanguinea. Abundant

mesofauna
OH 3-0 0.5-4 7.5YR 3/2 - - Imi,vf,f cW 5 Light wild boar turbation. A few mycelium
A 0-2 2-3 7.5YR 2.5/1 2f,m sbk fr 2mi,vf,f cwW 10 Charcoal fragments. A few mycelium
Bwl 2-29 25-29 10YR 4/6  2f,m,c abk-sbk fr 1mi,vf; 2f; Im,c cW 10 A few thin cutans
Bw2 29-61 32-34 10YR 4/4 2-3f,m sbk fr 1mi,vf,f; 2m,c cW 30 A few to common thin cutans

R 61-65+ - - - - -

Plot 6. (43.21002N, 10.70252E) Slope 10-13%; Exposure: NNW; Altitude: 339-343 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Emerging rock: 10%. Soil cover: 90%. Understorey cover: 70%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L. (90%), Fraxinus ornus L, Ulmus spp., Ostrya carpinifolia
Scop., Quercus ilex L. Bushes: Ruscus aculeatus L.(60%), Cornus sanguinea L, Crataegus monogyna Jacq., Smilax aspera L., Rubus ulmifolius Schott., Daphne laureola L.,
Hedera helix L., Pteridium aquilinum (L.) Kunh. Herbaceous layer: Cyclamen spp. Parent material: limestone.

Seil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn 7-3 2-6 - - - 0 cW 0 Undecomposed leaves and branch fragments
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of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C, sanguinea

OLv 3-1 2-3 - - - 0 cw 0 Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C, sanguinea

OH 1-0 0.5-1 7.5YR 3/2 - - 1mi,vf as 0 A few mycelium
A 0-3 1-3 7.5YR 3/1 2f,m sbk fr 2mi,vf; 1f %% 0 Charcoal fragments. A few mycelium
Bwl 3-16 10-13 10YR 5/4 2f,m abk fr 2mi,vf,f,m cs 0 A few mycelium. A few thin cutans
Bw2 16-86 60-70 10YR 5/6  2f,m abk-sbk fr 2mi,vf; 3fm,co cs 0 Charcoal fragments. Common moderate
cutans
Bgl 86-126 35-40 7.5YR 4/4 2f m abk,sbk fr 1mi,vf,f,m,co cs 0 Abundant thick cutans
Bg2 126-155+ - 10YR 5/6 2fm fr 1mi,vf,f,m,co - 0 Abundant thick cutans
abk,sbk

Plot 9. (43.20682N, 10.70149E) Slope 15-18%; Exposure: NNE; Altitude: 339-344 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Emerging rock: 15%. Soil cover: 95%. Understorey cover: 50%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L. (90%), Fraxinus ornus L., Ulmus spp., Ostrya carpinifolia
Scop. Bushes: Ruscus aculeatus L. (60%), Cornus sanguinea L., Crataegus monogyna Jacq., Smilax aspera L., Rubus ulmifolius Schott, Hedera helix L., Pteridium aquilinum (L.)
Kunh. Herbaceous layer: Cyclamen spp. Parent material: limestone.

Soil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.

OLn 10-5 3-8 - - - - cW 10 Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C. sanguinea. A few mycelium

OLv 5-3 2-5 - - - 0 cW 15 Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C. sanguinea. Common mesofauna

OFr 3-2 3-4 - - - 0 cwW 15 Common mycelium
OH 2-0 2-3 7.5YR 3/2 - - Imi,vf,f cwW 15 A few mycelium
A 0-3 7-10 10YR 3/2 3fcr fr 3mi,vif; Im cW 0 A few mycelium
Bwl 3-11 15-25 7.5YR 4/4  3f,m sbk+cr fr 1mi,vf; 2f; Im cW 3 A few thin cutans
10YR 5/4
Bw2 11-27 14-15 10YR 4/2 3f,m fr 1mi,vf,f,m; 2co cwW <1 Charcoal fragments. Common thin cutans
10YR 5/4 abk+sbk
Bwb 27-48 18-20 10YR 5/6 3f,m abk- fr 1mi,vf; 3f; 2co cW 60 Common thin cutans
sbk
BCb 48-56+ - 10YR 6/4 2f,m abk fr 1mi,vf,f m,co - 60 A few to common thin cutans

Plot 10. (43.20783N, 10.70134E) Slope 7-12%; Exposure: N; Altitude: 340-343 m — Mean annual air temperature: 13.5°C — Mean annual precipitation: 750 mm.

Emerging rock: 20%. Boulders: 5%. Soil cover: 90%. Understorey cover: 60%. Moss cover: 5%. Vegetation. Trees: Quercus cerris L.(90%), Fraxinus ornus L., Ulmus spp., Ostrya
carpinifolia Scop. Bushes: Ruscus aculeatus L. (60%), Cornus sanguinea L., Crataegus monogyna Jacq., Smilax aspera L, Rubus ulmifolius Schott., Hedera helix L. Herbaceous
layer: Cyclamen spp. Parent material: limestone.

Seil (Soil Survey Staff, 2014): fine, mixed, mesic Typic Humustept.
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OLn
OLv
OH
A
AB
Bwl

Bw2

Bwb
BCb

10-5
5-3
3-0
0-3
3-8
8-16
16-32

32-51
51-60+

4-9

2-6

3-4

34

4-6

6-9
14-17

10YR 3/2
7.5YR
2.5/1
10YR 4/4
10YR 4/3
10YR 5/4

10YR 5/4
10YR 6/3

3fcr

3m abk+sbk
3m abk
3f,m abk-
sbk
3f,m sbk
2m abk

fr

fr
fr
fr

fr
fr

Imi
2mi,vf,f

2mi,vf
2mi,vf; 3f,m

Imi,vf; 3fm,c

1mi,vf; 3f; 2co

(%%

(%%

cw

(%%

cw

(%%

(%%

(%%

20

20

20
1-2

60
60

Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C. sanguinea. A few mycelium
Undecomposed leaves and branch fragments
of Q. cerris, F. ornus, R. aculeatus, Q. ilex,
C. sanguinea. A few mycelium

A few mesofauna

Charcoal fragments. A few mesofauna

Charcoal fragments. A few mycelium
A few mycelium. A few thin cutans

Charcoal fragments. Common thick cutans

A few moderate cutans

*designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.

®moist and crushed, according to the Munsell Soil Color Charts.
°1=weak, 2=moderate, 3=strong; tn=thin, f=fine, m=medium, c=coarse; cr=crumble, pl=platy, abk=angular blocky, sbk=sub-angular blocky; fi=firm; m= moist; fr=friable;
vir=very friable; w=wet; ss=slightly sticky.

dfi=firm; m= moist; fr, friable; vfr=very friable; w=wet; ss=slightly sticky.

*0=absent, vi=very few, 1=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse.
fc=clear; g=gradual; d=diffuse; s=smooth; w=weavy; I=irregular; b=broken.
¢thin=<0.5 mm; moderate=~1 mm; thick=>1 mm.
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Table S2. Bulk density and contents of C and nutrients of fine earth in the soils under Turkey oak forest submitted to
three management trials (control, moderate thinning and heavy thinning).

Trial Profile Horizon dlegrlllslil;y TOC TN Pay Ex.Ca Ex.Mg Ex.K
gcm’ g kg! mg kg!
OLn+OLv 0.35 355 13 43 n.a. n.a. n.a.
OH 0.46 139 11 20 n.a. n.a. n.a.
? A 1.01 113 6 7 9800 280 244
Bwl 1.35 12 1 3 2894 137 76
Bw2 1.25 6 1 2 3410 103 70
OLn+OLv 0.34 403 14 29 n.a. n.a. n.a.
OH 0.36 304 15 26 n.a. n.a. n.a.
A 0.98 161 8 11 6418 525 308
° Bwl 1.39 17 2 5 1481 187 47
Bw2 1.31 9 1 3 1937 184 34
OLn+OLv 0.31 409 14 43 n.a. n.a. n.a.
Control
OT+OH 0.59 n.a. n.a. n.a. n.a. n.a. n.a.
A 1.03 107 7 2 6083 391 290
9 Bwl 1.41 15 1 3 630 102 54
Bw2 1.34 11 1 2 1864 165 72
Bwb 1.28 13 1 0 4279 135 95
OLn+OLv 0.32 390 14 41 n.a. n.a. n.a.
OH 0.41 n.a n.a n.a n.a n.a n.a
A 1.00 131 7 8 10484 413 599
10 AB 1.34 35 2 0 1732 108 228
Bwl 1.43 16 1 0 1384 168 582
Bw2 1.39 13 1 0 3433 97 152
Bwb 1.38 20 1 0 4334 60 95
OLn+OLv 0.31 412 13 33 n.a. n.a. n.a.
Moderate thinning 1 OH 0.43 192 14 19 n.a. n.a. n.a.
A 1.06 135 7 9 8055 403 333
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Heavy thinning
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Bwl 1.31 18 1 1 2863 168 81
Bw2 1.29 15 2 0 5230 93 93
Bw3 1.29 10 2 0 4626 64 70
OLn+OLv 0.38 274 11 31 n.a. n.a. n.a.
OH 0.45 158 10 19 n.a. n.a. n.a.
A 1.05 118 6 8 8361 258 206
4 AB 1.44 12 1 5 4719 153 96
Bwl 1.36 12 2 3 2688 85 44
Bw2 1.36 7 1 1 2462 64 28
OLn+OLv 0.33 371 12 40 n.a. n.a. n.a.
OT+OH 0.39 255 13 30 n.a. n.a. n.a.
A 1.01 146 8 8 2950 308 243
8 Bw 1.49 11 0 0 356 61 38
Bgl 1.22 8 1 0 1952 126 65
Bg2 1.25 9 1 0 5068 127 88
OLn+OLv 0.33 383 13 52 n.a. n.a. n.a.
OH 0.40 240 14 39 n.a n.a n.a
A 0.96 148 8 17 4683 411 240
AB 1.38 27 1 3 694 118 104
2 Bwl 1.37 9 1 1 897 185 54
Bw2 1.32 6 1 0 1349 186 54
Bg 1.33 6 1 2 1697 218 50
OLn+OLv 0.35 350 12 37 n.a. n.a. n.a.
OH 0.43 196 11 24 n.a. n.a. n.a.
3 A 1.07 203 9 25 11643 483 449
Bwl 1.29 24 2 2 4558 199 131
Bw2 1.31 13 1 0 4388 124 63
OLn+OLv 0.33 369 13 41 n.a n.a n.a
’ OH 0.44 166 11 23 n.a n.a n.a



11

Bwl

Bw2

OLn+OLv
OH

A

Bw

Bgl

Bg2

OLn+OLv
OT+OH
A

Bwl

Bw2

0.99
1.37
1.37

0.32
0.45
0.98
1.44
1.46
1.26

0.32
0.40
0.87
1.47
1.37

141
22
14

385

169

112
18

417

218

132
14

13
10

15
12

15

41
21
15

45
32
21

7531
2988
3372

n.a.
n.a.
8471
1788
3210
3620

n.a.

n.a.
5478

137
1834

466
173
87

n.a.
n.a.
400
149
191
158

n.a.
n.a.
810
69
204

341
60
45

n.a.
n.a.
329
94
101
96

n.a.
n.a.
412
159
122
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Table S3. Bulk density and contents of C and nutrients of skeleton in the soils under Turkey oak forest submitted to
three management trials (control, moderate thinning and heavy thinning).

Trial Bulk density TOC N Pay Ex. Ca Ex. Mg Ex. K
gecm? gkg! mg kg
Control 2.59 3.12:107 4.05-10° 0 4759 541 27
Moderate 2.11 4.87-10° 5.02:10° 0 3365 567 19
thinning
Heavy 2.18 3.35-10° 3.98-10° 0 5127 395 14
thinning

The parameters were measured on a composite sample made by skeleton subsamples taken from all the profiles of
each management trial.
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Table S4. Stocks of C and nutrients both in the fine earth (FE) and in the skeleton (SK) fractions, for each genetic horizon of the soils under Turkey oak L.forest
submitted to three management trials (control, moderate thinning and heavy thinning). Natural Reserve of Monterufoli-Caselli forest.

Trial Profile  Horizon FE  SK C stock Cstock  Nstock N stock Pstock Pstock Mgstock Mgstock Kstock Kstock Castock Ca stock

FE SK FE SK FE SK FE SK FE SK FE SK
% T ha'! Kgha'!

OLn+OLv 95 5 61.45 0.0004 2.17  0.00005 7.51 0.00 n.a. n.a. n.a. n.a. n.a. n.a.

OH 95 5 19.32 0.0003 1.46  0.00003 2.80 0.00 n.a. n.a. n.a. n.a. n.a. n.a.

2 A 90 10 22.86 0.0002 1.17  0.00002 1.33 0.00 56.56 0.23 49.29 0.01 1979.60 2.03
Bwl 90 10 44.46 0.0023 4.75  0.00027 9.11 0.00 499.37 3.11 277.02 0.13 10548.63 2743
Bw2 70 30 25.33 0.0028 596  0.00032 7.20 0.00 412.00 3.69 280.00 0.15 13640.00  32.51

OLn+OLv 100 0 81.87 0.0000 2.88 0.00000 5.86 0.00 n.a. n.a. n.a. n.a. n.a. n.a.

OH 100 0 11.06 0.0000 0.55 0.00000 0.95 0.00 n.a. n.a. n.a. n.a. n.a. n.a.

6 A 100 O 47.31 0.0000 2.24  0.00000 3.32 0.00 154.35 0.00 90.55 0.00 1886.89 0.00
Control Bwl 100 O 31.09 0.0000 3.29  0.00000 8.67 0.00 33791 0.00 84.93 0.00 2676.17 0.00
Bw2 100 O 85.70 0.0000 10.95  0.00000 22.93 0.00 1687.28 0.00 311.78 0.00 17762.29 0.00

OLn+OLv 90 10 88.30 0.0006 3.05 0.00007 9.18 0.00 n.a. n.a. n.a. n.a. n.a. n.a.

A 100 O 33.13 0.0000 2.21 0.00000 0.53 0.00 120.82 0.00 89.61 0.00 1879.65 0.00

9 Bwl 97 3 17.27 0.0007 0.96  0.00008 3.72 0.00 115.06 0.92 60.91 0.04 710.64 8.13
Bw2 99 1 23.62 0.0014 2.11 0.00016 3.43 0.00 353.76 1.84 154.37 0.08 3996.42 16.26
Bw3 99 1 33.73 0.0017 2.64  0.00020 0.08 0.00 345.60 2.30 243.20 0.09 10954.24  20.32
OLn+OLv 80 20 87.67 0.0006 3.18 0.00007 9.23 0.00 n.a. n.a. n.a. n.a. n.a. n.a.

10 A 80 20 39.27 0.0003 1.95  0.00003 2.43 0.00 123.90 0.35 179.70 0.01 3145.20 3.05
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AB 98 2 23.50 0.0004 1.34  0.00005 0.02 0.00 72.36 0.58 152.76 0.02 1160.44 5.08
Bwl 98 2 18.11 0.0007 0.95  0.00008 0.03 0.00 192.19 0.92 665.81 0.04 1583.30 8.13
Bw2 97 3 28.24 0.0014 1.99  0.00016 0.07 0.00 215.73 1.84 338.05 0.08 7634.99 16.26
Bw3 40 60 52.44 0.0017 2.67  0.00019 0.08 0.00 157.32 2.19 249.09 0.09 11363.75  19.30
OLn+OLv 70 30 51.74 0.00035 1.69  0.00004 4.11 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
OH 70 30 16.53 0.0002 1.17  0.00002 1.62 0.00 n.a. n.a n.a. n.a. n.a. n.a
A 70 30 28.54 0.0002 1.44  0.00002 1.82 0.00 85.44 0.23 70.60 0.01 1707.66 2.03
1 Bwl 80 20 55.48 0.0020 3.96  0.00023 3.92 0.00 506.18 2.65 244.05 0.11 8626.22 23.37
Bw2 80 20 17.21 0.0008 242 0.00009 0.03 0.00 107.97 1.04 107.97 0.04 6072.03 9.14
Bw3 70 30 58.75 0.0040 9.34  0.00046 0.18 0.00 379.78 5.30 415.38 0.22 27450.68  46.73
OLn+OLv 80 20 51.78 0.0004 2.06 0.00005 5.79 0.00 n.a n.a n.a n.a n.a. n.a
OH 80 20 7.08 0.0001 0.45 0.00001 0.86 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
Moderate A 95 5 24.74 0.0002 1.22  0.00002 1.58 0.00 54.18 0.23 43.26 0.01 1755.81 2.03
thinning AB 95 5 26.56 0.0013 3.04  0.00015  10.80 0.00 330.48 1.73 207.36  0.07  10193.04 1524
Bwl 95 5 43.74 0.0023 531  0.00026 9.90 0.00 300.56 3.00 155.58 0.12 9504.77 26.42
Bw2 95 5 17.72 0.0017 3.15  0.00019 3.36 0.00 165.38 2.19 72.35 0.09 6361.81 19.30
OLn+OLv 90 10 73.45 0.0005 2.40 0.00006 7.91 0.00 n.a n.a n.a n.a n.a. n.a
OT+OH 90 10 40.21 0.0003 2.12 0.00004 4.71 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
A 99 1 29.56 0.0002 1.71  0.00002 1.52 0.00 62.22 0.23 49.09 0.01 595.90 2.03
° Bw 99 1 30.23 0.0016 0.98  0.00018 0.08 0.00 163.60 2.07 101.92 0.08 954.79 18.29
Bgl 99 1 17.49 0.0017 1.99  0.00019 0.07 0.00 292.07 2.19 150.67 0.09 4524.74 19.30
Bg2 99 1 30.66 0.0024 3.82  0.00028 0.11 0.00 444.50 3.23 308.00 0.13 17738.00  28.45
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OLn+OLv 95 5 88.64 0.0006 3.03 0.00007 12.11 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
OH 95 5 19.03 0.0002 1.12 0.00002 3.08 0.00 n.a. n.a n.a. n.a. n.a. n.a
A 100 O 56.96 0.0000 2,92  0.00000 6.41 0.00 157.82 0.46 92.16 0.02 1798.27 4.06
12 AB 100 O 18.60 0.0000 0.82  0.00000 1.79 0.00 81.42 0.58 71.76 0.02 478.86 5.08
Bwl 100 O 27.48 0.0000 1.73  0.00000 3.47 0.00 582.94 2.65 170.15 0.11 2826.45 23.37
Bw2 100 O 16.10 0.0000 1.56  0.00000 0.09 0.00 540.14 2.53 156.82 0.10 3917.50 22.35
Bg 100 0 3491 0.0000 3.33  0.00000 9.15 0.00 1246.74 4.95 285.95 0.20 9705.14 43.69
OLn+OLv 95 5 48.85 0.0003 1.73 0.00004 5.16 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
OH 95 5 16.75 0.0002 0.93 0.00002 2.09 0.00 n.a n.a n.a n.a n.a. n.a
3 A 99 1 43.48 0.0002 1.93  0.00002 5.29 0.00 103.36 0.23 96.09 0.01 2491.60 2.03
Bwl 99 1 31.31 0.0009 229  0.00010 2.06 0.00 256.71 1.15 168.99 0.05 5879.82 10.16
Bw2 99 1 30.72 0.0016 3.53  0.00018 0.07 0.00 292.39 2.07 148.55 0.08 10346.90  18.29
OLn+OLv 85 15 72.59 0.0005 2.62 0.00006 8.08 0.00 n.a n.a n.a n.a n.a. n.a
OH 85 15 7.28 0.0001 0.49  0.00001 1.01 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
tlljzi\i/r}l/g 5 A 80 20 27.84 0.0002 1.24  0.00002 2.95 0.00 92.27 0.23 67.52 0.01 1491.14 2.03
Bwl 80 20 48.13 0.0014 3.53  0.00016 10.74 0.00 379.22 1.84 131.52 0.08 6549.70 16.26
Bw2 80 20 74.78 0.0034 8.75  0.00039 16.03 0.00 464.84 4.49 240.44 0.18 18016.60  39.62
OLn+OLv 95 5 61.46 0.0004 2.00  0.00005 6.59 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
OH1 95 5 22.79 0.0003 1.35 0.00003 2.79 0.00 n.a n.a n.a n.a n.a. n.a
7 OH2 95 5 0.00 0.0002 0.00  0.00002 0.00 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
A 90 10 22.03 0.0002 1.35  0.00002 2.88 0.00 78.40 0.23 64.48 0.01 1660.32 2.03
Bw 98 2 39.46 0.0013 236 0.00015 0.06 0.00 321.84 1.73 203.04 0.07 3862.08 15.24
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Bgl 99 1 31.40 0.0021 3.59  0.00024 6.83 0.00 669.26 2.76 353.90 0.11 11247.84  24.38
Bg2 99 1 26.55 0.0024 2.82  0.00028 0.11 0.00 557.42 3.23 338.69 0.13 12771.36  28.45

11 OLntOLv 90 10 79.53 0.0005 2.94 0.00006 8.56 0.00 n.a. n.a. n.a. n.a. n.a. n.a.
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CHAPTER 3 - IMPACT OF THE MANAGEMENT ON THE
SOIL ORGANIC C AND NUTRIENTS (N, P, Ca, Mg, K)
STORAGE CAPACITY IN FORESTS WITH SOILS

DEVELOPED ON DIFFERENT PARENT MATERIALS
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Abstract

In forest ecosystems, soil-plant interactions drive the physical, chemical, and biological soil
properties and, through soil organic matter cycling, control the dynamics of nutrient cycles. Parent
material also plays a fundamental role in determining soil’s chemical properties and nutrient
availability. In this study, eight long-time coppice-managed Holm oak forests under conversion to
high forest, located under similar climatic conditions in Tuscany and Sardinia Regions (Italy), and
grown on soils developed from three different lithologies (limestone, biotite granite, and granite
with quartz veins) were evaluated. The research aimed to a) estimate the amount of C and nutrients
(total N and potentially available P, Ca, Mg, and K) stored both in the organic, organo-mineral, and
mineral horizons and at fixed depth intervals (0-0.3 and 0.3-0.5 m), and b) assess the dominant
pedological variables driving elemental accumulation. The soils were described and sampled by
genetic horizons and each sample was analyzed for its C and nutrient concentration in both the fine
earth and skeleton fractions. Despite the different parent materials from which the soils had
evolved, the physicochemical properties and the C and nutrient stocks for the 0-0.3 and 0.3-0.5 m
layers did not show substantial differences among the eight soils. Conversely, some differences
were observed in the stocks of potentially available P and Ca per 0.01 m of mineral horizons. The
findings show that over time, plant-induced pedogenic processes (acidification, mineral weathering,
organic matter addition, and nutrient cycling) almost obliterated the influence of parent materials on
soil properties. This resulted in the upper soil horizons that showed similar characteristics, even
though derived from different lithologies. However, among the study sites, some differences
occurred due to lithology, as in the case of the soils derived from calcareous parent materials that
had high concentrations of exchangeable Ca in the mineral horizons and, likely, to environmental
variables (e.g., exposure), which possibly influenced litter degradation and the release of nutrients

such as N and available P.

Keywords: forest soil, soil organic matter, soil horizons, parent material, forest management
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1. Introduction

In forest environments, a complex and intimate relationship exists between plants and soil that
occurs through interactions among root activity, canopy coverage, and litter production and quality
that lead to different physical, chemical, and biological soil properties (Agnelli et al., 2016; De
Feudis et al., 2019). Concurrently, the degradation of organic matter by the soil microbial
community ensures that nutrients are available for plant growth (He et al., 2020). In this web of
interactions, parent material plays a key role in determining the soil’s chemical and biochemical
properties (Cardelli et al., 2017). The nature of the parent material affects pH, texture, and nutrient
supply and induces distinct levels of soil fertility which subsequently influence the composition and
abundance of vegetation (Skorupa et al., 2017) and the amount and quality of soil organic matter
from litter input (Brock et al., 2019).

The current stock of C in the world's forest soils (0-1 m thickness) is estimated to be 383 +£ 30 Pg C
(Pan et al., 2011), 44% of the total C stocked by forest ecosystems. However, its value may vary
depending on the methodology used for estimation (De Feudis et al., 2022) which could be
improved by accounting for the C pool of the soil rock fragments (Agnelli et al., 2002; Corti et al.,
2002). Concurrently, organic C cycling and storage in forest soils drive ecosystem functionality,
mitigate climate change, and contribute to forest sustainability (Cutini et al., 2021). The relevance
of soil C is also due to its robust link with N and P cycles (Innangi et al., 2017; Vinduskova et al.
2019). Indeed, organic C mineralization is controlled by N and P availability and their
stoichiometric ratios because of their key role in regulating the abundance and activity of the soil
microbial community (Kirkby et al., 2013; Zheng et al., 2021). While N in the terrestrial ecosystem
comes from atmospheric N> fixation and the soil N, mostly in organic form, becomes available to
living organisms via decomposition and mineralization of organic matter by soil microbial
community (Alarcon-Gutiérrez et al., 2008; Marco et al., 2016), the main source of soil P is rock
weathering (Walker and Syers, 1976). The inorganic P derived from the weathering of parent rock

can precipitate as phosphatic salts with very low solubility, be strongly bound to reactive secondary
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minerals, and be immobilized in organic forms (Arenberg and Arai, 2019). Several authors (e.g.,
Biinemann et al., 2016; Brodlin et al., 2019) reported that in forest ecosystems the mineralization of
organic matter is the main source of N and P, especially in the organic and organo-mineral horizons
(O and A horizons, respectively). In the mineral horizons, the differential sorption of inorganic N
and P may result in their availability to plants becoming imbalanced (Brddlin et al., 2019).

Although C, N, and P are important to forest functionality (e.g., Marco et al., 2016; Innangi et al.,
2017), information on the soil-forming factor(s) involved in C, N, and P accumulation in forest soils
of the Mediterranean basin, especially under Holm oak (Quercus ilex L.) forests, is scarce. Holm
oak forests represent 4.4% of the woodlands of the Mediterranean region and are adapted to a wide
range of pedoclimatic conditions (e.g., Alarcon-Gutiérrez et al., 2008; Gimeno et al., 2009; FAO,
2019; Vacca et al., 2018). In Italy, Holm oak forests account for 7.2% of high forests (CFS and
CRA-MPF, 2005), are mostly in pure stands, and are generally managed by coppicing. Reduced use
of wood biomass as fuel during the past 50 years (Unrau et al., 2018) has generally resulted in their
conversion to high forests (CFS and CRA-MPF, 2005). This evergreen broadleaved oak is highly
adaptable and, since its habitat is in an old and massively populated part of the world, most Holm
oak forests have been subjected to intensive management and anthropic disturbances that have
modified the soil-vegetation system (Carrari et al., 2017; Pulido et al., 2001; Gonzélez et al., 2012)
and, consequently, their capability to stock C, N, and P into the soil.

Given the abovementioned observations, this research assesses the influence of soil-forming
factor(s) in eight Holm oak forests on the accumulation of C and nutrients in the soil. The selected
forests had similar management histories (stored coppices in conversion to high forest) but grew on
soils developed from three different parent materials and were located in three Italian locations of
the northernmost range of the species. The aims of the study were to: 1) estimate the amount of C
and nutrients (total N and potentially available P, Ca, Mg, and K) stored in the litter layer and in
two depth intervals (0-0.3 and 0.3-0.5 m) within the mineral soil and, 2) appraise the variability of

these stocks to assess the dominant pedogenic variable driving the elemental accumulation. We
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hypothesize that, because of the potential influence of the parent material in the pedogenetic

processes, differences of soil C and nutrients stocks occur among the tree sites.

2. Materials and methods

2.1. Study sites

Eight study sites within three long-time coppice-managed forests (Fantini et al., 2020) with Holm
oak as the dominant tree species were selected in two Italian regions, Tuscany and Sardinia (Figure
1). All the forests were coppiced during conversion to high forest. The soils under the three forests
had developed on different parent materials. Detailed information on the eight study sites is
reported in Table S1 of Supplementary Materials and are summarized here below.

Three sites (Alberese, Poggio ai Lecci, and Albatraia) were selected within the Maremma Natural
Park (total area 8,902 ha), on the southern Tuscan coast (Italy). These study sites were located
between 133 and 387 m above sea level (a.s.l.), with a dominant exposure between NNW and W
and a steep slope between 15 and 25%. In all the areas there were signs of intense erosion, which
could have been partly favoured by the turning activity of wild boars and by the discharge of the
stemflow solution that produced rills originating at the base of the stems. The mean annual air
temperature (MAAT) ranged from 13.3 and 14.3 °C and the mean annual precipitation (MAP) from
630 to 658 mm. According to the Kdppen Classification (Peel et al., 2007), the sites were submitted
to a Hot-Summer Mediterranean climate (Csa). The stand, aged 74 years, was characterized by a
mean of 1805 trees ha™!, a basal area of 32 m? ha™!, a mean tree diameter at breast height (Dbh) of
0.16 m, a mean tree height of 13 m, and a dominant height of 17 m. The soils had developed on
calcareous parent materials that were represented by massive limestone with veins of calcite and
flintstone at Alberese, calcareous sandstone interbedded with yellowish schistose marls with a small
presence of anagenite and limestone at Poggio ai Lecci, limestone with flintstone veins and a small

presence of anagenite at Albatraia. All the soils were very skeletal.

-71-



Three sites (Is Cannoneris 1, Is Cannoneris 2, and Is Cannoneris 3) were selected within the Is
Cannoneris Regional property forest (total area 4,800 ha) located in the southern part of Sardinia
(Italy). The three study sites were between 905 and 915 m a.s.l., with a dominant exposure between
SSE and E and two main slopes, one of 15-20% (Is Cannoneris 1 and 2) and the other of 30-40% (Is
Cannoneris 3). Despite the steep slope, soil erosion was generally low, while the disturbance caused
by wild boar rooting activity was intense. The MAAT was 12.3 C° and the MAP was =615 mm.
According to the Koppen Classification (Peel et al., 2007), the sites were submitted to a Hot-
Summer Mediterranean climate (Csa). The stand, aged 62 years, showed an average of 2200 trees
ha’l, a basal area of 31 m? ha'!, a mean tree Dbh of 0.16 m, a mean tree height of 12 m, and a
dominant height of 13 m. The soils had developed on biotite granite and were poorly skeletal.

Two sites (Sette Fratelli 1 and Sette Fratelli 2) were selected within the Sette Fratelli Regional
Natural Park (total area 9,887 ha) located in the South-Western part of Sardinia (Italy). The two
study sites were between 760 and 778 m a.s.l., with a dominant exposure between SW and E and a
gentle slope (about 5%). Due to the gentle slope of the area, soil erosion was low. MAAT and MAP
were 12.5 C° and =695 mm, respectively. According to the Kdppen Classification (Peel et al.,
2007), the sites were submitted to a Hot-Summer Mediterranean climate (Csa), The stand, aged 69
years, had an average of 2314 trees ha’!, a basal area of 42 m? ha'!, a mean tree Dbh of 0.16 m, a
mean tree height of 12 m, and a dominant height of 16 m. The soils had developed on granite with

quartz and pegmatite veins and were very skeletal.

-72 -



5056! 9029! 12051f 15059! 19002;
47°04’
44°43’
Tuscany
ALBERESE .
| | POGGIO AI LECCI 42°05
ALBATRAIA
S&?’diﬂiﬂ 39018’
SETTE FRATELLI 1
SETTE FRATELLI 2
- q1‘
Sardinia 37°02’
IS CANNONERIS 1 s A N
IS CANNONERIS 2
IS CANNONERIS 3
- 0 100 200 km
N
| 36°09’

Fig. 1. Study sites location in Tuscany and Sardinia regions, Italy.

