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Abstract

Soil organic matter (SOM) represents a main fraction of superficial soil characterized by a mechanical-hydrological behaviour
different from that of the inorganic fractions. In this study, a method to measure the SOM content was applied to 27 selected sites
in Tuscany (central Italy) characterized by the presence of soil types common in the region: cambisols and regosols. The method
included the contribution from root fragments, which is a fraction often neglected or underestimated in measurements, in the
overall estimate of the SOM content. The retrieved SOM contents were analysed considering the vegetation cover at the sites and
the selected attributes of geological interest, such as geotechnical parameters and the mineralogical composition of the soils. The
SOM normalized to the bulk samples ranges between 1.8 and 8.9% by weight, with the highest values of the SOM content being
associated with vegetation cover classes of forest and woodlands without shrubs. The SOM values showed close relationships
with the abundance of the finer fractions (silt and clay) of the soil samples, and considering the relations with geotechnical
properties, moderate correlations were found with the plasticity index, unit weight and effective friction angle, overall demon-

strating the importance of considering SOM when the geotechnical and hydrological properties of soils are evaluated.

Keywords Organic matter - Grain size - Soil mechanics - Vegetation cover - Geotechnical parameters

Introduction

Soil organic matter (SOM) is the fraction of soil consisting of
plant and animal fragments at different stages of decomposi-
tion (Brady and Weil 1999). It has a fundamental role in the
global carbon cycle, acting both as a C sink and source in the
pedosphere in response to land use and climate changes. The
structural, dimensional and chemical characteristics of SOM
affect soil properties such as the soil structure, erodibility,
water infiltration rate and holding capacity (Schulte 1995;
Ding et al. 2002; Krull et al. 2004). It is known that the pres-
ence of organic matter in soil affects its engineering behaviour.
However, a major part of the research on the influence of
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organic matter has been carried out on highly organic soils,
and relatively little is known about the mechanical-
hydrological effects of low organic matter contents on soil
behaviour. In relatively poor organic soil, increasing the or-
ganic matter content increases the optimum moisture content
and decreases the maximum dry density of compaction and
the corresponding maximum unconfined compressive shear
strength (Holtz and Krizek 1970; Schmidt 1965; Franklin
et al. 1973). Odell et al. (1960) found that increasing organic
content is associated with increasing soil plasticity, but ac-
cording to other researchers (Buckman and Brady 1969), as
a low-plastic material, organic matter reduces the plasticity
and cohesion of soils. Therefore, the presence of SOM should
not be overlooked in the framework of hydrological and geo-
technical studies when soil parameterisation and the analysis
of the spatial distribution of soil characteristics are carried out.

The quantitative assessment of SOM fraction in soils can
be significant for slope stability analysis because, as afore-
mentioned, it has peculiar geotechnical features, and also be-
cause it could be used as potential indirect measure of the root
biomass of the soil. The root systems of plants strongly affect
the mechanical and hydrological behaviours of soils. As SOM
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mainly derives from growing in situ plants and residues of
previous root systems (Bernoux et al. 1998; Malkawi et al.
1999), the measure of SOM could provide indications about
root density and its spatial variations in soils, which is essen-
tial information to properly consider the influence of the be-
lowground part of vegetation (the roots system) on slope
stability.

Roots mainly control soil properties by (1) influencing soil
suction: the root-water uptake reduces the soil moisture and
consequently increases the soil matrix suction, inducing
changes in the soil shear strength (Gan et al. 1988) and hy-
draulic conductivity (Ng and Leung 2012); (2) changing soil
structures as the roots occupy the soil pore spaces (Scanlan
and Hinz 2010; Scholl et al. 2014), retain water (Taleisnik
et al. 1999) and release exudates (Grayston et al. 1997,
Traoré et al. 2000); and (3) increasing soil shear strength,
essentially the cohesion parameter (root reinforcement; e.g.
Gray and Sotir 1996; Montgomery et al. 2000). It is worth
noting that the presence of roots induces changes in the soil
water retention curve (SWRC) through the process mentioned
above, as the SWRC depends on soil pore size and its distri-
bution (Romero et al. 1999; Ng and Pang 2011; Ng and Leung
2012).

The increase in soil strength due to roots has been widely
studied through in situ and laboratory shear strength tests on
rooted and not-rooted soils and through the measurements of
the tensile strength of roots, so that the root reinforcement
effect is quantitatively assessed for common species of plants
(Genet et al. 2005, 2008, 2010; Hales et al. 2009, 2013; Hales
and Miniat 2017; Anderson et al. 1989; Schmidt et al. 2001;
Riestenberg 1994; Bischetti et al. 2005, 2009; Norris 2005;
Zhang et al. 2012; De Baets et al. 2008; Burylo et al. 2011;
Tosi 2007).

When physical models for slope stability studies are ap-
plied, usually, a unique value of root reinforcement—chosen
in relation to the plant species present—is used for the entire
area subject to the modelling (similar to other geo-
hydrological parameters, e.g. Jia et al. 2012), although spatial
variations in root density through the slope are known to exist.
However, collecting data to obtain high-resolution models im-
plies a considerable increase in time and costs. Indeed, root
density evaluation today still represents a limit in including
vegetational effects in slope stability models because the
many methods that have been tested and used to quantitatively
study root systems are highly time-consuming or, concerning
the most advanced techniques, extremely expensive (Bo6hm
1979; Subedi et al. 2006; Dowdy et al. 1998; Costa et al.
2000; Pan et al. 1998).

The goals of this research are as follows: (1) to identify, set
up and then apply an efficient method to evaluate SOM con-
tents (fragments of roots included) in soil samples; (2) to an-
alyse SOM variations in samples representative of the hill-
slope deposits of Tuscany; and (3) to inspect the dependence
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of SOM on vegetational cover, mineralogical composition,
grain-size distribution and selected geotechnical parameters
(dry unit weight, effective friction angle, saturated hydraulic
conductivity and Atterberg limits) of the soils themselves.

