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ABSTRACT

As a large and persistent carbon sink, forest soils have an essential role in the carbon cycle, thus performing
valuable services to society. This paper aims to investigate the role of several environmental factors in driving
soil organic carbon (SOC) storage variability in forest soils. The Italian ICP-Forests (International Co-operative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests) dataset provides an excellent
opportunity to analyse an extensive range of variables in a land spanning different ecological regions and cli-
matic gradients, thus being a case of broad interest. We estimated SOC storage for mineral forest soils, consid-
ering the topsoil (0-20 cm; SOCMO02) and the whole soil profile (0-80 cm; SOCMO08). Boosted regression trees
(BRTs) were applied to explore the relative influence of environmental predictors and to model SOC storage
responses. The reference soil groups (RSG-WRB) and the total subsoil phosphorus (P) content were the factors
with the highest performance in explaining SOC storage for both models (SOCM02-SOCMO08). Parameters related
to vegetation, such as tree species, biodiversity and plant traits, clearly influenced topsoil SOC storage, while
their impact was reduced with depth. Climate directly controls SOC storage, but indirect influences via plant or
soil characteristics were also identified. Interactions between different environmental factors were discussed to
elucidate and analyse SOC responses evidenced by the models. Our results highlighted how soil types (RSGs) can
be an effective environmental factor in explaining SOC storage variability, which would likely improve SOC
models on national and global scales. Interactions between different environmental factors were seen to be most

important, pointing out the strong links between SOC storage and the general ecological context.

1. Introduction

Soils support several ecosystem services fundamentals for life on our
planet (Kopittke et al., 2021; McBratney et al., 2014) and contribute to
most of the sustainable development goals (SDGs) of the United Nations.
Within the complexity of the soil matrix, organic carbon (OC) plays a
crucial role in soil functioning (Lal et al., 2018), and forest soils are
considered effective carbon sinks, potentially stabilising a large amount
of organic carbon (Pan et al., 2011), which depends on the balance
between net primary production and soil C mineralization rate.
Although in the past, the residence time of organic C in the soil was
exclusively attributed to the inherent chemical recalcitrance to micro-
bial degradation, over the last decades, it has become evident that this is
a too simplified vision and that soil driven mechanisms contribute more
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to organic residues stabilisation in soil (Schmidt et al., 2011; Castellano
et al., 2015). Soil minerals and aggregates provide physico-chemical
protection against decomposing organisms in the forms of occlusion in
inaccessible microenvironments and the formation of organo-mineral
complexes, promoting long-term SOM stabilisation (Torn et al., 1997;
Baldock and Skjemstad, 2000; Kleber et al., 2021; Witzgall et al., 2021).
Forest soils rich in clay minerals, nanocrystalline minerals, divalent
cations and iron, aluminium and manganese oxides have a higher pro-
tective capacity than sandy and poorly developed soils (Oades, 1988;
Hassink, 1997; Catoni et al., 2016; Schweizer et al., 2021). Furthermore,
root- and mycorrhizal-derived carbon, having a much greater proba-
bility of physico-chemical interaction with soil particles, is retained and
stabilised more efficiently than aboveground-derived carbon (Rasse
et al., 2005; Schmidt et al., 2011).
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Sparse information on SOC storage is reported in the literature for
forest ecosystems in Italy. These studies are focused on specific topics,
such as the potential of humus forms as indicators of carbon storage
(Andreetta et al., 2011; Bonifacio et al., 2011), the effects of forest dy-
namics and management on SOC storage (De Marco et al., 2013; Ferré
et al., 2014; Guidi et al., 2014; Pellis et al., 2019; Fino et al., 2020) and
the relation between SOC storage, soil properties and landscape
morphology (Conforti et al., 2016; Conforti et al., 2020; Oueslati et al.,
2013). Most of these studies are based on local-scale research with no
aim of capturing the complexity of the entire territory. At the national
level, SOC stocks were estimated only for the first 30 cm depth in the
National Forest Inventories (Gasparini and Di Cosmo, 2015) and related
to vegetation cover. Thus, a comprehensive view of SOC in Italian forest
soils and of the driving factors regulating its variability is missing. Italy
spans different ecological patterns, with extensive climatic gradients,
and hosts different types of soils and plant communities, thus offering
the opportunity to obtain models that can be extended and be of broad
interest. A recent study on N stocks (Rodeghiero et al., 2018), a soil
property closely related to SOC, highlighted how the use of a few soil
variables led to the low performance of the applied model. Furthermore,
previous studies on the relationship between humus forms and envi-
ronmental factors found that soil and forest species compete as the most
important independent variables, highlighting that the distribution of
forest species is not independent of soil characteristics (Andreetta et al.,
2016, 2018). Thus, to better elucidate the roles of vegetation and soil as
driving factors, we decided to include in the models soil properties and
the Reference Soil Groups from IUSS Working Group WRB (RSG-WRB)
as factors. The pool of variables related to vegetation was also enriched,
by considering plant functional traits, which to our knowledge, are
rarely included in models on SOC storage, despite their recognised effect
on primary productivity, litter decomposability, and soil carbon and
nutrient cycling (Cornwell et al., 2008; Buzzard et al., 2019).