2.2 Soil trenching, morphological description, sampling, analysis
At each study site, soil profiles were exposed in areas that varied according to the topography: i) in

the sites of Alberese, Poggio ai Lecci, and Albatraia the profiles were located in areas of 600 to
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1000 m?; ii) in the Is Cannoneris sites the study areas ranged from 800 m? for that on the steeper
slope, and from 1000 to 1200 m? for those on the gentler slopes; iii) in the Sette Fratelli sites the
study areas ranged from 1500 to 2000 m?.

Following the protocol reported by Camponi et al. (2022), each soil profile was dug at about 1 m
downslope from the stem of one of the oldest trees present in the sampling area and until the lithic
contact or the depth of =<1 m. The organic horizons were morphologically described according to
Baize et al. (2008) and sampled in an area of about 3-4 m? around each profile. The morphology of
the organo-mineral and mineral horizons, together with their content of cobbles and stones, were
described by Schoeneberger et al. (2012). Soil morphologies together with general information
about the areas are reported in Table S1 of Supplementary Materials.

Soil samples (=3 kg) were collected by genetic horizons. At the time of sampling, two horizontal
soil cores per each horizon were taken by steel cylinders of 503 cm?® (diameter 7.7 cm, height 10.8
cm) for the soil bulk density determination. For the organic horizons, the bulk density was
estimated by pedotransfer functions (De Nicola et al., 2014). All collected samples were stored in a
refrigerated bag during the field operations and, once in the laboratory, they were allowed to air-
dry. Both mineral samples and soil cores were then sieved at 2 mm to separate the fine earth (< 2
mm fraction) from the skeleton (> 2-mm fraction).

The particle-size distribution was determined by the pipette method (Gee and Or, 2002), and pH
was determined potentiometrically in water (1:2.5 v:v) (Cardelli et al., 2019). Total organic carbon
(TOC) concentration was estimated by the Walkley-Black method (Nelson and Sommers, 1996),
while the contents of total N (TN) was determined by dry combustion analyser (EA-1110, Carlo
Erba Instruments, Milan, Italy). Potentially available P (Pay) was estimated by the Olsen method
(Olsen, 1954). Potentially available Ca (Caav), Mg (Mgay), and K (Kav) were displaced by a 0.2 M
BacCl; solution (solid:liquid ratio 1:10) (Corti et al., 1997) and analyzed with a Shimadzu AA-6300
spectrophotometer (Tokyo, Japan). Methodologies are detailed in Points 1 and 2 of Supplementary

Materials.
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2.3 Data treatment, stock calculation, and statistical analysis

Because of the soil variability, profiles showed differences in the sequence of horizons. Thus,
genetic horizons were grouped into soil tiers based on their nature: i) organic (O) tiers, made of
well-expressed OL (OLn, OLv, OLt) and OH horizons, and of a mix of them (OLn/OLv, OLt/OH,
and OLn/OLv/A); ii) organo-mineral (OM) tiers, grouping A, AB, E and EB horizons; and iii)
mineral (M) tiers, formed by BA, Bw, BC, C&B, and C horizons (Table 1). The properties of the
soil tiers were obtained by calculating the weighted mean of each property based on the mean
thickness of each horizon. The element stocks for the 0-0.3 and 0.3-0.5 m of soil depth intervals
were calculated considering the thicknesses of each genetic horizon, while the storage capacity per
0.01 m of each tier were obtained from the stocks of each horizon forming the tier itself, as
described in Point 2 of Supplementary Materials. The differences among samples were tested by
one-way analysis of variance (ANOVA) with R software, after checking the normality of the
residual and homoscedasticity of the dataset by the Shapiro-Wilk statistical test and Levene's test at
a 5% of significance level, respectively. Assumptions were not violated and Tukey's Honest

Significant Difference (HSD) test with P<0.05 was used to compare differences among means.
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Table 1. Average morphological properties of the soil profiles under Holm oak (Quercus ilex L.) forests on three different parent materials (calcareous, biotite granite,

granite with quartzite), according to each soil tier. Tuscany and Sardinia, Italy. For symbols see legend.

Tier Horizons? Depth® Thickness®  Colour! Structure® Consistence’ Roots® Boundary®  Skeleton'  Other observations
m m %
Site location: Alberese, Poggio ai Lecci, and Albatraia
Parent material: Calcareous; mean slope.: 15-25 %, exposure: from NNW to W; average soil cover 60 %
Evident boar
ow activity signs;
. OL; OLn; - charcoal kilns;
Litter OLv: OH 0.04/0.02-0 0.02-0.04 SYR 3/2 - - 0 cb 40-60 undecomposed
ab .
leaves and little
branches
5YR 3/1 :
Organo- ) AR 0.0.08/0.04 004008  7.5YR 3fer fr 2mi,vf,f,m ow 40-60 Mycelium
mineral 25/ 1-3f m cr+sbk fi 3mi,vf,fm,co aw
Mineral oot 0080004 oo SYR46  3mcabksbk fr 2mi,vEf; 3meo cw oo yeehum altered
> 0.35/0.65+ ’ ’ 10YR 7/3 Im abk fi 2mi,vf,f,m,co SW ) & ’
C&B nuciform structure
Site location: Is Cannoneris
Parent material: Biotite granite; mean slope: 17-35 %, exposure: from SSE to E; average soil cover 65 %
Boar activity signs;
OLt, OH; IOYR6/3 1 £ m sbk-abk i 0 ¢ oo, anou and
Liter ~ OLn/OLv;  0.08/0.06-0  0.06-0.08 syR - o LmivE b 10-15 Lt b b
OLt/OH 2.5/1 v vh :
mesofauna;
mycelium
10YR 2/2 2mi,vf, f )
Organo-  A;ABIES 6002007 0.02-007  7.5YR o1 m grsbkeabk fr 3mivEf; cw 10-25 Mesofauna,
mineral EB 1-2 f,m cr-sbk cb mycelium
4/6 Im
7.5YR Imi,vf,m,co
. Bw; BC; 0.02/0.07- - P cW Mesofauna,
Mineral C 0.65/1.12+ 0.58-1.00 4/451/2YR 3fm sbk-abk fr 32fmr;,vg,0 cb 25-95 micelyum

Site location: Sette Fratelli
Parent material: Granite with quartzite; mean slope: 5 %, exposure: from SW to E; average soil cover 100 %
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Evident boar

OLn/OLv/ 7.5YR activity signs;
A: 2.5/] charcoal kilns;
Litter OLYOH: 0.04/0.03-0 0.03-0.04 7 5YR - - 0 cW 60 16;1\1}1;1:0;):011[.);)586;111(1
OLt 2.512 little branches;
mesofauna
Oreano- 7.5YR 26 m sbk 1mi,vf; 1f
8 A; EB 0-0.02/0.08 0.02-0.08 2.5/2 fr 2mi, vf,f; 1m; cW 20-60 Mycelium
mineral 3f sbk-abk
10YR 4/3 3co
7.5YR
) ) 3/410YR 1mi,vf,f,co
Mineral BW’CBC’ 8 '7052//8 'gét 0.64-0.72 4/6 ;‘Ef:é‘k fi 2mivf: ow 25-95 ]
’ ’ 7.5YR 3f,m,co
5/4

?Horizons: designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.

b Depth: numbers separated by slash (/) indicate the range of depths observed in the profiles, while the hyphen (-) means “from (what is before it) to (what is after it)”.

¢ Thickness: referred to the lowest and highest mean thickness.

4 Colour: moist and crushed, according to the Munsell Soil Color Charts. The reported colours are the extremes for the horizons considered.

¢ Structure: 1=weak, 2=moderate, 3=strong; th=thin, f=fine, m=medium, c=coarse; cr=crumb, abk=angular blocky, sbk=sub-angular blocky, pl=platy. The reported structures are the extremes
for the horizons considered.

fConsistence: fr=friable, fi=firm.

g Roots: O=absent, vi=very few, 1=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse. The reported roots abundances are the extremes for the horizons
considered.

" Boundary: a=abrupt, c=clear; g=gradual; d=diffuse; s=smooth; w=weavy; i=irregular; b=broken.

i Skeleton: by sight, according to the “percent of area covered” tables reported in Schoeneberger et al. (2012). The reported values are the extremes for the horizons considered.
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3. Results

3.1 Site and soil properties

The Holm oak forests selected for this study were subjected to two main soil disturbances, one
natural represented by wild boar activity and one of anthropogenic nature due to the past forest
exploitation for firewood and charcoal production (Table 1 and Table S1 of Supplementary
Materials).

The soils developed on calcareous parent materials (CA) (Alberese, Poggio ai Lecci, and Albatraia,)
displayed a soil cover from 50 to 80% with abundant (40-60%) skeleton (cobbles and stones). The
litter layer was poorly developed, with a thickness of 0.02-0.04 m; the organo-mineral and mineral
horizons comprising the solum had an average thickness ranging from 0.04 to 0.08 m and from 0.27
to 0.60 m, respectively. The organo-mineral horizons showed a moderately to strongly developed
granular to sub-angular blocky structure that became strongly developed angular and sub-angular
blocky in the mineral horizons. Soil skeleton was abundant, amounting to >40% on average, and
generally increased with depth.

At the sites on biotite granite bedrock (BG) (Is Cannoneris), the soil cover ranged from 55 to 75%
and was partly due to rock fragments (pebbles and cobbles). A common feature of these areas was
the presence of dead-standing trees of Arbutus unedo L.. The litter layer was relatively well
developed with a thickness of 0.06-0.08 m; the thickness of the organo-mineral horizons ranged
from 0.02 to 0.07 m, while that of the mineral horizons forming the solum was from 0.58 to 1.0 m.
The soil structure consisted of strongly developed granular and sub-angular blocks in the organo-
mineral horizons and strongly developed angular and sub-angular blocks in the mineral horizons.
As a whole, the soil skeleton amounted to 10-95% and increased with depth.

The sites on granite with quartz veins bedrock (GQ) (Sette Fratelli) showed a soil surface covered
by abundant (60%) rock fragments (cobbles and stones). In addition, there were many dead-
standing trees of Arbutus unedo L. and remains of charcoal kilns. The litter layer was poorly

developed with a thickness of 0.03-0.04 m; the organo-mineral horizons were 0.02 to 0.08 m thick
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and the mineral horizons had a thickness from 0.64 to 0.72 m. The organo-mineral horizons had a
moderately to strongly developed sub-angular blocky structure, while the mineral horizons
displayed a strongly developed angular and sub-angular blocky structure. Soil skeleton was

abundant, on average amounting to 20-80%, generally increasing with depth.

3.2 Soil physicochemical properties and C and nutrient stocks

0O, OM, and M tiers was moderate to slight acid reaction (pH values between 5.86 and 6.15), with
differences among the three lithologies only for OM horizons (Table 2). As expected, soils
developed on CA displayed slightly higher values than the other lithologies (row data,
significances, and statistical F value are reported in Tables S2, S3, and S4a/b of Supplementary
Materials). Considering the particle-size distribution of OM and M tiers, GQ soils had the highest
sand content whereas BG soils and, to a lesser extent, CA soils had the largest silt content. These
latter soils also showed the largest clay content in the M tier. Consequently, the texture classes of
OM and M tiers were respectively sandy loam and clay loam for CA soils, and sandy loam and
loamy sand for BG and GQ soils. In each group of soils, the O tier had the largest TOC, TN, and Pay
contents, which decreased in the tiers below. Comparing the soil properties according to the
different parent materials, the OM tier of CA soils had the largest TN content, while the M tier of
GQ soils had a greater P,y content than that of CA and BG soils. TOC content did not differ
significantly among the three lithologies (Table 2).

The stocks of elements in the litter and at fixed depth intervals (0-0.3 and 0.3-0.5 m) showed similar
values among the three lithologies except for the Pay content in the litter (Table 3), which was the
largest in BG soils and the lowest in CA soils. The contribution of the skeletons to the stocks was
null for C, TN, and Pay but it ranged from =<6 to =50 % for Caay, from =1 to =99 % for Mgay, and
from =1 to =96 % for K,y (Table S3).

When expressed per 0.01 m thickness, soils derived from the three parent materials did not show

any difference in their capacity to store C and nutrients, with the exceptions of P,y and Caay in M
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tiers (Figure 2). Indeed, GQ soils showed a higher capacity to store Pay than CA and BG soils, while
the largest amount of Caay was stored in CA soils. However, within each lithology, a different
storage capacity occurred along the soil profiles. Although a constant decreasing trend occurred
from organic to mineral tiers for the organic C stock in all three lithologies, the decreases in profile
stocks of TN and P,y were less, especially for CA and GQ soils. The amount of Caa, decreased
toward the mineral horizons in CA and GQ soils, but it did not change with profile depth for BG

soils. The 0.01-m stocks of Mgay and Kay decreased from the OM to M tiers.
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Table 2. Mean values of pH, particle-size distribution, and contents of total organic carbon (TOC), total nitrogen (TN), and potentially available
phosphorus (Pav) of the organic, organo-mineral, and mineral tiers of the soils under Holm oak (Quercus ilex L.) stands developed from three
different lithologies (calcareous, biotite granite, and granite with quartz veins). Tuscany and Sardinia, Italy. Numbers in parentheses are the
standard deviations. Columns with different lowercase letters indicate differences among tiers within each soil, columns with different capital

letters indicate differences among soils for the same tier, both at P<0.05 level of significance.

Parept Tier N pH Particle-size distribution TOC N Pay
material
Sand Silt Clay
gkg' gkg'! mg kg'!

o @ Organic 5 609(025)* n.a. n.a. n.a. 383.31(104.87) 11.35(0.86) ™ 15.87(2.77)*
2 8 £
O O =
%f}ﬁ %ﬁf;gl 5 637(0.50)*  646(97)*B  286(51)" 69 (48) A 101.62(19.59) *A 7.22(1.17)°A 11.30 (4.92) *
ség

L O

O

%3 Mineral 9 598(1.51)* 375(127)"®  33327)*®  293(129)**  20.02(14.13) 1.03(0.63) A 1.22(0.76) "8
22 Organic 8  5.82(0.24)* n.a. na. na. 276.53(108.43) 11.50(1.53) % 20.18(5.75)
g o

c g

& 2  Organo- abB aB bA bA bA bB bA
2 E Mool 6 S720038)™ 589(127)®  316(98) 79(48) 72.69(25.74) 4.15(1.88) 7.69(7.61)
=T

2 O

AE  Mineral 9  546(025)%  41827)%B  420(19)*A  163(20)°® 18.19(10.27) ¢A 1.02(0.48) A 0.66 (0.44) B
S = Organic 4  6.13(0.18)* n.a. na. na. 215.80(152.06)* 10.04(3.78) 19.67(7.88) ™
ER-R-
2 E &rganol' 4 6.15(0.30)*B  778(78)*A  169(50)*  53(38)bA 70.71(26.52) °A 4.18(1.87)%8 11.12(6.25) A
g %g mera
=

A Mineral 4 5.86(0.67)* 662(100)*  192(66)*C  147(39)*® 33.16(33.49) A 1.01(0.42) A 2.47(1.98)A
S

N is the number of genetic horizons grouped in the tier.

n.a. = not available data.
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Table 3. Stocks of C, total N (TN), and potentially available P (Pay), Ca (Caav), Mg (Mgay), and K (Kav) in the litter and in the layers 0-0.3 m
and 0.3-0.5 m for the soils under Holm oak (Quercus ilex L.) stands developed from three different parent materials (calcareous, biotite
granite, and granite with quartz veins). Tuscany and Sardinia, Italy. Numbers in parentheses are the standard deviations. Columns with
different lowercase letters indicate differences among soil layers within each parent material, different capital letters indicate differences

among parent materials for the same soil layer, both at P<0.05 level of significance.

nf;[reiril;l Layer Layer thickness C TN Pav Caay Mgay Kav
m Mg ha! kg ha'! Mg ha'!
@ Litter 0.032(0.013)A  37.89(16.37)*  1.11(0.57)"*  1.52(0.93)® na. n.a. na.
82
% - 0-0.3 m ; 66.06(26.52)™  4.68(2.17)™  5.67(2.23)*  93.94(59.55)* 7.02(3.86)* 5.07(2.39)*
5253 0.3-0.5m ; 25.89(26.50)*  1.07(0.85)*  1.32(0.61)*  53.25(52.80)* 3.66(0.91)* 1.43(0.17)*
2= Litter 0.064(0.029)A  97.20(47.25)*  4.50(2.51)™*  6.84(3.34)* na n.a na
5 2
Qe aA aA aA aA aA aA
o £ 0-0.3 m - 99.64(9.69) 5.49(0.38) 7.38(5.07)*  30.06(15.96)* 4.90(1.27)* 3.83(1.08)
% 8
a2l 0.3-0.5m _ 27.72(522)%  1.53(0.36)  0.91(0.28)*  5.44(3.07)*  2.43(1.00)* 2.10(0.92)*
. = Litter 0.027(0.015)*  33.38(23.08)*  1.60(0.96)**  3.18(1.86)*P na. n.a. n.a.
S2%
s = 0-0.3 m ; 108.34(27.77)*  6.73(2.30)*  16.02(7.03)* 56.34(44.01)* 6.81(3.31)* 6.19(4.11)*
s 38
g o3
S =2 0.3-0.5m - 83.41(65.98)™  2.07(0.69)™  5.59(5.58)* 13.17(13.99)** 3.36(0.82)* 2.46(1.92)*

n.a. = not available data
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4. Discussion

4.1. Soil-forming forces drive soil properties and C and nutrient stock

Several authors have recognized that plants can influence soil properties like pH, organic carbon
and N contents, and soil organic matter (SOM) composition, and enhance mineral weathering (e.g.,
by micorrhizal-roots exudates) through their biological activities (e.g., Sorenson et al., 2011;
Adamczyk et al., 2016; 2019). However in the present study, soils displayed limited differences in
terms of physicochemical properties, even though they originated from different parent materials.
This similarity may be induced by the long time over which the Holm oak forests have covered
these areas. The similar pH of soils derived from acid (BG, GQ) and alkaline (CA) parent rocks
supports this view. Such a levelling of soil pH was possibly due to the long weathering processes
faced by these soils, whose drivers were the accumulation of humus, the loss of basic cations
through leaching and tree uptake, and the production of organic acids (Richter et al., 2007; Agnelli
et al., 2016). Although CA soils should need a longer time or a higher weathering rate to reach a
certain level of acidity when compared with soils developed from non-calcareous parent materials
(Cocco et al., 2013), the high availability of nutrients and the consequent plant absorption may have
promoted a heavy release of protons to counterbalance cation uptake (Neumann and Rémheld,
2012). Further, according to Corti et al. (2019), throughfall and stemflow solutions produced by oak
species are an important source of protons that contribute to soil weathering and carbonate
dissolution in forest ecosystems. Even though slight differences in soil texture due to the nature of
the parent materials occurred, all the soils showed an increase in clay content from the organo-
mineral to the mineral horizons that may have been caused by illuviation processes. Since the
occurrence of lessivage requires soil stability to produce an appreciable translocation of clay
particles throughout the soil profile, the increase of clay content with depth could be interpreted as a
further indication of the long period during which the forest land use has been maintained (Quénard

etal., 2011; Calabrese et al., 2018).
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The similar content of P,y in organic and organo-mineral horizons of soils developed from different
lithologies again indicates the lengthy pedogenesis that occurred in the solum, thus diluting, or even
obliterating, the influence of the parent materials on the soil properties. In general, soils derived
from limestone are expected to have a lower P availability than those derived from acidic rocks like
granite. This is because the alkaline pH and the high Ca concentration insolubilize phosphates
(Penn and Camberato, 2019; Wilson et al., 2022). In the present study, the combined effect of
slightly acid pH and large amounts of SOM in the upper horizons of the CA soils would have been
counterbalanced to some extent by P precipitation as Ca-phosphate. At depth, the limited intensity
of the pedogenic processes reduced P availability. In GQ soils, which had a higher P,y concentration
than in CA and BG soils, P availability may have been influenced by the effect of other
environmental variables (e.g., exposure) on SOM degradation (e.g., Scharenbroch et al., 2007; Egli
et al., 2009; Cheng et al., 2021). In particular, the dominant SSE/SW facing forest soils on GQ
would have increased the amount of solar radiation that reached the ground, fostering SOM
mineralization with a consequent release of P in the mineral horizons. According to Egli et al.
(2009), who reported a higher SOM degradation in alpine soils on south-facing rather than north-
facing exposures, the north-facing exposure of CA soils fostered both SOM accumulation and
higher TN concentration in the organo-mineral horizons. It was probably because of this that the Pay
stock was higher in the litter of BG soils than in that of CA soils, while the values of the other
stocks showed no difference among the lithologies due to the prolonged influence of Holm oak
activity. The approach used in this study elucidated the important contribution of rock fragments to
the stocks of soil elements that, for Caav, Mgav and Kav, ranged from =1 to =99% (Table S3 of
Supplementary Materials). These results suggest that restricting soil chemical analyses to the fine
earth fraction while concurrently discarding the skeletal fraction (Ugolini et al., 1996; Johnson and
Turner, 2019), neglecting the contribution of the rock fragments and/or using the skeletal content as
a diluent of the fine earth properties result in a significant underestimation of the soil’s nutrient

contents (Corti et al., 2002). Indeed, aside from those consisting solely of quartz, rock fragments
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may contain considerable amounts of nutrients and, depending on their lithology and degree of
alteration, may represent a large reservoir of C, N, and soil nutrients such as Ca, Mg, and K (e.g.,

Ugolini et al., 2001; Corti et al., 2002; Cuniglio et al., 2009; Agnelli et al., 2017).
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the soils under Holm oak (Quercrs e L) stands over three different lithologies [calcareous (CA), granite with biotite
(BG) and granite with quartzite (GQ)] in Tuscany and Sardinia, Ttaly. Whiskers are the standard deviations. For each
property, different lowercase letters indicate di fferences among tiers within each soil, different capital letters indicate
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4.2. Holm oak influence on C and nutrient storage capacity

The 0.01-m stock values showed that no difference occurred among the soils, with the exceptions of
Pav and Caay in the mineral horizons, strengthening the role of Holm oak biological activity as a
factor obliterating the influence of the parent material in the accumulation of soil organic C (SOC)
and nutrients. In general, the upper horizons (O and OM tiers) stored greater amounts of SOC and
nutrients, and this ability decreased with depth. The stocks of organic C and TN in the organic and
organo-mineral horizons were due to the large amount of organic matter in the upper part of the
solum, and P,y and other nutrients to a biocycling-driven redistribution through the processes of
rock weathering, uptake of nutrients by plants and their return to the soil through litter,
rhizodeposition, and dead roots, and their release from organic structures via SOM mineralization
(e.g., Bonifacio et al., 2015; Pistocchi et al., 2018; Ni et al., 2021). According to Bonifacio et al.
(2013), in less fertile soils like those developed on BG and GQ, the release of nutrients from
organic layers through SOM decomposition and their availability in the upper horizons are key
factors in supporting plant nutrition.

At depth, where SOM is more stabilized by mineral colloids (e.g., Wattel-Koekkoek et al., 2003)
and has a lower turnover rate than in the upper horizons (e.g., Ono et al., 2013; Yao et al., 2019),
the characteristics of the parent materials become more relevant for the availability of mineral
nutrients. The 0.01-m stock of Caay in the mineral tiers of CA soils was higher than that of the other
soils and was ascribed to the nature of the parent material, since granitic rocks have a lower Caay
content compared to limestone (Kiibler et al., 2021). The lack of differences in the 0.01-m stocks
for Mgay and Kay in both OM and M tiers of all sites was attributed to a redistribution throughout
the profiles due to an intense biocycling favored by Holm oak activity and a comparable content of
these elements in the soils of the three sites. In fact, free Mg and K likely came from mainly the
weathering of feldspars, micas, and olivines in BG and GQ soils, and from the alteration of primary
and secondary minerals occurring after calcite dissolution in CA soils (Manning, 2010; Erlund et

al., 2016).
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5. Conclusions

Physicochemical parameters in the soil profile and the stocks of organic C and nutrients under long-
time coppice-managed Holm oak forests were influenced only to a limited extent by the nature of
parent materials. This was attributed to the long-time use of the forest soils in the study areas,
during which plants have modified the soil properties promoting acidification, mineral weathering,
SOM addition, and biocyling of nutrients along the profiles. These have weakened the influence of
the parent materials on the soil properties, and resulted in them being similar in soils derived from
different lithologies, especially the upper horizons. However, notwithstanding the action of living
organisms and time as soil-forming forces, some distinctions did occur because of the lithology, as
in the case of the influence of the calcareous parent material on the amount of Ca.y in the mineral
horizons and in both fine earth and skeletal fractions.

This study further showed that organo-mineral and mineral horizons represent large sinks of SOC
and nutrients. Therefore, since SOC stored in these horizons is slower-cycling than that of the litter,
to effectively contribute to mitigating climatic change it is desirable to maintain and possibly
increase the bio-ecological efficiency of forest cover and adopt forest management strategies able to

increase SOM with depth rather than in the superficial organic horizons.
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Table S1 - General features of the study sites and morphology of one of the three profiles opened at each site under Holm oak (Quercus ilex L.) stands in Tuscany and
Sardinia, Italy. For symbols see legend.

Horizon® Depth Thickness ~ Colour® Structure®  Consistence! Roots® Boundary®  Skeleton? Other observations

cm %

ALBERESE (Leccetella) (42.647759 N, 11.093969 E). Steep slope (15%); Exposure: N-NW; Mean altitude: 212 m; Mean annual air temperature: 13.9°C; Mean
annual precipitation: 638 mm.

General information. Extension of the study area: <1000 m2 Holm oak stored coppice in conversion to high forest. At the time of survey, one thinning had been
done. Trees per ha: 708. Basal area per ha: 23 m?. Mean dbh: 20.3 cm. Mean height: 13.7 m. Age of standing crop 74 years.

The soil surface showed signs of a diffuse boar activity. Intense soil erosion mainly due to stemflow. About 30% of the area is occupied by a small compluvium with
accelerated erosion that caused enrichment of rock fragments at surface (<60%). In the area there are two charcoal kilns with a fan shape, with maximum dimensions
of 12x8 m.

Outcropping rock: 0%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: =75% [15% due to litter; 60% due to
rock fragments (cobbles and stones)]; 25% uncovered with missing organic layers.

Vegetation. Trees: Quercus ilex L. (95%), Fraxinus ornus L. (5%). Understorey: absent, except for mosses as soil coverage. Where litter is present, it is massively
mixed by boar activity.

Soil. Parent material: massive limestone with veins of calcite and flintstone. Average thickness of the solum (A+B horizons): 76 cm (extremes: 25-51 ¢m). Drainage
class: well-drained. All the area is fruit of old landslide. Soil: Typic Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 2 follows.

OLn 4-2 2-3 - - - 0 W 60 Undecomposed leaves and little
branches of Q. ilex

OLv 2-0.5 2-3 - - - 0 cwW 60 Undecomposed leaves and little
branches of Q. ilex

OH 0.5-0 0-0.5 5YR 3/2 - - 0 ab 60 -

A 0-5 3-6 5YR 3/1 3f-m sbk fr 2mi,vf,fm aw 60 -

Bwl 5-14 9-10 7.5YR 4/4 3m sbk fi 1mi,vff; SW 50 -
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2m,co

Bw2 14-32 17-21 7.5YR 4/6 3¢ sbk fi Imi,vf,fm; cw 30 -
3co

Bw3 32-40 16-18 7.5YR 5/8 3f abk fi Imi,vf,fm; SW 10 Mycelium +. Rock fragments are
3co altered

Bwb 40-50 8-10 10YR 5/6  3m abk-sbk fr-fi 1f,m; 3co cwW 60 -

Cb 50-65+ - 10YR 5/6 2m abk fr 1f,m; 2co - 70 limestone

POGGIO AI LECCI (42.642564 N, 11.092539 E). Steep slope (20-25%); Exposure: N; Mean altitude: 387 m; Mean annual air temperature: 13.3°C; Mean annual
precipitation: 658 mm.

General information. Extension of the study area: ~600 m?. Holm oak stored coppice in conversion to high forest. No thinning over in the last 30 years. Trees per ha:
2967. Basal area per ha: 33.6 m>. Mean dbh: 12 cm. Mean height: 10.7 m. Age of standing crop: 74 years.

The soil surface showed signs of a great diffuse boar activity. Intense laminar erosion partly due to stemflow; ~10% of the area is interested by rills departing from the
base of Holm oak stems.

Outcropping rock: 10%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: =55% [5% due to litter; 50% due to
rock fragments (cobbles and stones)].

Vegetation. Trees: Quercus ilex L. (70%), Arbutus unedo L. (15%), Fraxinus ornus L. (10%), Pistacia lentiscus L. (5%). Understorey: Cyclamen repandum Sibth. &
Sm. Where litter is present, it is massively mixed by boar activity.

Soil. Parent material: calcareous sandstone interbedded with yellowish schistose marls with small presence of anagenite and limestone. Average thickness of the solum
(A+B horizons): 35 cm (extremes: 31-38 cm). Drainage class: well-drained. All the area is covered by old landslide. Soil: Typic Humixerept (Soil Survey Staff, 2014).
Morphology of soil replicate 1 follows.

OL 3-0 1-3 - - - 0 50 Undecomposed leaves and little
branches of Q. ilex
A 0-1 1-2 5YR 3/2 2-3f gr fr 2mi,vf,fm cwW 50 -
AB 1-3 2-3 5YR 3/4 1-3fm fr-fi 3mi,vf,f,m,co cwW 50 -
gr+sbk
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BA 3-8 2-6 5YR 4/6  3m,co abk- fr-fi 2mi,vf,f; cw 35 Mycelium +

sbk 3mco
Bw 8-31 20-25 5YR 4/6 3f,m abk fr-fi 1mi,vff; cwW 40 nuciform structure
2mco
C&Bb 31-35+ - 5YR 5/3 2f,m abk fr 1mi,vf,f,m; - 60 -
3co

ALBATRAIA (42.650182 N, 11.095987 E). Steep slope (15-20%); Exposure: W; Mean altitude: 133 m; Mean annual air temperature: 14.3°C; Mean annual
precipitation: 630 mm.

General information. Extension of the study area: <700 m?. Holm oak stored coppice in conversion to high forest. Forest was under natural evolution until 2010,
when the first thinning occurred. Trees per ha: 1740. Basal area per ha: 38 m?. Mean dbh: 16.8 cm. Mean height: 15.6 m. Age of standing crop: 74 years.

The soil surface showed signs of a diffuse boar activity. Intense laminar erosion partly due to stemflow; =10% of the area is interested by rills departing from the base
of Holm oak stems. About 30% of the area is occupied by a primary gulch, while =20% of the area is occupied by a secondary tributary gulch. A small charcoal kiln is
present (6x8 m). The remaining 50% of the area is occupied by 10% of outcropping rock and rock blocks of large dimensions.

Outcropping rock: 10%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: =55% [15% due to litter; 40% due to
rock fragments (cobbles)]; half of the surface shows signs of boar activity. Uncovered soil: 45%, in the vicinity of the gulches.

Vegetation. Trees: Quercus ilex L. (90%), Fraxinus ornus L. (10%). Understorey: absent.

Soeil. Parent material: limestone with flintstone veins and small presence of anagenite. Average thickness of the so/um (A+B horizons): 51 cm (extremes: 41-58 cm).
Drainage class: well-drained. Soil: Typic Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 2 follows.

OL/OH 2-0 2-4 - - - 0 cb 40 Undecomposed leaves and little
branches of Q. ilex, F. ornus, Q.
cerris, Cornus spp.