Materials and methods
Description of the study area

Tuscany is a region in central Italy with an area of 23,000 km?
lying between latitudes 44°2821"N and 42°21'39"N. It is
characterized by a heterogeneous morphology that varies from
plains in the coastal areas and the main river valleys to hills
and mountains in the innermost areas, which culminate in the
main mountain chain in the region located at the northeastern
margin, the Northern Apennines (Fig. 1). Hilly areas cover
approximately two-thirds of the territory, while one-fifth is
covered by the mountains and one-tenth by the plains and
the valleys. The region is characterized by a diverse climate
that follows the altitudinal and latitudinal gradients and varies
based on the distance from the Tyrrhenian Sea. The hot sum-
mer Mediterranean climate in the coastal areas (Csa) progres-
sively changes inland to warm-summer Mediterranean (Csb),
humid subtropical (Cfa), oceanic (Cfb) and up to subpolar
oceanic (Cfc) climates in the Apennine mountains
(Lohmann et al. 1993; Hess and Tasa 2016; Rapetti and
Vittorini 1986; Rapetti 2004). Total annual precipitation
ranges from 530 to 2600 mm, with heavy storms concentrated
mainly in the autumn season (Fatichi and Caporali 2009). The
sites of this study are subjected to the weather conditions of
the Csb, Cfa and Cfb climates, which are located in inland
areas at altitudes between 211 and 963 m a.s.l.

From a geological point of view, Tuscany is occupied in its
northeastern part by the Northern Apennine mountain chain.
The chain (NW-SE trend and NE vergence) is characterized
by a complex thrust-nappe structure (Carmignani and
Kligfield 1990) and originated starting from the Upper
Cretaceous, following the collision between the Corso-
Sardinian block and the Adria microplate. The subsequent
emergence of the chain was also accompanied by the propa-
gation of fault systems that determined the formation of the
present ridges and depressions in the region (Alvarez et al.
1974; Kligfield 1979, Vai 2001; Bartolini 2003; Bortolotti
1992, Elter et al. 1975; Carmignani and Kligfield 1990). The
region is mainly characterized by sandstone marls and calcar-
eous marls in flysch facies in the northwestern part, sand-
stones and calcareous marls in flysch facies in the central
and southern areas, and wide areas with colluvial and alluvial
sediments. The bedrock of the sampling sites is composed of
the flysch facies of sandstones, limestones and marls.

Due to topographic, lithological and climatic features,
Tuscany is heavily affected by mass movements, with over
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Fig. 1 Study area and investigated sites

90,000 active and quiescent landslides detected in the region,
for a total area of 1817 km? (Rosi et al. 2017).

The variety of altitudes, climate and outcropping lithotypes
also furthered the establishment of heterogeneous vegetation
in the territory: maquis, sclerophyllous woods (holms and
cork oaks) and pinewoods in the coastal area; lowland and
riparian woods (willows, poplars, alders and ashes) in the
alluvial plains and along the river banks; thermophilic oak
woods in the inland hills; and maritime pinewoods mixed with
oak woods and mesophilic woods (Turkey oaks, chestnuts,
beeches, firs, mixed woods of broad-leaf and conifers) in the
mountain belt. Approximately, 50% of the region is covered
by forests; the area occupied by “forest” and “other wooded
lands”, defined according to FRA2015 (2012), amounts to
1,151,539 ha compared with an overall regional area of
2,299,018 ha.

Sample collection and vegetation cover classification

Soil samples were collected at 27 selected sites in Tuscany
(Fig. 1) in the period from November 2014 to September
2016. At each site, a characterization of the landscape vegeta-
tion elements was performed by means of photographic doc-
umentation and notes (about density of herbaceous plants, the
interlocking of the crowns and eventual peculiarities), and a
special classification for the type of vegetation observed was
then arranged. This classification, derived from plant associa-
tions defined by Ellenberg (1965), aims to consider the differ-
ent capabilities of plants in conditioning the hydraulic and

geotechnical parameters of soils, which mainly depend on
the density, length and diameter of plant roots. The defined
classes are (1) closed forest with shrubs (CFS): trees with their
crowns interlocking, shrubs are present, herbaceous vegeta-
tion is present (with different degrees of coverage) or absent;
(2) closed forest without shrubs (CF): trees with their crowns
interlocking, shrubs are absent, herbaceous vegetation is pres-
ent (with different degrees of coverage) or absent; (3) sparse
trees (ST): trees with most of their crowns not touching each
other (at a maximum distance from each other of approximate-
ly of 10 m), shrubs are present or absent, herbaceous vegeta-
tion is present (with different degrees of coverage) or absent;
(4) shrubs (SH): vegetation mainly composed of shrubs, spo-
radic trees can be present, herbaceous vegetation is present
(with different degrees of coverage) or absent; and (5) mead-
ow (MD): herbaceous plants are predominant in the cover and
sporadic woody plants (shrubs and trees) may be present. The
MD and SC classes include all the landscapes where herba-
ceous vegetation or shrubs, respectively, constitute at least
75% of the total vegetation cover in terms of the occupied area.
Therefore, the possible presence of trees or shrubs in areas mostly
occupied by meadows or the presence of trees in shrub areas does
not cause these areas to be classified as ST, CF or CFS. All the
contexts in which canopies are not dense (i.e. where the sunlight
can penetrate down to the ground) are classified as ST. To limit
the overall number of classes in ST, CF and CFS classes, herba-
ceous vegetation can be either present or absent. However, since
herbaceous vegetation can influence slope stability, it is impor-
tant to specify in each case whether herbaceous plants are present
or not and if they are, to what extent (e.g. continuous or
discontinuous; for further details Bicocchi et al. 2015).