In this paper, we aimed to investigate the factors that drive and
explain SOC storage variability in forest soils, including subsoil OC,
which is comparatively understudied. To reach this purpose, we used the
data collected within the Italian ICP-Forests network, which is the
branch of one of the International Cooperative Programme that was
launched in 1985 under the Convention on Long-range Transboundary
Air Pollution of the United Nations Economic Commission for Europe
(UNECE). The main objective of the ICP-Forests is the assessment and
monitoring of air pollution effects on forests. The Italian dataset is based
on a systematic and probabilistic sampling design and is thus repre-
sentative of the heterogeneity of Italian forests (Chiarucci et al., 2019).
Sites were distributed across the three biogeographic regions of Italy,
identified according to the EU policy for nature protection (ETC-BD
European Topic Centre on Biological Diversity, 2006), namely Alpine,
Continental and Mediterranean. The following objectives were
addressed: 1) to estimate SOC storage for mineral forest soils, consid-
ering both topsoil (0-20 cm) and the 0-80 cm soil depth; 2) to point out
the dominant explanatory factors and their influence on SOC using a
statistical modelling approach.

2. Materials and methods
2.1. Sampling scheme and soil description

The survey area covers most of the Italian forests. Fig. 1 shows the
geographical distribution of the large-scale soil survey (Level I) plots,
belonging to the Italian branch of the ICP-Forests network (www.ICPFo
rests.net). Plot location was established on a probabilistic method: a grid
of 16 km x 16 km was superimposed onto the whole of Italy. Each corner
was considered as a plot if a forest area larger than 1 ha was found. A
total of 215 plots resulted from this process, was validated after a field
check and used in this work. Sites were distributed across the three
biogeographic regions of Italy, identified according to the EU policy for
nature protection (ETC-BD 2006), namely Alpine, Continental and
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Fig. 1. Location of the study sites across different biogeographical regions
(Alpine, Mediterranean and Continental). The Italian ICP-Forests sites were
plotted on the map “Biogeographical regions in Europe” provided by the Eu-
ropean Environment Agency (©EEA; https://www.eea.europa.eu/legal/
copyright).

Mediterranean (Fig. 1).

Soil sampling was carried out according to standard ICP Forests
procedures (FSCC, 2006). For each site, five sampling pits were opened
within a circle of 25 m in diameter (Andreetta et al., 2018). Soil profiles
were described according to FAO (FAO, 2006) and classified following
the World Reference Base for Soil Resources (IUSS Working Group WRB,
2007, 2015). A national field excursion was organised for
cross-calibration among soil surveyors. Furthermore, incremental depth
sampling was applied to mineral soil profiles and fixed-depth samples
were collected and defined as M01 (0-10 cm), M12 (10-20 cm), M24
(20-40 cm) and M48 (40-80 cm). During soil profile description, coarse
fragments (CF) content was estimated as a percentage class
(0-5-15-40-80) of total soil volume (FAO, 2006; FSCC, 2006). Bulk
density (BD, g cm’3) was assessed on the fine earth (<2 mm), using
cores of about 100 cm® volume.

2.2. Physical and chemical analyses

Physical and chemical parameters were analysed following the
reference methods collected in the ICP-Forests Manual, part IIla, sam-
pling and analysis of soil (FSCC, 2006; ICP Forests, 2010). Soil samples
were air-dried, macroscopic residues were removed and all mineral and
organic soil materials passing a 2 mm sieve were analysed. OC con-
centration (g kg~!) was determined by dry combustion after correction
for inorganic C, according to ISO 10694 (ISO, 1995a). Subsoil calcium
(SubCa) and phosphorus (SubP) were analysed through aqua regia
extraction by using hydrochloric acid followed by nitric acid, according
to ISO 11466 (ISO, 1995b). Subsoil Ca and P start in the last available
interval, usually the 40-80 cm depth interval. But when the soils were
shallower, we used 20-40 cm depth (the layer more influenced by the
parent material).

2.3. Model building (BRT - Boosted regression trees)

Boosted regression trees (BRT) were used to explore the relative in-
fluence of different environmental drivers on SOC storage. Individual
BRT models were built for two mineral soil depth intervals, M02 (0-20
cm) and M08 (0-80 cm). BRT modelling is a machine learning technique
and a further development of classification and regression tree models. A
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BRT-model splits the data set of the response variable into groups of
predictor variables, where each group represented a branch of a
regression tree. This modelling step was repeated multiple times (at least
1000 trees are built in a BRT; Elith et al., 2008). Each of the trees
combines a set of predictor variables that explains SOC storage. BRTs are
characterised by their effective predictive performance and can effec-
tively describe non-linear relationships between factors. They can
accommodate any type of variable (continuous, categorical, nominal),
missing, non-independent data and automatically incorporate in-
teractions between variables. Therefore, BRTs are recommended
modelling approaches for comprehensive and differently scaled datasets
(Elith et al., 2008). Additionally, a BRT model allows the derivation of
partial dependence plots, which indicate how the response is affected by
a certain predictor after accounting for the average effects of all other
predictors in the model; thus, these plots can be used for model inter-
pretation (Elith et al., 2008).