A 0-3 1-3 7.5YR 3/1 3fgr fr Imi,vf; vl cw 40

AB 3-4 3-4 7.5YR 4/2 2f gr fr 2mi,vf,f cw 50 Mycelium +

Bwl 4-9 3-6 10YR 6/4  3m,co abk fi 3mi,vf,f,m cw 50 Roots in cracks
10YR 5/2
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Bw2 9-26 12-20 10YR 7/4  3m,co abk fr-fi 3mi,vf,f,m; cwW 60 More cracks; 50% of the horizon

Ico interested by crack web
10YR 6/4
Bw3 26-46 16-22 10YR 7/4 3f,m,co fr-fi 3mi,vf,f,m,co cwW 60 -
abk-sbk
BC 46-50+ - 10YR 7/3 1m abk fr 2mi,vf,f m,co - 60 -

IS CANNONERIS 1 (39.050949 N, 8.841186 E). Steep slope (17%); Exposure: SSE; Mean altitude: 905 m; Mean annual air temperature: 12.3°C; Mean annual
precipitation: 615 mm.

General information. Extension of the study area: <1200 m?. Holm oak stored coppice in conversion to high forest. At the time of survey two thinnings had been
done. Trees per ha: 2356. Basal area per ha: 30 m?. Mean dbh: 15.2 cm. Mean height: 12 m. Age of standing crop: 62 years.

The soil surface showed signs of boar activity and of slight to medium erosion.

Outcropping rock: 0%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: =55% [40% due to litter and branches;
15% due to rock fragments (pebbles and cobbles)]. A few dead standing trees are present.

Vegetation. Trees: Quercus ilex L. (100%). Understorey: Pistacia lentiscus L., Erica arborea L., Cyclamen sp., Arbutus unedo L., moss.

Soeil. Parent material: biotite granite. Average thickness of the solum (A+B horizons): 56 cm (extremes: 25-96 cm). Drainage class: well-drained. Soil: Typic
Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 3 follows.

OLn/OLv 8-5 1-5 - - - 0 cwW 15 Undecomposed leaves, acorns, and
little branches of Q. ilex

OLt 5-4 1-2 10YR 372 - - 0 cW 15
OH 4-0 0-2 10YR 6/3  v1f,m sbk- vir 1mi,vf,f cb 10 75% Mycelium +++; mesofauna

abk

5YR 2.5/1
A 0-2 0-2 10YR 2/2 3f,m,gr fr 2mi,vf, f cb 25 Mycelium ++
sbk-abk

AB 2-8 3-9 10YR 3/6 3f,m,sbk- fr 2mi, vf, f cb 25 Mycelium ++

abk

-101-



Bwl 8-33
Bw2 33-53
BC 53-66
C 66-68+

2-16

0-20

12-16

7.5YR 4/4

7.5YR 4/6

7.5YR 5/4

S5YR 5/3

3f,m sbk-
abk

3f,m sbk-
abk

1m sbk-abk

fr

fr

fr

fr

2mi,vf, 3f, m,

1 mi,vf, 2f,m,

1mi,vf,f,m,co

co

1co

1mi,vf,f
2m,co

cw

cb

cw

25

50

80

90

Mycelium ++

Mycelium +

Presence of openwork at sites

IS CANNONERIS 2 (39.050584 N, 8.839875 E). Steep slope (17%); Exposure: SSE; Mean altitude: 915 m; Mean annual air temperature: 12.3°C; Mean annual

precipitation: 615 mm.

General information. Extension of the study area: <1000 m2. Holm oak stored coppice in conversion to high forest. At the moment of survey two thinnings had been

done. Trees per ha: 1935. Basal area per ha: 31.6 m?. Mean dbh: 17.8 cm. Mean height: 12.4 m. Age of standing crop: 62 years.

The soil surface showed signs of a great boar activity and of slight erosion.

Outcropping rock: 0%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: =65% [50% due to litter and branches;

15% due to rock fragments (pebbles and cobbles)]. Many dead standing trees (mostly Arbutus unedo L.) are present.

Vegetation. Trees: Quercus ilex L. (100%). Understorey: Pistacia lentiscus L., Erica arborea L., Rubus ulmifolius Schott, Cyclamen sp., Arbutus unedo L., moss.

Soil. Parent material: biotite granite. Average thickness of the solum (A+B horizons): 42 cm (extremes: 21-66 cm). Drainage class: well-drained. Soil: Typic
Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 2 follows.

OLn/OLv 8-3
OLt 3-2
OH 2-0
E 0-3
A 0-3

2-5

1-2
0-2
0-3

0-3

7.5YR 372
7.5YR2.5/2

10YR 5/4

7.5YR 3/3

1f,cr

1-2 f,m gr-
sbk

3f,m gr-abk

fr
fr

fr
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mesofauna
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AB 3-7 2-6 7.5YR 4/2 3fm gr-abk fr 3mi,vf,f, Im cw 20 Mesofauna, Micelyum +

Bwl 7-30 20-23 7.5YR 4/4  3f,m abk- fr 2mi,vf,f,m,co cwW 40 Mesofauna, Micelyum +
sbk

Bw2 30-60 30-32 7.5YR 4/6  3f,m sbk- fr 1mi,vf 2f cW 50 Mycelium +
abk 3m,co

Cr 60-65+ - 10YR 5/6 1m abk fr 1mi,vf,f,m,co - 80 -

IS CANNONERIS 3 (39.049550 N, 8.838266 E). Very steep slope (35%); Exposure: E; Mean altitude: 905 m; Mean annual air temperature: 12.3°C; Mean annual
precipitation: 615 mm.

General information. Extension of the study area: =800 m?. Holm oak stored coppice in conversion to high forest. At the moment of survey two thinnings had been
done. Trees per ha: 2371. Basal area per ha: 30.5 m?. Mean dbh: 15 cm. Mean height: 12 m. Age of standing crop: 62 years.

The soil surface showed signs of a great boar activity and of slight erosion.

Outcropping rock: 0%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: =75% [60% due to litter and branches;
15% due to rock fragments (pebbles and cobbles)]. Many dead stand trees (mostly Arbutus unedo L.) are present.

Vegetation. Trees: Quercus ilex L. (100%), Understorey: Arbutus unedo L., Erica arborea L., Phillyrea latifolia L., Cistus sp., Smilax aspera L., Hedera elix L.,
Rubus ulmifolius Schott, Cyclamen sp., Lamium sp., Stellaria sp., moss.

Soil. Parent material: biotite granite. Average thickness of the solum (A+B horizons): 63 cm (extremes: 23-126 cm). Drainage class: well-drained. Soil: Typic
Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 2 follows.

OLn/OLv 6-2 34 - - - 0 cwW 15 Undecomposed leaves, acorns, and
little branches of Q. ilex. Mesofauna
OLt/OH 2-0 1-2 7.5YR - - 0 cwW 15 Mesofauna
2.52
A 0-5 3-5 7.5YR 3/3 3f,m gr-sbk fr 1mi,vf 2fm cwW 15 Mycelium +
EB 5-12 5-9 7.5YR 4/6 3f,m sbk fr 1mi,vf 3fm cwW 20 Mycelium +
Bwl 12-58 44-48 10YR 5/4 3f,m abk fr Imi,vf cw 30 -
3f,m,co
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Bw2 58-86 25-30 7.5YR4/6  3f,mabk fr 1mi,vf,f 2m; cw 60 -

1co

Bw3 86-106 16-22 10YR 4/6  3-2f-m abk fr 1mi,vf f,co CW 60 -
2m

Cr 106-112+ - 10YR 4/6 2m abk fr Imi,vf f,co - 95 -

SETTE FRATELLI 1 (39.275739 N, 9.431211 E). Moderate slope (5%); Exposure: SSE; Mean altitude: 778 m; Mean annual air temperature: 12.5°C; Mean annual
precipitation: 695 mm.

General information. Extension of the study area: 1500 m?. Holm oak stored coppice in conversion to high forest. At the moment of survey two thinnings had been
done. Trees per ha: 1716. Basal area per ha: 44.5 m?. Mean dbh: 18.1 cm. Mean height: 14.2 m. Age of standing crop: 69 years. The oldest trees are =80 years old.

The soil surface showed signs of a diffuse boar activity over 1/3 of the area and of slight erosion. A charcoal kiln of 8x11 m is present in the area.

Outcropping rock: 0%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: 100% [40% due to litter and branches;
60% due to rock fragments (cobbles and stones)]. Many dead standing trees (mostly Arbutus unedo L.) are present.

Vegetation. Trees: Quercus ilex L. (100%). Understorey: Arbutus unedo L., Erica arborea L., Phillyrea latifolia L., Smilax aspera L., Cyclamen sp., moss.

Soil. Parent material: granite with coarse veins of quartz and few small veins of pegmatite. Average thickness of the solum (A+B horizons): 55 cm (extremes: 48-63
cm). Drainage class: well-drained. Soil: Typic Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 3 follows.

OLn/OLv/A 3.5-0.5 2-8 7.5YR - - 0 cwW 60 Undecomposed leaves, acorns, and
2.5/1 little branches of Q. ilex; mesofauna
OLt/OH 0.5-0 1-2 7.5YR - - 0 cwW 60 Few mesofauna
2.52
A 0-2 7-10 7.5YR 2f-m sbk fr 1mi,vf,f cwW 60 Mycelium+
2.52
EB 2-11 26-30 10YR 4/3  2f abk-sbk fr Imi,vf;, 2fm cwW 40 Mycelium+
Bwl 11-38 20-22 7.5YR 3/4  2f-m abk- fr 2mi,vi,f; cwW 40 Mycelium+
sbk 3m,co
Bw2 38-58 8-10 7.5YR 3/4 2fm fr vimi,vf; 1f cw 60 Mycelium+
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sbk+abk
BC 58-68 7-12 7.5YR 4/6 2m sbk-abk fr vimi,vf; 1f cwW 80 -
Cr 68-75+ - 7.5YR 5/4 1m abk fr vimi,vf f - 95 -

SETTE FRATELLI 2 (39.273689 N, 9.429820 E). Moderate slope (5%); Exposure: SW; Mean altitude: 760 m; Mean annual air temperature: 12.5°C; Mean annual
precipitation: 695 mm.

General information. Extension of the study area: <2000 m? Holm oak stored coppice in conversion to high forest. At the time of survey two thinnings had been
done. Trees per ha: 2912. Basal area per ha: 38.8 m?. Mean dbh: 13 cm. Mean height: 9.7 m. Age of standing crop: 69 years.

The soil surface showed signs of a great boar activity over 40% of the area and of slight erosion.

Outcropping rock: 0%. Soil cover [according to the “percent of area covered” tables reported in Schoeneberger et al. (2012)]: 100% [40% due to litter and branches;
60% due to rock fragments (cobbles and stones)]. A few dead standing trees (mostly Arbutus unedo L.) are present.

Vegetation. Trees: Quercus ilex L. (100%). Understorey: Arbutus unedo L., Erica arborea L., Phillyrea latifolia L., Cyclamen sp., Crataegus azarolus L., moss.

Soil. Parent material: granite with coarse veins of quartz and few small veins of pegmatite. Average thickness of the solum (A+B horizons): 64 cm (extremes: 42-80
cm). Drainage class: well-drained. Soil: Typic Humixerept (Soil Survey Staff, 2014). Morphology of soil replicate 2 follows.

OLn/OLv/A 4-1 2-7 7.5YR - - 0 cwW 60 Undecomposed leaves, acorns, and
2.5/2 little branches of Q. ilex; mesofauna
OLt 1-0 0.5-2 7.5YR - - 0 cwW 60 mesofauna
2.5/2
A 0-8 5-9 7.5YR 3/2 3f-m sbk fr 1mi,vf; 1f cwW 60 -
EB 8-20 9-13 10YR 4/3  3f sbk-abk fr 2mi, vf,f; 1m; cwW 20 -
3co
Bwl 20-47 25-30 7.5YR 4/3 3f,m abk fr 2mi,vf,f; cwW 25 -
3m,co
Bw2 47-65 15-20 7.5YR 3/4 3f,m sbk fr 1mi,vf; cwW 25 -
2f,m,co
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Cr 65-80+ - 7.5YR 4/5 Im abk fr 1mi,vf,f,m,co - 60 -

2 Horizons: designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.
®Colour: moist and crushed, according to the Munsell Soil Color Charts.

°Structure: 1=weak, 2=moderate, 3=strong; f=fine, m=medium, c=coarse; gr=granular, abk=angular blocky, sbk=sub-angular blocky; fi=firm; m= moist; fr, friable; vfr, very friable; w,
wet; ss, slightly sticky.

dConsistence: fi=firm; m= moist; fr, friable; vfr=very friable; w=wet; ss=slightly sticky.
‘Roots: O=absent, vi=very few, l=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse.
fBoundary: a=abrupt; c=clear; g=gradual; d=diffuse; s=smooth; w=weavy; i=irregular; b=broken.

¢Skeleton: by sight, according to the “percent of area covered” tables reported in Schoeneberger et al. (2012).

-106 -



Point 1. Soil analyses. From Camponi et al. (2022)

The particle-size distribution was determined by the pipette method (Day, 1965) after that 20 g of
fine earth were maintained submerged in deionised water for 24 h. Sand was obtained by wet
sieving at 0.053 mm, while silt was separated from clay by sedimentation. For both fine earth and
skeleton, the pH values were determined potentiometrically in water with solid:liquid ratio of 1:2.5;
pH of organic samples was determined on a solid:liquid ratio of 1:8. The total organic carbon
(TOC) content was estimated by K-dichromate digestion, heating the suspension at 165°C for 30
minutes (Nelson and Sommers, 1996). The total nitrogen (TN) content was measured by a dry
combustion analyser (EA-1110, Carlo Erba Instruments, Milan, Italy). The potentially available P
(Pav) was determined per Olsen et al. (1954). Potentially available nutrients (Caay, Mgay, and Kay)
were displaced by a 0.2 M BaCl, solution (solid:liquid ratio 1:10) (Corti et al., 1997). After
filtration, elements were determined by atomic absorption with a Shimadzu AA-6300
spectrophotometer (Tokyo, Japan). For the skeletal fraction, TOC and TN were measured on ground

aliquots, while pH, Pav, Caay, Mgav, and Kay were determined on unground rock fragments.

For the mineral samples, the bulk density of fine earth and skeleton was calculated from the weight
of the samples hated at 105° C. Previously, the total volume of the cylinder had been subtracted of
the volume of the skeleton determined by water displacement of the water-saturated rock fragments

(Corti et al., 1998), obtaining the volume of the fine earth.

The bulk density of the organic horizons was calculated starting from the percentage of organic C
once the content of organic matter (OM) was estimated (OM = 2 °® organic C), through the
pedotransfer functions of De Nicola et al. (2014), which has been adopted by several authors on
different soil types (Brenna et al., 2010; Garlato et al., 2009a,b; Guermandi et al., 2013). The

equations are:

1. For OM > 30%: bulk density (g cm™) = 0.00589 ® organic C + 0.554;
2. For OM = 30-15%: bulk density (g cm™) = 0.00745 *® organic C + 0.593;
3. For OM < 15%: bulk density (g cm™) = 0.00797 *® organic C + 0.553.
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Point 2. Procedure to obtain a proper estimation of the C and nutrients stocks in the litter and

in two soil mineral depths intervals (0-0.3 and 0.3-0.5 m). From Camponi et al. (2022)

The estimations of C, TN, Pay, Caay, Mgay, and K,y stocks were made for each genetic horizon

taking into consideration both fine earth and skeleton according to the formula:

ES=EC*BD*TH* CC (1)

where ES = amount of element stocked in the fine earth or in the skeleton considering each fraction
as the only component of the genetic horizon, expressed as Mg ha™! for C and TN, and in kg ha™! for
Pav, Caav, Mgay, and Kay; EC = element concentration in the fine earth or in the skeleton, expressed
as g kg™ for C and N, and in mg kg™ for Pay, Caay, Mgav, and Kay; BD = bulk density of fine earth or
skeleton, expressed as kg dm>; TH = horizon thickness, in cm; CC = coefficient applied to

normalize the units of measure (10! for C, TN, and Pay; 10 for Caay, Mgay, and Kay).

Thus, the total contents of C and nutrients stored in each genetic horizon were determined as the

weighed mean for the fine earth and skeleton contents:

EStor = [(ESt * FE%) + (ES« * SK%)] / 100 )

where EStor = total amount of element stored in the genetic horizon, expressed as Mg ha™! for C
and TN, and in kg ha™! for P,y, Caay, Mgay, and Kay; ESf. = amount of element contained in the fine
earth, expressed as Mg ha! for C and TN, and in kg ha'! for Pay, Caay, Mgay, and Kay; FE% =
percentage of fine earth content in the horizon; ESs« = amount of element contained in the skeleton,
expressed as Mg ha'! for C and TN, and in kg ha™! for Pay, Caay, Mgay, and Kav; SK% = percentage

of skeleton content in the horizon.

The stocks per depth intervals (litter, 0-0.3 m, and 0.3-0.5 m) is the result of the sum of each

horizon contribution until the fixed depth as shown in the example below (not in scale):
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- 0-0.3m

0.3-0.5m

For each element, the amount stored by 0.01-m thickness of the organic, organo-mineral, and

mineral tiers was calculated according to the formula:

EStori + EStora + -+ + EStom

ES.., = (3)
Th

tier

where ESier = amount of element stored by 0.01 m thickness of each tier, EStor = total amount of
element stored in each genetic horizon, Thie— tier thickness, n= horizons number
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Table S2. Bulk density and contents of C and nutrients of fine earth in the soils under Holm oak (Quercus ilex L.) stands
developed on different parent materials (calcareous, biotite granite, and granite with quartzite veins). Tuscany and Sardinia,
Italy.

Parent material Profile Horizon Bulk density TOC TN Pay Caay Mgay Kav
gem? gkg'! mg kg'!

OLn 0.27 431.60 11.50 15.30 n.a. n.a. n.a.

OLv 0.36 345.62 10.36 18.50 n.a. n.a. n.a.

OH 0.79 187.47 10.2 10.80 n.a. n.a. n.a.

% A 0.99 111.09 7.64 14.60 5021 571 652

% Bwl 1.45 18.00 0.94 1.40 2688 244 135

Bw2 1.36 9.32 0.96 0.71 2861 258 122

Bw3 1.31 16.30 1.13 0.56 5700 233 91

2 Bwb 1.28 52.33 0.69 0.34 4356 125 67
o

= OL 0.25 453.5 10.50 14.50 n.a. n.a. n.a.

§ 5 A 1.00 112.46 8.26 15.90 10451 511 668

% AB 1.10 72.26 5.55 5.20 8220 324 363

'go BA 1.39 31.98 2.52 1.60 4570 190 222

éo Bw 1.44 15.25 1.32 0.65 3323 135 200

C&Bb 1.34 37.99 0.87 0.36 4165 75 137

- OL/OH 0.32 372.70 12.20 13.80 n.a. n.a. n.a.

‘g A 0.99 110.66 7.46 9.50 9550 574 573

ﬁ AB 1.45 18.00 0.94 1.40 2688 244 135
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Biotite granite

1S
Canno
neris 3

Is Cannoneris 1

Is Cannoneris 2

Bw 1
Bw 2
Bw3
OLn/OLv
OLt
OH

AB
Bwl
Bw2

BC

C
OLn/OLv
OLt
OH
E
A

AB
Bwl
Bw2

OLn/OLv
OLt/OH

1.06
1.54
1.57
0.26
0.53
1.03
0.79
1.09
1.44
1.53
1.53
1.54
0.38
0.46
1.00
1.02
1.00
1.25
1.42
1.51
0.36
0.86

18.08
13.21
5.69
445.37
227.24
196.89
113.86
69.29
25.11
11.07
11.71
9.79
399.57
247.86
169.10
62.80
89.14
56.68
26.84
15.64
311.33
179.11

0.75
0.59
0.37
11.97
12.57
10.46
7.34
4.03
1.38
0.71
0.74
1.05
12.03
9.57
13.80
3.82
5.57
2.50
1.50
0.97
10.90
10.53
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2.80
1.50
1.40
14.97
26.23
13.60
3.34
0.80
0.66
0.54
0.42
0.28
14.77
22.02
22.00
11.55
10.40
1.80
0.48
0.32
16.47
28.15

141
120
296
5340
944
3686
3399
3431
847
381
324
368
5326
3283
1239
3015
2474
n.a.
2451
n.a.
n.a.

9959

44
66
130
575
199
464
433
394
212
135
138
151
722
465
209
417
437
n.a.
357
n.a.
n.a.

1215

72
53
100
620
203
363
297
312
169
77
88
103
479
405
341
263
242



A 0.98 100.58 6.39 9.73 6522 661 439

EB 0.96 87.91 5.05 21.60 7023 877 520
Bwl 1.43 36.14 1.72 0.72 378 134 100

Bw2 1.38 42.97 2.20 1.47 1509 188 201

Bw3 1.53 11.89 0.59 0.84 584 120 112

Cr 1.62 4.15 0.31 n.a. n.a. n.a. n.a.

OLn/OLV/A 0.51 111.70 6.00 12.20 n.a. n.a. n.a.

_ A 1.09 94.45 4.73 17.40 4015 467 316

f; EB 1.40 71.69 4.38 7.60 1609 207 212

?‘Z Bwl 1.55 46.77 2.50 4.60 65 68 25

2 3 Bw2 1.58 11.25 0.72 3.70 186 150 59
g BC 1.61 4.00 0.00 3.20 321 170 70
g;: OLn/OLv/A 0.30 390 14.00 18.90 n.a. n.a. n.a.
pz OLt 1.00 145 11.00 27.90 9158 1028 861
§ g A 1.00 122.34 8.77 9.00 7797 693 653
E EB 1.45 41.39 2.37 4.20 2433 255 272

£ Bwl 1.51 20.04 1.42 1.00 1336 223 220

7 Bw2 1.52 18.28 1.31 0.59 1334 261 200

Cr 1.57 5.04 0.41 0.48 n.a. n.a. n.a.

Table S3. Stocks of C and nutrients both in the fine earth (FE) and skeleton (SK) fractions for each genetic horizon of the soils under Holm oak (Quercus ilex L.) stands
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developed on different parent materials (calcareous, biotite granite, and granite with quartzite veins). Tuscany and Sardinia, Italy.

Stock
Parent Material Profile Horizon FE SK TN Pay Caay Mg, Kav
FE SK FE SK FE SK FE SK FE SK FE SK
% Mg ha! kg ha'!
OLn 100 O 23.43 0.00 0.62  0.00 0.83 000 na n.a n.a. n.a. n.a n.a.
OLv 100 O 24.88 0.00 0.75  0.00 133 0.00 na n.a n.a. n.a. n.a n.a.
. OH 100 0 7.41 0.00 0.40  0.00 0.43 0.00 n.a. n.a. n.a. n.a. n.a n.a.
§ A 60 40 32.99 0.00 227 0.00 434 0.00 1491.24 3047.93 169.59 345.62 193.64 14.08
§ Bwl 97 3 22.80 0.00 235  0.00 1.74 0.00 7003.73 18287.59 631.58 2073.70 298.66 84.45
Bw2 90 10 17.08 0.00 1.19  0.00 0.60 0.00 5973.6 8127.82 244.18 921.65 9537 37.53
Bw3 40 60 66.98 0.00 0.88  0.00 0.44 0.00 5575.68 10159.77 160.00 1152.06 85.76 46.92
OL 100 0 34.40 0.00 0.80  0.00 1.10 0.00 n.a. n.a. n.a. n.a. n.a. n.a
§ - A 50 50 11.25 0.00 0.83  0.00 1.59 0.00 1045.10 101598 51.10 11521 66.80 4.69
é if AB 50 50 15.90 0.00 1.22  0.00 1.14 0.00 1808.40 2031.95 71.28 23041 79.86 9.38
© .§D BA 65 35 22.22 0.00 1.75  0.00 1.11 0.00 3176.15 5079.89 132.05 576.03 154.29 23.46
:?D Bw 60 40 50.51 0.00 438  0.00 2.15 0.00 11005.78 23367.48 447.12 2649.73 662.40 107.91
C&Bb 40 60 20.36 0.00 0.47  0.00 0.19 0.00 n.a n.a n.a. n.a. n.a n.a
OL/OH 100 0 23.55 0.00 0.77  0.00 0.87 0.00 n.a n.a n.a. n.a. n.a n.a
o A 97 3 54.78 0.00 369 0.00 470 0.00 4727.25 5079.89 284.13 576.03 283.64 23.46
g AB 97 3 23.49 0.00 1.23  0.00 1.82 0.00 3507.84 9143.80 318.42 1036.85 176.18 42.23
éﬂb Bwl 50 50 11.50 0.00 0.48  0.00 1.78 0.00 89.68 6095.86 2798 691.23 4579 28.15
Bw2 50 50 34.57 0.00 1.55  0.00 393 0.00 314.16 17271.61 172.79 1958.50 138.75 79.76
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Biotite granite

Is Cannoneris 3

Is Cannoneris 1

Is Cannoneris 2

Bw3

OLn/OLv
OLt
OH
A
AB
Bwl
Bw2
Bw3
Bw4
OLn/OLv
OLt
OH
E
A
AB
Bwl
Bw2
OLn/OLv
OLt/OH
A
EB

40

100
100
100
75
80
75
63
60
80
100
100
100
88
80
98
57
45
100
100
83
80

60

0

0

0
25
20
25
37
40
20

20

17.87

30.59
7.75
93.62
29.74
37.76
68.99
29.17
38.38
23.97
84.23
11.43
58.77
62.59
35.66
21.25
84.85
65.81
33.44
22.26
39.19
42.19

0.00

0.79
0.20
1.34
1.04
1.49
5.54
4.95
6.39
4.75
1.78
0.30
1.09
4.01
1.19
0.89
6.73
6.98
0.89
0.45
1.19
1.49

1.17

0.82
0.45
4.95
1.92
2.20
3.87
1.80
2.39
2.57
2.53
0.46
4.49
3.23
2.23
0.94
4.76
3.96
1.13
1.24
2.39
2.43
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0.00

0.04
0.01
0.07
0.06
0.08
0.30
0.27
0.35
0.26
0.10
0.02
0.06
0.22
0.06
0.05
0.37
0.38
0.05
0.02
0.06
0.08

4.40

1.03
0.92
6.09
0.96
0.44
1.76
1.16
1.39
0.76
3.11
1.21
7.51
15.17
4.16
0.68
1.55
1.18
1.73
3.38
3.37
10.34

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

929.44

968.69
1869.90
1933.38
1035.56
1231.20
900.86

4664.88
1006.62
n.a.
9940.37
n.a.
n.a.
n.a.
1876.88
3371.04

20319.55

408.20

n.a.
n.a.
n.a.
121.31
214.73
491.29
366.93
524.40
369.65
n.a.
n.a.
n.a.
1746.25
176.26
n.a.
2220.20

n.a.

2304.11

n.a.
n.a.
n.a.
10.15
14.50
44.96
52.21
72.51
46.41
n.a.
n.a.
n.a.
39.16
11.60
n.a.
65.74

n.a.

314

n.a.
82.19
170.04
386.42
209.29
334.40
252.14
n.a.
n.a.
n.a.
1659.98
97.89
n.a.
2493.80

n.a.

93.84

n.a.
n.a.
n.a.
26.92
38.45
119.19
138.41
192.23
123.03
n.a.
n.a.
n.a.
103.81
30.76
n.a.
174.29

n.a.



Granite with quartzite

Sette Fratellil

Sette Fratelli 2

BWI

Bw2

Bw3
Cr

OL/OH/A
A
EB
Bwl
Bw2
BC
OL/A
oT

EB
Bwl
Bw2

Cr

70
75
53
55

100

80
75
75
50
100
100

60
60
40
20

25
47
45

20
20
25
25
50

20
40
40
60
80

108.52
35.24
61.03
13.44

17.06
10.80
55.66
47.06
262.50
6.81
35.16
14.54
79.41
72.01
81.70
50.01
11.87

6.24
2.08
9.21
6.68

0.89
0.37
2.52
8.02
5.94
2.97
0.89
0.30
2.38
3.56
8.02
5.35
4.46

5.15
1.67
3.18
0.28

0.92
0.63
2.98
3.02
1.85
0.79
1.22
1.06
5.54
4.12
5.79
3.58
0.97

0.34
0.11
0.50
0.36

0.05
0.02
0.14
0.44
0.32
0.16
0.05
0.02
0.13
0.19
0.44
0.29
0.24

2.16
1.53
2.90
4.07

0.00
0.00
0.01
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3031.50
1668.25
1817.34
633.99

n.a.
526.89
1914.71
272.03
587.76
516.81
n.a.
n.a.
915.80
6237.60
4233.42
5446.87
3649.82

25.92
36.29
141.68
155.51

3.24
22.03
69.98
51.83
25.92

348.50
209.59
430.67
464.13

n.a.
61.17

246.33
284.58
474.00
273.70

n.a.

n.a.
102.80
554.40
443.70
909.17
714.10

14.50
20.30
79.28
87.01

n.a.
1.82
12.33
39.16
29.00
14.50
n.a.
n.a.
1.45
11.60
17.40
39.16
26.10

197.50
228.90
360.17
398.59

n.a.
41.36
252.28
104.63
186.44
112.70

n.a.
86.10
522.40
473.28
896.94
547.20

38.45
53.83
210.18
230.68

n.a.
4.81
32.68
103.81
76.89
38.45
n.a.
n.a.
3.84
30.76
46.14
103.81
69.20
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Table S4/a. Results of ANOVA showing the influence of different lithologies on physical and chemical properties of the organic (O), organo-mineral (OM), and mineral (M)
tiers, on the element stock per 0.01-m layer of the O, OM, and M tiers, and on the depth layer of soils under Holm oak forests developed on different parent materials
(calcareous, biotite granite, and granite with quartzite veins). Tuscany and Sardinia, Italy.

Tiers 0.01-m layer of the tiers Depth layer
Physical and chemical properties Element stock
Fvalue significance Fvalue significance Fvalue significance
(0] 1.7487 n.s. (@) 0.9311 n.s. Litter 3.175 n.s.
pH OM 4.8515 * TOC OM 0.5351 n.s. 0-0.3 m 2.8187 n.s.
0.5982 ns. M 1.4792 n.s. 0.3-0.5m 1.7818 n.s.
o _ _ O 0.5376 n.s. Litter 3.4345 n.s.
Sand OM 3.925 * TN OM 1.4710 n.s. 0-0.3 m 0.8369 n.s.
E M 13.69 - M 0.3658 n.s. 0.3-0.5m 1.3787 n.s.
é 0 ) ) O 1.3875 n.s. Litter 3.9891 )
% Silt OM 4.3448 * Pay oM 2.8425 n.s. 0-0.3 m 3.1521 n.s.
E 63.38 s M 6.7346 ok 0.3-0.5m 1.8571 n.s.
E:j 0 - - O - - Litter - -
Clay v 0.5977 ns. Caay OM 2.2660 n.s. 0-0.3m 1.617 n.s.
6.6161 o3 M 5.3098 * 0.3-0.5m 1.9505 n.s.
0 15522 n.s. © - - Litter - -
TOC oM 22363 ns. Mgay OM 0.2391 n.s. 0-0.3 m 0.4437 n.s.
1.0821 ns. M 0.5359 ns. 0.3-0.5m 1.1962 n.s.
0 0.6396 ns. o - - Litter - -
N OM 45691 * Kav oM 1.0741 n.s. 0-0.3 m 0.557 n.s.
M 0.0024 ns. M 0.2204 n.s. 0.3-0.5m 0.4089 n.s.
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O 1.7334 n.s.
Pay oM 13162 ok
M 4.8377 *

Level of significance: n.s. = not significant, = P< 0.1 * = P<0.05, ** = P< (.01, *** = P<(.001.

TOC = total organic carbon; TN = total nitrogen; P,, = available phosphorous; Ca., = available Ca; Mg,, = available Mg; K., = available K.
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Table S4/b Results of ANOVA showing the influence of calcareous (CA), biotite granite (BG), and granite with quartz veins (GQ) parent materials on physical and chemical
properties according to the organic (O), organo-mineral (OM), and mineral (M) tiers, on the element stock per 0.01-m layer of the O, OM, and M tiers, and on the depth layer
of soils under Holm oak forests developed on different parent materials (calcareous, biotite granite, and granite with quartzite veins). Tuscany and Sardinia, Italy.