The sites were also classified according to the Corine Land
Cover (CLC, “CORINE” is “COoRdination of INformation
on Environment”) third-level cartography updated to 2012
100-m resolution (CLC 2012— Land Monitoring Service; the
third level of CLC cartography differentiates types of vegeta-
tion constituting the land cover) and to the world reference
base (Wrb) for soil resources maps by the European Soil Data
Centre (European Soil Database v2; Téth et al. 2008).

For the laboratory analysis (organic matter content, miner-
alogical composition and acid test for carbonate minerals), an
aliquot of ~ 2 kg of soil was collected by means of hand augers
within a maximum depth of 60 cm (the most between 45 and
50 cm, for a pair of samples at 60 cm), and the shallowest
10 cm of layers covered by vegetation was discarded. All
samples were taken within the horizon A defined by USDA
(United States Department of Agriculture, e.g. Owens and
Rutledge 2005) and a classification of the surveyed soils is
available in Table 1 (USCS field) for each sampling site. Such
a sampling depth range is above of the point where generally
shallow landslides failure planes are located (~1.5 m of depth;
Dietrich et al. 2007), and thus, the materials analysed are rep-
resentative of those involved in shallow landsliding. Indeed,
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much part of the sampling area of the study is prone to that
kind of landslides (Rosi et al. 2017; Tofani et al. 2017; Trigila
et al. 2013; Convertino et al. 2013).

The samples were temporarily stored in non-sealed plastic
bags for transport and then dried at an environmental temper-
ature of 20 °C. At the same sites, another aliquot of approxi-
mately 2 kg and two hollow punches was collected by
Bicocchi et al. (2019) to determine the following index prop-
erties: grain-size distribution, natural, dry and saturated unit
weight, and the Atterberg limits, while the internal friction
angle of the soil under natural conditions was determined by
means of the borehole shear test (BST; Lutenegger and
Hallberg 1981) and the saturated hydraulic conductivity (here-
after kg,) measured by means of the constant head well
permeameter Amoozemeter (Amoozegar 1989).

The choice of sampling the materials for the SOM evalua-
tion in a small range of depths was motivated by two reasons:
to avoid a further potential factor of variation in the SOM
value, and to measure the latter on soil volumes and depths
comparable with those used in the BST field testing (more
details on BST tests are available in Bicocchi et al. 2019).

Laboratory analyses

For each sample of soil, in this study, the following parameters
were evaluated: (1) organic matter content; (2) mineral phase
recognition via X-ray powder diffraction; and (3) acid test for
carbonate minerals. In addition, the following parameters de-
termined on the samples by Bicocchi et al. (2019) were con-
sidered for this study: (1) grain-size distribution; (2) dry unit
weight vq; (3) Atterberg limits; (4) saturated hydraulic con-
ductivity Kg,; and (5) effective friction angle ¢’. Analyses
were performed according to the ASTM (American Society
for Testing and Materials) recommendations (ASTM D422—
63 2007; ASTM D2217-85 1998; ASTM D-4318 2010).

The grain-size distribution, dry unit weight and Atterberg
limits for two samples not analysed by Bicocchi et al. (2019)
were also determined in this study.

Organic matter content determination

The most commonly used methods for SOM determination are
the Walkley-Black (WB) or “wet oxidation procedure”, which
determines the SOM by quantifying the oxidizable carbon in the
soils through the reaction with the dichromate ion (Cr20727;
Magdoff et al. 1996). The WB is a tolerably accurate and rou-
tinely used method but is highly time-consuming, expensive and
potentially very polluting. A less frequently used procedure is
loss-on-ignition (LOI). However, the LOI is a valid alternative to
the WB method in terms of results since it is simpler, less expen-
sive and does not require the use of acids (Salehi et al. 2011).
When using the LOI procedure, the SOM is estimated by mea-
suring, after a preliminary drying procedure to remove

atmospheric moisture, the loss of weight in the samples after
exposure to elevated temperatures in a muffle oven
(Cambardella et al. 2011). Commonly used temperatures range
from 300 to 550 °C (Salehi et al. 2011). For this research, a
modified LOI (concerning sample preparation) at 550 °C was
adopted.

The samples were exposed to air for at least 1 week to
obtain natural drying. Each sample was weighed, minced
and sieved (passing at -2 mm). Large roots retained in the
sieve were withdrawn and re-added to the passing fraction
(sediments and small roots) that was analysed to determine
the organic matter contents. The longest roots were cut into
~ 1.5-cm-long fragments. In the standard procedure, the ma-
terial retained by the 2-mm sieve is discarded so that the larg-
est roots (the contribution of which is of interest for this re-
search) would not be included in the analysis. Representative
samples (of the sieved materials) of approximately 20 g were
exposed to 40 °C for 2 h and to 100 °C for 24 h. Then, two
aliquots of approximately 5 g were withdrawn from the dried
subsamples. Two fractions for each subsample were analysed at
the same time for a comparison related to the repeatability of the
procedure and to mitigate any nugget effects (the organic matter
content in a sample is expressed by an average of the results of
the two fractions). The 5-g subsamples placed in sterilized
quartz-fibre crucibles were then exposed to 550 °C for 2 h. In
our case, the adoption of the highest temperature among those
commonly used is the result of the need to consume the large
roots present in the samples, which are more resistant to calcina-
tion compared with the organic matter of smaller size that is
usually measured with LOI. The samples were then weighed;
the measured loss of weight corresponded to the organic matter
that was transformed in volatiles and lost during combustion.
The subsequent step is represented by chemical oxidation: the
two calcined residues were mixed with 5 ml of hydrogen perox-
ide (30% v/v) and Milli-Q® water solution in beakers covered
with parafilm® and then left to react until the end of the reaction
(which is usually achieved in 3 to 4 days on average). After the
evaporation of the remaining solution (exposure to 70 °C for 2 h
and 110 °C for 24 h), the loss of mass in percentage was evalu-
ated. The content of the organic matter in the sample expressed
as a percentage of the mass is equal to the sum of the losses
measured in the two processes (ignition and oxidation). Samples
analysed as exposed are subjected to two different processes:
they are first calcined and then oxidized. The oxidation process
had the purpose of oxidizing the residual organic carbon (essen-
tially constituted by roots, the organic matter of largest dimen-
sion present in the samples) not burnt during calcination.
Therefore, the percentages of the organic matter content of the
samples had to be the result of the sum of weight losses mea-
sured in the two procedures. However, because the weight losses
due to oxidation were comparable with the accuracy of the pro-
cess (valued at 0.5% considering the weighing scale sensitivity
and the possible losses of materials during processing), the
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organic matter content is detected based on calcination results
only. That fact represents, however, a notable outcome, as it
proves that in calcined samples, there is no detectable organic
matter. All the samples were subjected to both processes. The
accuracy of this organic matter content analysis is 0.5% (so
comparable with those of the grain-size distribution analysis).