The predictive performance of BRT is influenced by three parame-
ters: the learning rate controls the fractions of the data that are modelled
in each tree, tree complexity determines the interaction depth within the
BRT model and the bag fraction represents the fraction of training data
that was randomly selected in each modelling step. After testing various
combinations of the parameters, the most effective parameters for our
data were 0.5 for bag fraction, 0.002 for the learning rate and 4 for the
tree complexity. Cross-validation was performed to estimate the optimal
number of trees producing the best predictive performance, which was
evaluated by predictive deviance. Parameterisation of BRTs was con-
ducted within the R-environment (R Core Team, 2021), using the gbm.
step function in “dismo” packages (Hijmans et al., 2021). For each
model, 20 bootstrapped BRT model runs were performed. Percent
deviance of the response variable was used to assess model fit.

We evaluated the role of different environmental factors in driving
SOC storage within each soil depth interval based on the relative in-
fluence and shapes of partial-dependence plots. We first constructed
preliminary BRT models with 14 predictors (Table 1). The preliminary
models' predictors with low relative influence (RI < 5%; Table 1) were
removed to obtain more effective final models.

Table 1

Variables included in the preliminary models and the selected variables used to
optimize the BRT models for SOC storage: SOCMO02 (kg m~2) 0-20 cm of mineral
soil depth and SOCMO08 (kg m~2) 0-80 cm; BIO16: precipitation of the wettest
quarter of the year (mm); PET: potential evapotranspiration (mm); Tree:
dominant tree species; Richness: plant species richness; SLA: specific leaf area
(em? g1); LDMC: leaf dry matter content (mg g~ '); RSG-WRB: References Soil
Groups; HUMUS: mull-moder-amphi; SubCa: subsoil extractable Ca (mg kg™1);
SubP: subsoil total P (mg kg’l).

Variables for the Selected variables Selected variables

preliminary for the optimized for the optimized
models models SOCM02 models SOCM08
Climatic BIO16 BIO16 BIO16
factors
PET PET
Vegetation Tree Tree Tree
factors
Richness Richness
SLA SLA
LDMC LDMC
Canopy height
Soil factors RSG-WRB RSG-WRB RSG-WRB
HUMUS
SubCa SubCa SubCa
SubP SubP SubP
pH
Terrain Elevation
factors
Slope Slope
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2.4. Explanatory variables

An extensive set of explanatory variables relating to climate, vege-
tation and soil, was considered.

2.4.1. Climate

Climate parameters were downloaded from the WorldClim global
database (version 1; Hijmans et al., 2005, period 1970-2000). Before
launching the BRT model, we decided to reduce the number of climate
variables, thus we applied Boruta, an all-relevant variable selection al-
gorithm, which works as a wrapper algorithm around Random Forest,
and can cope with redundancy and collinearity between variables
(Xiong et al., 2014; Kursa and Rudnicki, 2020). Following this method,
the precipitation of the wettest quarter (BIO16) was identified as the
climate factor relevant for SOC storage and was then included in the BRT
models for both topsoil and whole mineral soil. To run the Boruta al-
gorithm, we applied the “Boruta” package (R version 4.0.5
(2021-03—31)). Potential evapotranspiration (PET) was also used in
the BRT models.

2.4.2. Dominant tree species

The ‘Tree’ factor was based on the dominant tree species, as recorded
in the ICP-Forests crown condition survey (Lorenz et al., 2004). Picea
abies (Pabi), Fagus sylvatica (Fsyl), Castanea sativa (Csat), Quercus cerris
(Qcer), Quercus pubescens (Qpub) and Larix decidua (Lardec) were the
most frequent species and each of them represented a group. Qpub was
dominated by Quercus pubescens and included all strictly deciduous oaks,
except Q. cerris. Other species were grouped according to physiological
and ecological similarities: Conif included all conifers except P. abies and
L. decidua; “Other” grouped all broadleaved trees except F. sylvatica,
C. sativa and oaks. Med grouped all sclerophyll oaks, mostly Quercus ilex
and also included other Mediterranean species such as Pinus halepensis
and Eucalyptus spp.

2.4.3. Richness

The vegetation survey was performed at the community level in 400
m2 plots. In this study, only data on species presence/absence were
used. A National Reference Manual was prepared to facilitate uniform
team methodology, defining the procedural and technical standards.
The ICP-Forests program guidelines, which stress the necessity of using
Quality Assurance procedures, were adopted (Allegrini et al., 2009). The
resulting species lists have been used to estimate the “plant species
richness”.

2.4.4. Plant functional traits

We measured these plant functional traits for the understorey layer,
which is an important, but still neglected, component of forest
ecosystem functioning (Landuyt et al., 2019). We selected two key plant
functional traits of the Leaf-Height-Seed traits (LHS) scheme (Westoby,
1998) that are independent of each other and represent the major axes of
plant strategies. They are specific leaf area (SLA), a proxy of plant
growth rate, related to leaf economics and lifespan, and plant height (H),
related to competitive ability, aboveground biomass and access to the
vertical light gradient (Weiher et al., 1999). Additionally, we included in
this study the leaf dry matter content (LDMC), related to leaf structural
characteristics. Both SLA and LDMC are included in the Leaf Economics
Spectrum and are informative of litter quality and decomposability
(Rawlik et al., 2022). Considering that the trait values of the dominant
species of the understory have a proportionally greater effect than those
of less abundant ones (biomass-ratio hypothesis; Grime, 1998; Wasof
et al., 2018), we (a) selected from each plot all the understorey species
contributing to reach a relative cumulative coverage of 80% at the plot
level; (b) attributed trait values to these species; and (c) weighted trait
values according to understorey species coverage at the plot level, in
order to obtain community-weighted mean (CWM) values for each trait
(Garnier et al., 2004). Trait values were extracted from Chelli et al.