Parent materials 0.01-m layer Depth layer
Physical and chemical properties Element stock
Fvalue significance Fvalue significance Fvalue significance
CA 0.1408 n.s. CA 75.04 hoxk CA 2.0898 n.s.
pH BG 3.3514 ° C BG 60.919 Howk BG 6.3784 *
GQ 0.5772 n.s. GQ 6.6333 * GQ 1.5455 n.s.
CA 14.129 ** CA 13.256 ook CA 5.6150 °
Sand BG 10.846 *x ™N BG 17.573 roxk BG 5.8438 *
g GQ 3.892 ° GQ 7.822 ok GQ 7.2001 )
é CA 4.8992 * CA 21.408 Howk CA 49013 )
% Silt  BG 8.0245 * Pay BG 12.325 ok BG 3.1392 n.s.
E GQ 0.3611 n.s. GQ 4.1246 * GQ 3.3268 ns.
§ CA 10.955 *x CA 4.6533 ° CA 0.6035 n.s.
Clay BG 15.851 *x Caay BG 3.9232 ° BG 6.8881 °
GQ 13.181 *x GQ 21.795 ok GQ 1.7482 ns.
CA 59.752 oAk CA 6.4277 * CA 1.3287 n.s.
TOC BG 35.017 ok Mgay BG 5.7396 * BG 7.0033 °
GQ 5.3245 * GQ 39.343 oAk GQ 2.0538 ns.
CA 248.43 *x CA 19.862 oAk CA 4.1519 ns.
TN Kay
BG 125.39 HoEE BG 6.0877 * BG 4.4935 n.s.
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GQ
CA
Pay BG

GQ

14.749
46.003
43.887

14.749

ok

skkosk

skkosk

skkosk

GQ

8.9291

GQ

1.3512

n.s.

Level of significance: n.s. = not significant, = P< (.1 * = P <0.05, ** =P <0.01, *** = P <0.001.

TOC = total organic carbon; TN = total nitrogen; P,y = available phosphorous; Ca,, = available Ca; Mg,, = available Mg; K,, = available K.
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CHAPTER 4 - IMPACT OF THE MANAGEMENT ON FOREST
SOC STORAGE CAPACITY IN FINE EARTH, SKELETON AND
ROOTS COMPARE TO ABOVEGROUND BIOMASS OF

DIFFERENT STAND TYPES
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1. Introduction

In view of mitigating greenhouse gas emissions (GHG), forest ecosystems are constituted by natural
resources able to sink elements; for that reason, they have been representing important research
issues for decades (e.g., Jandl et al., 2007; Shrestha et al., 2015; Li et al., 2018). In order to face
future climate challenges, as reported by Giebink et al. (2022), the Oxford University’s Nature-
based Solutions Initiative estimated a reduction in CO> emissions of 10,000 MMT per year through
protecting, restoring, and managing sinks. Concerning this function, soil and plants together
represent important and widely recognized drivers for carbon sequestration and storage (e.g.,
Lorenz et al., 2014; Lal et al., 2015; Sadatshojaei et al., 2021), able to guarantee a stable carbon
sink through various mechanisms (photosynthesis, roots turnover, microbiological activity,
degradation of organic matter, etc.). For example, Wang et al. (2021) studying a planted alpine
coniferous forest (Picea asperata Mast.) to understand the role of absorptive and transport roots in
storing soil carbon, found that the rhizosphere soil C stocks induced by absorptive roots and
transport roots play different roles in regulating the total rhizosphere soil C storage in forests. The
efficiency of this important function strictly depends on natural aspects and anthropic activities. In
fact, woods and forests are exploited all over the world and subjected to different management to
provide goods and lands necessary for human sustenance (e.g., MacCleery, 1992; Scarascia-
Mugnozza et al., 2000; Messier et al., 2015). Particularly in Europe, the same forest unit has been
perceived and utilized historically to solve multiple functions such as hunting, bee-keeping, grazing
in forests, forest assortment, wood felling and timber use (Pretzsch et al., 2008). As well as the
aboveground also the soil is affected by anthropic activities capable to determine variations in
physicochemical and biological properties (soil structure, organic carbon content, biological
activity, etc.) (Palese et al., 2014; Wang et al., 2014; de Moraes et al., 2018).

In Italy, forests cover 35% of the land with a remarkable vegetation variability mostly depending on
the latitude (INFC 2015). The majority of this afforested territory is located in proximity or in

correspondence with the Alps and Apennines, the principal national mountain chains (Lelli et al.,
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2021). In particular, the Apennines chain, thanks to its latitudinal extension throughout the Italian
Peninsula, represents an important reservoir of national forest biodiversity (e.g., Stanisci et al.,
2005; Malandra et al., 2019). The most common forest types in the Apennines are broadleaves
kenosis, such as oaks forests (e.g., turkey oak (Quercus cerris L.), downy oak (Quercus pubescens
Willd.), and holm oak (Quercus hilex L.)), beech (Fagus sylvatica L.) forests, and mixed
broadleaves forests (e.g., hornbeam (Ostrya spp.) and ash tree (Fraxinus spp.)), that ensure almost
the 46% of national forest biodiversity (INFC 2015).

One of the most important relief included in the Apennines chain of Marche region is the Mount
San Vicino. This mountain has hosted human activities since Neolithic and represent a good
example of how forest type and management can impact on soil characteristics (Silvestrini et al.,
2005). Several environmental aspects of Mount San Vicino were already investigated, like
biochemical soil properties under European Beech (Fagus sylvatica L.) (De Feudis et al, 2016;
Cardelli et al., 2019), soil respiration dynamics in Bromus erectus-dominated grasslands (Francioni
et al., 2020), the vegetation and plant landscape (Allegrezza, 2003), and other geomorphological
issues (e.g., Coltorti et al., 1996; Scisciani et al., 2002). In addition to these valuable studies and
considering the challenges related to GHG, the capacity of the principal ecosystems of the Mount
San Vicino to stock carbon is a missing important aspect that is worth to assess.

With the present study, we investigated soils (including skeletal fraction), roots (fine to very coarse)
and aboveground biomass in twenty assay areas in the Mt. San Vicino, which included four
different forest typology stands (beech forests, mixed oak forests, turkey oak forests, and
broadleaves mixed forest) subjected to three managements (coppicing, conversion to high stand,
and mature high stand). The aim was to assess how forest types and management determine
differences in organic carbon storage, considering aboveground biomass, forest floor, mineral soil
and fine to very coarse roots within a range of 0-30 cm depth, also the skeletal fraction was taken

into consideration as volumetric diluent of the element.

-124 -



2. Materials and methods
2.1 Study site and stands features

The study area is subdivided into twenty assay areas representative of the four forest types that
differs for botanical composition and management. The geomorphology of the area is characterized
by the presence of an hilly-mountainous dominant land morphology strongly influenced by the
presence of Mt. San Vicino (1479 m a.s.l.) that constitute the higher relief of Marche mountain
ridge (Figure 1). The total forest area under study covers a surface of about 1,143 hectares. In the
study site the mean annual air temperature (MAAT) ranged from 13.5 to 14.6 °C and the mean
annual precipitation (MAP) from 750 to 1139 mm. The soils had developed on calcareous
landslides parent materials that were represented by massive limestone, white micritic limestone
and red scale limestone. Soil morphologies together with general information about the areas and
aboveground cover are reported in Table 1 and 2.

The broadleaves mixed forest assay parcels are located in an area with an altitude between 400 and
1000 m a.s.l.. The mean slope is ranging from 30 to 60 % and the dominant exposure N-NO. The
soil cover is about 90% and is mostly represented by hornbeam (Ostrya carpinifolia Scop.) with a
minor presence of downy oak, Italian maple (Acer opalus Mill.) and manna ash (Fraxinus ornus
L.). The common management of these forests is the coppice-management system for firewood
production. The average trees number is about 6578 plants per hectare while the average diameter
and the mean basal area are respectively of 7.70 cm and 27.87 m*ha™!.

The Turkey oak forest assay parcels are located in an area with an altitude between 800 and 1200 m
a.s.l.. The mean slope is ranging from 20 to 45 % and the dominant exposure is N-NO. The soil
cover is ranging from 40 to 90 % and is mostly represented by Turkey oak with a minor presence of
Italian maple, hornbeam and beech. These forests are managed both as coppices and high forest for

firewood production. The coppices stands present a tree density of 4260 plants per hectare, 11.43
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cm of average diameter and 32.09 m? ha! of mean basal area, while the high stand a tree density of

3060 plants per hectare, 14.77 cm of average diameter and 24.26 m?ha™! of mean basal area.

The mixed oak forest assay parcels are located in an area with an altitude between 900 and 1000 m
a.s.l.. The mean slope is ranging from 10 to 55 % and the dominant exposure is N-NO. The soil
cover is about 70 % and is mostly represented by downy oak with a minor presence of sessile oak
(Quercus ptrea (Matt.) Liebl.), manna ash, field maple (4cer campestris L.) and different species of
rowan (Sorbus spp.). These forests are managed both as coppices for firewood production and high
forest for hydrogeological protection purposes. The coppices stands present a tree density of 2557
plants per hectare, 8.70 cm of average diameter and 15.73 m?ha! of mean basal area, while the high
stand a tree density of 1431 plants per hectare, 12.40 cm of average diameter and 25.66 m? ha'! of
mean basal area.

The beech forest assay parcels are located in an area with an altitude between 900 and 1200 m a.s.I..
The mean slope is ranging from 5 to 80 % and the dominant exposure is N-NO. The soil cover is
ranging from 75 to 100 % and is mostly represented by beech with a minor presence of hornbeam,
Italian maple, sycamore maple and beech. These forests are subjected to three different
management addresses: 1) coppices for firewood production; ii) transition forests from coppice to
high stand management; iii1) high stand forests for both hydrogeological protection and tourist-
recreational use. The coppices stands present a tree density of 2752 plants per hectare, 8.07 cm of
average diameter and 29.97 m? ha'! of mean basal area; the coppices in conversion to high stand a
tree density of 3818 plants per hectare, 13.48 cm of average diameter and 45.05 m? ha'! of mean
basal area, while the high stand a tree density of 1178 plants per hectare, 20.85 cm of average

diameter and 40.40 m?ha™!' of mean basal area.
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San Severino
Marche
Municipality

* Pedological profiles

Figure 1 - Geographical position of Study site and soil profile position

@ Pedological profiles.

Figure 2 — Detail of the geographical distribution of soil profiles inside the study site
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Table 1. General features and averaged morphology of the soils under four forest types (beech, mixed oak, turkey oak and hornbeam-manna ash) and three different managements
(coppice, high stand conversion and high stand), according to each soil tier; Mt. San Vicino, Italy. For symbols see legend.

Mean annual air temperature (MAAT) varied from 13.5 to 14.6 °C. Mean annual precipitation (MAP) varied from 750 to 1139 mm. Parent material: rock fall deposit

Tier Horizons? Depth®  Thickness® Boundary? Colour® Texture’ Structure? Consistence” Roots! Rock Frags! Other n
observations
cm Moist Grade Sz Type Qty Sz %, by sight
Forest type: beech
Management: coppice; Forest age: 40 years.
Bedrock: red scale limestone/whitish micritic limestone; Mean slope: 20-60%; Exposure: N, NW; Emerging rock: 5-30%; Average soil cover: 80%.
Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
. OLn; OLv; CW; CS;
Litter OF: OH 10/2-0 4-6 AS; AW 5YR 3/2 - 3gr - 3/2vf, f 2 -
Organo- A; AB; ABb; ) SYR 3/1 3vfgr; 3vl, . m  m(fr); m(fi); 3vf, f; 2m;
mineral AE 0-14/2 4-6 CW; CS 7.5YR 2.5/2 ¢ sbk, abk BR 1co, vco 2-50 SL
SL; CH;
Mineral Bw; Bwb; 6/36- 8.5-18 CW; CS SYR 4/6 c 3vf, f, m, ¢ sbk m(fr); BR; 2vE, £, m; 5-75 mesofauna;
BC 11/49+ 10YR 7/3 (wW)p 1co, vco
mCAM
Management: coppice in conversion to high stand, Forest age: 45-70 years.
Bedrock: red scale limestone; Mean slope: 5-50%; Exposure: N, NW; Emerging rock: 10-20%; Average soil cover: 90%
Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
. OLn; OLv; .
Litter OF: OHec 12/1-0 4-7 CW; CS - - 3vf, gr m(fr) 3vf, f 2-5 -
Organo- SYR 2/2, 32 3 e 3vE S, m(f);m(f), V@D
mineral A; AB 0-9/2 37 CW; CS 7.5YR 3/2, 3/4 cl m, co sbk BR; (w)p 2r1n‘iccoo; 2-20 )
5YR 4/2, 4/3,
4/4
. ) ] 7/44- . 3gr; 3vf, 2f, m, m(fr); m(fi); 3vf, f; 2m;
Mineral Bw; BC; CB 13-17 CW; CB 7.5YR 4/4, 4/6, cl sbk: 3vf £, abk BR: (w)p lco, veo 30-70 CAM

13/53+ 6/3
10YR 3/4, 7/3

Management: high stand; Forest age: 50-80 years.
Bedrock: whitish micritic limestone; Mean slope: 40-80%; Exposure: N; Emerging rock: 2-20%; Average soil cover: 95-100%

Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
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) OLn; OLv; CW; CS; 3vf, f; 2 m;

Litter OF: OHc 13/1-0 2.5-5 AS: AW - - 3vf, fgr m(fr) | eo 0-5 Mesofauna
Organo- ) ) 5YR 3/2,3/3 3vf, f, m sbk, m(vfr); 3vf, f .
mineral A; AB 0-3/7 3-4 CW: CS 10YR 3/2 abk m(fr); m(fi); Im, co 2-70 Mycelium

0/48- 5YR 3/3 2/3vf, £, m, co m(vir); 2vE, £, m;
Mineral Bw; BC 7/54+ 12-16 CW; GW 10YR 63 vo sbk, abk m(fr); BR; lco, ve 15-70 CH
(W)ps
Forest type: mixed oak
Management: coppice; Forest age: 25 years.
Bedrock: massive limestone; Mean slope: 40-55%; Exposure: N, NW; Average soil cover: 70%
Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
. OLn; OLv; .

Litter OF: OHe 11/2-0 4.5-8 CW; AW - - - - 3vf, f 2 -
Organo- A 0-3 2-3 CW 5YR 2/2 c 2vf, f, m sbk m(fr) 3vf, f 20 Mycelium
mineral

. Bw; Bwb; 0/24- 5YR 3/4, 4/2 m(fr); BR; 3vf, f, m;
Mineral ©pe ey 4/38+ 8-10 W 7.5YR 3/4, 4/6 3vi, £, m sbk (W)p Ico, ve 10-70 ;
Management: high stand; Forest age: 60 years.
Bedrock: massive limestone; Mean slope: 10-35%; Exposure: N; Emerging rock: 30%; Average soil cover: 70%
Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
. OLn; OLv; AS; AW; .

Litter OF: OH 8/2-0 4-7 CW - - - - 3vf, f; 1 ve 0-2 -
Organo- . 5YR 3/2 3vf, f; 2m;
mineral A 0-6/8 5-11 CI; CW 7 5YR 3/2 c 3vf, f sbk m(fr) v 20-25 -

. ] 0/6- 11-15 5YR 3/2, 4/4 3vf, f; 1Im,
Mineral Bw; BC 7/48+ i Cw 7.5YR 5/4, 4/2 c 3vf, f, m, co sbk m(fr) co, ve 5-60 CH
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Forest type: turkey oak
Management: coppice; Forest age: 20 years

Bedrock: whitish micritic limestone; Mean slope: 20-35%; Exposure: N, N-NE, N-NW, NW; Emerging rock: <5%; Average soil cover: 70%

Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
OLn; OLv;

. CW; AW; 5YR 2/2 -
Litter OF: OH 3/1-0 1.5-3 AS 10YR 2/2 - 3gr m(fr) 3ve, f 0-2 -
e 5YR3/2
Organo- A 02214 3sss I asvrinas o« e Wpws  WEE2m 220 i
era 10YR 2/1, 3/2 '
ABbD; Bw; S5YR 3/3, 3/4 ) ] : Mesofauna;
Mineral ~ Bwb; BC; 92// j’g; 8-11 CW 7.5YR 4/2, 5/4 cl 3vh, gi(zm m(fr() : )(W)p’ 2L £ 1m, 10-75 mycelium; SL;
CB 10YR 3/2, 4/6 i WIS €0, Ve mCAM
Management: high stand; Forest age: 60 years
Bedrock: whitish micritic limestone; Mean slope: 30-40%; Exposure: N, NW; Emerging rock: -; Average soil cover: 90-95%
Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
. OLn; OLyv; . -
Litter OF: OH 7/1-0 1.5-2.5 CW; CS - - m(fr) 0 - -
Organo- . 0/2- . 7.5YR 2/2,3/2 3gr; 3vf, £, m ) 2vf, f; Im,
mineral 5 AB 0.5/6 24 CWAW JovR 212, 32 ¢ sbk,abk (D m(f) co 1-20 Mesofauna
. Bw; Bwb; 0.5/40- 7.5YR 3/2, 5/6 3vf, f, m sbk, m(fr); m(fi); 2vf, f, m; SL; mesofauna;
Mineral BC g3+ M3 W 10YR 3/3, 4/4 ¢ abk BR Ico 10-80 “yedded CHE
Forest type: hornbeam/manna ash
Management: coppice; Forest age: 7-40 years
Bedrock: massive limestone; Mean slope: 30-60%; Exposure: N, NW; Emerging rock: 5-20%; Average soil cover: 65%
Soil: Humic Lithic Eutrudept (Soil Survey Staff, 2014)
. OLn; OLv; ) s
Litter OF: OH 5/1-0 1.5-3 CW; CB - - 3gr m(fr) 3vf, f; 1co 2-5 -
Organo- . . 7.5YR 3/2 3vf, f; Im,
mineral A; AB 0/2-2/6 4.5-7.5 CW; CS 10YR 2/2, 4/4 c 3vf, f, m sbk m(fr) co 2-5 -
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ABb; Bw; 0/33- 3-11 CW 7.5YR 3/4, 4/4 3vf, f, m, co m(fr); m(fi);  3vf, f; Im,

Mineral o Be.c 648+ 10YR 3/2, 5/4 ¢ sbk, abk BR co, ve

2-80 mCAM; SL

2 designation according to Baize et al. (2008) for organic horizons and to Schoeneberger et al. (2012) for mineral horizons.

® numbers separated by slash (/) indicate the range of depths observed in the profiles, while the hyphen (-) means “from (what is before it) to (what is after it)”.

¢ referred to the lowest and highest mean thickness.

4 A=abrupt, C=clear, G=gradual, D=diffuse; S=smooth, W=weavy, I=irregular, B=broken

*moist and crushed, according to the Munsell Soil Color Charts. The reported colours are the extremes for the horizons considered.

fe=clay, cl=clay loam

¢ 1=weak, 2=moderate, 3=strong; f=fine, m=medium, co=coarse; gr=granular, abk=angular blocky, sbk=sub-angular blocky. Structures are the extremes for the horizons
considered.

" m(fr)=friable, m(fi)=firm; BR=brittle; (w)ps=slightly plastic, (w)p=moderately plastic; (w)s=moderately sticky. Rupture resistance is referred to the soil with a moist water state.
0=absent, 1=few, 2=common, 3=many; vf=very fine, f=fine, m=medium, co=coarse, vc=very coarse. Roots abundances are the extremes for the horizons considered.
'rock fragments values are the extremes for the horizons considered.

™ SL=stone line; CH=charcoal fragments; mCAM=many carbonate masses; CHE=chert
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Table 2. Average stand parameters and aboveground biomass of the four forest types (beech, mixed
oak, turkey oak and hornbeam-manna ash) and three different managements (coppice, high stand
conversion and high stand); Mt. San Vicino, Italy. Numbers in parentheses are standard deviations
(n=4 for beech and mixed oak; n=8 for turkey oak and hornbeam/manna ash). For each column
within forest type and management, mean values with different letters significantly differ for P <
0.05.

Average trees ~ Average Mean Aboveground
Forest type Management number diameter  basal area biomass
n° ha’! cm m?ha’! Mgha!
Coppice 2752 8.07 29.97 190.77
(905) (3.45) (10.28) (149.36)
Beech Conversion 3818 13.48 45.05 364.15 A
(2766) (3.32) (12.26) (82.76)
High stand 1178 20.85 40.40 483.02
(181) (4.34) (13.21) (176.71)
Coppice 2557 8.70 15.73 82.31
(314) (1.39) (6.50) (37.79)
Mixed oak B
High stand 1431 12.40 25.66 169.04
(972) (5.61) (10.11) (82.31)
Coppice 4260 11.43 32.09 177.76
(3057) 4.57) (4.26) (38.69)
Turkey oak B
High stand 3060 14.77 24.26 220.11
(4141) (7.01) (3.40) (118.44)
Hornbeam/manna ash Coppice 6578 7.70 27.87 144.43 g
(1985) (1.53) (4.39) (26.95)

Capital letters = comparison among forest types

2.2 Soil trenching, morphological description, sampling, analysis, and stock calculation

In November 2021, a geomorphological and soil survey was conducted in each assay parcel,
through the opening of several mini-pits and auger holes, to choose the best and most representative
position where to dig the soil profile. After this evaluation, two soil profiles were opened in each
assay parcel for a total of forty soil profiles, subdivided into four replicates for beech and mixed oak

forests and eight replicates for turkey oak and hornbeam/manna ash forests. Following the protocol
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reported by Camponi et al. (2022), soil profiles were dug at about 1 m downslope from the trunk of
one of the biggest trees indicatives of the forest type, where the stem influence was considered
absent. The profile was excavated until the lithic contact or at a depth of = 0.50 m and sampled in
large amount (= 3 kg) within 30 cm. The litter horizons were morphologically described according
to Baize et al. (2008) and sampled on a surface of about 3-4 m? around each profile. Organo-
mineral and mineral horizons, together with the content of coarse and very coarse particles (e.g.
gravels and cobbles), were described by Schoeneberger et al. (2012). Averaged morphologies of
sampled soils were reported in Table 1. To establish the soil bulk density and the amount of very
fine to very coarse (¢ < 10 mm) roots, two horizontal soil cores per each horizon were taken by steel
cylinders with a volume of 503 c¢cm® (diameter 7.7 cm, height 10.8 cm). Instead, for organic
horizons, the bulk density was estimated using the pedotransfer function proposed by De Nicola et
al. (2014). Soil and litter samples were stored inside a portable fridge, and, once in the laboratory,
were air-dried. Mineral samples collected from soil horizons and soil cores were sieved with a mesh
to separate the fine earth (¢ <2 mm) from the skeleton (¢ > 2 mm) and maintained at 4°C before the

analyses.

2.3 Soil physicochemical analyses, C stock, and aboveground biomass evaluation

Physicochemical properties and organic C stocks in mineral soil (¢ < 2 mm) and roots were
evaluated in a compositum sample brought from the whole 0-30 cm depth layer, while in the litter a
compositum sample were constituted by the different genetic horizons during the description
activity. The soil texture was determined by-feel method (Thien, 1979), and pH was determined
potentiometrically (1:2.5 v:v). Total organic carbon (TOC) concentration on litter, mineral soil and
roots was estimated by K-dichromate digestion, heating the suspension at 180°C for 30 min,
following the Walkley-Black method (Nelson and Sommers, 1996). Litter and mineral soil C stock
was evaluated following the protocol proposed by Camponi et al. (2022). For roots, TOC stock

derives from the mathematical product of roots biomass (Mgha') and TOC content while, the same
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procedure was used for aboveground biomass but the C content was extrapolated from INFC (2005)

data.

2.4 Data treatment and statistical analysis

The soil profiles showed differences in the sequence of genetic horizons due to its natural
variability, for this reason a grouping was made according to their nature: i) litter tiers, made of
well-expressed OL (OLn and OLv) and OH horizons; ii) organo-mineral tiers, grouping A, AB and
AE horizons; and ii7) mineral tiers, formed by ABb, Bw, Bwb BC, BCb, CB, and C horizons (Table
1). The differences among samples were tested by two-way ANOVA. Prior to ANOVA, normality
and homoscedasticity of the dataset were assessed using Shapiro-Wilk statistical test and by
Levene's test at 5% significance level, respectively. Assumptions were not violated and Duncan’s

multiple range test was used to determine the significant differences between samples at P<0.05.

3. Results

3.1 Morphological and physicochemical soil properties

The studied soils were classified as Humic Lithic Eutrudepts (Soil Survey Staff, 2014) and showed
on average to be polycyclic soils dominated by periodic landslide phenomena of calcareous parent
rock with a dominant clay to clay-loam textural class (Table 1). The soils developed under beech
coppices displayed an average soil cover of 75% with a variable content of skeleton (from 5 to
30%). The forest floor shown a scarce development, with a thickness of 4-6 cm while organo-
mineral and mineral horizons had an average thickness of 4-6 cm and 8.5-18 cm, respectively.
Structure in the organo-mineral horizons was strongly developed and organized into granular to
angular blocks, while in the mineral horizons it was strongly developed into sub-angular blocks.
Roots were generally abundant all along the soil profile with an increasing dimensional trend. Soil

skeleton amount was 40% on average and generally increased with depth. Most of the mineral
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horizons shown a diffuse presence of centimetric charcoal fragments and in situ calcium carbonate
resettlement (secondary carbonates).

The beech high stand conversion sites showed a soil cover of 90% on average and that was partly
due to rock fragments (10-20%). The litter layer was poorly developed (4-7 cm) with a diffuse
presence of hyphae; the thickness of the organo-mineral horizons ranged from 5 to 7 cm, while that
of the mineral horizons was from 13 to 17 cm. The soil structure consisted of strongly developed
granules in OH horizons of the litter layer, strongly developed granulaes and sub-angular blocks in
the organo-mineral horizons, and strongly developed granules and to angular/sub-angular blocks in
the mineral horizons. Very fine and fine roots were generally many all along the soil profile, while
the abundance of medium and very coarse ones where less expressed (very few to common). As a
whole, the soil skeleton amounted to 2-70% and increased with depth. As in the beech coppices
sites also in this thesis of charcoal fragments and secondary carbonates were found in abundant
amount.

The soils under beech high stand showed a soil surface covered mainly by leaves and coarse woody
debrish of variable dimension, while rock fragments covered a variable surface from 2 to 20 %. In
addition, there were many (50 per hectare) remains of charcoal kilns and a diffuse presence of
hyphae along the soil profile. The litter layer was quite well developed (2.5-5 cm thickness) with
noticeable mesofauna activity signs; the organo-mineral horizons were 3-4 cm thick while the
mineral horizons had a thickness from 12 to 16 cm. The OH horizon showed a well-developed
granular structure with very fine and fine aggregates, the organo-mineral horizons had a strongly
developed sub-angular to angular blocky (from very fine to medium) structure, while the mineral
horizons displayed a moderately to strongly developed angular and sub-angular blocky structure
with coarser aggregates. All the soil tiers showed a poor to abundant amount of roots ranging in size
from very fine to very coarse with a decreasing gradient along the profile. Soil skeleton was

abundant, on average amounting to 10-70%, generally increasing with depth.
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The soils under mixed oak stands managed as coppices showed a soil cover ranging from 60 to 80%
minimally (maximum 10%) due to rock fragments (pebbles and cobbles). The litter layer was
poorly developed with a thickness of 4.5-8 cm; the thickness of the organo-mineral horizons ranged
from 2 to 3 cm, while that of the mineral horizons was from 8 to 10 cm. In litter and in organo-
mineral tiers were noticed fungi activity (hyphae). The soil structure was moderately developed in
very fine to medium sub-angular blocks in the organo-mineral horizons and strongly developed in
very fine to medium sub-angular blocks in the mineral horizons. Very fine and fine roots were
generally many all along the soil profile while the abundance of coarse ones where less expressed
(very few). As a whole, the soil skeleton amounted to 2-70% and increased with depth.

The mixed oak high stand sites showed an average soil cover of 70% with an amount of 30% of
rock fragments. The litter layer was poorly developed with a thickness of 4-7 cm; the thickness of
the organo-mineral horizons ranged from 5-11 cm, while that of the mineral horizons was from 11
to 15 cm. The soil structure consisted of strongly developed very fine to fine sub-angular blocks in
the organo-mineral horizons and strongly to weak developed very fine to very coarse sub-angular
blocks in the mineral horizons. Very fine and fine roots were generally many all along the soil
profile while the abundance of medium and very coarse ones where less expressed (very few to
common). As a whole, the soil skeleton amounted to 2-60% increasing with depth. Charcoal
fragments were found in considerable amount in mineral horizons.

The soils developed under turkey oak coppices displayed an average soil cover of 80-90% with a
negligible contribution of emerging rock (<5%). The forest floor shown a scarce development, with
a thickness of 1.5-3 cm while organo-mineral (sometime interrupted) and mineral horizons had an
average thickness of 3.5-5.5 cm and 8.5-18 cm, respectively. The organic horizons (particularly
OH) showed a strongly developed granular structure; organo-mineral horizons showed a strongly
developed granular to angular structure while in the mineral horizons it is strongly developed in
sub-angular blocky. Very fine and fine roots were generally abundant all along the soil profile while

medium, coarse and very coarse ones showed a common to scarce presence. Soil skeleton amount
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ranged from absent to 75% on average, and generally increased with depth. Most of the mineral
horizons shown a diffuse presence of hyphae and secondary carbonates.

The turkey oak high stand sites showed an average soil cover of 90-95%. The litter layer was
poorly developed with a thickness of 1.5-2.5 cm; the thickness of the organo-mineral horizons
ranged from 2 to 4 cm, while that of the mineral horizons was from 11 to 13 cm. The soil structure
consisted of well-developed granular and very fine to medium sub-angular blocks in the organo-
mineral horizons and strongly developed very fine to medium sub-angular and angular blocks in the
mineral horizons. Very fine and fine roots were generally common all along the soil profile while
the abundance of medium and coarse ones where less expressed. As a whole, the soil skeleton
amounted to 1-80% increasing with depth.

The soils under hornbeam and manna ash coppices showed an average soil cover of 65% with a
contribution (5-20%) due to emerging rock and skeleton fragments (pebbles and cobbles). The litter
layer was poorly developed with a thickness of 1.5-3 cm in some case with sporadic presence of
OLn horizon; the thickness of the organo-mineral horizons ranged from 4.5 to 7.5 cm, while that of
the mineral horizons was from 8 to 11 cm. The soil structure was well-developed in granular
aggregates in OH horizon of litter tier, very fine to medium sub-angular blocks in the organo-
mineral horizons and strongly developed in very fine to medium sub-angular and angular blocks in
the mineral horizons. Very fine and fine roots were generally many all along the soil profile while
the abundance of medium, coarse and very coarse ones where less expressed (very few). As a

whole, the soil skeleton amounted to 2-80% and increased with depth.
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Table 3. Mean values of bulk density, litter depth, skeleton, root biomass, pH, and total organic carbon (TOC) of the soils under four forest types (beech,
mixed oak, turkey oak and hornbeam-manna ash) and three different managements (coppice, high stand conversion and high stand); Mt. San Vicino, Italy.
Numbers in parentheses are the standard deviations (n=4 for beech and mixed oak; n=8 for turkey oak and hornbeam/manna ash). For each column
within forest type and management, mean values with different letters significantly differ for P < 0.05. Box without explicit statistical treatment showed
equal significance.