The distribution of the SOM with respect to the grain size
of the inorganic fractions was also studied on seven selected
samples. The samples were selected so that all the range of
measured SOM was well represented, choosing samples with
the lowest amounts of SOM, with intermediate amounts and
highest amounts. The organic matter was evaluated on the
fraction constituted by gravel and sand and on the fraction
constituted by silt and clay using the LOI-modified method
and the oxidation as a control.

Mineral phase recognition and inorganic carbon detection

X-ray diffraction was performed on samples powder sieved to
<63 um using a Philips PW 3710 instrument equipped with
an X-ray Cu anticathode tube and filter in graphite at the
Department of Earth Sciences, University of Florence. The
interval (260) from 5° to 70° was analysed, with an angular
velocity of 2°/min, for an overall duration of 35 min for each
analysis. Alimentation is settled to 20 mA with a poten-
tial of 40 kV, exploring a d-space interval of 1.34 to
17.66 A. X’Pert PRO software was used to remotely
control the instrument and to refine the diffractograms
generated by the analyses to recognize the mineralogical
phases present in the samples.

Under the P-T conditions adopted for the determination of
organic matter contents (1 bar, 550 °C), calcite is known to
start degrading, releasing CO, (Fisler and Cygan 1998). If
present, in addition to the organic carbon, inorganic carbonate
thermal degradation may have contributed to the loss of
weight detected in the analysed samples. To avoid a mislead-
ing result owing to SOM contents, the presence of inorganic
carbonates must be ruled out. To detect the presence of car-
bonate minerals, XRPD (X-ray powder diffraction) data were
employed. However, since small amounts (< 1%) of carbonate
minerals are not detectable in XRPD spectra, a second control
was performed by using a 3% w/w HCI solution on dried,
minced and sieved (0.075 mm) samples. Each sample was
classified based on the intensity of the reaction with respect
to the HCI solution as “non-reactive” (NR), “poorly reactive”
(PR), “reactive” (RE) or “highly reactive” (HR).

Results

All the information obtained from classifications and mea-
surements for each surveyed site are summarized in Tables 1
and 2.
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Grain-size distribution and geo-hydrological
parameters

The particle-size compositions of the samples were analysed
considering the 4 classes defined by AGI (1963): “gravel” (d
>2 mm, GR), “sand” (2 mm < d <0.06 mm, SA), “silt”
(0.06 mm < d <0.002 mm, SI) and “clay” (d <0.002 mm,
CL). The materials of the deposits analysed are classified for
the most part as silt or silty sand (ML and SM, respectively, in
USCS classification; Wagner 1957). Their mean grain-size
distribution can be represented by the closed geometric mean,
which is an appropriate parameter to evaluate the barycentre
of the distribution for compositional data (e.g. Aitchison
1982). The closed geometric mean g, or “centre” is calculated
as follows:

gc:C(glng"“agD)a (1)

where C denotes the closure operation, which is defined
for any vector of D real positive components z= [z, 22,
...,Zp], to the constant &, as follows:

ke

C(z) = k-zp

2?:1 i

k-2

D ) <D PR ]
Yis1Zi D%

(2)

and g is the geometric mean. For our dataset, the centre is
GR =13.5%, SA=44.6%, S1=31.2% and CL =10.8%. The
grain-size distribution of each sample is represented in Fig. 2
by a ternary plot, in which the silt and clay fractions were
combined, and by a quaternary plot.

The dry unit weight ranges from 10.7 to 18.7 kN m > witha
mean of 15.4 kN m>. Concerning the Atterberg limits, the
plasticity index (IP) of the samples varies from a minimum of
3% to a maximum of 22%. The two highest IP values (22%
and 16%) are both related to high liquid limit (LL) values
(51% and 49%, respectively). Similarly, the lowest IP value
(3%) is related to a low LL (29%, one of the lower values of
the dataset). Values range from 26 to 51% for the LL and 16—
37% for the plastic limit (PL). The ¢’ values measured in situ
range from 15° to 38°, while the saturated hydraulic conduc-

tivity (Kgu) varies from 2:1077 to 810 > ms .

Soil mineralogical composition and vegetation cover

Regarding soil mineralogical phases, with very few excep-
tions, mica, quartz and clay minerals are detected in most of
the samples; other common phases are plagioclases (22 out of
27 samples), k-feldspar (15 samples) and calcite (10 samples).
Uncommon phases detected in one or at most in two samples
are hornblende, chrysotile, bassanite, goethite, haematite and
gypsum. In the soil samples, the clay fraction ranges from 1 to
37%. Some samples (5) are selected with respect to this range
(that is, choosing samples with the lowest amount of clay, with
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Table 2 Mineralogical phases of the samples and reactivity to HCI (acid test), where NR is non-reactive, PR is poorly reactive, RE is reactive, and HR is highly reactive

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

10

Quartz

Mica

X

Clay minerals

Calcite

X

X

X(tr)

Plagioclases
K-feldspar

Hornblende
Chrysotile

Bassanite
Goethite

Haematite

Gypsum

Prehnite

RE RE HR HR NR NR RE NR NR

NR NR NR NR NR PR NR HR NR NR HR NR HR RE NR NR NR NR

Reactivity to HCI

a modest amount and with the highest amount of this fraction)
to identify clay minerals present in the investigated soils. In all
samples, illite, kaolinite and chlorite-vermiculite were detect-
ed; in four samples, illite-montmorillonite was identified, and
in three samples, chlorite was identified.