A. Andreetta et al.
(2019).

2.4.5. Soil

In the models, we included soil pH, subsoil acid extractable-Ca
(SubCa) and total P (SubP), which are indicative of the properties
inherited from the parent material. These parameters were obtained
from the deepest samples. Soil type (RSG-WRB; IUSS Working Group
2015) was also included as the product of soil genesis, and humus form
(HUMUS), as an indicator of nutrient turnover and soil nutrient strate-
gies (Ponge et al., 2002;). The diagnostic properties that are key to
reference soil groups are not directly related to OC content, except for
RSGs for which the presence of a Mollic or Umbric diagnostic horizon is a
prerequisite. The amount of OC necessary to classify a soil horizon as a
Mollic or Umbric horizon is, however, >0.6% (IUSS WRB, 2015). In the
Italian ICP-Forests dataset, all the OC values are higher than this
threshold. This allows us to consider the RSG-WRB as independent
factors in the built models.

Although BRTs do not require prior data transformation, SubCa,
SubP and SLA were included in the model after being log-transformed to
improve the readability of the partial dependence plots.

3. Results
3.1. Model building and factor impact on SOC storage

Several variables such as Humus form, soil pH, Canopy height and
elevation contributed little to the SOC preliminary models (Table 1) for
both soil depth intervals; they were thus not included in the final
models. The factors with relative influence (RI) higher than 5% in the
preliminary models were selected and included in the final models
(Table 1). The RI scores for each variable are reported in Fig. 2, while the
relationships between SOC and each factor are shown in Figs. 3 and 4.
Models performed well at both depth intervals and explained 65% and
54% of the variation for SOCMO02 and SOCMO08, respectively. Summary
statistics of dependent (SOCMO02 and SOCMO08) and independent vari-
ables are reported in Table 2, to show their range of values for the
analysed forest sites.

Soil type (RGS-WRB) was one of the dominant variables for both
models, with a relative influence (RI) of 17% =4 0.4 for SOCMO02 and
22% =+ 0.6 for SOCMO8 (Fig. 2). The partial dependency plots showed
that Andosols (AN) are most positively associated with both topsoil and
subsoil SOC, followed by Phaeozems (PH) and Podzols (PZ). In contrast,
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Cambisols (CM), Luvisols (LV) and Regosols (RG) showed a negative
association (Figs. 3 and 4). Leptosols (LP) and Umbrisols (UM) showed
different depth patterns, Leptosols influencing positively SOCMO02 and
negatively SOCMO08, while Umbrisol influence is close to neutrality for
topsoil SOC variability and positive for the whole soil profile (Fig. 3 and
Fig. 4). SubP was a major driver with a RI of 19% =+ 0.5 and 16% + 0.6
for SOCMO02 and SOCMO8, respectively and showed a positive effect on
SOC storage. The impact of SubCa was less marked, although positive
(Fig. 2, Fig. 3 and Fig. 4). The role of dominant vegetation on soil organic
carbon stock reaches a high score of relative influence but is second to
soil reference group and subsoil P content for both models (Fig. 2). Tree
factor reached values close to those of RGS-WRB for SOCMO02 (16% =+
0.3), while Tree influence was significantly lower for the SOCMO08 model
(14% =+ 0.3). The BRT models showed a positive effect of Fagus sylvatica
(Fsyl), Quercus pubescens (Qpub) and Other, and a negative effect of
Castanea sativa (Csat), Larix decidua (Lardec) and Picea abies (Pabi) on
SOC storage for both models (Fig. 3 and Fig. 4). The climate variable
BIO16, which represents the precipitation of the wettest quarter of the
year, explained part of the variation in SOC storage (RI = 9% =+ 0.4 and
11% + 0.4 for SOCMO02 and SOCMO8, respectively) and was positively
associated with SOC. The potential evapotranspiration (PET) and
terrestrial-derived factors, such as the terrain slope, significantly
explained the variation of SOC stocks for the whole soil profile, but they
did not when considering only the topsoil. They both negatively affected
SOC storage. Richness and plant traits (LDMC and SLA) showed high
performance in accounting for variability in topsoil SOC stocks (Fig. 2).
At the same time, their influence was less marked for the SOCMO08
models (RI < 5% for all these variables in the preliminary model). The
shape of the partial dependence plots showed that Richness has not a
linear influence on SOCMO02, with negative effects at low values and
positive impact at values higher than 40 (Fig. 3). Regarding plant
functional traits, leaf dry matter content (LDMC) negatively influenced
SOCMO02, while the shape of specific leaf area (SLA) fitted function
presented several small oscillations, which made the interpretation
difficult.