Bulk . Root pH TOC
. Litter depth Skeleton . ) )
Forest type Management density biomass Litter ~ 0-30 cm Litter 0-30cm  Roots
kg dm™ cm % Mg ha’! gkg'!
Connice 1.09 7.00 38 57.22 6.37% 7.51 393.17 6131  380.41
PP (0.06)  (3.50) (11) (11.65) 025)  (0.33)  (37.40) (2041) (14.31)
. 1.12 6.30 33 47.95% 6.30% 7.72 360.82  48.48  359.96
Beech Conversion A
(0.10) (4.6) 4) (33.40) 0.28)  (0.12) (67.21)  (6.35) (76.82)
. 1.00 6.50 34 22.77% 6.02 6.56 36191 3243 366.34
High stand
(0.04) (4.80) ) (14.44) 0.42)  (1.60) (73.76)  (9.79)  (92.38)
Connice 0.93 7.50 43 49.46% 5.97° 7.66 45127  58.04 32534
PP 0.08)  (3.30) 3) (37.26) 028)  (0.15)  (42.13) (1927) (42.08)
Mixed oak A
. 1.07 6.30 38 15.49° 6.46" 7.76 377.07 4176  329.44
High stand
(0.02) (1.70) (3) (7.60) 0.06)  (0.17) (48.65) (15.25) (44.50)
Conpice 1.06 2.60 34 13.75 6.18 7.65 38021  70.61  327.48
PP 0.09)  (1.50) (10) (7.64) 032)  (027)  (49.70) (29.54) (37.57)
Turkey oak B
Hich stand 1.02 3.60 47 55.24¢ 6.07% 7.55 416.78 6836  299.37
g (0.09) (2.30) (10) (57.65) (0.43)  (0.22)  (101.02) (30.70) (78.98)
Hombeam/mannaash ~ Coppice 0.99 3.00 o 31 56.91% 6.10% 7.47 337.14 5493 304.96
pp (0.12) (1.20) (14) (42.82) (0.32)  (0.41)  (113.28) (23.94) (49.36)

Capital letters = comparison among forest types
Lowercase letters = comparison among management
Superscript letters = interaction between forest types and management
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Table 4. Organic carbon stock in aboveground biomass, litter, 0-30 cm mineral layers, and roots collected in
0-30 cm soil layer under four forest types (beech, mixed oak, turkey oak and hornbeam-manna ash) and three
different managements (coppice, high stand conversion and high stand); Mt. San Vicino, Italy. Numbers in
parentheses are the standard deviations (n=4 for beech and mixed oak; n=8 for turkey oak and
hornbeam/manna ash). For each column within forest type and management, mean values with different
letters significantly differ for P < (.05.

OC stock
Forest type Management Aboyeground Litter 0-30 cm Roots
biomass
Mg ha’!

Conmice 100.15 223.25 107.77 21.84°

pp (78.41) (128.25) (18.04) (5.03)
. 191.18 187.34 88.44 17.16®
Beech Conversion (43 45) A (161) A (11.9) (12.95)
Hioh stand 253.59 196.34 72.3 8.64 @

& (92.77) (178) (24.65) (5.77)
Coice 44.45 284.98 93.12 1532

PP (20.40) (141.85) (31.58) (9.76)

Mixed oak B A

Hioh stand 91.28 184.38 83.95 4.98°

& (44.45) (56.92) (35.12) (2.34)

Cobbice 97.77 79.48 107.26 4.37°

PP (21.28) (52.19) (46.44) (2.45)

Turkey oak B B

Hich stand 121.06 132.54 105.5 18.94 3

& (65.14) (107.69) (35.6) (22.63)
. 75.82 80.81 94.47 16.21 %

Hornbeam/Manna ash ~ Coppice (14.15) B (42.09) B (33.5) (8.66)

Capital letters = comparison among forest types
Lowercase letters = comparison among management
Superscript letters = interaction between forest types and management
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3.2 Soil physicochemical properties and C stocks

Bulk density and skeleton content showed no differences among thesis while the highest values of
roots biomass (57.22 Mgha™!) were recorded in the beech coppices and the lowest ones in mixed
oak high stands (15.49 Mgha™!) and turkey oak coppices (13.75 Mgha™). In terms of aboveground
biomass, the highest amount were recorded on average in beech stands (345.98 Mgha™') while the
other type showed similar values that ranged from 125.68 to 170.00 Mgha™' (Table 2 and 3).

Forest floor showed a slightly acid reaction with values between 5.97 and 6.46 while mineral soil
had greater pH values near the neutrality (6.56-7.76) with differences in the interaction between
management and cover typology for the litter layer (Table 3). In particular mixed oak high stand
thesis showed the highest pH values (6.46) while mixed oak coppice thesis showed the lowest pH
values (5.97). In general TOC contents in litter and 0-30 cm depth layers and in the roots showed no
differences among the theses. (Table 3).

The C stock at fixed depth of 30 cm in mineral soil showed similar values in the four theses while
differences, in terms of typology, management and interaction between both the variables, were
noticed in the aboveground biomass, litter and in the roots biomass (Table 3 and 4).

The aboveground biomass showed the highest values in the beech forests, due to the presence of
conversion parcels that rise up the mean values, with an average value of 345.98 Mgha™!, while the
other stand type showed similar average values respectively of 125.68, 170.00 and 144.43 Mgha™!
for mixed oak, turkey oak and hornbeam and manna ash forests. The interaction between the two
variables (cover typology and management) showed the highest amount of biomass in beech
conversion to high stand and high stand forests compared to the others with a respectively amount
of 364.15 and 483.02 Mgha™!, while the other forests showed similar values that ranging from 82.31
to 190.77 Mgha'!. The aboveground biomass C stock follow the same pattern with the highest
values in terms of typology in the beech forests (average of 181.64 Mgha™') and the highest values

considering the interaction typology-management in beech conversion to high stand and high stand
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areas with respectively values of 191.18 and 253.59 Mgha! while all the other forests showed
values that ranging from 44.45 to 100.15 Mgha™!' (Table 3 and 4).

The litter layer showed significant differences in relation with forest cover typology, thus the
highest values were recorded in beech and mixed oak stands (202.31 and 263.66 Mgha™') and the
lowest under turkey oak and hornbeam/manna ash covers (106.10 and 80.81 Mgha™).

The differences in roots biomass and organic C stock showed significancy only for the interaction
cover typology-management with the highest amounts in beech coppices (57.22 and 21.84 Mgha™!
respectively) while the lowest in mixed oak high stands and turkey oak coppices with an amount of

respectively 15.49 and 4.98 37 Mgha'l and 13.75 and 4.37 Mgha™! (Table 3 and 4).

4. Discussion

A study conducted by Eisalou et al., (2013) highlighted how different forest species, in particular
beech and oak, influenced forest floor pH, as well as Corti et al. (2019), studying a turkey oak
forest, demonstrated how the strict site-plant relation is able to influence the leaves leachate pH.
This phenomenon is similar to that observed in the studied mixed oak forests, where the specific
composition of the canopy, mostly represented by different broadleaved species, and the site-plant
relation could have influenced the litter pH, that showed higher values in the high stands
management (6.46) compared to the coppices (5.97).

Previous works focused on the C and nutrients storage capacity in mineral soil (0 to 30 cm or
deeper) under pluri-secular managed national forests (Camponi et al., 2022, 2023) found a similar
phenomenon to that observed in this case-study, namely the influence of long-lasting (millennia)
stand management, which has the same weight as soil forming forces as the forest cover, with the
effect obliterating the recent management changes. This hypothesis found strength in field
observations like charcoal kilns widespread in all the areas, which testified a previous coppices
management or the presence of deep soil horizons with a very dark colour enriched in organic

matter, maybe related to past agro-silvo-pastoral activities (Table 1).
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Studying pure and mixed beech and oak (Quercus petraea (Matt.) Liebl. and Quercus robur L.)
stands, Pretzsch et Al., (2013) hypothesized that litterfall productivity and degradation rates could
vary in relation to the botanical composition. A similar pattern was observed in our study areas
where the litter amount and organic C stock was directly related to the thickness of the layers that
resulted higher in beech coppices (50-95% of the botanical composition) and mixed oak high stands
than in turkey oak coppices. where the botanical composition showed a not negligible amount of
secondary tree species in the dominated layers. Furthermore, nutrient contents and particularly C:N
ratio were influent parameters on litterfall degradation rates and, considering previous studies (e.g.,
Langenbruch et al., 2012; Ciuldiené et al, 2017; Jurksiené et al., 2017; Cardelli et al., 2019;
Camponi et al., 2022) beech litterfall tends to have higher values (29.9-70.5) of C:N compared to
other oak species including the turkey oak (25.3-68.4). This feature could justify the highest
thickness and consequently organic C stock detected under beech coppices parcels.

Roots organic C storage suggested a correlation with roots biomass, since the majority of roots
sampled under beech, mixed oak, and turkey oak forests had diameters of 2-5 mm and a similar
relation with canopy management to that studied by Van Hees & Clerkx (2003), Montagnoli et al.
(2012), and Di Iorio et al. (2013). The cited authors noticed a higher biomass amount of @ < 5 mm
roots under beech forests compared to other species and an increasing amount of 2 < ¢ <5 mm
roots biomass under coppice management. Furthermore, it was observed by Loh et al. (2003) and
Puhe et al. (2003) how roots architecture reacted to soil stoniness in terms of biomass amount and
vertical deepening, highlighting the fostering of roots development and the reduction of deepening
with an increasing skeleton content. Thus, the presence of stone lines between 6 and 11 cm depth,
elevated soil stoniness (up to 75%), and shallow soils (BC horizon with crushed rock at 29 cm
depth) under beech coppices might induce the concentration of the entire root apparat in the
sampling soil volume, inducing to assess that parcels the richest in roots biomass.

Aboveground biomass and consequently aboveground C stock seemed to follow a site-specific and

management-influenced pattern, with the highest values in beech coppices in conversion to high
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forest and high stand. To support this hypothesis, in Ciancio et al., (2006) study results highlighted
the positive effect on mean stem volume due to the highest diameter increment in coppiceshigh
stand conversion. In addition, Jacob et al., (2010) suggested that above-ground net primary
production in mature temperate deciduous forest stands majorly depended on climatic and edaphic

factors than on tree species diversity.

5. Conclusions

The observation on soil feature and amount of organic C stock in aboveground biomass, litter,
mineral soil and roots within a depth of 30 cm emphasize a common pattern based on three
fundamental elements: plant-site relation, stand biological characteristics and management
practices. Litter pH seems to be influenced by the plant-site relation and botanical composition,
while the different forest floor organic C stock among the stands depends on litter chemical features
and botanical composition. In particular the higher presence of beech than other species and C:N
ratio of its litter could have influenced the degradation rate fostering the accumulation. Organic C
stock in mineral layers seems to follow a pattern already observed in other forests where the long-
lasting management, testified here by past charcoal kilns widespread in the area, and vegetation
cover represent the major pedogenesis forces in determine organic C stock. Roots biomass seems to
be influenced by management and soil characteristics: in beech coppices the harvest activity foster
the production of roots with a diameter <Smm and the soil stoniness influence the architecture of
roots apparatus that is concentrated in the soil upper part (0-30 cm). To explain the aboveground
biomass and C stock variability the main hypothesis is reconducted to a site-management influence
pattern led by a combination of the conversion to high stand effect with particular edaphic
conditions. The present study further highlights the role of management in conditioning the soil and
plants organic C stock in Apennines forest ecosystems characterized by a secular history of

exploitation.
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Table S1 - General features of the study sites and morphology of the profiles opened at each site under different stands in Mt. San Vicino site, Italy. For symbols see legend.

Other

Horizon® Depth Thickness Boundary® Color® Structure’  Consistence?  Textural class® Roots" Skeleton? .
observations

cm %

Plot L.26¢/Profile 1 (Gauss Boaga Rome 40 4794678 N, 2366633 E) Slope 35%; Exposure NO. Altitude: 630-785 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Turkey oak productive coppice (47 y). Presence of a charcoal kiln (3). Emerging rock: 5%. Soil cover: 90%. Vegetation. Trees: Quercus
cerris L. 90%, Ostrya carpinifolia Scop. 40%, Quercus pubescens Willd. 30%, Fraxinus ornus L. 15%, Sorbus aria L. 15%. Bushes: Juniperus communis L. 40%, Cornus mas
L.25%, Rubus ulmifolius L. 20%, Rosa canina L. 15%. Herbaceous layer: Hedera helix L. 30%, Helleborus Tourn. 20%, Cyclamen spp. 20%, Viola spp. 20%. Parent material:
Calcareous landslide; Parent rock: whitish micritic limestone. Seoil (Soil Survey Staff, 2014): Humic Lithic Eutrudept

OLn 3-1 1-3 - ] ] ; ; ; ; -
OLv+OH 1-0 AW ; ; ; ; . . -
A 0-2 23 C.B syrzz o VhLm fi Clay loam 3VE i Interrupted
sbk horizon
3vf, f}
Bwl 2-9 4-6 C,W syrs4  SVhELm, fir Clay loam 20 Presence of
sbk 2 m mycelium
3, f;
Bw2 9-17 5-9 C,W 5YR3/4 3L fm, fr Clay loam 40 -
sbk 2m
BC 17-26+ ; - - - ; ; - 65 -

Plot L26c¢/Profile 2 (Gauss Boaga Rome 40 4794678 N, 2366639 E) Slope 35%; Exposure NO. Altitude: 630-785 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Turkey oak productive coppice (47 y). Presence of a charcoal kiln (3). Emerging rock: 5%. Soil cover: 90%. Vegetation. Trees: Quercus
cerris L. 90%, Ostrya carpinifolia Scop. 40%, Quercus pubescens Willd. 30%, Fraxinus ornus L. 15%, Sorbus aria L. 15%. Bushes: Juniperus communis L. 40%, Cornus mas
L.25%, Rubus ulmifolius L. 20%, Rosa canina L. 15%. Herbaceous layer: Hedera helix L. 30%, Helleborus Tourn. 20%, Cyclamen spp. 20%, Viola spp. 20%. Parent material:
Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff, 2014): Humic Lithic Eutrudept

OLn 5-2 - - - - - - - -
4-5
OLv+OH 2-0 C,W - 3gr - - - - -
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3vf, f, m,

A 0-3 2-3 C,W 10 YR 3/2 bk fr Clay loam 3vf, f - -
3, f}
3vE £ m Fragmented
Bw 3-14 10-18 C,W 10 YR 3/4 s:bk’ ’ fr Clay loam 2 m; 30 rock, secondary
carbonates
1c,ve
3 v £,
CB 14-27+ - - 75 YR 4/2 . } Clay loam 75 Fragmented
I m rock

Plot L30b/Profile 1 (Gauss Boaga Rome 40 4794611 N, 2366741 E) Slope: 30%. Exposure: N. Altitude: 670-720 m a.s.l.— Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Turkey oak productive coppice (3-5 y). Emerging rock: 10%. Soil cover: 60-70%. Vegetation. Trees: Quercus cerris L. 60%, Ostrya
carpinifolia Scop. 30%, Acer opalus Mill., Fagus sylvatica L., Fraxinus ornus L., Prunus avium L., Sorbus domestica L. Bushes: Corylus avellana L. 30%, Cornus mas L. 20%,
Coronilla aemerus L. 5%, Cytisus scoparius L. 5%, Rosa canina L. 20%, Rubus ulmifolius L. 20%. Herbaceous layer: Poa spp. 30%, Cyclamen spp. 20%, Hedera helix L. 20%,
Helleborus Tourn. 20%, Daphne laureola L. 5%, Mentha spp. 5%. Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff, 2014):
Humic Lithic Eutrudept

OLn+OLv 1-0 0.5-2 A, S 5YR2/2 - - - 2 vf <2
A 0-7 6.5-9 C,W SYR32  ° Vi’bf; m fir Clay loam 3vE, £ 1 m 2
Clay loam 3,
AB 7-14 6-10 G, W 5YR 32 3vEf,m, fr 15
sbk 2m
3vf, f}
Bw 14-35+ - - 5YR3/3 3vh f,m, fr Clay loam 40 Stone line
sbk 2m

Plot L30b/Profile 2 (Gauss Boaga Rome 40 4794611 N, 2366748 E) Slope: 30%. Exposure: N. Altitude: 670-720 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Turkey oak productive coppice (3-5 y). Emerging rock: 10%. Soil cover: 60-70%. Vegetation. Trees: Quercus cerris L. 60%, Ostrya
carpinifolia Scop. 30%, Acer opalus Mill., Fagus sylvatica L., Fraxinus ornus L., Prunus avium L., Sorbus domestica L. Bushes: Corylus avellana L. 30%, Cornus mas L. 20%,
Coronilla aemerus L. 5%, Cytisus scoparius L. 5%, Rosa canina L. 20%, Rubus ulmifolius L. 20%. Herbaceous layer: Poa spp. 30%, Cyclamen spp. 20%, Hedera helix L. 20%,
Helleborus Tourn. 20%, Daphne laureola L. 5%, Mentha spp. 5%. Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff, 2014):
Humic Lithic Eutrudept
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OLn 1.5-1 0.5 -

OLv+OH 1-0 0.5-3 V, W

A 0-6 5-10 AW

Bw 6-29 18-22 C, W
Bwy 29-40+ - -

10 YR 2/2
10 YR 3/2
10 YR 3/3

10 YR 3/3

3gr
3 vf, £, sbk
3 vf, £, sbk

3 i, £, sbk

fr, ms

fr, ms

fr, ms

Clay loam
Clay loam

Clay loam

3vE f
3vE f

3vf,f;1m

3V f;

1 m

50

40

Stone line

Fragmented
rock

Plot T2d/Profile 1 (Gauss Boaga Rome 40 4798441 N, 2363270 E) Slope: 40%. Expousure: N. Altitude: 1000-1140 m a.s.]l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice in conversion to high stand (50y). Presence of a charcoal kiln (2). Emerging rock: 2%. Soil cover: 100%. Vegetation.
Trees: Fagus sylvatica L., Sorbus aria L. Bushes: Crataegus monogyna Jacq., Prunus spinosa L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: 60%, Cyclamen L.,
Daphne L. Parent material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humic Lithic Eutrudept

OLn 7-3 C,W
5-7
OLv+OH 3-0 A, S
A 0-4 2-3 G S
Bwl 423 19-22 G, W
Bw2 23-48 23-27 C,W
Bw3 48-54+ - -

10 YR 3/2

10 YR 4/3

10 YR 5/3

10 YR 5/4

3vf, f, m,
sbk

2 vf, £, sbk
2 vf, f, m,
sbk

2 vf, f,
sbk

vir

vir, br

vir, br

vir, br

Sandy loam

Sandy loam

Sandy loam

Sandy loam

1vf, f

30

60

60

Mycelium

Mycelium

Charcoal
fragments

Plot T2d/Profile 2 (Gauss Boaga Rome 40 4798441 N, 2363279 E) Slope: 40%. Expousure: N. Altitude: 1000-1140 m a.s.]l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice in conversion to high stand (50y). Presence of a charcoal kiln (2). Emerging rock: 2%. Soil cover: 100%. Vegetation.
Trees: Fagus sylvatica L., Sorbus aria L. Bushes: Crataegus monogyna Jacq., Prunus spinosa L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: 60%, Cyclamen L.,
Daphne L. Parent material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humic Lithic Eutrudept
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OLn 42 ; ; ; ; ; ; ; .

4-8
OLv+OH 2-0 A, W - - - - - - -
Bwl 0-8 5-8 C,W 10 YR 4/2 3 vf, f, sbk vir, br Sandy loam 3vf, f 15 -
3vf, f}
Bw2 8-16 4-8 G, W 10 YR 4/3 2 vf, £, sbk vir, br Sandy loam 30 -
2m
3 i, f;
Bw3 16-26 10-12 C,W 10 YR 5/6 2 vf, f, sbk vir, br Sandy loam 40 -
2m;lc
Bw4 26-42 15-20 C,W 10 YR 5/6 2 vf, f, sbk vir, br Sandy loam 2 vf, f 60 -
BC 42-51+ - - 10 YR 6/3 - - Sandy loam 1vf, f 70 -

Plot T12¢/Profile 1 (Gauss Boaga Rome 40 4798441 N, 2363275 E) Slope: 55%. Exposure: N. Altitude: 735-800 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Mixed oak stand managed as productive coppice (25 y). Emerging rock: 10%. Soil cover: 60%. Vegetation. Trees: Quercus cerris L. 60%,
Quercus pubescens Willd. 20%, Fraxinus ornus L. 10%, Ostrya carpinifolia Scop. 10%, Acer opalus Mill., Acer campestre L. Bushes: Rubus L. 60%, Lonicera caprifolium L.
30%, Prunus spinosa L. 10%, Crataegus monogyna Jacq. Herbaceous layer: Poa spp, Hedera helix L.; Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil
(Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 11-4 - - - - - - - -
7-11
OLv+OH 4-0 AW - - - - - 2 Mycelium

3, f;

Bwl 0-10 8-11 C,W 5YR4/2 2 vf, f, sbk fr Clay loam 40 -
1m,c
3vf, f}

Bw2 10-18 5-7 C,W 5YR 3/4 2 vf, f, sbk fr Clay loam 45 -
Im,c
2 i, f;

C 18-27+ - - - - fr Clay loam - -
1c,ve

Plot T12c/Profile 2 (Gauss Boaga Rome 40 4798441 N, 2363275 E) Slope: 55%. Exposure: N. Altitude: 735-800 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Mixed oak stand managed as productive coppice (25 y). Emerging rock: 10%. Soil cover: 60%. Vegetation. Trees: Quercus cerris L. 60%,
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Quercus pubescens Willd. 20%, Fraxinus ornus L. 10%, Ostrya carpinifolia Scop. 10%, Acer opalus Mill., Acer campestre L. Bushes: Rubus L. 60%, Lonicera caprifolium L.
30%, Prunus spinosa L. 10%, Crataegus monogyna Jacq. Herbaceous layer: Poa spp, Hedera helix L.; Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil

(Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 8-2.5 - - - - - - - -
5-9

OLv+OH 2.5-0 C,W - - - - - - -

A 0-3 23 C, W sYR22 2 Vi’bf; m fr Clay loam 3vE, f 20 Mycelium
Clay loam 3vf, f}
Bw 3-12 10-12 C,W 5YR 3/4 3 vf, £, sbk fr 45 Mycelium
I m
C 12-33+ - - - - fr Clay loam - - -

Plot T12e/Profile 1 (Gauss Boaga Rome 40 4797915 N, 2365757 E). Slope: 20-30%. Exposure: N-NE. Altitude: 780-820 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Turkey oak stand managed as productive coppice (20y). Emerging rock: -. Soil cover: 90%. Vegetation. Trees: Ostrya carpinifolia
Scop. 55%, Quercus cerris L. 40%, Acer campestre L. 5%, Fraxinus ornus L., Acer opalus Mill. Bushes: Crataegus monogyna Jacq., Juniperus oxycedrus L., Cytisus scoparius
L., Lonicera caprifolium L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: Poa spp, Daphne laureola L., Hedera helix L., Helleborus spp., Viola spp. Parent material:
Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv 3-0 13 C.W i i i i i i -
A 0-5 2-5 C,W 10 YR 2/2 3vi, f, gr fr Clay loam 2 vf - -
Bwl 5-10 3.6 C,W loyrz2 O VBOLM fr Clay loam 1 vf, f 30 Mesofauna
sbk activity
Clay loam 2 f, m;
Bw2 10-20 7-10 C,W 10yR4p OVBOLM fr 50 ;
Sbk 1 C
BC 20-30 6-10 C,W 10YR43 | Vl;’bi’ m, fr Clay loam 3 vf, f, m 70 -
C/R 30-36+ ) _ ] ] _ _ _ _ )

Plot T12e/Profile 2 (Gauss Boaga Rome 40 4797915 N, 2365770 E). Slope: 20-30%. Exposure: N-NE. Altitude: 780-820 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Turkey oak stand managed as productive coppice (20y). Emerging rock: -. Soil cover: 90%. Vegetation. Trees: Ostrya carpinifolia
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Scop. 55%, Quercus cerris L. 40%, Acer campestre L. 5%, Fraxinus ornus L., Acer opalus Mill. Bushes: Crataegus monogyna Jacq., Juniperus oxycedrus L., Cytisus scoparius
L., Lonicera caprifolium L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: Poa spp, Daphne laureola L., Hedera helix L., Helleborus spp., Viola spp. Parent material:
Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 3-1 - - - - - - - -
3

OLv+OH 1-0 C,W - - - - - - -

A 0-2 2 C,W 10 YR 2/1 3 f, sbk fr Clay loam - 2 -

AB 2-4 2.5 C,W 10 YR 3/2 3 f, m, sbk fr Clay loam 1f 5 -
Bw 4-15 10 C,W I0YR3/2  2f sbk fr Clay loam 2f1c 50 Mesofauna

activity
1 vf, f,m
BC 15-19 5.5 C, W - sbk fr Clay loam 1f;2m;1c 75 -
C/R 19-32+ - - - ; ; ; ; ; ;

Plot T12f/Profile 1 (Gauss Boaga Rome 40 4797985 N, 2365752 E) Slope: 30-40%. Exposure: N. Altitude: 745-810 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Turkey oak high stand (60 y). Emerging rock: -. Soil cover: 90%. Vegetation. Trees: Quercus cerris L. 65%, Acer opalus Mill. 20%,
Ostrya carpinifolia Scop. 10%, Acer campestre L., Fraxinus ornus L., Prunus avium L., Quercus pubescens Willd. Bushes: Crataegus monogyna Jacq. 50%, Rubus L. 40%,
Cornus mas L., Euonymus europaeus L., Rosa L, novellame di Acer opalus Mill., Acer campestre L., Fagus sylvatica L. 10%. Herbaceous layer: Poa spp., Daphne laureola L.,
Hedera helix L., Primula spp. Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 2-1 1 C,W - - - - - - -
Oa 1-0 1-2 C,W ; ; ; - - - -
AB 0-3 3-5 C,W 75yR32 S VBLm, fr Clay loam IvE2f 1 m 1-5 Mesofauna
abk, sbk activity
2-3 vf, f, m, 1 vf, f}
Bwl 321 18-20 C,W 7.5 YR 3/2 fir Clay loam 60 -
abk, sbk 2m
2-3 vf, f,m
Bw2 21-35+ - - 7.5 YR 3/2 fr Clay loam 2f1m 40 Mesofauna
abk, sbk activity
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Plot T12f/Profile 2 (Gauss Boaga Rome 40 4797985 N, 2365762 E) Slope: 30-40%. Exposure: N. Altitude: 745-810 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Turkey oak high stand (60 y). Emerging rock: -. Soil cover: 90%. Vegetation. Trees: Quercus cerris L. 65%, Acer opalus Mill. 20%,
Ostrya carpinifolia Scop. 10%, Acer campestre L., Fraxinus ornus L., Prunus avium L., Quercus pubescens Willd. Bushes: Crataegus monogyna Jacq. 50%, Rubus L. 40%,
Cornus mas L., Euonymus europaeus L., Rosa L, novellame di Acer opalus Mill., Acer campestre L., Fagus sylvatica L. 10%. Herbaceous layer: Poa spp., Daphne laureola L.,
Hedera helix L., Primula spp. Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Seoil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 3-1 2
OLv+OH 1-0 1
A 0-3 3-4
Bwl 3-8 4.5-5
Bw2 8-20 12-13.5
BC 30-36+ -

C, W
C,W

C,W

C,W

C,W

7.5YR2/2

10 YR 3/3

10 YR 3/3

10 YR 3/4

3 f, m, sbk

3vf, f, m,
abk, sbk

2 vf, f, abk

2 vf, £, abk

fr Clay loam 2f 2.5 Mesofauna
activity
fr Clay loam 2 vf, f 25 3
2 f m;
fr Clay loam 60 i
lc
fi Clay loam 2fm 30 Limestone with

flint lenses

Plot T12h/Profile 1. (Gauss Boaga Rome 40 4797985 N, 2365759 E) Slope: 35%. Exposure: N. Altitude: 705-730 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Mixed oak stand in conversion to high forest. Emerging rock: 30%. Soil cover: 50%. Vegetation. Trees: Quercus pubescens Willd. 40%,
Fraxinus ornus L. 20%, Ostrya carpinifolia Scop. 20%, Acer campestre L. 10%, Acer opalus Mill. 10%, Prunus avium L., Sorbus aria L., Sorbus domestica L. Bushes: Cornus
mas L. 30%, Juniperus communis L. 30%, Genista spp. 20%, Euonymus europaeus L. 10%, Prunus spinosa L. 10%, Lonicera spp. Herbaceous layer: Poa spp., Daphne laureola
L., Hedera helix L. Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 6-3
2-6
OLv+OH 3-0
A 0-6 4-12

AW

5YR3/2

3 vf, £, sbk
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3, -
1 ve
3, f; -
fr Clay 2 m; 20

1 ve



3vf, f,m, 2VE £, -

Bwl 6-21 4-15 C,W 5YR 4/2 K fr Clay 35
sb 1 m, ve
2 vf, f; -
Bw2 21-30 9-10 C,W 5YR 4/4 3 vf, f, sbk fr Clay 45
1c,ve
BC 30-34+ - - - - - Clay - - -

Plot T12h/Profile 2. (Gauss Boaga Rome 40 4797985 N, 2365759 E) Slope: 35%. Exposure: N. Altitude: 705-730 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Mixed oak stand in conversion to high forest. Emerging rock: 30%. Soil cover: 50%. Vegetation. Trees: Quercus pubescens Willd. 40%,
Fraxinus ornus L. 20%, Ostrya carpinifolia Scop. 20%, Acer campestre L. 10%, Acer opalus Mill. 10%, Prunus avium L., Sorbus aria L., Sorbus domestica L. Bushes: Cornus
mas L. 30%, Juniperus communis L. 30%, Genista spp. 20%, Euonymus europaeus L. 10%, Prunus spinosa L. 10%, Lonicera spp. Herbaceous layer: Poa spp., Daphne laureola
L., Hedera helix L. Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 83 _ _ _ ] ; 3E, f
7-9 2
OLv+OH 3-0 C,W _ _ ; ; ;
3, -
A 0-8 6-9.5 C,W 75YR3/2 3 Vi, £ sbk fir Clay 25
2m,
2 vf, f; -
Bwl 8-26 8-17 C,W 75yrRs4 o VhLm, fir Clay 40
Sbk 1m
Bw2 26-31 5-6 C,W 75YR4/4 3 Vi, £, sbk fir Clay 2 vE, 60 ;
BC 31-36+ - - 7.5 YR 4/4 2 vf, £, sbk fr Clay 1vf, f - -

Plot T13b/Profile 1 (Gauss Boaga Rome 40 4797826 N, 2365533 E) Slope: 40%. Exposure: NO. Altitude: 800-870 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Mixed oak stand managed as productive coppice. Emerging rock: -. Soil cover: 80%. Vegetation. Trees: Quercus cerris L. 40%, Quercus
pubescens Willd. 30%, Ostrya carpinifolia Scop. 20%, Acer opalus Mill. 5%, Fraxinus ornus L. 5%, Fagus sylvatica L. Copertura arbustiva: Coronilla spp. (20%), Juniperus
oxycedrus L., Lonicera caprifolium L., Rosa canina L, 80%. Herbaceous layer: Poa spp. (70%), Daphne laureola L. (10%), Hedera helix L., Hepatica nobilis Schreb., Viola spp.;
Parent material: Calcareous landslide; Parent rock: Massive limestone. Seil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 8-2 4-7 C, W - - ; ; - ) ;
OLv+OH 2-0 1-3 C, W - ; ; ; ) ]
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3VE, £, m, 3vE 1

Bwl 0-4 35 C,W 7.5 YR 4/6 sh, br Clay 10 Dry
sbk 1m
1 vf, f;
Bw2 4-23 18-20 C, W 75yrR34 S VRLM mp Clay 50 -
Sbk 1 m.c
21, c;
Bw3 2337+ - ; 75yrR46 S VELM, mp Clay 70 -
sbk 1 ve