According to the vegetation cover classification arranged
for this study, most of the investigated sites are characterized
by a predominant presence of meadow with, eventually, very
sporadic shrubs and trees. Indeed, approximately 37% of the
sites are classified as MD. The remaining sites are classified as
follows: 22% SP, 14% CFS, another 14% as CF and an 11%
SH. Based on the CLC 2012 classification instead, more than
half (52%) of the sites are broad-leaved forest (311). If all the
classes representing the wooded area are merged (i.e. merging
the classes 311, 312, 313, 323 and 324 so that no difference is
made between the types of wood), 78% of the sites have a
vegetation cover constituted mainly by some type of wood,
and only 22% is represented by pasture or cultivated lands
(231, 243).

Soil organic matter content

The values of organic matter content are reported in Table 1.
SOM contents, expressed as a percentage of the fine fraction
of each sample (i.e. finer than 2 mm: sand, silt and clay), vary
from 2.2% (site 11) to 9.7% (site 15) with a mean of 5.4% and
a median of 5.1%. The percentages of organic matter contents
normalized to the bulk samples (including the fraction >
2 mm, i.e. gravel) range instead from 1.8 (site 11) to 8.9%
(site 15); the mean value is 4.6% and the median is 4.2%.
Figure 3 shows SOM in the particle-size fractions of the sam-
ples (see the “Organic matter content determination” section,
Fig. 3). The organic matter tends to be more abundant in the
finer fractions. Indeed, in each of the 7 samples chosen for this
test, the measured SOM content was higher in the fraction
finer than 75 pum. The highest difference is in the sample from
site 17 in which the SOM content of the finer fraction is twice
that of the coarser fraction. Differently, in the sample from site
9, the amount of the organic matter of the fractions is almost
equivalent. On average, the organic matter content in the finer
fraction is four-thirds of the content of the coarser fraction.

Discussion

Relationships of the SOM content with grain-size
distribution and vegetation cover

The ranges of SOM values detected in this study are compa-
rable with those generally found in mineral soils. A meaning-
ful comparison can be performed with respect to the 2009
LUCAS (Land Use/Land Cover Area Survey, To6th et al.
2013) database on the chemical and textural characteristics
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Fig. 2 Quaternary plot and
ternary plot of the grain-size
distributions of the samples. In the
ternary plot, the silt and clay
fractions are combined

Gravel %

Silt%

of topsoils (0-30 cm from the top) in Europe from 22,000 soil
samples. In addition to the other properties of soils, the soil
organic carbon (SOC) was also evaluated (with respect to the
standard ISO 10694:1995, which implies air temperature de-
hydration and 2 mm sieving for samples, Jensen et al. 2003).
The SOM/SOC ratio lies between 1.4 and 3.3 in most soils
(Rasmussen and Collins 1991). Commonly, SOM is estimated
from the SOC concentration by applying a conversion factor
of 1.724, but according to a review on the argument by Pribyl
(2010), a factor of 2, based on the assumption that organic
matter is 50% carbon, would be more accurate. The
European map of estimated (based on the measured contents)
SOC by Téth et al. (2013) shows for Tuscany a range of
values from 0.5 to 5% by weight. Applying the SOM/SOC
conversion factor of 2 to our SOM values, the organic carbon
content in our samples ranges from 1.1 to 4.8%. Therefore, the
measured values are in good agreement with those by Toth
et al. (2013).

Vegetation cover types and grain-size distributions of the
soils can influence each other. In addition, they both control
the abundance of SOM. Vegetation affects the soil texture
through mechanical and chemical actions. The mechanical in-
fluence is mainly due to the action of growing roots that favour

[_]SOM >75um
107 Y SOM <75um

2277

11 17 7 10 16
Sites

Fig. 3 Distribution of SOM (soil organic matter) in the fractions smaller
or larger than 75 um of 7 selected samples
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Clay %

Gravel (%)

the physical disintegration of soils and to the retention of finer
grains by the smaller roots. Regarding the chemical effects, root
exudates and chemical element interchanges between the soil
and roots determine the establishment of certain chemical con-
ditions, which can favour the chemical decomposition of some
minerals or the formation of clay minerals such as smectite
(Barbieri 1981; Carnicelli et al. 1997; Certini et al. 2003; Egli
et al. 2008). Furthermore, plants generally have strict needs for
permeability of the substrate in which they grow. Since soil
permeability is also dependent on the grain-size distribution,
with the analysis of the grain-size distribution/vegetation cover
relation, some trends could be detected. Sites classified as ST
seem to localize in soils with an abundant sand fraction (with
the exclusion of site 9, which is a ST site with a grain-size
distribution almost totally represented by SI and CL), while
meadow is the vegetation cover that shows wider distribution
with respect to the three diagram vertexes (Fig. 4).

The investigation of SOM distribution in the grain-size
fractions (the “Soil organic matter content” section) showed
a tendency for organic matter to concentrate in the finer frac-
tion (<75 pm). A possible explanation for this result may be
an abundant presence of very small roots (<75 pum) in the
samples, with mean dimensions comparable with the size of
finer inorganic fractions. Another explanation may be that SI
and CL grains protect the finer SOM (<75 pum) from further
decomposition; previous studies (Schmidt and Kogel-
Knabner 2002; Shang et al. 2014) reported that this fine
SOM would accumulate in the voids of SI and CL, and in
these empty spaces, it would be protected against further de-
composition. Thus, the higher the abundance of finer inorgan-
ic fractions is, the higher the content of SOM, thus far
explaining the positive correlation existing between the abun-
dance of the finer (<75 wm) inorganic fractions (i.e. silt and
clay) and organic matter content.