The distribution of SOC stored at each depth interval (0-10 cm,
10-20 cm, 20-40 cm and 40-80 cm) was represented in Fig. 5 and
showed the highest variability between soil types (Fig. 5a) than among
tree species (Fig. 5 b). The largest amount of organic carbon was stored
in Andosols (AN) for all the soil intervals, followed by Phaeozems and
Umbrisols (Fig. 5a). Fagus sylvatica (Fsyl) exhibited the highest value of
SOC storage, while the lowest was observed for Castanea sativa (Csat)
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Fig. 2. Rotate plots representing the variability across 20 model runs of the relative influence values for the selected predictors of the regression tree (BRT) models
for SOC storage: (A) topsoil SOCMO02 (kg m~?) 0-20 cm mineral soil depth; (B) whole the analysed soil profile: SOCMO08 (kg m~?) 0-80 cm mineral soil depth. BIO16:
precipitation of the wettest quarter of the year (mm); PET: potential evapotranspiration; Tree: dominant tree species; Richness: plant species richness; SLA: specific
leaf area; LDMC: leaf dry matter content; RSG-WRB: References Soil Groups; HUMUS: mull-moder-amphi; SubCa: subsoil Ca; SubP: subsoil total P.
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and Larix decidua (Lardec), especially for the deepest layers (20-40 cm
and 40-80 cm; Fig. 5b).

Given the high weight of soil types as a driving factor for SOC stor-
age, density plots were used to visualise the distribution of the other
variable in relation to each soil group as a tool to better discuss the re-
sults. The peaks of the Density Plot help display where values are
concentrated over the interval (Fig. 6).

4. Discussion
4.1. The influence of soil type and forming processes on SOC storage

The evident weight of the soil type on OC storage is likely due to soil-
forming processes that, while generating primarily specific soil types,

also modulate the distribution of OC in mineral horizons. Andosols,
Phaeozems and Podzols have distinctive physical, chemical and miner-
alogical properties that guarantee the effectiveness of the OC protection
mechanisms.

Andosols' colloidal fraction is dominated by nanocrystalline min-
erals, which are extremely effective in binding organic matter (OM),
because of their large surface area (Kleber et al., 2005). SOM is further
stabilised into metallorganic complexes by high solution activities of
metals, especially aluminium (Dahlgren et al., 2004; Tonneijck et al.,
2010), hampering enzymatic activity. Carbon accumulation in mineral
soil can be further amplified by a somewhat acidic environment that
reduces the activity of pedofauna and microorganisms. Radiocarbon
ages and mean residence times for OM are usually high in Andosol (Aran
et al., 2001; Marin-Spiotta et al., 2011; Mathieu et al., 2015). Finally,
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Table 2

Summary statistics of SOC storage and environmental factors at the sampling
sites. SOCMO2: Soil organic carbon storage for 0-20 cm of mineral soil depth;
SOCMO8: soil organic carbon storage for 0-80 cm; BIO16: precipitation of the
wettest quarter; PET: potential evapotranspiration; Richness: plant species
richness; SLA: specific leaf area; LDMC: leaf dry matter content; SubCa: subsoil
extractable Ca; SubP: subsoil total P.

1st Qu. Median Mean 3rd Qu.
SOCMO02 (kg m~?) 4.54 5.83 6.48 8.18
SOCMO8 (kg m~2) 7.32 10.05 11.53 13.80
BIO16 (mm) 264 283 293 322
PET (mm) 717 807 790 878
Slope (%) 11.4 18.1 18.8 25.9
Richness 23.8 37.0 38.2 49.0
LDMC (mg g™ ") 150.4 217.4 209.3 263.4
SLA (cm? g™1) 20.3 25.9 37.0 34.9
SubCa (mg kg™ 1) 2441 6227 29,054 31,902
SubP (mg kg ™) 258 430 537 645

stabilisation of OM in Andosols often occurs by topsoil burial by
repeated additions of fresh volcanic ejecta (Taboada et al., 2019). All the
mechanisms mentioned above, plus the high net primary productivity
due to favourable physical conditions, help to explain the remarkable
capacity of Andosol to sequester OC (Fig. 5).

Phaeozems (PH) have high base saturation with polyvalent cations
such as Ca>* and Mg?*, which act as bridging agents between OM and
clay (IUSS Working Group WRB, 2015). The relationship between
Phaeozem (PH) and Ca content is also evident in the empirical density
plot of subsoil Ca (SubCa) for RSG-WRB (Fig. 6). OC stabilisation in
Phaeozems might be also due to biological ped formation, promoted by
microbial activity and primarily by pedofauna mixing and burrowing
(krotovinas) in the lower topsoil and subsoil, with OC incorporation into
thick black Mollic A horizons (Wilkinson et al., 2009). Phaeozems were
always associated with mull or amphi humus forms in the analysed
dataset. The high fertility of these soils and consequently high primary
productivity also likely promotes abundant root-derived C inputs (Feng
and Simpson, 2007), favouring the incorporation of OM in the mineral
soil matrix.

In Italy, Podzols (PZ) occur at high elevations. Their positive influ-
ence is evident for the SOCMO02 model, while for SOCMO8 it is moderate,
as Podzols in the database are relatively shallow, with a mean of 58 +
13.4 cm depth. This capacity to sequestrate high amounts of carbon can
be explained by specific mechanisms of SOM mobilisation, translocation
and stabilisation linked to the processes of podzolisation (Sauer et al.,
2007). Specific processes can also be observed for each type of horizon.
Organic horizons in Podzols account for a limited fraction of SOC
compared to the mineral soils (Grand and Lavkulich, 2011). In our

SOC (kg OC m?)

mM01 mMI12 M24 M48

24 J
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database, E horizons are very thin and poorly contribute to topsoil OC
stock, while within the first 20 cm of mineral soils, spodic horizons of all
types (Bms, Bhs, Bs) are present. Accumulation of OM in Spodic horizons
is caused by the illuviation of colloids, followed by their immobilisation
due to combined increases in pH and colloid metal loading (Al + Fe/C
ratio; Bazilevskaya et al., 2018). Fe oxides and nanocrystalline Al-
silicates with high surface area and microporosity might play a key
role in the formation of organo-mineral associations (Eusterhues et al.,
2005). The association between metals and OM further promotes soil
structure in the Spodic horizon, improving OC stabilisation through OM-
Me-mineral interactions (Bonifacio et al., 2013; Cornelis et al., 2018).