Plot T13b/Profile 2 (Gauss Boaga Rome 40 4797826 N, 2365543 E) Slope: 40%. Exposure: NO. Altitude: 800-870 m a.s.l. — Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Mixed oak stand managed as productive coppice. Emerging rock: -. Soil cover: 80%. Vegetation. Trees: Quercus cerris L. 40%, Quercus
pubescens Willd. 30%, Ostrya carpinifolia Scop. 20%, Acer opalus Mill. 5%, Fraxinus ornus L. 5%, Fagus sylvatica L. Copertura arbustiva: Coronilla spp. (20%), Juniperus
oxycedrus L., Lonicera caprifolium L., Rosa canina L, 80%. Herbaceous layer: Poa spp. (70%), Daphne laureola L. (10%), Hedera helix L., Hepatica nobilis Schreb., Viola spp.;
Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 3-0 3 AW - - - - 3vf;2f 2 -
2 i, f;
Bw 0-8 5-8 C,W 7.5 YR 4/6 3 vf, f, sbk mp Clay 10 -
I m
Bwlp 8-12 4-7 C,W 7.5 YR 4/6 3 vf, f, sbk mp Clay 2vf, f,ve; 1 m 20 -
Bw2p 12-24 12-14.5 C,W 7.5 YR 4/6 3 vf, f, sbk mp Clay 2vf,vc; I m 50 -
2 i, f;
BGy 24-38+ - - 7.5YR4/6 3 vf £, sbk mp Clay 70 -
1 m, vc

Plot T16d/Profile 1 (Gauss Boaga Rome 40 4797635 N, 2364411 E) Slope: 10-15%. Exposure: N. Altitude: 830-860 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Mixed oak stand in conversion to high forest (60 y). Emerging rock: 2%. Soil cover: 85%. Vegetation. Trees: Quercus cerris L. 40%,
Acer opalus Mill. 30%, Ostrya carpinifolia Scop. 20%, Acer campestre L. 5%, Carpinus betulus L., Fraxinus ornus L., Prunus avium L., Quercus pubescens Willd. Bushes:
Corylus avellana L. 60%, Cornus mas L. 20%, Crataegus monogyna Jacq., Prunus spinosa L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: Poa spp., Hedera helix L.,
Viola spp.; Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 7-3 - - - - - - -
6-9
OLv 3-0 A, S - - - - - - -
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3VE, £, m, 3vE 1

Bwl 0-7 6-9 C,W 7.5 YR 4/2 fr Clay loam 5-10 -
sbk 1m
3V, f;
Bw2 7-37 26-30 C,W 75YR4Z O Vf’bf; m fi Clay loam 50 ;
§ 2m;lc
Bw3 37-48+ ; ; 75yR44 O VELM, fir Clay loam 2 Vi, 10 Charcoal
sbk fragments

Plot T16d/Profile 2 (Gauss Boaga Rome 40 4797635 N, 2364415 E) Slope: 10-15%. Exposure: N. Altitude: 830-860 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Mixed oak stand in conversion to high forest (60 y). Emerging rock: 2%. Soil cover: 85%. Vegetation. Trees: Quercus cerris L. 40%,
Acer opalus Mill. 30%, Ostrya carpinifolia Scop. 20%, Acer campestre L. 5%, Carpinus betulus L., Fraxinus ornus L., Prunus avium L., Quercus pubescens Willd. Bushes:
Corylus avellana L. 60%, Cornus mas L. 20%, Crataegus monogyna Jacq., Prunus spinosa L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: Poa spp., Hedera helix L.,
Viola spp.; Parent material: Calcareous landslide; Parent rock: Massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 42 ; ; ; ; ; ; ; ;
2-4
OLv+OH 2-0 A,S ; ; ] - ; ; ;
Clay loam 3, f; -
Bwl 0-7 7-9 C, W syrap S VRLm, fir 5-10
¢, sbk 2 m

Bw2 7-32 20-25 C,W syrap 3 Vi’bi’ m, fi Clay loam 3vf, f, m 45 -
Bw3 32-44+ ; - syrszp o VhELm, fir Clay loam 3vf, f 10 Charcoal
sbk fragments

Plot T17b/Profile 1. (Gauss Boaga Rome 40 4797165 N, 2364101 E) Slope: 5-10%. Exposure: N. Altitude: 1160-1180 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Old beech coppice (70 y). Emerging rock: 5-10%. Soil cover: 80%. Vegetation. Trees: Fagus sylvatica L. 95%, Fraxinus ornus L.
5%, Ostrya carpinifolia Scop., Sorbus aria L. Bushes: Crataegus monogyna Jacq., Euonymus europaeus L. Herbaceous layer: Cyclamen spp., Daphne laureola L.; Parent
material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 12-5 - - - - - - - -
10-14
OLv+OH 5-0 C,W - - - - - - Mycelium
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3 f;

A 0-8 8-9 G, S 75yrR32 O VhRLM, fi, br Clay loam 2 ;
¢, sbk 1m.c
3VE £
Bw 8-25 13-21 AW 10 YR3/4  3vf 1, sbk fir Clay loam 2 m; 40 Secondary
carbonates
1c,ve
CB 25-48+ - - 10 YR 7/3 - - - - 70 Crushed rock

Plot T17b/Profile 2. (Gauss Boaga Rome 40 4797165 N, 2364107 E) Slope: 5-10%. Exposure: N. Altitude: 1160-1180 m a.s.]l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Old beech coppice (70 y). Emerging rock: 5-10%. Soil cover: 80%. Vegetation. Trees: Fagus sylvatica L. 95%, Fraxinus ornus L.
5%, Ostrya carpinifolia Scop., Sorbus aria L. Bushes: Crataegus monogyna Jacq., Euonymus europaeus L. Herbaceous layer: Cyclamen spp., Daphne laureola L.; Parent
material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 7-5 - - - - - -
4-11
OLv+OH 5-0 C,W - - - - - 2 Mycelium
3 v, 1,
A 0-9 9-11 C,W 5YR2/2 3 vf, f, sbk fr Clay loam 2m,c; 10 -
1ve
3, f;
Bw 9-29 19-22 C, W syr4p S VRELm, fi Clay loam 2 m; 40 Secondary
sbk carbonates
1 ve
3 v, f,
BC 29-44+ - - 5 YR 4/4 fi, br Clay loam 2vf, f 50 Crushed rock
sbk

Plot T23c/Profile 1. (Gauss Boaga Rome 40 4797742 N, 2364649 E) Slope: 30-40%. Exposure: NO. Altitude: 810-870 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Hornbeam and manna ash productive coppice (7 y). Emerging rock: 10%. Soil cover: 80%. Vegetation. Trees: Ostrya carpinifolia
Scop. 80%, Fagus sylvatica L. 20%, Fraxinus ornus L. 10%, Quercus cerris L. 10%, Quercus pubescens Willd. 10%, Acer campestre L., Acer opalus Mill. Bushes: Clematis
vitalba L., Crataegus monogyna Jacq., Coronilla aemerus L., Corylus avellana L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: 30%, Poa spp., Cyclamen spp., Daphne
laureola L., Fragaria vesca L., Hedera helix L., Lathyrus venetus Mill., Sanicula europaea L., Viola spp.; Parent material: Calcareous landslide; Parent rock: Massive limestone.
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Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 5-0 3-6 C,W - - - - - - -
3 e £:
AB 0-3 23 C,W 0yrR3e SVBLm fir Clay loam <5 -
sbk 1m
3 vf, f, m,
Bwl 3-8 4-6 C,W 10 YR 3/3 ok fr Clay loam 3vE f 5 -
3f,m,c, 3vE 1 i
Bw2 8-22 10-15 C,W 10 YR 3/3 fir Clay loam 5 Popping
sbk om aggregates
2 f,m,c, Popping
Bw3 22-33 8-13 C, W 10 YR 3/4 fir Clay loam 1vf, f 70
sbk aggregates
2 vf, f, m, :
Bw4 33-48+ - - 10 YR 3/6 fir Clay loam 1f 70 Popping
sbk aggregates

Plot T23c/Profile 2. (Gauss Boaga Rome 40 4797742 N, 2364653 E) Slope: 30-40%. Exposure: NO. Altitude: 810-870 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Hornbeam and manna ash productive coppice (7 y). Emerging rock: 10%. Soil cover: 80%. Vegetation. Trees: Ostrya carpinifolia
Scop. 80%, Fagus sylvatica L. 20%, Fraxinus ornus L. 10%, Quercus cerris L. 10%, Quercus pubescens Willd. 10%, Acer campestre L., Acer opalus Mill. Bushes: Clematis
vitalba L., Crataegus monogyna Jacq., Coronilla aemerus L., Corylus avellana L., Rosa canina L., Rubus ulmifolius L. Herbaceous layer: 30%, Poa spp., Cyclamen spp., Daphne
laureola L., Fragaria vesca L., Hedera helix L., Lathyrus venetus Mill., Sanicula europaea L., Viola spp.; Parent material: Calcareous landslide; Parent rock: Massive limestone.
Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 2-0 2 C,W - - - - 3vf;2f 2 -
A 0-2 1.5-2 C,W 10 YR 3/3 3 f, sbk fr Clay loam 2 vf, f 5 -
AB 2-6 4.5-5 C, S 10 YR 4/4 3 f, m, sbk fr Clay loam 2vf,f;1¢ 5 -
2 i, f;
Bw 6-13 6.5-8 C,W 10 YR 4/4 3 f, m, sbk fr Clay loam e 15 Stone line
ABy 13-18 5-6 C,W 7.5 YR 4/4 3 f, m, sbk fr Clay loam 2 vf, f; 25 -

-162 -



BWlb
BWZb

Bw3y

18-27
27-33
33-48+

8.5-9
6-10

C,W
C,W

7.5 YR 4/4

10 YR 4/4
10 YR 5/4

3 f, m, sbk

3 vf, sbk
3 vf, sbk

fr
fr
fr

Clay loam
Clay loam
Clay loam

I m
2vf, f; 1 m
2vf, f; 1 m
2vf £, 1m

10
10
40

Plot T23d/Profile 1 (Gauss Boaga Rome 40 4797523 N, 2364651 E) Slope: 50-60%. Exposure: NO. Altitude: 845-970 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice (40 y). Emerging rock: 30%. Soil cover: 80%. Vegetation. Trees: Fagus sylvatica L. 50%, Ostrya carpinifolia Scop.
40%, Acer opalus Mill., Fraxinus ornus L., Quercus cerris L., Quercus pubescens Willd, Sorbus aria L. Bushes: -. Herbaceous layer: Poa spp., Hedera helix L., Viola spp., 10%.;

Parent material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn
OLv+OH

AB

ABy

Bwly

Bw2y

Bw3y

10-7
7-0

3-6

11-14

14-20

20-29

29-49+

1-5
4-7

4-9

C,W
C,W

C,W

C,W

C,W

C,W

C,W

10 YR 3/2

10 YR 3/3

10 YR 3/3

10 YR 3/4

10 YR 3/6

10 YR 3/6

3 v, gr;

3vf, f, m,
sbk

3 vf, f, m,
sbk

3vf, f, m,
sbk

3 vf, f, m,
sbk

3vf, f, m,
sbk

3vf, f, m,
¢, sbk

fr

fr

fr

fr, br

fr

fr

Clay loam

Clay loam

Clay loam

Clay loam

Clay loam

Clay loam

3vE, f

3vf, f

2vf,f,m;1c

1 vf;
2f,m

1vf;2f,m

1 vf, f,m

50

10

10

30

40

Mycelium

Popping
aggregates

Stone line

Popping
aggregates

Popping
aggregates

Plot T23d/Profile 2 (Gauss Boaga Rome 40 4797523 N, 2364656 E) Slope: 50-60%. Exposure: NO. Altitude: 845-970 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice (40 y). Emerging rock: 30%. Soil cover: 80%. Vegetation. Trees: Fagus sylvatica L. 50%, Ostrya carpinifolia Scop.
40%, Acer opalus Mill., Fraxinus ornus L., Quercus cerris L., Quercus pubescens Willd, Sorbus aria L. Bushes: -. Herbaceous layer: Poa spp., Hedera helix L., Viola spp., 10%.;
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Parent material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn
OLv+OH
A

AB

Bwl,

Bw2,

BW3b

BW4b

43
3-0
0-2

2-6

6-11

11-23
23-36

36-48+

1
3
2

3.5-5

6.5-9

11
13

A, S
G S
G S

C,W

G S

G S
C,wW

7.5YR2/2

10 YR 4/2

10 YR 4/4

10 YR 4/4
10 YR 4/4

10 YR 4/4

3gr
3 f, sbk

3 vf, f, m,
sbk, abk

3 vf, £, sbk

3 vf, f, sbk
3 vf, f, sbk

3 vf, sbk

fr

fr

mp

mp

mp

mp

- 2 vf
Clay loam 3vi,f;1c¢
3 i, f;
Clay loam
2m
3, f;
Clay loam
2m

Clay loam 3vi,f;2m;1¢

Clay loam 2vf, f;1c
2 f m;
Clay loam
1c,ve

30

15

30

40
40

60

Stone line

Stone line

Mesofauna
activity

Plot T33a/Profile 1 (Gauss Boaga Rome 40 4796154 N, 2364668 E) Slope: 70-80%. Exposure: N. Altitude: 1050-1105 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech high stand (80 y). Emerging rock: 20%. Soil cover: 95%. Vegetation. Trees: Fagus sylvatica L. 95%, Acer opalus Mill., Ostrya
carpinifolia Scop. Bushes: llex aquifolium L., Rubus ulmifolius L. Herbaceous layer: Poa spp., Cyclamen spp., Daphne laureola L., Hedera helix L., Hepatica nobilis Schreb.,
Lathyrus venetus Mill., Sanicula europaea L., Viola spp.; Parent material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic

Eutrudept
OLn 13-4 3-8 C, W - - - - - - Mesofauna
activity
OLv+OH 4-0 1-4 C,W ; 3E, f, gr fir ; 3 vf . Mesofauna
activity
3vf; 21
AB 0-3 1-3 C,W 5YR3/3 3 vf, f, sbk mp Clay - -
I m
Bwl 3-7 3-7 C,W 5 YR 4/6 3vE f.om fr Clay loam 3 i 1, 25 Mesofauna
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Bw2 7-25 8-18

Bw3 25-46+ -

C,W

5YR3/4

2.5YR 3/4

sbk

3vE £, m,

sbk

3f,m,c,
sbk

fr

sp

Clay

Clay

1m

1f m,c;

2 ve

2f,1m

20

40

activity

Mesofauna
activity

Plot T33a/Profile 2 (Gauss Boaga Rome 40 4796154 N, 2364672 E) Slope: 70-80%. Exposure: N. Altitude: 1050-1105 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech high stand (80 y). Emerging rock: 20%. Soil cover: 95%. Vegetation. Trees: Fagus sylvatica L. 95%, Acer opalus Mill., Ostrya
carpinifolia Scop. Bushes: Ilex aquifolium L., Rubus ulmifolius L. Herbaceous layer: Poa spp., Cyclamen spp., Daphne laureola L., Hedera helix L., Hepatica nobilis Schreb.,
Lathyrus venetus Mill., Sanicula europaea L., Viola spp.; Parent material: Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic

Eutrudept
OLn 2-1 1 - - - - - - - -
3 i, f; -
OLv+OH 1-0 1 C S - - - - 5
2m;lc
3, f; -
A 0-4 4.5 C,W 5YR 32 3 Vi, £, m, fr Clay 2-5
sbk 1m.c
2 vf, f; -
AB 4-7 3-4 C,W syr3yz o VhLm, fi Clay 70
abk 1m
2 i, f; -
3vf, f, m,
Bw 7-27 20-23 C,W 5YR 3/3 fr Clay 3m; 50
¢, vc, abk
1c,ve
2 vf, f; -
BC 27-46+ - - - - ; i ;
Im,c

Plot T33b/Profile 1 (Gauss Boaga Rome 40 4796403 N, 2364751 E) Slope: 50%. Exposure: NO. Altitude: 965-1150 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice in conversion to high stand (45 y). Emerging rock: 10%. Soil cover: 95%. Vegetation. Trees: Fagus sylvatica L. 98%,
2% Acer opalus Mill., Ostrya carpinifolia Scop., Quercus pubescens Willd., Sorbus aria L. Bushes: Lonicera caprifolium L., Rubus ulmifolius L. Herbaceous layer: Poa spp.,
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Cardamine kitaibelii Bech., Cyclamen spp., Daphne laureola L., Euphorbia dulcis L., Hedera helix L., Helleborus spp., Hepatica nobilis Schreb., Viola spp.; Parent material:

Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn

OLv+OH

AB

Bwl

Bw2

Bw3

CB

5-2
2-0

0-4

4-7

7-13

13-33

33-44

44-53+

4.6
1-2

3-5

3-5

6-9

15-20

10-12

C,W
C,W

C,W

C,W

C,W

C,W

C,wW

7.5 YR 3/4

7.5 YR 3/4

7.5 YR 4/4

7.5 YR 4/4

7.5 YR 4/6

7.5 YR 6/3

3 i, gr
3 vf, gr;

3vf, f, m,
sbk

3vf, f, m,
sbk

3vf, f, m,
sbk

3vf, f, m,
sbk

3vf, f, m,
sbk

1 vf, sg; 1
f, sbk

fr

fr

fr

fr

fr

fr

fr

Clay loam

Clay loam

Clay loam

Clay loam

Clay loam

Clay loam

3vE £

3vE £}
2m
3 vf, f, m;
1c,ve
3,
I m
2 vf;
3fm;1c

3vf,

3, f;

2m

20

30

50

60

70

Slightly popping
aggregates

Plot T33b/Profile 2 (Gauss Boaga Rome 40 4796403 N, 2364756 E) Slope: 50%. Exposure: NO. Altitude: 965-1150 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice in conversion to high stand (45 y). Emerging rock: 10%. Soil cover: 95%. Vegetation. Trees: Fagus sylvatica L. 98%,
2% Acer opalus Mill., Ostrya carpinifolia Scop., Quercus pubescens Willd., Sorbus aria L. Bushes: Lonicera caprifolium L., Rubus ulmifolius L. Herbaceous layer: Poa spp.,
Cardamine kitaibelii Bech., Cyclamen spp., Daphne laureola L., Euphorbia dulcis L., Hedera helix L., Helleborus spp., Hepatica nobilis Schreb., Viola spp.; Parent material:

Calcareous landslide; Parent rock: Red scale limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

O
A

1-0
0-2

1
2-3

G S
C,wW

5YR3/2

3gr

3 vf, f, sbk
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Clay loam

3vf, f}



Im,c

3 v, f,
AB 2-7 5-7 C,W 5YR 32 3 vf, £, sbk mp Clay loam 2-5 -
2m
3 v 1,
Bwl 7-19 10-12 C,W 5YR4/3 3 vf, £, abk mp Clay loam 40 -
2m;lc
3, f}
Bw2 19-41 15-23 C,W 5YR 4/3 3 vf, abk mp Clay loam 50 -
1 m,c, vc
3,
CB 41-53+ - - - 3 vf, sg - - 70 -
I m,c,vc

Plot T35e/Profile 1 (Gauss Boaga Rome 40 4796441 N, 2365172 E). Slope: 20%. Exposure: N. Altitude: 1020-1075 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Beech coppice. Emerging rock: 5%. Soil cover: 95%. Vegetation. Trees: 70%, Fagus sylvatica L. 80%, Ostrya carpinifolia Scop.
10%, Fraxinus ornus L. 5%, Quercus cerris L. 5%, Acer campestre L. (sporadic). Bushes: 20%, Cornus mas L. 30%, Corylus avellana L. 30%, Clematis vitalba L. 20%, Rubus L.
10%. Herbaceous layer: 20%, Cyclamen L., Daphne L., Hedera helix L., Mercurialis L.; Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil

Survey Staff, 2014): Humus Lithic Eutrudept

OLn 10-5 - - - - - - - -
7-10
OLv+OH 5-0 AW - - - - 3vf, f 2 -
3, f; -
AE 0-10 10-14 C,W 7.5YR 4/2 3vEf m, fr, br Clay loam 2
sbk, abk 2m. ¢
3vf, f} -
Bw 10-34 11-24 C,W 75yr32 S VhEm fir Clay loam 60
sbk 2m,c, Ve
Secondary
3VE A, carbonates,
BC 34-36+ - - 7.5YR 4/2 fr - 1vf, f 70
sbk charcoal
fragments

Plot T35e/Profile 2 (Gauss Boaga Rome 40 4796441 N, 2365187 E). Slope: 20%. Exposure: N. Altitude: 1020-1075 m a.s.l. — Mean annual air temperature: 13.5°C — Mean
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annual precipitation: 750 mm. Management: Beech coppice. Emerging rock: 5%. Soil cover: 95%. Vegetation. Trees: 70%, Fagus sylvatica L. 80%, Ostrya carpinifolia Scop.
10%, Fraxinus ornus L. 5%, Quercus cerris L. 5%, Acer campestre L. (sporadic). Bushes: 20%, Cornus mas L. 30%, Corylus avellana L. 30%, Clematis vitalba L. 20%, Rubus L.
10%. Herbaceous layer: 20%, Cyclamen L., Daphne L., Hedera helix L., Mercurialis L.; Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil
Survey Staff, 2014): Humus Lithic Eutrudept

OLn 4-2 - - - - - - -
3-5
OLv+OH 2-0 AW - - - - - -
3, 1
A 0-7 7-9 C,W 5YR 32 3 vf, f sbk fi Clay loam 5 -
I m,c,vc
3vf, f}
Bwl 721 10-13 C, W sYrR32 O Vfl’ﬂi’ m fir Clay loam 60 -
§ 2m; 1c,ve
3vE £ m 3vE £ Rock and
Bw2 21-36 8-15 C,W 5YR4/2 s’bk’ ’ fr Clay loam 70 charcoal
I'm, ve fragments
BC 36-39+ - - 5 YR 4/4 - - - 1 vf, £, vc - 75 -

Plot T38a/Profile 1 (Gauss Boaga Rome 40 4796839 N, 2365631 E). Slope: 20%. Exposure: N-NO. Altitude: 830-910 m a.s.l. - Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Turkey oak coppice. Emerging rock: 30%. Soil cover: <5%. Vegetation. Trees: 40%, Quercus cerris L. (95%), Ostrya carpinifolia
Scop. (5%). Bushes: 60%, Corylus avellana L. 20%, Rosa L, Rubus L. 80%, Acer opalus Mill., Fagus sylvatica L., Faxinus ornus L., Ostrya carpinifolia Scop., Quercus cerris L.,
Sorbus aria (L.) Crantz. suckers; Herbaceous layer: 80%, Poa spp. 85%, Pteridophyte, spp. 10%, (5%) di Acer opalus Mill., Fraxinus ornus L., Quercus cerris L. seedlings;
Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Seoil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 4-0 2-5 C,W - - - - 3vf - -
3vf, f, m,
AB 0-3 3-5 C,W 7.5YR 3/2 fr, mp Clay 3vf,2f 20 -
sbk
3vf, f, m,
Bwl 3-12 5-9 C,W 10 YR 4/3 mp Clay 1 vf, f, m 30 -
sbk
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3vf, f,m

Bw2 12-25 10-13 C,W 7.5 YR 4/6 bk mp Clay 1 vf, f,m 40 -
3 vf, f, m,
Bw3 25-41+ - - 7.5 YR 4/4 mp Clay 1 vf, f,m 60 -
sbk

Plot T38a/Profile 2 (Gauss Boaga Rome 40 4796839 N 2365631 E). Slope: 20%. Exposure: N-NO. Altitude: 830-910 m a.s.l. - Mean annual air temperature: 13.5°C — Mean
annual precipitation: 750 mm. Management: Turkey oak coppice. Emerging rock: 30%. Soil cover: <5%. Vegetation. Trees: 40%, Quercus cerris L. (95%), Ostrya carpinifolia
Scop. (5%). Bushes: 60%, Corylus avellana L. 20%, Rosa L, Rubus L. 80%, Acer opalus Mill., Fagus sylvatica L., Faxinus ornus L., Ostrya carpinifolia Scop., Quercus cerris L.,
Sorbus aria (L.) Crantz. suckers; Herbaceous layer: 80%, Poa spp. 85%, Pteridophyte, spp. 10%, (5%) di Acer opalus Mill., Fraxinus ornus L., Quercus cerris L. seedlings;
Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Seoil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 1-0 1-2 C,W - - - - - - -
AB 0-4 3.5-4 C,W 7.5 YR 4/3 3 vf, £, sbk mp Clay 3vf, f 5 -
3 v, f, 2 vf, f;
Bw 4-14 10-10.5 C,W 7.5YR 4/3 mp Clay 15 Stone line
sbk, abk I m
ABy 14-25 9-11 C,W 7.5YRS5/4 3 vf, f abk mp Clay 2 vf, 60 -
Bwyp 25-45+ - - 7.5YR 5/4 3 vf, sbk mp Clay 2vf, f,m; 1 vc 70 -

Plot T38b/Profile 1 (Gauss Boaga Rome 40 4796878 N, 2365730 E). Slope: 30%. Exposure: NO. Altitude: 830-900 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Turkey oak high stand. Emerging rock: -. Soil cover: <5%. Vegetation. Trees: 95%, Ostrya carpinifolia Scop. 40%, Quercus cerris L. 30%,
Acer opalus Mill. 20%, Fraxinus ornus L. 10%, Fagus sylvatica L. 10%, Laburnum anagyroides Medik., Sorbus aria (L.) Crantz. Bushes: 40%, Corylus avellana L. 30%,
Coronilla L., Crataegus monogyna Jacq., Cytisus L., Juniperus oxycedrus L., Rosa L., Ruscus aculeatus L., suckers of Acer opalus Mill., Fagus sylvatica L., Fraxinus ornus L.
70%, Copertura erbacea: 50%, (70%) Poaceae, (20%) Carduus L., Euphorbia L., Fragaria vesca L., Galium L., Hepatica nobilis Schreb., Viola L., (10%) rinnovazione di Acer
opalus Mill., Fagus sylvatica L., Fraxinus ornus L., Quercus cerris L. Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff,
2014): Humus Lithic Eutrudept

OLn+OLv+OH 2.5-0 2.5 C S - - - - 1vf, f - -
A 0-0.5 0.5-2 A, S 7.5 YR 3/2 3 vf, sbk fi Clay 2vf, f 2 -
Clay 2 vf, f;
Bw 0.5-17 13-16.5 C,W 7.5 YR 4/4 3 vf, £, sbk mp 10 -
I m
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Clay 2 £ Stone line,

Bwly 17-24 5-7 C,W 7.5 YR 5/6 3 f, sbk mp 40 organic matter
le accumulation
Clay 2 vi, f;
Bw2, 24-33 2-9 C,W 7.5YR5/6 3 v, £, sbk mp 45 -
I m
BC, 33-40+ - - 7.5YR5/6 2 vf, f, sbk mp Clay 1 vf, f 50 -

Plot T38b/Profile 2 (Gauss Boaga Rome 40 4796878 N, 2365730 E) Slope: 30%. Exposure: NO. Altitude: 830-900 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Turkey oak high stand. Emerging rock: -. Soil cover: <5%. Vegetation. Trees: 95%, Ostrya carpinifolia Scop. 40%, Quercus cerris L. 30%,
Acer opalus Mill. 20%, Fraxinus ornus L. 10%, Fagus sylvatica L. 10%, Laburnum anagyroides Medik., Sorbus aria (L.) Crantz. Bushes: 40%, Corylus avellana L. 30%,
Coronilla L., Crataegus monogyna Jacq., Cytisus L., Juniperus oxycedrus L., Rosa L., Ruscus aculeatus L., suckers of Acer opalus Mill., Fagus sylvatica L., Fraxinus ornus L.
70%, Copertura erbacea: 50%, (70%) Poaceae, (20%) Carduus L., Euphorbia L., Fragaria vesca L., Galium L., Hepatica nobilis Schreb., Viola L., (10%) rinnovazione di Acer
opalus Mill., Fagus sylvatica L., Fraxinus ornus L., Quercus cerris L. Parent material: Calcareous landslide; Parent rock: whitish micritic limestone. Soil (Soil Survey Staff,
2014): Humus Lithic Eutrudept

OLn 7-2 4-9 C,W - - - - - - -
OLv+OH 2-0 1-3 C,W - - - - - - -
3 vf, fgr; 3K
A 0-2 2-4 C,W 10 YR 2/2 fr Clay 20 -
3 vf, £, sbk Im,c
AB 2-6 2-5 C,W 10 YR 372 3 vf, f, sbk fr Clay 3vf, f 20 -
3 f, f,m, Popping
Bw 6-20 13-16 C,W 10 YR 3/4 sbk fr Clay 3vE f 50 aggregates,
stone line
Bwly 20-40 18-20 C,W 10 YR 4/4 3 vf, f, sbk mp Clay 3vf, f,m 70 -
Bw2, 40-43+ - - - - - - - - Rock debris

Plot T41a Profile 1 (Gauss Boaga Rome 40 4797677 N, 2366674 E) Slope: 60%. Exposure: N. Altitude: 748-838 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Hornbeam and manna ash coppice. Emerging rock: 15%. Soil cover: 90%. Vegetation. Trees: 90%, Ostrya carpinifolia Scop. 25%, Acer
opalus Mill. 20%, Fraxinus ornus L. 20%, Quercus cerris L. 20%, Acer pseudoplatanus L. 5%, Acer monspessulanum L. (sporadic). Bushes: 10%, Cornus mas L. 40%,
Crataegus monogyna Jacq. 30%, Lonicera caprifolium L. 30%, novellame Acer opalus Mill. e Fraxinus ornus L. 20%. Herbaceous layer: 30%, Hedera helix L., Hepatica nobilis
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Schreb., Lathyrus venetus Mill., Luzula nivea L., Polypodium vulgare L., Viola L., rinnovazione di Acer opalus Mill., Fraxinus ornus L., Sorbus aria (L.) Crantz (10%). Parent
material: Calcareous landslide; Parent rock: massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn+OLv+OH 3-0 - C,W - - - - 3vf, f 2 -
Clay 3vE, -
A 0-5 3-5 C,W 10 YR 2/2 3 vf, f, sbk fr 2
I m
Clay 3 v f; -
Bwl 5-11 6-8 C,W 10 YR 3/3 3 vf, f, sbk fr 5
2 m, vc
Clay 3, 1 -
Bw2 11-19 8-9 C,W 10 YR 3/3 3 vf, f, sbk fr 10
2m;lc
Clay 3 v, f; -
Bw3 19-28 10-11 C, W 10 YR 3/3 3 vf, f, sbk fr 20
1 m
Clay 3, -
BC 28-40+ - . 10 YR 3/3 3 vf, f, sbk fr 60
1 m

Plot T41a Profile 2 (Gauss Boaga Rome 40 4797677 N, 2366674 E). Slope: 60%. Exposure: N. Altitude: 748-838 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Hornbeam and manna ash coppice. Emerging rock: 15%. Soil cover: 90%. Vegetation. Trees: 90%, Ostrya carpinifolia Scop. 25%, Acer
opalus Mill. 20%, Fraxinus ornus L. 20%, Quercus cerris L. 20%, Acer pseudoplatanus L. 5%, Acer monspessulanum L. (sporadic). Bushes: 10%, Cornus mas L. 40%,
Crataegus monogyna Jacq. 30%, Lonicera caprifolium L. 30%, novellame Acer opalus Mill. e Fraxinus ornus L. 20%. Herbaceous layer: 30%, Hedera helix L., Hepatica nobilis
Schreb., Lathyrus venetus Mill., Luzula nivea L., Polypodium vulgare L., Viola L., rinnovazione di Acer opalus Mill., Fraxinus ornus L., Sorbus aria (L.) Crantz (10%). Parent
material: Calcareous landslide; Parent rock: massive limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn 3-1 - - - - - - - -
1-3
OLv+OH 1-0 C,W - - - - - - -
A 0-6 5-8 C,W 10 YR 2/2 3 vf, £, sbk fr Clay 3vf, f 2 -
3, f}
Bw 6-22 9-16 C,W 10 YR 3/4 3 vf, £, sbk fr Clay 20 -
2m;1ve,c
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3 f;
3vf, f,m