Usually, as for the 2009 LUCAS database, 2-mm-sieved
samples are analysed for SOM/SOC analysis, so we trans-
formed the measured SOM values of this study to be expressed
as a percentage of the sample fraction finer than 2 mm to com-
pare the data. As shown in Fig. 5, the highest values of SOM
have been detected at sites with CFS, CF and ST vegetation
cover (excluding site number 15, which is classified as MD),
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Fig. 4 Surveyed sites represented
in a ternary plot of grain-size
distribution (with clay and silt
combined) with different symbols
representing different vegetation
cover (according to the vegetation
classification processed for this
study, see the “Grain-size
distribution and geo-hydrological Q
parameters” section)

100 Closed forest with shrubs (CFS)
Closed forest without shrubs (CF)

|
H
A Sparse Trees (ST)
X
(@)

Shrubs (SH)
Meadow (MD)

<
3

and lower SOM contents are generally associated with MD
vegetation cover type. However, the MD class is the one with
the largest range of variation in SOM values, which lie in an
interval of 7.5%. Indeed, both the highest and the lowest values
of SOM belong to this vegetation class, while CF is the vege-
tation cover type with the smallest range of variation (1.4%).
In every case, it is worth noting that we did not have an
equal number of samples for every vegetation class, so that
this could have affected the distribution of SOM contents
among the different vegetation cover type classes. In the
2009 LUCAS database (To6th et al. 2013), for the two climates
that they consider for Tuscany, Mediterranean temperate and
suboceanic (MTS) and Mediterranean mountainous (MM),
the following values of SOC are reported: mean values of 22
and 25 g/kg (12 and 18 g/kg of standard deviation SD) for the
MTS and MM climates, respectively, for “grasslands”; 36 and
25 g/kg (SD 24 and 25 g/kg), respectively, for “shrublands”;
and 36 and 40 g/kg (SD 24 and 29 g/kg), respectively, for
“woodlands”. Considering the definitions of these vegetation
classes adopted by the 2009 LUCAS database, “grasslands”

50
Gravel (%)

and “woodlands” are comparable with the MD and SH classes
of'this study, while the “woodlands” class would contain CFS,
CF and ST. Therefore, our findings are in line with what is
found in the 2009 LUCAS database: the European project
reported the highest values of organic carbon in the “wood-
lands” areas; in our study, the highest values of SOM were
found in the CFS, CF and ST classes.

The distance from plants is another critical factor determin-
ing the root density and soil organic matter. To deepen that
aspect, a focused sampling strategy should be developed that
provides for the collection of multiple samples at planned
distances from the plants. The procedure should be applied
to the main species (or combination of those) at several sites
and replicated multiple times. Then, the SOM contents should
be compared with the actual number of roots of the surveyed
volumes of soil. However, this experimentation is beyond the
scope of the present study that is mainly focusing on the de-
velopment of a new procedure to include root fragments in the
SOM measurement and on the study of the relationships be-
tween SOM and geotechnical parameters.

Fig. 5 Soil organic matter (SOM) -
of samples with error bars and the
vegetation cover of respective 1 % shrubs

sites (vegetation classification O Meadow

B Closed forest with shrubs

A Sparse trees

B Closed forest without shrubs

processed for this study, see the . 8 - %
“Grain-size distribution and geo- X 1
hydrological parameters” section) E 6 - % E
o |
w E

4 §E§ §

9 Q

—_ -
N —
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34567 8 91011121314151617 181920212223 24 2526 27
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@ Springer



4014

E. B. Masi et al.

SOM and mineral assemblage controls
on the geotechnical parameters

The SOM and mineralogical composition of samples
can exert various degrees of control on the geotechnical
properties of soils.

As a first step, the analysis for the presence and abundance
of inorganic carbonates (i.e. calcite) in the samples was essen-
tial to exclude or not the influence of these minerals on the
SOM measurements. Among the 10 samples with the higher
contents of organic matter, carbonate minerals appeared in
only one of these (#15; Fig. 6d), while all the samples con-
taining carbonate minerals had intermediate to low organic
matter contents. These findings suggest that in our set
of samples, carbonate minerals have had no influence
on the SOM measurements. The non-contribution of in-
organic carbonates to the measured organic matter is
even more evident in Fig. 6a—c, where the high SOM
contents (i.e. higher than 6%) almost exclusively corre-
spond to inorganic carbon-free samples. Interactions be-
tween soil parental material and climate conditions de-
termine the mineral phases of the soils and the abun-
dance of nutrient elements for plants. The characteriza-
tion of soil mineralogical composition was hence signif-
icant to analyse the relationships between the soil char-
acteristics and parameters considered in this study.

The most common mineralogical phases of the samples
derive from the weathering of arenaceous, calcareous and

Non-reactive to HCI

Reactive to HCI

marly bedrock (Barbieri 1981; Carnicelli et al. 1997; Certini
et al. 2003) that are widespread in the Tuscan region. As well
as, the presence of the uncommon phases of the samples is the
result of the alteration of bedrock of less common mineralog-
ical composition, such as metasedimentary rocks for haema-
tite (accessory mineral), metamorphic rocks for chrysotile and
prehnite (the latter as a result of chemical reaction with the
metamorphic rock), evaporite rocks for gypsum and magmatic
rocks for basanite. The presence of goethite in one site is likely
attributable to the alteration and transport of mother rocks
located elsewhere. Because most of the samples are quite sim-
ilar in mineralogical composition, no significant relations be-
tween the mineral phases and the type of vegetation could be
found.