4.2. Subsoil P and Ca contents as proxies of parent material influence

Subsoil P was among the most important predictors for both models
(Fig. 2), pointing out its great ecological significance (Walker, 1964).
Subsoil total P was selected as proxies of the parent material. Porder and
Ramachandran (2013) found that the variation in P concentration
among common rock types mirrors the changes in total soil P and that
the P concentration of rocks explained 42% of the variance in total soil P,
with higher explanatory power (>70%) among sites with a similar
climate. Also, for the present dataset, topsoil phosphorus content was
more related to soil parent material and geochemical evolution than P
litter content (Andreetta et al., 2016, 2018). P might represent a limiting
element for plant productivity in a wide variety of terrestrial ecosystems
(Vitousek et al., 2010); Walker and Syers (1976) suggested that even
minimal P losses cannot readily be replenished. The soil-substrate age
hypothesis (Walker and Syers, 1976) is also the basis of the plant trait
hypothesis for nutrient availability (Buzzard et al., 2019); soil nutrient
contents likely change with soil age because of weathering and leaching.
The high performance of subsoil P in predicting SOC storage can also be
explained by other mechanisms. Rock type may exert a strong control on
pedogenesis and resulting soil characteristics, which can influence OC
accumulation and stabilisation, as discussed above. Furthermore, rock
type impacts ecosystem nutrient status, in turn influencing plant growth
and the quantity and quality of organic matter that reaches the soils. P
addition can also increase the belowground NPP and root turnover rates
in low-P availability forests (Ostertag, 2001).

Also, subsoil acid extractable-Ca exerted a positive influence on SOC
(Fig. 3 and Fig. 4). Soil calcium originates from rock weathering (Dijk-
stra et al., 2003), decomposition of Ca%*rich organic materials (Ranjbar
and Jalali, 2012) and atmospheric dust deposition (Cecchini et al., 2019,
2021). A positive correlation between Ca-bearing minerals and total Ca
concentration in the surface soil was previously found (Dijkstra et al.,
2003). Chemical modelling indicates that Ca®* can readily create both
inner- and outer-sphere complexes with organic functional groups,
playing an active role in SOC stabilisation (Rowley et al., 2018).
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Fig. 5. Distribution of average SOC stored at each soil depth interval (M01 = 0-10 cm, M12 = 10-20 cm, M24 = 20-40 cm, M48 = 40-80 cm) among soil types
(RGS-IUSS) and dominant tree species. Soil types (RSG-WRB: AL - Alisols, AN — Andosols, CL - Calcisols, CM — Cambisols, LP — Leptosols, LV-Luvisols, PH —

Phaeozem, PZ - Podzols, RG — Regosols, UM - Umbrisols).
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Fig. 6. Empirical density plots of the environmental variables for RSG-WRB (AL - Alisols, AN - Andosols, CL — Calcisols, CM — Cambisols, LP — Leptosols, LV-Luvisols,
PH - Phaeozem, PZ — Podzols, RG — Regosols, UM — Umbrisols). SubP: subsoil total P SubCa: subsoil extractable Ca (Subsoil P and Ca are log-transformed values);
Slope (%); Richness: plant species richness; LDMC: leaf dry matter content (mg g~ '); LogSLA: specific leaf area (log-transformed values); BIO16: precipitation of the

wettest quarter of the year (mm); PET: potential evapotranspiration (mm).
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However, the relative influence (RI1%) of SubCa as a driving factor in
SOC storage variability was not very high (Fig. 2). The soil groups with
higher subsoil Ca are Calcisols (CL), Leptosols (LP), Regosols (RG) and
Phaeozems (PH; Fig. 6). These soil groups, except Phaeozems, also show
a negative association with SOC storage. The positive influence of Ca on
SOC storage through soil fertility and SOC stabilisation appears to be
contrasted by other factors, which could also involve the presence of
paedogenic carbonates in the deeper soil layers, adding variability to the
contents provided by the parent material. Calcisols are associated with
high PET and low precipitation (Fig. 6). Water shortage might affect
these soils, negatively impacting primary productivity. Leptosols are
either shallow or extremely gravelly soils (IUSS-WRB, 2015). They show
a positive association with SOCMO02 but, expectedly, not with SOCMO08
(Fig. 3 and Fig. 4), as deeper horizons are either missing or too stony to
store SOC. Regosols are weakly developed mineral soils on unconsoli-
dated parent material, widespread in eroding lands, semi-arid areas, or
mountains. All the factors that negatively impact and slow down soil
development, such as soil erosion and drought, also likely constrain OC
accumulation and stabilisation, explaining the lowest values of SOC
storage, even in the topsoil (Fig. 3 and Fig. 5)

4.3. Dominant tree species

When the Italian forest soils were grouped according to stand type
(Fig. 5b), SOC storage was significantly lower under Castanea sativa
(Csat) and Larix decidua (Lardec); this may be due to either a large
proportion of OC stored in the organic layers compared to mineral soil,
especially for L. decidua, or to a relatively sparse vegetation cover.
However, SOC stock variability was too high to draw practical and
management indications. The data available for Italy (National In-
ventory of Forests and Forest Carbon Tanks) confirm that there are no
significant differences in SOC topsoil (0-30 cm) storage between
dominant tree species (Gasparini and Di Cosmo, 2015). However, the
BRT models (Fig. 3 and Fig. 4) showed different effects on SOC storage
among species.