41+ _ -
BC 22-41 10 YR 3/4 sbk

fr Clay 2 m; 45 -

1ve, ¢

Plot T42b/Profile 1 (Gauss Boaga Rome 40 4804219 N, 1833709 E) Slope: 40%. Exposure: N. Altitude: 695-775 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Hornbeam and manna ash coppice. Emerging rock: 20%. Soil cover: 90%. Vegetation. Trees: 90%, Fraxinus ornus L. 45%, Ostrya
carpinifolia Scop. 45%, Acer opalus Mill. 10%, Quercus cerris L., Sorbus aria (L.) Crantz. Bushes: 10%, Crataegus monogyna Jacq., Lonicera caprifolium L. Herbaceous layer:
30%, Poaceae, Cyclamen L., Hedera helix L., Hepatica nobilis Schreb. Parent material: Calcareous landslide; Parent rock: massive limestone. Soil (Soil Survey Staff, 2014):
Humus Lithic Eutrudept

OLn 32 0.5-2 - : _ 3 _ ; ; .
OLv+OH 2-0 1.5-2.5 C,W - 3 gr ; - - 2 -
3 v, f;
Bwl 0-7 3.7 C,W 10YR4s3 S VBLm, fi Clay-loam 2 ;
sbk, abk I m
3,
Bw2 721 6-16 C,W 10yrR4p O VRELm, mh Clay-loam 30 Secondary
¢, sbk m carbonates
BC 21-35+ - ; ; ; ; - 3vE, f 65 ;

Plot T42b/Profile 2 (Gauss Boaga Rome 40 4804219 N, 1833709 E) Slope: 40%. Exposure: N. Altitude: 695-775 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Hornbeam and manna ash coppice. Emerging rock: 20%. Soil cover: 90%. Vegetation. Trees: 90%, Fraxinus ornus L. 45%, Ostrya
carpinifolia Scop. 45%, Acer opalus Mill. 10%, Quercus cerris L., Sorbus aria (L.) Crantz. Bushes: 10%, Crataegus monogyna Jacq., Lonicera caprifolium L. Herbaceous layer:
30%, Poaceae, Cyclamen L., Hedera helix L., Hepatica nobilis Schreb. Parent material: Calcareous landslide; Parent rock: massive limestone. Soil (Soil Survey Staff, 2014):
Humus Lithic Eutrudept

OLn 3-2 - C,W - - - - - - -
OLv+OH 2-0 - C,W - - - - - 5 -
A 0-3 1-3 C,W 10 YR 2/2 3 vf, f, sbk fr Clay-loam 3vf, f 5 -
3, f;
Bw 3-18 13-19 C,W 10 YR 3/2 3 vf, f, sbk mh Clay-loam 60 Secondary
2m;lc carbonates
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BC 18-35+ - -

2 vf, f;

lc

75

PlotT42c¢/Profile 1 (Gauss Boaga Rome 40 1835654 N, 13.154697 E) Slope: 40%. Exposure: N. Altitude: 690-780 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Hornbeam and manna ash coppice. Emerging rock: 15%. Soil cover: sporadic litter presence. Vegetation. Trees: 80%, Quercus cerris L
standards. Bushes: 5%, Prunus spinosa L., suckers of Acer opalus Mill., Fraxinus ornus L., Ostrya carpinifolia Scop., Sorbus aria (L.) Crantz. Herbaceous layer: 90%, Poaceae,
Cyclamen L., Daphne L., Fragaria vesca L., Hedera helix L., Helleborus Tourn., Lamium maculatum L. Parent material: Calcareous landslide; Parent rock: whitish micritic

limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn - - -
OLv+OH 1-0 1-1.5 C,W
A 0-4 2-4 C,W
BC 4-21 16-22 C,W

C 21-35+ - -

7.5YR3/2

7.5 YR 3/4

3gr

3 i, £, sbk

3vf, f, m,
sbk, abk

fr

fr

Clay-loam

Clay-loam

3 i, f;
lc
3 v, f;
I m
3,
1m,c

2vf, f

60

75

Sporadic

Pendular
secondary
carbonates

PlotT42c¢/Profile 2 (Gauss Boaga Rome 40 1835643 N, 13.154690 E) Slope: 40%. Exposure: N. Altitude: 690-780 m a.s.l. - Mean annual air temperature: 13.5°C — Mean annual
precipitation: 750 mm. Management: Hornbeam and manna ash coppice. Emerging rock: 15%. Soil cover: sporadic litter presence. Vegetation. Trees: 80%, Quercus cerris L
standards. Bushes: 5%, Prunus spinosa L., suckers of Acer opalus Mill., Fraxinus ornus L., Ostrya carpinifolia Scop., Sorbus aria (L.) Crantz. Herbaceous layer: 90%, Poaceae,
Cyclamen L., Daphne L., Fragaria vesca L., Hedera helix L., Helleborus Tourn., Lamium maculatum L. Parent material: Calcareous landslide; Parent rock: whitish micritic

limestone. Soil (Soil Survey Staff, 2014): Humus Lithic Eutrudept

OLn - - -
OLv 4-0 1-4 C,W
A - - -
Bwl 0-6 6-7 C,W

10 YR 3/3

3vf, f, m,
sbk
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fr

Clay-loam

3, f;

20

Sporadic

Sporadic

Pendular
secondary



1m carbonates

3 Vi, f, m, CALRE
sbk fr Clay-loam 40 -

1 m

Bw2 6-15 9-12 C,W 10 YR 3/3

C 15-35+ - . - - - - 80 -

 designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.

® A = abrupt; V = very abrupt; C = clear; G = gradual; S = smooth; W = weavy; I = irregular; B = broken.

°moist and crushed, according to the Munsell Soil Color Charts.

4The reported values are the average content for the horizon considered.

1 = weak; 2 = moderate; 3 = strong. f = fine; m = medium; ¢ = coarse. gr =granular; abk = angular blocky; sbk = sub-angular blocky; sg = single grain.

£br = brittle; fi = firm; fr = friable; mh = moderately hard; mp = moderately plastic; ms = moderately sticky; sh = slightly hard; sp = slightly plastic; vfr = very friable.

b0 = absent; 1 = few; 2 = plentiful; 3 = abundant. vf = very fine; f = fine; m = medium; ¢ = coarse; vc = very coarse
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CHAPTER 5 - IMPACT OF DIFFERENTIATED FOREST

MANAGEMENT ON SOIL ORGANIC MATTER FRACTIONS C

STORAGE CAPACITY
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1. Introduction

One of the roles of soil is to provide nutrients to global ecosystems via bio-cycling processes
(McLauchlan, 2006). This is related to its physical and chemical properties, which make it able to
support life in its multiform manifestations, both autotrophic and heterotrophic, and consequently
generate trophic chains (Pereira et al, 2018.). Nowadays, the increasing interest in climate change
dynamics and in the role of the carbon cycle in this process, make the soil an important study
subject for its capacity to store C (Angst et al., 2018; Lou et al., 2019). Starting from the inputs of
organic matter coming from plants decaying parts, through the pedofauna and microorganisms’
biological activity, organic carbon assumes a more and more recalcitrant form (e.g., humic
substances) (Hayes et al., 2020). All these processes allow the soil to constitute a stable and not
very reactive carbon reservoir, particularly in deep horizons (Fontaine et al., 2007).

Human presence had influenced Earth’s landscape for millennia (Braje & Erlandson, 2013), in
particular in the last two centuries the increase of production activity has fostered much more
intense exploitation of energetic resources (Wang, 2021). In this optical a huge part of global forests
has been subjected to intense management for different production purposes (e.g., energetic
biomasses, building materials, and food) with a consequent impact on soils (Jie et al., 2002.). In
Europe, in particular, a high percentage of forests underwent a complete management change into
arable lands (Fyfe et al., 2015). In this historical context, sweet chestnut (Castanea sativa Mill.) has
represented a link between different production necessities in the Mediterranean basin (Condera et
al., 2004). Different studies have shown the influence of chestnut forests management on soil
properties (Venanzi et al., 2016; Sun et al., 2019; De Feudis et al., 2020), but a lack of information
exists in terms of evaluating the influence of chestnut forest management on soil organic C and
stock. Thus, the present work is focused on monitoring, during two different years, the variation of
organic C soil stock in litter and in three organic matter density fractions (water extractable,

particulate, and mineral associated) until 30 cm depth in mineral soil under a chestnut forest
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subjected to different management practices: i) secular marroni productive groove, ii) chestnut

forest in conversion to marroni groove iii) natural evolution chestnut forest.

2. Materials and methods

2.1 Study site description

Three soils under a 5 hectares chestnut forest were selected in a hilly internal area of the Marche
Region near Pievebovigliana village in Macerata province. The site is located between 770 and 820
m above sea level (a.s.l.) with a mean annual precipitation (MAP) of about 900 mm and a mean
annual air temperature (MAAT) of 13.0 C°. These soils developed on molasse rocks (sandstone
interbedded with siltstone layers) as parent material. The forest, dominated by the presence of
Chestnut trees, is subjected to different management: i) a centuries-old marroni productive groove
(MAR); ii) a recent (two-year) converted chestnut groove into a productive marroni groove
(CHEST-CONYV); iii) a chestnut groove for chestnut flour production (CHEST) (Figure 1).

MAR plot presents a soil micromorphology characterized by big embarkments made approximately
150 years ago that soften the slope to 25-38%. The tree’s density is about 70 plants per hectare and
most of them are secular individuals. CHEST-CONYV plot is situated in the upper part of a slope
with a slope ranging from 35 to 42% with a tree density of 150 plants per hectare subjected to a
graft operation in 2018. CHEST plot is located in the lower part of a slope in continuity with the
CHEST-CONV plot with a slope ranging from 38 to 45%. All the areas were subjected to an
intensive practice of litter layers asportation during past centuries for sustenance purposes (e.g.

livestock feeding).
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Figure 1. Study site geographical position and plots distribution

2.2 Soil trenching, morphological description, sampling, analysis and stock calculation

In November 2019, a geomorphological and soil survey was conducted in each assay parcel,
through the opening of several mini-pits and auger holes, to choose the most representative position
where to dig the soil profile. After this evaluation, three soil replicate profiles were dug during
every annual sampling campaign in the same season and at the same topographic conditions.
Following the protocol reported by Camponi et al. (2022), each soil profile was dug at =1 m
downslope of the stem of one of the oldest trees present in the sampling area and until the depth of
~50 cm. The forest floor was described according to Baize et al. (2008) and sampled in an area of

about 3-4 m? around the profile. The mineral horizons were described per USDA “Field book for
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describing and sampling soils” (Schoeneberger et al., 2012). All the information about soil
morphology and a general description of the areas are provided in Table 1.

Soil was sampled and evaluated for its bulk density by each genetic horizon following Camponi et.
al (2022). Field samples were refrigerated until they arrive in the laboratory, where were air-dried.
All samples and soil cores were sieved at 2 mm to separate the fine earth from the skeleton.

The particle-size analysis of mineral soil samples was determined by the Pipette method (Gee & Or,
2002). The mineralogical analysis (QXRD) was accomplished according to Agnelli et al., 2021 by a
Philips PW 1830 x-ray diffractometer, using the Fe-filtered Kal radiation of Co, and operating at
35 kV and 25 mA; the step size was 0.02° 26 and scanning speed was 1 s per step. For all samples,
diffractograms were acquired on powdered and manually compressed aliquots and mineralogical
composition was obtained by identifying the minerals based on their characteristic peaks. For each
sample, a semi-quantitative estimation was obtained by calculating the area produced by the
primary peak of each mineral by multiplying the peak height by the base at the half-height. The
bulk density of mineral samples was determined by the core method (Grossman and Reinsch, 2002).
For the organic horizons, the bulk density was estimated by pedotransfer-functions (Hollis et al.,
1996). The soil organic matter (SOM) fractionation was made by density-based method with
sodium polytungstate (SPT) for particulated organic matter (POM) and mineral associated organic
matter (MAOM) fractions (Plaza et al., 2019), while water extractable organic matter (WEOM) was
extracted after one night of the 1:10 solid:liquid suspension in an orbital shaker at 140 rpm and
filtered through a Whatman 42 filters (Agnelli et al., 2014). Soil reaction (pH) was determined
potentiometrically by Thomas (1996). Total organic carbon (TOC) on soil samples and on SOM
fractions (WEOC, POC and MAOC) was estimated by Walkley-Black method (Nelson &

Sommers, L.E, 1996).
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Table 1. General features and morphology of the mean profile of each management thesis under Castanea sativa L. Monte San Savino, Pievebovigliana, Marche, Italy. For
symbols see legend. Mean annual air temperature and rainfall in 1991-2010 period: mean annual total precipitation, 945 mm; mean annual air temperature, 13°C. Average

altitude 820 m a.s.l.. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus ulmifolius L., Crataegus monogyna L.; Herbaceous layer: Ciclamen spp.;
Soil: Typic Dystrustept (Soil Survey Staff, 2014).

Tier Horizons® Depth® Thickness®  Colour! Structure® Consistence’ Roots® Boundary®  Skeleton'  Other observations

cm cm %
Management: non-productive chestnut forest

Parent material: Sandstone interbedded with siltstone layer; mean slope: 38-45 %, exposure: from N to NW; average soil cover 100 % (chestnut 80%, other 20%)
OLn;

Leaves, branches,

Organic  OLv; OF; 8.0/1.0-0 2.5-5.5 - 2/3, gr fr 2,vi, 1, f ow - urchins and
OH chestnuts
Organo- 2.5Y 3/3 cw Mesofauna and
g A; AB 0-2.0/9.0 2.0-5.0 10YR 172 2, sbk, f, m, co fr 3,vi, 1 f - .
mineral 10YR 2/1 mycelium
10YR Lessivage salt-and-
i s ih pepper effect on
Mineral Bw; Bg; C 2.0/9.0 19.0-23.0 4/6-5/6 2, sbk; abk, f, m fr LvE, 2,1, CW - aggregates, cutans,
106/120+ 5/8 co 3,co,m .
25Y 6/6 Mn hydroxides,

roots channels

Management: non-productive chestnut forest in conversion to marroni grove
Parent material: Sandstone interbedded with siltstone layers;, mean slope: 25-35 %, exposure: from N to NW; average soil cover 80 % (chestnut 60%, other 40%)

OLn; cW Leaves, branhces,
Organic  OLv; OF; 7.0/4.5-0 3.0-2.0 - 2, sbk, gr, f fr 2, vi,1, f cb - urchins and
OH aw chestnuts
Organo- . 10YR 2 gr
mineral A; AB 0-1.0/5.0 3.0-6.0 2/1-3/2 2. abk. m, £ fr 2, v, f cW - Mesofauna
Charcoal fragments,
10YR lessivage salt-and-
Mineral Bw:Bg: C 0-93.0/115.0+  21.0-540  2/1-4/6- 2,8k, abk, co, fr 2, Vi1, £ ow - pepper effect on
5/6 m 3,co,m aggregates, cutans,
2.5Y5/6

mottles, Mn
hydroxides, roots

-180 -



channels

Management: marroni grove
Parent material: Sandstone interbedded with siltstone layer; mean slope: 10-20 %, exposure: from N to NW; average soil cover 70 % (chestnut 100%)

OLn; Leaves, branches,
Organic  OLv; OF; 5.5/7.0-0 2.5-6.0 - 2 gr - 2,vi1, f cwW - urchins and
OH chestnuts
2.5Y 3/3
Organo- AB; 10YR Earthworms and
mineral AB&B 0-5.0/17.0 7.5-13.0 3/4-4/6 2-3, sbk, m, f fr 2, vii1, f cwW - mycelium
Lessivage salt-and-
Ab;Bwb;  5.0/17.0 IOYR = sbk, abk 2, v, 3, co, m w e outon
Mineral > OWD> DA 21.0-30.0  3/4-3/6- P00, fir > Vi 2, €0, M, ci - aggresa’es, curans,
Bw 20.0/108.0+ m f mottles, Mn
4/6-5/8 ab .
hydroxides, roots
channels

®Horizons: designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.

®Depth: numbers separated by slash (/) indicate the range of depths observed in the profiles, while the hyphen (-) means “from (what is before it) to (what is after it)”.

¢ Thickness: referred to the lowest and highest mean thickness.

4 Colour: moist and crushed, according to the Munsell Soil Color Charts. The reported colours are the extremes for the horizons considered.

¢ Structure: 1=weak, 2=moderate, 3=strong; th=thin, f=fine, m=medium, c=coarse; gr=granular, abk=angular blocky, sbk=sub-angular blocky, pl=platy. The reported
structures are the extremes for the horizons considered.

fConsistence: fr=friable, fi=firm.

£ Roots: O=absent, vi=very few, 1=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse. The reported roots abundances are the extremes for
the horizons considered.

"Boundary: a=abrupt, c=clear; g=gradual; d=diffuse; s=smooth; w=weavy; i=irregular; b=broken.

i Skeleton: by sight, according to the “percent of area covered” tables reported in Schoeneberger et al. (2012). The reported values are the extremes for the horizons
considered.
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2.6 Data treatment and statistical analysis

According to the soil variability genetic horizons were grouped relying on their nature into the
following soil tiers: i) organic (O), made of well-expressed OL (OLn, OLv), OF and OH horizons;
ii) organo-mineral (OM), grouping A, AB, AB&B horizons; and iii) mineral (M), formed by Ab,
Bw, Bwb, Bg, and C horizons (Table 1). The properties of the soil tiers are the thickness-based
weighed mean of each property. The element stocks for the litter and for soil organic matter
fractions in 0-30 cm soil layer were calculated adding up the contribution of each genetic horizon
considering their thicknesses. The differences among samples were tested by one-way or two-way
ANOVA depending on the variable took into account (year, management or horizon tier) and the
interaction between them. Prior to ANOVA, normality and homoscedasticity of the dataset were
assessed using Shapiro-Wilk statistical test and by Levene's test at 5% significance level,
respectively. Assumptions were not violated and Duncan’s multiple range test was used to

determine the significant differences between samples at P<0.05.

3. Results

3.1 Soil morphology

The studied soils were classified as Typic Dystrustept and showed a total depth greater than 100 cm
with a considerable number of well-expressed weathered B horizons that constituted the majority of
the pedon and a negligible amount of rock fragments. All the informations reported in this chapter
are reported in Table 1.

CHEST plot soil in general showed a moderate developed forest floor (2.5-5.5 cm) in OLn, OLv,
OF and OH horizons principally constituted by chestnut leaves, branches and chestnuts. The OH
horizons showed a good to moderate crumble friable structure with a moderate to low amount of
very fine and fine roots. The OM tier (2.0-5.0 cm average thickness) horizons showed a moderate

fine to coarse sub-angular friable blocky structure with many very fine roots, few fine roots, an
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active presence of mesofauna and a good amount of fungal hyphae. The M tier horizons were well-
developed in angular to sub-angular fine to coarse friable blocky with an average thickness that
ranged from 19.0 to 23.0 cm. In this soil tier were noticed the presence of fine particles engulfed
horizons (Bg) characterized by clay cutans on soil aggregates, mottling pattern (“salt and pepper”
morphology) by lessivage process and Mn hydroxides nodules. In general the roots amount in this
tier is abundant and represented in majority by coarse and medium size roots.

The CHEST-CONYV plot showed a well-developed soil with an O tier formed by chestnut leaves,
small branches, urchins and fruits at different degradation states. The OH horizon showed a well-
expressed granular and friable structure with a pour to good amount of very fine/fine roots. OM
tiers horizons showed an average thickness of 3.0 to 6.0 cm with a moderate granular to medium
and fine angular blocky. Roots amount on average is good and represented by very fine and fine
elements. In all the horizons were noticed a mesofauna activity. M tier horizons were developed in
sub-angular to angular medium to coarse friable blocky, with an average thickness that ranged from
21.0 to 54.0 cm. In this soil tier were noticed the presence of charcoal fragments and as CHEST plot
Bg horizons. Roots amount varied from abundant (medium and coarse) to common and few
respectively for very fine and fine elements.

MAR plot soils showed a moderately developed forest floor (2.5-6.0 cm) in OLn, OLv, OF and OH
horizons principally constituted by chestnut leaves, branches, urchins and chestnuts. The OH
horizons showed a good granular structure with a moderate to few amount of very fine and fine
roots. The OM tier (7.5-13.0 cm average thickness) horizons showed a strong to moderate fine to
medium sub-angular friable blocky structure with a moderate amount of very fine roots and few
fine roots. In this tier were noticed an active presence of earthworms and a good amount of fungal
hyphae. The M tier horizons were well-developed in angular to sub-angular medium to coarse
friable blocky structure with an average thickness that ranged from 21.0 to 30.0 cm. This soil tier
was characterized by the presence of buried horizons (Ab and Bwb) that testify to past mass

movements. In the deeper horizons of the tier were observed fine particles engulfments, clay cutans
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on soil peds, “salt and pepper” morphology by lessivage process and Mn hydroxides nodules. The

fine to coarse roots are abundant while very fine roots were observed in a smaller amount.

3.2 Physicochemical soil properties and organic C stocks

The particle size distribution displayed in general a high presence of coarse particles in all the
surveyed soils with the highest sand content in the CHEST plot that showed a loamy-sand to sandy-
clay-loam texture while CHEST-CONV and MAR plots showed similar behavior in both OM and
M horizons with a sandy-clay-loam texture. In all the surveyed soil it is common a higher fine
particles (silt and clay) in M horizon (Table 2).

The QXRD revealed in general scarcity of minerals useful for plants’ nutrient uptake. A huge
amount of quartz (from 48 to 63%) in the form of quartzite and a higher content of plagioclases
were revealed in the CHEST plot than in the other plots. QXRD further revealed a higher content of
Orthoclase in OM horizons than in M horizons while the opposite behaviour is displayed for Albite
and clay minerals (Table 2).

No differences were recorded in the depth of litter layer measurements nor among the management
plots or among years. pH showed in general to be slightly acidic (from 5.44 to 6.12) with higher
values in CHEST-CONYV for both sampling campaign years. Bulk density remains unvaried during
the two years of the monitoring program, while inside each plot the highest values were recorded in
the M tiers and the lowest in the O tiers, a normal behaviour as a function of increasing pressure
along soil profile. TOC amount varied along soil profile (decreasing from O to M horizon tiers),
among management plots but not in time, in particular, it was recorded a higher amount in CHEST-
CONYV and MAR than in CHEST plot (Table 3).

The SOM fractionation (Table 4) highlighted a generally unchanged trend from the first to the
second year except for the WEOC and POC p > 1.6 gdm™ amount of OM tiers in the CHEST-CONV
plot that tent to decrease and MAOC amount of the M tiers in the MAR plot that tent to increase.

WEOC content inside each management plot showed a higher amount in the OM than the M tiers in
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both years, while MAOC content varied depending on the plot and the year with higher content in
OM than M tiers in CHEST and MAR plots during the first year. POC 1<p<1.6 gdm® amount
displayed relevant differences for CHEST-CONYV plot in the I year and MAR plot in the II year.
The organic C stock in 0-30 cm depth layer showed a higher storage in the second year in general
for all the management plots for TOC, WEOC and MAOC fractions, while litter and POC fraction

stocks did not show wvariations during the two surveyed years (Table 5).
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Table 2 — Values of particle size distribution and mineralogy in two soil tier typologies (organo-mineral and mineral) under chestnut forest subjected
to different management (Pievebovigliana, Marche region, Italy). Numbers in parentheses are the standard deviations. Capital letters indicate
differences within management and lowercase letters between tiers of the same management. at P <0.05 level of significance.

Manag Tier Particle size distribution® Mineralogy®
Sand Silt Clay Qu Pl Alb Cal Ka Or Mi CM
CcO M F VF
gkg'! %

Org-min 318 . 160 . 206 120 66 b 130 b 53 22 15 b 5 . 2 5 b

Chest (106) — , @8 (22 , (42) 26 @3 1010 (12) - (10) - 3
Min 68 b 105 b 258 145 178 . 246 . 50 14 23 a 3 3 b 3 9 .

27) (25) (40) (27) (26) ~ (36) ® ©® 3) - 036 6 ©®
Org-min 204 . 110 . 247 138 126 b 175 b 48 8 18 b T 10 4 " 13 b
Chostocomy 10s) @9 T a8 L G0 () 0@ @ Ay @ - - 0 - @
Min 65 b 94 b 230 166 184 a 261 . 53 3 22 . 5 b 17 .

(47) (30) (37) G () — (28 8 (6 (16) - - 0 - G
Org-min 124 . 90 . 341 150 127 b 168 b 63 15 7 boTC 7 . 2 - b

Mo G "Lt @) e ) B ), B - - e -
Min 44 b 96 b 355 142 155 . 208 . 536 23 0 3 1 b 3 13 .

(19) (16) (56) (16) 27) (34 © © (6) - 36 6 0

# CO: coarse; M: medium; F: fine; VF: very fine
b Qu: quartzite; Pl: plagioclase; Alb: albite; Cal: calcite; Ka: kaolinite; Or: orthoclase; Mi: micas; CM: clay minerals
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Table 3 — Values of pH, bulk density, litter depth and total organic carbon (TOC) in three soil tier typologies (organic, organo-mineral and mineral)
over two years under chestnut forest subjected to different management practice in Pievebovigliana site. Numbers in parentheses are the standard
deviations. Single quote marks in boxes indicate differences within tiers and different capital letters indicate differences within management at P <0.05
level of significance. No letters in boxes indicate no differences for the parameters nor in management, tier type or interaction tier type x year.

Management Tier 1% year 2" year
Litter depth pH Bulk density TOC Litter depth  Bulk density pH TOC
cm kgdm™ gkg'! cm kgdm™ gkg'!
Org 5.84 0.72¢  281.05* 0.77¢ 5.34 359.61 A
(0.26) 0.08)  (129.93) (0.09) (0.82) (145.84)
. 2.90 6.12 0.845 57.94B 2.17 1298 6.18 80.17 "
Chest Orgmin 5 5 027y B (0.18) 3728) © (119 (0) 023 B qon B
Min 5.69 1.184 7.90¢ 1.304 5.70 13.57¢
(0.27) (0.11) (3.98) (0.05) (0.13) (4.06)
org 6.11 0.73¢  290.63% 0.80€ 5.87 422.89
(0.38) 0.08)  (143.14) (0.05) (0.85) (78.69)
. 3.00 5.44 0.83 B 75.68 B 2.07 1298 6.25 58268
Chest-conv Org-min 5 5 023 A (0.23) @03 N ©73) (0.02) ©040)  (gasay O
i 5.60 1.174 9.91¢ 1.284 5.73 15.26¢
(0.25) (0.19) (8.26) (0.06) (0.13) (4.70)
Org 5.75 0.75¢ 330.944 1.03¢ 5.30 425.574
(0.38) 0.07)  (121.87) (0.61) (0.86) (50.96)
. 3.70 5.67 0.913 38.62 P 2.07 1.30 5.41 76.41
Mar Orgmin ;5 50 039 ° 01 (62 T ©73 i o ° ; A
i 5.67 1.184 7.00€ 1264 5.58 19.06 ¢
(0.15) (0.18) (0.93) (0.15) (0.24) (14.23)
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Table 4 - Values of fractionated organic carbon in two soil tiers (organo-mineral and mineral) over
two years under chestnut forest subjected to different management in the Pievebovigliana site.
Numbers in parentheses are the standard deviations. Capital letters indicate differences in the same
tier of the same management in different years, lowercase letters indicate differences within tiers in
the same management in the same year at P <0.05 level of significance.

Year  Tier WEOCH* POC** MAOC***
p<l gdm3 1<p<1.6 gdm® p>1.6 gdm
gkg™!
Org-Min 243 aA 939 A 3055 A 18.13 A 1553 aA
o (0.96) (10.26) (37.75) (15.49) (11.36)
_ Min 1.89 bA udl wd.l. wd.l. 590 bA
7 (0.21) - ; - (3.80)
5 Orenin 266 aA 748 A 2570 A 2029 A 2403 aA
- £ (0.63) (3.72) (21.08) (8.49) (19.98)
Min 1.67 bA udl wd.l. wd.l. 1191 aA
(0.10) - - - 4.11)
Org-Min 349 aA 581 A 740 A 1939 A 3959 aA
o (0.10) (3.97) (1.74) (5.28) (39.77)
& . 1.97 bA ud.l u.d.l u.d.l. 794  aA
1) Min
S (0.15) - - - (8.19)
7 . 225 aB 240 A 11.84 aA 500 B 3844 aA
S . Org-Min 5 17y (0.99) (5.56) (0.87) (31.89)
2 i 197 bA 525 208 b udl 10.68 aA
(0.30) - (1.24) - (4.75)
Org-Min 260 aA 3.6l 984 a 5.50 1498 aA
o (0.75) (2.27) (4.19) (3.15) (14.01)
i 195 bA udl 203  bA  udl 301 bB
5 (0.13) - (0.99) - (1.04)
= Org-Min 226 aA  3.66 26.31 8.42 35.77
2 Min 1.85 bA udl 423 A 4.67 17.34* A
(0.15) : (2.70) - (12.57)

* Water extractable organic carbon
** Particuleted organic carbon

*#* Mineral-associated organic carbon

u.d.l: under detection limit
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Table 5 — Values of total organic C (TOC) stock in litter and in mineral layer (0-30 cm) and organic C stock in
soil organic matter fractions* in depth layer 0-30 cm in Pievebovigliana site. Numbers in parentheses are the
standard deviations. Different capital letters indicate differences within years both at P <0.05 level of
significance. No letters in boxes indicate no differencese for the parameters nor in management, tier type or
year.

Management TOC WEOC POC MAOC
Litter 0-30 p<l gdm® 1<p<1.6 gdm*® P>1.6 gdm?
Mgha!

Chest 157.07  35.57 4.90 1.48 4.97 437 19.87
(25.03)  (14.79) (2.30) (0.89) (3.81) (3.29) (6.26)

§ Chestcony 0985 3692 5 505 o 679 2.39 4.17 25.63
— (85.95)  (12.88) (1.21) (11.26) (3.66) (6.34) (19.82)
Mar 201.53  48.18 5.84 2.12 14.81 5.75 19.65
(26.78)  (13.38) (0.52) (1.93) (3.83) (5.6) (5.68)

Chest 14344 9328 6.58 4.98 17.17 13.71 50.84
(35.13)  (16.94) (0.93) (2.16) (13.15) (5.00) (14.58)

5 hestcony 23483 8576, 760, 473 10.77 192 60.74
= (89.93)  (34.6) (0.67) (5.93) (5.42) (1.66) (35.04)
Mar 18320  79.35 7.04 0.63 8.66 2.61 60.41
(124.23)  (13.70) (0.68) (1.10) (8.82) (4.51) (9.37)

* Water extractable organic carbon
** Particuleted organic carbon
*** Mineral-associated organic carbon
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4. Discussions

The differences among plots in term of textural class could be attributed to the lithological diversity
of the parent rock in the area that is constituted by bedded layers of coarser materials (e.g.
sandstone) and finer (e.g. siltstone), thus depending on the pedogenized layer the soil texture could
varied from coarser (loamy-sand) to finer one (sandy-clay-loam). Observations made on fine
engulfment in depth along soil profile (e.g. Bg horizons morphology) and particle size distribution
revealed a behaviour confirmed by QXRD: the higher concentration rate of silt and clay fractions in
M horizon tiers and clay minerals (CM) detected in higher amount in this samples suggest a fines
hydraulic transport hypothesis; similar to that shown by other authors like Jacobsen et al. (1997)
that demonstrated how fine particles could be transported by a rainfall-like water flux through soil
macropores in a laboratory experiment on undisturbed sandy-loam soil columns.

pH pattern among the plots could be ascribed to a site-specific relation between plant, soil and
forest diversity as shown by other authors (Finzi et al., 1998; Eisalou et al., 2013; Corti et al, 2019)
that highlighted how particular site conditions and plants interactions modify the pH of aqueous
solutions that flow through the canopy, stems and forest floor in temperate broadleaves forests.