To inspect the relations between the SOM and geo-
hydrological properties of our sample set, the Pearson corre-
lation index () between those variables was calculated
(Table 3). Before proceeding with the correlation analysis,
the SOM contents and grain-size distributions are transformed
to appropriately consider their compositional nature. As long as
this kind of data is constituted by values representing a propor-
tion of a whole (so they are constrained to a constant k, equal to
100% in our case) and are never negative, they are defined
“compositional”, and common statistical approaches are not
appropriate to treat them (Aitchison 1982). Considering this,
“logit transformation” was applied to the SOM data, while for
grain-size distributions, the “isometric log-ratio” or “ilr trans-
formation” (Egozcue et al. 2003) was chosen.

All specimens
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Fig. 6 a Histograms of the soil organic matter (SOM) in samples non-
reactive to HCIL. b Histograms of the SOM in samples reactive to HCL. ¢
Histograms of the SOM in all specimens. d The SOM content of samples
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SOM evaluation
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Table 3 Pearson’s correlation coefficient (r) of the soil organic matter
(SOM) and grain-size distribution (ilr; and ilr,) of samples with respect to
geotechnical properties. /P plasticity index, y, dry unit weight, ¢ effec-
tive internal friction angle, log K, saturated hydraulic conductivity trans-
formed by applying a logl0 to the raw data; logit SOM is the logit
transformation of SOM; ilr; and ilr, are two different ilr transformations
of the grain-size distribution

P (%)  ya(Nm’)  logKsu @ ()

logit SOM - -0.32 0.04 0.28

logit SOM <2 mm -0.34 - - -
ilry - —0.16 0.09 0.32

ilr, 0.61 - - -

The logit transformation for SOM is as follows:
SOM

logit (SOM) =In-——«——— 3

ogit (SOM) = In o=ty 3)

where /n represents the natural logarithm, and the SOM is
expressed as the % weight fraction of the whole sample,
whose weight is normalized to 100%. The ilr transformation
was chosen since the transformed variables (the abundances
of the four granulometric fractions GR, SA, SI and CL in our
case) can be arranged to provide a simple interpretation of the
variables themselves. Ilr-transformed data represent the rela-
tive variation in the two groups of parts in the form of “bal-
ances”, which are a particular form of ilr coordinates that in
our case are given by the following equations:

1 GR-SA

il = ——1 4
i = e (4)
. 1 SI-CL

111‘2 = %IHW . (5)

It is worth noting that the two chosen ilr balances are not
part of the same binary partition scheme (i.e. they cannot be
used as coordinates for a binary graph).

In Table 3, the correlation coefficients of the SOM and
grain-size distribution with the geotechnical properties are
shown. All the parameters involved in the correlation analysis
can be described a Gaussian frequency distribution, since all
of them passes the Shapiro-Wilk normality test (p > 0.05); the
Ksa passes the normality test only after the raw data are log-
transformed (i.e. this parameter is describable with a log-
normal distribution) so the correlation analysis is performed
by using the logKs,. In the interpretation of the Pearson index
values, it is necessary to consider that such an index is not an
appropriate descriptor of a dependency relation if the relation
between the variables is non-linear, and that possible outliers
can have a strong influence on the results. The plasticity index
is measured on the fraction of samples finer than 0.425 mm, so
in the correlation analysis involving this parameter, the ilr,
transformation and the logit of the SOM in the fraction finer

than 2 mm (SOM < 2 mm) were considered. In the other cases
(i.e. yg» @’ and Kgy), the ilr; transformation (which includes
all grain-size fractions) and SOM in the whole sample were
used instead since these parameters are measured on the whole
sample. The moderately high correlation (»=0.61) found be-
tween the ilr, and plasticity index reflects the well-known
effect of the clay fraction that increases the plasticity of the
soil. The Pearson coefficient (»=—0.34) related to SOM <
2 mm vs IP expresses a moderate inverse correlation; there-
fore, as the organic matter increases, the soil plasticity de-
creases. This effect (comparable with the effect of sand in
the soil that commonly decreases the plasticity) could be at-
tributable to the small root fragments, to the particle organic
matter of other shapes and origin and dissolved organic matter
(particle organic matter is defined as soil organic matter
between 0.045 mm and 2 mm in size, and dissolved organic
matter is the fraction finer than 0.045 mm; Thurman 1985 and
Nebbioso and Piccolo 2013) or to all the previous factors
(Buckman and Brady 1969; Malkawi et al. 1999). Regarding
the dry unit weight, 7 is equal to — 0.16 when considering the
relationship with the grain-size distribution (ilr;) and —0.32
for the SOM. The coefficient for the grain-size distribution
could seem lower than expected since the dry unit weight
certainly depends strongly on the grain-size distribution of a
sample, but even the particle arrangement (i.e. the soil struc-
ture) in the sample strongly affects the unit weight, and this
kind of information is not contained in the values of the four
grain-size fractions. The negative correlation between the or-
ganic matter and unit weight of samples was expected having
the organic matter a lower unit weight compared with the
inorganic fractions. The moderate degree of the SOM- y4 cou-
ple highlights the importance of the organic matter evaluation
every time the weight calculation of a bulk sediment is
requested.