Dominant tree species can affect soil organic carbon content through
net primary productivity (NPP) and litter composition. A dependence
between tree species and SOC storage, through litter quality, might
explain the predictive performance of the tree factor. In a previous study
within the same dataset (Andreetta et al., 2016), various soil and litter
properties were analysed in relation to tree species, to discover potential
interactions leading to high weights of tree species as predictors for
humus form differentiation. Some of the reported results can be recon-
sidered and analysed for SOC storage. Species groups, such as spruce and
chestnut, with the lowest litter Ca content (see table 5 in Andreetta et al.,
2016), showed a negative effect on SOC storage (Fig. 3 and Fig. 4), while
species with high litter Ca content, such as “Other” and “Qpub” showed
a positive effect.

Although the comparison between species evidenced specific plant
effects, tree-site interactions must also be considered. Chestnut tends to
be found on acid soils with low subsoil Ca and P (See Table 8 in
Andreetta et al., 2016); litter's low Ca and P content may then be partly
attributed to low-subsoil Ca and P. On the other hand, “Other” tree
species thrive on subsoils with high Ca and P, associated with similar
litter properties. Q. pubescens showed a stronger positive effect than
Q. cerris, although there is no significant correspondence between tree
species and other predictor variables. Beech forests exhibited the highest
value of SOC storage at both soil depth intervals (Fig. 5). The positive
effect of beech forests on SOC storage can be ascribed to factors other
than Ca litter content. Despite intermediate values of litter Ca, beech
shows high litter P content (Andreetta et al., 2016) and is associated
with high subsoil P (Table 8; Andreetta et al., 2016). Further, Andosols
(AN) are often associated with F. sylvatica; 41.7% of Andosols,
acknowledge to have a high available water capacity, were found under
beech forests within our dataset. Beyond that, Southern European beech
can also cope with drought through rapid responses to environmental
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stressors' variability. Fine roots in Mediterranean beech forests were
found to represent a functional carbon sink during the dry season when
sinks in other tissues are reduced (Scartazza et al., 2015). This points out
the crucial role of carbon allocation by plants in soil carbon dynamics. It
could be hypothesised that in Italy, especially in Mediterranean envi-
ronments, the high solar radiation and the water shortage can favour
carbon allocation to the roots, turning out in a carbon source that is
efficiently retained in soils (Schmidt et al., 2011).

Parent material likely influences tree distribution which in turn
modulates the fertility of soils. However, it is not always easy to
distinguish whether trees or soil play a major role. These results agree
with previous studies (Van Breemen et al., 1997; Finzi et al., 1998;
Dijkstra et al., 2003) that, trying to separate the effects of tree species
from the effects of parent material, concluded that the parent material
and its impact on tree distribution must be considered in determining
tree species effects on soil properties. The high fertility of soils improves
the net primary productivity with a consequently high input of organic
matter to the soil.

4.4. Climate, biodiversity and plant traits

The precipitation of the wettest quarter of the year (BIO16) was
positively associated with SOC, while PET was negatively associated
(Fig. 3 and Fig. 4). This is consistent with previous findings by studies
covering a wide range of geographical regions, from semi-arid areas
(Wynn et al., 2006) to Tibetan (Yang et al., 2008) and permafrost re-
gions (Wu et al., 2022). Climate can, directly and indirectly, impact SOC
storage variability. Precipitation effectively stimulates vegetation
growth, and NPP is sensitive to climate (Schuur, 2003; Wynn et al.,
2006). High vegetation cover and productivity imply higher C input
through plant residues, resulting in higher SOC stocks. Precipitation
influences the water and C cycle by regulating aboveground and
belowground biomass (Campo and Merino, 2016). Decomposition of
dead plant material is an important process in OC and nutrient cycling.
Both the average decomposition rate and the ratio of above- to below-
ground decay were found to increase with annual precipitation
(Powers et al., 2009). Droughts, by decreasing the decomposition rate of
organic matter, favour high OC accumulation in the forest floor and
prevent the concomitant CO, release in the atmosphere, thus func-
tioning as a strategy to maintain a pool of nutrients; on the other hand,
decomposed plant residues accumulate in the form of particulate
organic matter without being associated and stabilised in the mineral
soil (Cuevas et al., 2013; Roa-Fuentes et al., 2013), thus preventing long-
term OC persistence in the soil. Furthermore, the effect of precipitation
and PET on other factors, such as the presence of calcium carbonates,
appears to indirectly modulate carbon storage variability, as we have
pointed out when discussing climate interactions with other drivers.