Soil tiers TOC showed a descending trend along soil profile that is usually observed in forest soil
due to the high intake of biomass by plants litter (Mason and Zanner, 2005), while the differences
among plots could be ascribed to a topographical and management combined effect that reduced the
impact of erosion phenomena on soil degradation and organic matter loss, in fact, MAR and
CHEST-CONV plots showed a minor steep slope than the CHEST plot and in particular in MAR
plot there is a stable secular condition with presence of hydraulic-forest interventions (soil
embankments) that could have favoured the conservation of top-soil compared to CHEST plot
(Brezzi et al, 2016). The variability of SOM fractions in soil tiers and in time as for CHEST-CONV
plot WEOC and POC p >1.6 gdm™ and MAR plot MAOC could be ascribed to the high spatial and
temporal variability that these soil components are subjected in natural and seminatural

environment as shown by Schiedung et al. (2017) and Ghani et al. (2022). The organic C storage
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values revealed a potential lower degradation rate in 0-30 cm soil depth layer from first to second
year that could not be ascribed to any of the investigated soil properties and that could be influenced

by other site-specific features (e.g. soil moisture and temperature regimes).

5. Conclusions

The monitoring activity on 0-30 cm soil depth layer total and fractionated C stock conducted on an
Apennines chestnut forest subjected to a differentiated management reveal a strict connection
between site features, forest coenoses, soil properties and management in particular: 1) texture and
mineralogy showed to be influenced by transport phenomena charged to fine particles along soil
profile; ii) soil reaction had a strong relation with plant biological activity and botanical diversity
that could have influenced the properties of canopy, stem and litter leachate solutions; ii1) TOC
amounts seem to be influenced by both site characteristics and management with higher levels in
CHEST-CONV and MAR plots; iv) the differences in WEOC and MAOC contents in CHEST-
CONYV and MAR plots could be ascribed to them characteristic of space-temporal variability; v) the
variation of total and fractionated organic C stock in 0-30 cm depth layer reveals differences that

could be ascribed to site-specific features that need to be investigated more in depth.
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Table S1 - First year general features of each plot and morphology of the soil profiles under Castanea sativa L. Monte San Savino, Pievebovigliana, Marche, Italy. For
symbols see legend.

Mean annual air temperature and rainfall in 1991-2010 period: mean annual total precipitation, 945 mm; mean annual air temperature, 13°C.

Horizon® Depth  Thickness  Bundary® Color® Skeleton Structure? Consistency® Roots’ Other observations

cm cm % at sight

Profile n° 1 (43°4'6.121" N, 13° 6' 35.445" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 38%; Exposure: N-NO. Management: not pruductive chestnut forest in conversion to marroni plantation. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus
ulmifolius L., Crataegus monogyna L., Herbaceous layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 4.5-1.5 2-6 C,W - - - - - Leaves, brances, urchins and chestnuts
OLv 1.5-1 0.5-1 C,W - - - - - B
OF+0OH 1-0 1-2 A, W _ _ 2’ Sbk, gr, f fr 2’ Vf,l, f Sporadic millimetric A horizon
Bwl 0-16 12-20 W 10YR 4/6 ) 2.3, sbk, m, co & 1,vf, 2, f,3, Lessivage salt-and-pepper iffect on aggregates, mottles
m, co 5%
Bw2 16-41 20-26 C,W 10YR 4/6 - 2, sbk, co, m fr I’I‘Illf’cf(’)z’ Mottles 15%, cutans, dead roots channels
Bw3 41-66 18-32 C,W 10YR 5/6 - 2, sbk, co, m fr I’I‘Illf’cf(’)z’ Charcoal fragments, mottles 20-25%
Bg 66-96 28-32 C,W 10YR 5/6 - 2, sbk, co, m fr I’I‘r/lf’cf(’)z’ Mottles, Fe-Mn nodules-
C 96+ - - - - - - - -

Profile n° 2 (43° 4' 6.236"N, 13° 6' 35.395" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 42%; Exposure: N-NO. Management: not pruductive chestnut forest in conversion to marroni plantation. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus
ulmifolius L., Crataegus monogyna L.; Herbaceous layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 7-3 3-8 C,W - - - - - Leaves, brances, urchins and chestnuts
OLv 3-1 2-3 C,W - - - - - Mycelium
OF+OH 1-0 1-2 AW - - 2, sbk, gr, f fr 2, vil, f Mesofauna
A 0-1 - - 10YR 2/1 - 2gr,f,m fr 2vf, f .
Bwl 1-14 10-15 C,W 10YR 4/6 - 3-2 sbk, m, co fr léOVfé ntlf Mycelium, roots channels, lessivage morphologies
Bw?2 14-40 158 C.W 10YR 4/6 ) 2 sbk,ca:)bk, m, fr 1, r\r/f,jo, f, Lessivage salt-arrfc;aTgsl)gz /foiclte otr; baeigregates, cutans,
Bw3 40-55  13-17 W 10YR 5/6 ; 2 Sbk’ci‘)bk’ m, fi I’If’(i; b Charcoal fragments, mottles 15%
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Bg 55-93 14-24 C,W 10YR 5/6 ; 2 sbk, abk, m, & 1,v,3, 1,
co m, co

C 93+ - - - - - - - -

Mottles

Profile n°® 3 (43° 4' 6.629"N, 13° 6' 34.905" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 35%; Exposure: N-NO. Management: not pruductive chestnut forest in conversion to marroni plantation. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus
ulmifolius L., Crataegus monogyna L.; Herbaceous layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 6-2 2-8 C,W - - - - - Leaves, brances, urchins and chestnuts
OLv 2-1 1-2 C,W - - - - - -
OF+OH 1-0 0.5-1 C,W - - 2, sbk, gr, f fr 2, v, f Mesofauna
AB 0-5 3-6 C,W 10YR 3/2 - 2, abk, m, f fr 2, vf, f Mesofauna
C, W 2, sbk, abk, .
Bwl 5.14 312 10YR 4/6 ) o m f 1vE 2, f Charcoal fragments, lessivage salt-and-pepper effect on
> aggregates, cutans.
C,W 2, sbk, abk, .
Bw2 14-36 2024 L10YR 4/6 i o m f 1,vf, 2, f, Charcoal fragments, lessivage salt-and-pepper effect on
’ 3,co,m aggregates, cutans.
17-29 C,wW 2, sbk, abk, 1.vf 2. f
Bw3 36-59 2.5Y 5/6 - co, m fr é cé) I’n’ Mottles 10%, cutans, charcoal fragments
- C,W
Bg 59-115 >0-62 ’ 2.5Y 5/6 - 2, sbk, abk, fr IV, 2.1, Mottles, charcoal fragments
co, m 3,co,m
C 115+ - - - - - - - -

Profile n°® 6 (43° 4'9.264"N, 13° 6'41.911" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 40%; Exposure: N-NO. Management: not pruductive chestnut forest. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus ulmifolius L., Crataegus monogyna
L., Herbaceous layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 8-2 5-11 C,W - - - - - Leaves, branches, urchins and chestnuts, hazelnuts shells
leaves, branches, urchins and chestnuts, hazelnuts shells;

OLv 2-1.5 - B - - - - - .
mesofauna; few mycelium
OF+OH 1.5-0 - C,W - - 2, sbk, gr, f fr 2,vi1, f Mesofauna; few mycelium
ABI1 0-2 1-2 C,W 2.5Y 3/3 - 2-3, sbk, m, f fr 3,vf, 2, f Mesofauna
AB2 2-9 4-8 C,W 2.5Y 3/3 - 2,sbk, m, f fr 3,vf, 2, Roots channels
2, sbk, abk, f, 1, vf, co, 2,
Bwl 9-16 6-8 C,W 10YR 4/6 - m. co fr £ m Few mottles, cutans, roots channels
Bw?2 16-34 17-20 C.W 10YR 4/6 i 2-3, sbk, abk, & 1, vf, 2, f, Charcoal fragments, lessivage salt-and-pe?pper effect on
f, m 3,co,m aggregates, cutans, Mn hydroxides
2, sbk, abk, co, 1, vf, 2, 1,
Bw3 34-54 20-23 C,W 10YR 4/6 - m fr 3 co.m Mottles 15%, cutans, few charcoal fragments
Bgl 54-90 32-36 C,W 10YR 5/8 - 2, sbk, abk, co, fr 1, vf, f Mottles, Mn hydroxides
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m

Bg2  90-106+ } ] 10YR 5/8 ; 2, Sbk’ribk’ co, fi 1 vE £ Mottles

Profile n® 7 (43°4'10.081" N, 13° 6'41.619" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 45%; Exposure: N-NO. Management: not pruductive chestnut forest. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus ulmifolius L., Crataegus monogyna
L., Herbaceous layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 4.5-1.5 2-6 C,W - - - - - Leaves, branches, urchins and chestnuts
OLv 1.5-1 - B - - - - - Mesofauna, roots channels
OF+OH 1-0 0.5-1 C, W - - 2, ¢gr, f fr 2, vi1, f Mesofauna

AB 0-2 13 C,W 10YR 1/2 i 2, sbk, £ fr 2 Vf;ll’ L Mesofauna

Bwl .17 815 W 10YR 4/6 i 3, sbk, abk, co, f 2,vf,m, co Charcoal fragments, lessivage salt—and-pe.pper effect on
m, 3,f aggregates, cutans, Mn hydroxides

Bw2 17-22 4-6 W 10YR 4/6 i 2-3, sbk, abk, & 1,vf, 2, f, Charcoal fragments, lessivage salt—and-pc?pper effect on
f,m co, m aggregates, cutans, Mn hydroxides

Bw3 22-35 10-15 C,W 10YR 4/6 - 2-3, sbk, co, fir LvE, 2,1, Cutans
m, f co, m

Bw4 35-54 17-21 C,W 10YR 4/6 - 2, sbk, co, m fr 13’ Vci)z;nf’ Mottles 15%, mycelium, dead roots

Bgl 54-76 20-24 C.Ww 10YR 5/6 - 2, sbk, co, m fr 13’ ch’oz;nf’ Mottles, Mn hydroxides

Bg2 76-106 27-33 C.Ww 10YR 5/6 - 2, sbk, co, m fr 13’ sz)z;nf’ Mottles, Mn hydroxides

C 106+ - - - - -

Profile n°® 8 (43°4'10.261" N, 13° 6'41.05" E WGS84). Altitude: 800 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 38%; Exposure: N-NO. Management: not pruductive chestnut forest. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus ulmifolius L., Crataegus monogyna
L., Herbaceous layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 5.5-1.5 5-11 C,wW - - - - - Leaves, branches, urchins and chestnuts
OLv 1.5-1 0.5-1 C,W - - - - - Mesofauna, mycelium
OF+OH 1-0 1-2 C,W - - 3, gr, f fr 3, vf Mesofauna, mycelium
A 0-2 2-6 C,W 10YR 2/1 - 2 Sbkl’nm% £ r, fr 3,vf, f -
Bwl 2-9 6-9 Cc,W 10YR 5/6 - 2 Sbk’rflbk’ €0, fr L Vf;f’ L -
Bw?2 9-24 11-16 C.W 10YR 4/6 i 2, sbk, abk, co, fr 1, vf, 3, co, Roots channels filled with organic matter colonized by
m m, f fungal hyphae
Bw3 24-95 68-73 C,W 10YR 4/6 - 2, sbk, co, m, f fr 13’ chz)2;r1f, Mottles 10%, Fe/Mn hydroxides
Bg 95-120 2228 W 2.5Y 6/6 i 2, sbk, co, m, fi 1_;; sz)z;nf’ Mottles 15%, Fe/Mn hydroxides
C 120+ - - - - - - - -
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Profile n® 9 (43°4'8.728" N, 13° 6' 32.162" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers
Slope: 10%; Exposure: N-NO. Management: Marroni groove. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes: Rubus ulmifolius L., Crataegus monogyna L.; Herbaceous

layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn
OLv

AB
AB&B
Bw
Ab
Bwbl

Bwb2

5.5-0.5

0.5-0

0-7
7-17
17-30

30-41
41-54

54-100+

4-12

5-9
8-12
12-14
9-12
50-62

C,W
A, B

C,W
C, W
C, W
C,W
C, W

2.5Y 3/3
10YR 4/6
10YR 4/6
10YR 3/6
2.5Y 5/6

2.5Y 5/6

3, sbk, co, m,
er, f
3, sbk, m, f

2, sbk, co, m
1, sbk, m, f

2, sbk, co, m

2, sbk, co, m

fr
fr
fr
fr
fr

fr

2,vf, 1, f

2, v, 1, f
1, vf, 2, f,
3, m
2, vf, f,
1, vf, 2, 1,
3,co,m
1, vf, 2, f,
3, co, m

Leaves, branches, urchins and chestnuts
Leaves, branches, urchins and chestnuts, mycelium and
earthworms

earthworms
Mycelium earthworms
Broken A horizon, mycelium, mottles 10%
Cutans

Fe/Mn hydroxides

Fe/Mn hydroxides

Profile n® 10 (43°4'9.177" N, 13° 6' 31.37" E WGS84). Altitudine: 820 m Bed rock: Sandstone interbedded with siltstone layers
Slope: 55%; Exposure: N-NO. Management: Marroni groove. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes:

layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

Rubus ulmifolius L., Crataegus monogyna L.; Herbaceous

OLn
OLv
OF+OH

AB&B

Ab

Bwbl

Bwb2

6-1
0.5-0

1-0/0.5-1

0-16

16-26

26-41

41-81+

4-9
1-2
0.5-1

14-26

8-12

10-25

30-50

C, W
B
C,W

G 1
A, B
G 1

10YR 3/4

10YR 3/4

10YR 4/6

10YR 3/6

2, sbk, gr, f
2-3,sbk, m, f

2,sbk, m, f

2, sbk, abk, co,
m

2, sbk, abk, co,
m

fr
fr

fr

fr

fr

2, vi1, f
3, vl f, 1,
co, m
3,vf, £, 1
co, m
1, co, m, f,
vf
1, co, m, f,
vf

Leaves, branches, urchins and chestnuts

Mesofauna

Mycelium, mesofauna

Fe/Mn hydroxides (15%), Roots channels filled with
organic matter

Fe/Mn hydroxides (15%)

Profile n° 11 (43° 4' 10.041" N, 13° 6' 29.577" E WGS84). Altitudine: 820 m; Bed rock: Sandstone interbedded with siltstone layers
Slope: 20%; Exposure: N-NO. Management: Marroni groove. Vegetation — Trees: Ostrya carpinifolia L., Populus tremula L. Bushes:

layer: Ciclamen spp.; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

Rubus ulmifolius L., Crataegus monogyna L.; Herbaceous

OLn
OLv
OF+OH
AB

Bwl

Bw2

7-1

1-0
0-5

5-20

20-34

5-10
0.5
1-1.5
3-6

15-16

12-16

C, W
B
C,W
C,W

C,W

C, W

2.5Y 3/3
10YR 5/8

10YR 4/6

2, sbk, gr, f
2-3, sbk, m, f
2-3, sbk, co,
m, f
2-3, sbk, abk,
co, m
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fr
fr

fr

fr

2, vil, f
3, vl 1, f
2, vf £, 1,
co, m
2, vf, 3, co,
m, f

Leaves, branches, urchins and chestnuts

Mesofauna



1, co, m,

Bw3 34-53 17-29 C, W 10YR 4/6 - 2'3’;"1;: €0, fir vi, 3, 1, Fe/Mn hydroxides (5%)

Bw4 53-73 50-62 C, W 10YR 3/6 - 2-3, sbk, co, fir 1vE2, 1, Fe/Mn hydroxides (20%)
m, f 39 Co, m

Bw5  73-108+ . - 10YR 3/6 - 2-3, sbk, co, fi LvE2, 1, Fe/Mn hydroxides (20%)
m, f 3, co, m

*Horizons: designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons..

®C=clear; G=gradual; D=diffuse; S=smooth; W=weavy; I=irregular; B=broken

¢Field humidity Munsell Soil Color Charts.

4 1=weak, 2=moderate, 3=strong; f=fine, m=medium, c=coarse; gr=granular, abk=angular blocky, sbk=sub-angular blocky; fi=firm; m= moist; fr=friable; vfr=very friable;
w=wet; ss=slightly sticky.

¢fr, friable

f0=absent, vi=very few, 1=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse.

Table S2 - Second year general features of each plot and morphology of the soil profiles under Castanea sativa L. Monte San Savino, Pievebovigliana, Marche, Italy. For
symbols see legend.

Mean annual air temperature and rainfall in 1991-2010 period: mean annual total precipitation, 945 mm; mean annual air temperature, 13°C.

Horizon® Depth  Thickness  Bundary® Color® Skeleton Structure? Consistency® Roots’ Other observations

cm cm % at sight

Profile n° 1 (43°4'6.121" N, 13° 6' 35.445" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.

Slope: 38%; Exposure: N-NO. Management: not pruductive chestnut forest in conversion to marroni plantation. Vegetation — Trees: Castanea sativa Mill., Corylus avellana L., Acer opalus
obtusatum (Waldst & Kit. Ex Wild.) Gams, Fagus sylvatica L., Populus tremula L. Bushes Rubus ulmifolius L., Rosa canina L.; Herbaceous layer: -; Soil: Typic Dystrustept (Soil Survey Staff,
2014).

OLn 0-1 0.5-1.5 C,W - - - - - Leaves, branches, urchins and chestnuts

OLv 1-3 0.5-4 C,W - - - - - Partly degraded leaves, branches, urchins and chestnuts
OF+OH 3-7 2-7 C,W - - - - - Fungal hyphae

AB 7-12 3-7 C,W 7.5YR 3/2 - 1-2, Sbmk’ vE £, fr 2,vf, 3, f -
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Bw 1247+ ] ] 7.5YR 5/3 ; 1-2, atﬁl" vE £, fir 2.V, f ]

Profile n° 2 (43° 4' 6.236"N, 13° 6' 35.395" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.

Slope: 42%; Exposure: N-NO. Management: not pruductive chestnut forest in conversion to marroni plantation. Vegetation — Trees: Castanea sativa Mill., Corylus avellana L., Acer opalus
obtusatum (Waldst & Kit. Ex Wild.) Gams, Fagus sylvatica L., Populus tremula L. Bushes Rubus ulmifolius L., Rosa canina L.; Herbaceous layer: -; Soil: Typic Dystrustept (Soil Survey Staff,
2014).

OLn 0-2 0-2 C,W - - - - - Leaves, branches, urchins and chestnuts
OLv 2.4 1-3 W i ) i ) Partly degraded leaves, branqhes, urchins and chestnuts,
mycelium
OF+OH 4-6 1-3 C,W - - - - - Fungal hyphae

AB 6-9 4-5 C,W 10YR 3/2 - ! Sbkvfc’om’ €0 fir 3VE, f -

Bwl 9-24 14-16 C,W 10YR 5/4 - 3 sbk, m, co fr 3, vf,m -

Bw2 24-37 11-14 C,W 10YR 4/6 - 3 sbk, vf, f,m fr 3,vf, 1, m, -

Bw3 37-43+ - - - - - - - -

Profile n°® 3 (43° 4' 6.629"N, 13° 6' 34.905" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.

Slope: 35%; Exposure: N-NO. Management: not pruductive chestnut forest in conversion to marroni plantation. Vegetation — Trees: Castanea sativa Mill., Corylus avellana L., Acer opalus
obtusatum (Waldst & Kit. Ex Wild.) Gams, Fagus sylvatica L., Populus tremula L. Bushes Rubus ulmifolius L., Rosa canina L.; Herbaceous layer: -; Soil: Typic Dystrustept (Soil Survey Staff,
2014).

OLn 0-1 0.5-1.5 C,W - - - - - Leaves, branches, urchins and chestnuts
OLv 1-4 2-4 C,W - - - - - Partly degraded leaves, branches, urchins and chestnuts
OF+OH 4-6 1-4 C,W - - - - - Fungal hyphae
AB 6-12 3.5 W 10YR 5/6 ] 3 Sbk’ct)f’ £, m, fi 2.V f ]
C.W 3, sbk, vf, f, m,
Bwl 12-33 14-24 ’ 10YR 4/3 - co fr 2, vf, f -
Bw2  33-48+ ; _ 10YR 5/6 - > Sbk’czf’ b fi 2, Viﬂq £1 ]

Profile n°® 6 (43° 4'9.264"N, 13° 6'41.911" E WGS84). Altitude: 800 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 40%; Exposure: N-NO. Management: not pruductive chestnut forest. Vegetation — Trees: Corylus avellana L., Populus tremula L., Quercus pubescens L.; Bushes: Rubus ulmifolius L.,
Herbaceous layer: -; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 0-3 1-5 C,W - - - - - Leaves, branches, urchins, chestnuts and hazelnut shells
Olv+OF 3-4 0.5-1.5 AW - - - - - Leaves, branches, urchins, chestnuts and hazelnut shells
AB 4-9 4-6 C,W 7.5YR 3/2 - 3, sbk, vf, f, m fr 3, vi 1.2, Roots residues

m

-201 -



3, sbk, vf, f, m,

Bwl 9-24 11-15 C, W 10YR 4/6 - - fr 3, vf,m ;
Bw2 24-37 11-13 C, W 10YR 5/8 - 3 Sbk’czf’ f, m, fr 3 f’c;n L, ;
Bw3 37-44+ - - 10YR 5/6 - 3, sbk, mf, m fr 1,f,m Mn nodules

Profile n® 7 (43°4'10.081" N, 13° 6'41.619" E WGS84). Altitude: 800 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 45%; Exposure: N-NO. Management: not pruductive chestnut forest. Vegetation — Trees: Acer opalus obtusatum (Waldst & Kit. Ex Wild.) Gams, Castanea sativa Mill.,., Corylus
avellana L., Fagus sylvatica L., Ostrya carpinifolia L.; Bushes: Rubus ulmifolius L., Crataegus monogyna L.; Herbaceous layer: -; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 0-2 1-3 C, W - - - - - Leaves, branches, urchins and chestnuts
OLV+OF 2.4 123 W ) i ) ) ) Leaves, branches, urchins, chestnuts and beechnuts,
abundant hyphae
10YR4/4 3, gr, £, sbk,
Bw+OH 4-8 0-3 AW 10YR 4/2 - vE £ m, co fr 3,vf, f Fungal hyphae
AB 8-15 3-8 C,W 10YR 3/2 - 3, sbk, vf, f fr 3 \if’cf(’)m’ Fungal hyphae
Bw 15-44+ - - 10YR 4/6 - 3, sbk, vf, f, m, fr 3, vE £, Degraded organic matter, degraded roots, Mn nodules

co 1,m

Profile n° 8 (43°4'10.261" N, 13° 6'41.05" E WGS84). Altitude: 800 m; Bed rock: Sandstone interbedded with siltstone layers.
Slope: 38%; Exposure: N-NO. Management: not pruductive chestnut forest. Vegetation — Trees: Acer opalus obtusatum (Waldst & Kit. Ex Wild.) Gams, Castanea sativa Mill., Corylus
avellana L., Fagus sylvatica L., Ostrya carpinifolia L.; Bushes: Rubus ulmifolius L., Crataegus monogyna L.; Herbaceous layer: -; Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 0-3 1.5-4.5 C,W - - - - - Leaves, branches and urchins
OLv+OF 3-5 1-3 AW - - - - - Leaves, branches and urchins

AB 5-9 4-6 C,W 10YR 2/1 - 3, sbk, vf, f fr 2 Vf;lf’ 3 -

Bwl 9-21 10-12 C, W 10YR 4/4 - 3, sbk, vf, f, m fr 2,f,m -

Bw2 21-34 12-14 C,W 10YR 4/4 - 3, sbk, vf, f, m fr 3 Vf;lf’ L )

Bw3 34-44+ - - 10YR 5/8 - 3, sbk, vf, f, m (W)ps 1, vf, f, m -

Profile n® 9 (43°4'8.728" N, 13° 6' 32.162" E WGS84) Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.

Slope: 10%; Exposure: N-NO. Management: Marroni groove. Vegetation — Trees: Acer opalus obtusatum (Waldst & Kit. Ex Wild.) Gams, Castanea sativa Mill., Corylus avellana L., Sorbus
torminalis L., Sorbus aucuparia L.; Bushes: Rubus ulmifolius L., Rosa canina L.; Herbaceous layer: Fragaria vesca L, Hippocrepis spp., Matricaria chamomilla L., Pteridium aquilinum L;
Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 0-2 1-3 C,W - - - - - Leaves, branches, urchins and chestnuts

OLv 2-5 2-4 C, W - - - - - Leaves, branches, urchins, chestnuts and hyphae
OF+OH 5-7 1-2 A, S - - - - - Hyphae, earthworms and animal nest

Bwl 721 10-18 C,W 10YR 4/6 - 23, S'ﬁl" vE £, fr 1,vf, 2, m hyphae, abundant Mn nodules

Bw2 21-44 16-20 C,W 10YR 4/6 - 3, sbk, vf, f, m fr L Vf;f’ £ hyphae, scarce Mn nodules

Bw3 44-48+ : - - - - - -

Profile n°® 10 (43°4'9.177" N, 13° 6' 31.37" E WGS84) Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.
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Slope: 15%; Exposure: N-NO. Management: Marroni groove. Vegetation — Trees: Acer opalus obtusatum (Waldst & Kit. Ex Wild.) Gams, Castanea sativa Mill., Corylus avellana L., Sorbus
torminalis L., Sorbus aucuparia L.; Bushes: Rubus ulmifolius L., Rosa canina L.; Herbaceous layer: Fragaria vesca L, Hippocrepis spp., Matricaria chamomilla L., Pteridium aquilinum L;
Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 0-2 1-3 C,W - - - - - Leaves, branches, urchins and chestnuts

OLv 2-5 2-4 C,W - - - - - Leaves, branches, urchins, chestnuts and hyphae
OF+OH 5-7 - A, S - - - - - Hyphae and mesofauna

Bwl 7-19 10-12 C,W 10YR 4/6 - 23, Sbmk’ vE £, vir 3,vf,2, m -

Bw2 19-45 24-25 C,W 10YR 4/6 - 3, sbk, vf, f, m vir 1, vf, f, m -

Bw3 4547+ - - - - - - -

Profile n°® 11 (43°4'10.041" N, 13° 6' 29.577" E WGS84). Altitude: 820 m; Bed rock: Sandstone interbedded with siltstone layers.

Slope: 20%; Exposure: N-NO. Management: Marroni groove. Vegetation — Trees: Acer opalus obtusatum (Waldst & Kit. Ex Wild.) Gams, Castanea sativa Mill., Corylus avellana L., Sorbus
torminalis L., Sorbus aucuparia L.; Bushes: Rubus ulmifolius L., Rosa canina L.; Herbaceous layer: Fragaria vesca L, Hippocrepis spp., Matricaria chamomilla L., Pteridium aquilinum L;
Soil: Typic Dystrustept (Soil Survey Staff, 2014).

OLn 0-1 0.5-1.5 C, W - - - - - Leaves, branches, urchins and chestnuts
OLv - 0.5 B - - - - - -

AB 1-4 34 C,W 10YR 4/4 - 3, sbk, vf, f fr 3, vf Hyphae, mesofauna

Bwl 4-11 6-8 C,W 10YR 5/6 - 3, sbk, vf, f, m fr 3,f -

Bw2 11-27 13-14 C,W 10YR 5/6 - 3, sbk, vf, f, m fr 3vf, f, 2, m Charcoal fragments (2%)

Bw3 27-39+ - C,W 10YR 5/8 - 3, sbk, vf, f, m fr 3, \\//Eof’ ! Mn nodules

® Horizons: designation according to Baize et al. (2008) for organic horizons, to Schoeneberger et al. (2012) for mineral horizons.

®C=clear; G=gradual; D=diffuse; S=smooth; W=weavy; I=irregular; B=broken

¢Field humidity Munsell Soil Color Charts.

4 1=weak, 2=moderate, 3=strong; f=fine, m=medium, c=coarse; gr=granular, abk=angular blocky, sbk=sub-angular blocky; fi=firm; m= moist; fr=friable; vfr=very friable;
w=wet; ss=slightly sticky.

¢ fr=friable; vfr=very friable

f0=absent, vi=very few, 1=few, 2=plentiful, 3=abundant; mi=micro, vf=very fine, f=fine, m=medium, co=coarse.
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CHAPTER 6 - FINAL CONSIDERATIONS
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Forest ecosystems cover = 4-10° ha of landmass that represent on average 31% of Earth surface and
provide precious resources for ~1.6-10° of human beings (included indigenous populations). Forests
are fundamental not only for human subsistence purpose in terms of materials (e.g. timber, food,
medicines, and water), but also for the ecosystems services and the contribution to soil formation
and maintenance. Forest soils are the most biologically rich habitats and the biggest reservoir of C
and nutrients like N and P of the Earth having a predominant role in all biogeochemical cycles.
Following the destiny of the coenoses that grow over it, soil is impacted by the effects of different
managements. In particular, land use changes (LUC) can have negative, neutral, or positive effects
on forest soils depending on the intervention type and intensity.

The aim of this thesis was therefore to assess the impact of LUC on soil capacity to store organic C
and other nutrients (N, P, Ca, Mg and K) in forest ecosystems and the results can be resumed as

follows:

1. The soil stock of C and nutrients in the litter and in the 0-30, 30-50, and 50-75 cm layers
under a multi-millennial Turkey oak forest cover, appeared to be slightly influenced by thinnings
operated in the last 70 years of management. The only parameters that appeared to be more affected
by thinning were available P and exchangeable Mg. The more intense thinning was able to increase
the 1-cm storage of the organo-mineral horizons via a major SOM mineralization. Basically, in
three millennia of Turkey oak forest use, forest cover and human activity are the main soil forming
forces.

2. The stocks of organic C and nutrients in the soils under long-time coppice-managed Holm
oak forests were little influenced by parent materials. This depends on the long-time during which
plants have modified the soil properties trough acidification, mineral weathering, SOM addition,
and biocycling of nutrients. These behaviours have reduced the influence of the parent materials on
the soil properties making them similar in soils derived from different lithologies, especially in the

upper horizons. However, some differences did occur because of the lithology, as the influence of
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the calcareous parent material on the amount of available Ca in the mineral horizons and in both
fine earth and skeletal fraction.

3. Organic C stock in aboveground biomass, litter, mineral soil, and roots within a depth of 30
cm in Apennines broadleaves forests subjected to a differentiate management is influenced by three
elements: plant-site relation, stand biological characteristics, and management practices. In
particular, the past management (testified by human manufacts as charcoal kilns) seems to have a
predominant role in conditioning the soil and plants organic C stock in this complex forest
ecosystems that show a high interdependence with human activities.

4. The two years monitoring activity conducted in an Apennines chestnut forest subjected to a
differentiated management on the total and fractionated organic C stock of the 0-30 cm soil depth-
layer showed a strict connection between the coenoses, the site features, the soil properties, and the
management with evidence for texture and mineralogy, soil reaction, TOC, WEOC, and MAOC
amounts. TOC and fractionated organic C stock in 0-30 cm depth-layer reveal differences from the
first to the second year that seem to be dependent on site-specific features to be investigated more in

depth.
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