Regarding the relations with the effective friction angle
measured in situ (Table 3),  values suggest a positive moder-
ate correlation (0.32) for the grain-size distribution (represent-
ed by the parameter ilr;) and a positive low-moderate correla-
tion for the SOM (0.28). This relation between the grain-size
distribution of soils and ¢’ reflect the fact that soils with a
more abundant coarse fraction have higher friction angle
values than those of finer soils (e.g. Carter and Bentley
1991). With regard to Pearson’s coefficient of the SOM-¢’
couple, the earlier hypothesis could also be made considering
the results of the analysis of the SOM distribution with respect
to the sample fractions (the “Soil organic matter content” sec-
tion): since organic matter is more abundant in silt and clay
fractions and because these fractions are inversely correlated
with the friction angle, the positive low-moderate correlation
could be due to the root contents in the samples. This finding
suggests that root reinforcement could affect not only the co-
hesion but also the friction angle (in the literature, root
reinforcement is commonly considered to affect only the
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cohesion parameter of the tensile strength; Gray 1974;
Schmidt et al. 2001; Pollen 2007) and represents a first step
in the corroboration of the SOM evaluation (with the operat-
ing modes adopted in this study) as an indirect method to
estimate the root biomass in soils, but further insights are
needed. It is worthwhile to mention here that the BST mea-
sures the shear strength on a certain volume of soil (depending
on the lateral pressure exerted) that begins from the wall of the
drilled borehole and extends towards the intact soil radially. A
small part of the contribute of the roots to the shear strength is
lost because the root network is interrupted. However, being
undisturbed on all other sides of the surveyed volume, we
believe that most part of that contribution remains measurable
and sufficient to deepen the study of the relation between the
SOM and the internal friction angle. Moreover, other proce-
dures adopted to measure the contribution of the root to the
shear strength of the soil, as in situ shear tests (e.g. Fan and
Tsai 2016; Hubble et al. 2010; Wu and Watson 1998) using
shear boxes, disturb the root network with a greater impact.
The laboratory shear test (another very common procedure
used by authors on rooted soil samples: Wu 1976; Waldron
1977; Terwilliger and Waldron 1991; Gray and Leiser 1982;
Operstein and Frydman 2000; Pollen and Simon 2005;
Giadrossich et al. 2010; Yildiz et al. 2015) performs the mea-
sures on even more disturbed samples. Indeed, other authors
used the BST in field shear tests on rooted soil (Giadrossich
et al. 2010). In addition, also the smallest organic matter par-
ticles, having very different chemical and physical features
compared with the inorganic fractions, can have an influence
on the measured friction angles.

The analysis of the relation between the logKg, vs grain-
size distribution (ilr) and vs SOM returned very low values of
Pearson’s coefficient: 0.09 and — 0.04, respectively. For both
the grain-size distribution and SOM, one reason for these low
values could be that the soil sampling was optimized with
regard to the BST test; therefore, samples were withdrawn
around the bore for the shear strength test. The Kg,; measure-
ments were obtained with a kind of in situ test that consider a
significatively larger volume (at least 1 m deep under the
bore), with respect to the volume investigated while measur-
ing ¢’ with the BST. Further details on the adopted experi-
mental setup for in situ tests can be found in Tofani et al.
(2017) and references therein. In addition, as also reported in
Bicocchi et al. (2016, 2019) for the saturated hydraulic con-
ductivity, Kg, values for these samples are described by asym-
metric (“skew”) log-normal distribution characterized by the
presence of outlier data. Indeed, a search for detecting possible
outliers has been made, highlighting that many are the sam-
ples that show, relatively to the Kg,, values extremely far from
the centre of the log-normal distribution. Therefore, it was not
possible to exclude these values from the correlation analysis
without drastically reducing the data available, an operation
that invalidates and compromises a priori the significance of
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the » parameters, independently of the values found. Thus,
considering its inner proprieties of high variances, Kg, can
be hardly correlated with other variable with relative lower
variances and greater symmetry in the frequency distribution
curve.

Conclusions

Organic matter is a fundamental component of soil
representing the major pool for carbon in the pedosphere.
Even if soil organic matter (SOM) has very different features
in terms of weight and physical-chemical behaviour compared
with inorganic components, the evaluation of SOM is not a
very common practice in soil characterization for geotechnical
purposes.

In this study, we (1) identified and set up an efficient meth-
od to evaluate SOM contents (fragments of roots included) in
soil samples, (2) measured variations in SOM in the selected
samples of the hillslope deposits of Tuscany and (3) studied
the relations of SOM with vegetation cover, mineralogical
composition, grain-size distribution and geotechnical param-
eters (dry unit weight, effective friction angle, hydraulic con-
ductivity and Atterberg limits).

The method we adopted in this study to measure the SOM
contents (based on a traditional LOI procedure modified and
adapted to our research aims) also allows us to measure an
important fraction of the SOM that is usually lost during the
analysis, i.e. the root fragments.

The range of variation in the SOM normalized to the bulk
samples is 1.8-8.9% by weight in the study area. The organic
matter of the superficial soils of Tuscany therefore represents a
non-negligible fraction that should be considered when soil
characterizations are carried out. The highest values of SOM
were found at sites classified as “closed forest without shrubs”
and “sparse trees”, thus characterized by a more or less abun-
dant presence of trees, whereas the sites with the lowest values
of SOM are characterized by a cover of “meadow” without
trees. Future investigations that envisage increasing the num-
ber of sites treated in the same way may eventually (1) provide
further details on the relationships between the organic matter
and vegetation in this study area and (2) allow insights into the
result of higher SOM contents at sites with trees to determine
whether the finding is due to the aboveground or belowground
parts of plants (foliage and branches or roots, respectively). To
use SOM evaluations as an indirect measure of root density, a
research project on the topic can begin with the findings of this
study; first, the most appropriate sampling strategy and the
proportionality between the SOM values and root density
when the plant species and significant environmental charac-
teristics change should be determined.

Moderate correlations of the SOM were found with the
plasticity index (»= — 0.34), dry unit weight (= —0.32) and
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internal effective friction angle (»= 0.28), whereas SOM con-
tents appear to be not related to the hydraulic conductivity
values (r= 0.09). The existence of correlations between the
SOM and plasticity index and unit weight highlights that, in
addition to the abundances of the inorganic fractions in the
soils (i.e. gravel, sand, silt and clay), the organic fraction
should also be carefully and systematically evaluated on soil
samples for the geotechnical characterization of soils, since it
comes out that organic matter is able to exercise a non-
negligible control on geotechnical parameters. The correlation
of the SOM with the friction angle strongly suggests the need
for future research on this topic to understand if roots or par-
ticles and dissolved organic matter are responsible because, in
the literature, root reinforcement is commonly considered to
affect the cohesion only in the tensile strength of root-
reinforced soils.
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