Although at the small-catchment scale, topographic factors (e.g.,
slope gradient) heavily influence the SOC storage (Conforti et al., 2016;
Oueslati et al., 2013), slope, as an explaining factor, achieves a low
relative influence score at the national-scale (Fig. 2). Slope impact is
evident only considering the whole soil profile (SOCMOS8; Fig. 4).
Decreased SOC storage with increasing slope values may be explained by
changes in soil depth according to topography, with shallow soils on
steep slopes and deeper soils in flat areas. Furthermore, continuous and
undisturbed OM input can favour OC accumulation in areas on stable
topography with gentle slopes, which are often associated with dense
vegetation and a low degree of soil erosion.

Other factors related to vegetation, such as Richness, leaf dry matter
content (LDMC) and specific leaf area (SLA), showed a relevant influ-
ence on SOC storage only for the topsoil (SOCMO02, Fig. 2), highlighting
the decreased impact of the biota in the deepest soil layers. The Richness
impact on SOC storage, could be ascribed to the widely recognised role
of feedback in biodiversity-ecosystem functioning relationships (Qiu
et al., 2018). Biodiversity favours interspecific complementarity, better
use of limiting resources, and nutrient-cycling feedback, thus enhancing
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the ability of ecosystems to sustain multiple functions, such as carbon
storage, productivity, and the increase of nutrient pools (Maestre et al.,
2012; Tilman et al., 2014). Several studies, mainly focused on grassland
biodiversity, show that high-diversity mixtures are more productive
than monocultures of the same species, favouring SOC storage (De Deyn
et al.,, 2011; Marquard et al., 2009). However, the shape of the fitted
functions for Richness shows a more complex response (Fig. 3). This can
be related to two aspects. First, we used a variable that does not include
species abundance (and, consequently, neglects the role played by each
species) nor considers the proportion of different functional groups.
Second, Richness can be affected by climate. We further explored this
second aspect, but no significant relationships were found between
species richness and climate variables, such as precipitation (BI016) and
PET. However, significant trends within some groups were identified by
stratifying the population according to dominant vegetation or soil type
(Supplementary Fig.S1 and Fig.S2). This is according to the contrasting
results obtained by other researchers. For example, Chen et al. (2018)
found that favourable climate conditions, particularly high precipita-
tion, increased species richness and belowground biomass, positively
affecting SOC storage in forests, shrublands, and grasslands. On the
other hand, Roach et al. (2021) found how herbaceous species richness
increased with decreasing precipitation and increasing aridity in
Douglas-fir forests. In dry sites, open stand conditions promote higher
herb richness than closed canopies in moist and productive climates,
where low light levels are unfavourable to understory plant commu-
nities (Burton et al., 2013). These results point out the complex in-
terrelationships between biodiversity, climate, soil type and SOC
storage, and explain the initial decreasing SOC trend with increasing
richness followed by a subsequent increasing trend.

Specific leaf area (SLA) and leaf dry matter content (LDMC; Kazakou
et al., 2006) were reported as traits affecting decomposition rates. Thus,
LDMC and SLA influence on topsoil SOC (Fig. 2) is clearly due to their
function in regulating litter quality. The understory was reported to
produce high biomass that can reach values comparable to the biomass
of leaves produced by the overstory (Landuyt et al., 2019). This high-
lights the significant contribution of the herbaceous layer to the litter
and can explain the relative influence of the understorey leaf traits as a
driver of topsoil SOC storage. Rawlik et al. (2022) correlated functional
traits of herbaceous leaves with their decomposition, and the best pre-
dictor for decomposition rates was LDMC, before SLA. SOCMO02 de-
creases with increasing values of LDMC (Fig. 3), which might be due to
the relatively slow decomposition rate of species with conservative
strategies mirrored by high LDMC (i.e., implying slow nutrient use and
photosynthetic capacity and long-lived leaves; Aponte et al., 2012;
Cortez et al., 2007; Chelli et al., 2022).

5. Conclusion

We assessed SOC storage based on field measured data for forest soils
in Italy. The BRTs models show that dominant predictors for SOC stor-
age variability are the reference soil groups (RSG) and subsoil P content
for topsoil and the whole mineral soil profile, pointing out the impor-
tance of soil properties in driving OC accumulation and stabilisation
processes. The crucial role of vegetation is evident for the topsoil; the
relative influence of dominant tree species is comparable to the RI of
RSG, and other vegetation factors such as biodiversity and plant traits by
modulating litter and root input and decomposition rate also exert their
control on C cycle.

Overall, the high weight of factors influencing primary productivity
could well be expected, but, among these factors, the importance of P
content appears to be greater than usually considered. On the other
hand, the major weight of soil factors influencing SOC stabilisation,
either through interactions with highly reactive mineral components or
through specific soil biota actions, represents an important finding.
Indeed, although soil classification keys are mostly not based on organic
carbon content, RSGs exhibit different and specific pedogenic OM
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stabilisation processes. Our results suggest that including pedogenic soil
types in SOC storage models can improve the prediction of forest SOC
stock, especially for the subsoil where the influence of plant-related
processes is reduced and the power of other factors in driving SOC
accumulation and stabilisation is less marked. The way in which
different pathways lead to SOC accumulation and the weights of in-
teractions between predictors highlight that the variability of SOC stocks
depends on the ecological context; often, the interaction between
several factors, triggering positive feedback, is decisive in favouring
high content and long persistence of soil organic carbon.
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