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Abbreviation list

AFOLU, Agriculture, Forestry and Other Land Use;
C, Carbon;

CAP, Common Agricultural Policy;

CFI, Carbon Farming Initiative;

CO; eq, carbon dioxide equivalent;

CO,, carbon dioxide;

Cr, Chromium;

EA-IRMS, Elemental Analyzer Isotopic Ratio Mass Spectrometry;
EC, Electrical Conductivity;

EU, European Union;

F or FE, Ferrara;

FL, littoral lands of Ferrara;

FM, Ferrara municipality;

GAECs, Standards of Good Agricultural Environmental Conditions;
GHG, Greenhouse gas;

GIS, Geographic Information System;

IC, Inorganic carbon;

IPCC, Intergovernmental Panel on Climate Change;
LOI, Loss On Ignition;

LULCC, Land-Use Land-Cover-Change;

LV, leftward Po di Volano;

MB, Malborghetto di Boara;

ML, Mezzano Lowland;

N, Nitrogen;

Ni, Nichel

OC, Organic carbon;

OM, Organic Matter;

PCA, Principal Component Analysis;

REE, Rare Earth Elements;

ROC, Residual Oxidizable Carbon;

RV, rightward Po di Volano;

S, Sulphur;

SDGs, Sustainable Deveolpment Goals;



SOC, Soil Organic Carbon;

SOM, Soil Organic Matter;

TC, Total Carbon;

TIC, Total Inorganic Carbon,;

TOC, Total Organic Carbon;

TOC409, Thermally Labile Organic Carbon;
VM or VP, Vigarano Mainarda.



1. Introduction

1.1 The nature of Soil Organic Matter

The first appropriate definition of soil organic matter (SOM) was described by Allison
(1973): “Soil organic matter has over the centuries been considered by many as an elixir of
life. Ever since the dawn of history, some eight thousand or more years ago, man has
appreciated the fact that dark soils, commonly found in the river valleys and broad level
plains, are usually productive soils. He also realized at a very early date that color and
productivity are commonly associated with organic matter derived chiefly from decaying

plant materials”.

Microorganisms

organic
matter

““a  plant litter

Figure 1. Simplified representation of the organic material of a soil (modified from Mistri and De Feudis,
2021).

The complex framework of the SOM (Figure 1) derived from the decomposition of plants,
animals, and microorganisms (von Liitzow et al., 2006; Paul, 2014; Lal, 2018b), which are
constitutes by soluble organic compounds (i.e., sugars, proteins, and other metabolites),

and amorphous organic compounds (i.e., humic acids, fats, waxes, oils, lignin, and
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polyuronides). Moreover, these organic compounds contain fundamental elements for the
biogeochemical processes such as carbon (C), hydrogen (H), oxygen (O), nitrogen (N),
sulfur (S), and phosphorus (P) (Johnston et al., 2009). Once in the soil, OM can decompose
relatively rapidly to provide nutrients to the soil biota, or slowly to be stored as reservoir.
In line with this, according to literature, whole SOM is commonly separated into “labile”
(or “active”) and “stable” (or “passive”) pools (Gulde et al., 2008 for a review). Labile
SOM pool is characterized by a rapid turnover (less than one year), mainly consists of
young organic material, such as root exudates and rapidly decomposed components of
fresh plant litter. Labile SOM 1is sensitive to land management and environmental
conditions. Due to these characteristics, labile SOM pool plays an important role in short-
term C and N cycling in terrestrial ecosystems. Stable or “passive” pool is stabilized
organic matter that persists in soils over several thousands of years. In this case the organic
matter is hosted into macro- or micro-aggregates, which protect them from the
decomposition. This pool represents an important sink of SOM, which is slowly released in
the soils and became available to the soil biota during time.

Both labile and stable SOM play a key role in soil fertility, crop yields, and agronomic
sustainability, but they are also significative tools for climate mitigation and ecosystem
preservation (Jackson et al., 2017; Johnston et al., 2009; Chen et al., 2019; Bossio et al.,
2020). In fact, the whole SOM can support different physical, chemical, and biological
processes sustaining vital ecosystem (Hoffland et al., 2020; Figure 2), which are related to:

- soil structure (physics): water retention, aeration, aggregation;
- soil life (biology): promotion of plant health;

- elemental cycles (chemistry): mineralization, C sequestration, compound retention.

These processes favor the ecosystem services such as erosion protection, provision of a

habitat for biodiversity, primary production, climate regulation and compound retention.
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Figure 2. Ecosystem functions of SOM and the processes supporting them (Hoffland et al., 2020).

1.2 The factors influencing the Soil Organic Matter

The preservation of OM in soils is fundamental, and several parameters influence its
accumulation. In general, SOM concentration can be affected by soil biota and vegetation

cover, soil texture and parent material, water availability and hydrology, topography, and

climate (Figure 3).
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Figure 3. Dynamics affecting SOM concentration (modified from Lefévre et al., 2017).

The first parameter influencing the SOM accumulation is soil biota (i.e., living organisms
in soil), which has direct role of producer/consumer of the organic material; soil organisms
can be subdivided in: autotrophic and heterotrophic. The former are represented by plants
and autotrophic bacteria, such as sulfur and iron bacteria, which build up SOM by
synthesis of the atmospheric CO, into organic material. The latter are represented by
animals and heterotrophic microorganisms that use the organic material and transform it
into CO, and water. Overall, plant litter compounds and microbial decomposition products
in various stages of decomposition involve the magnitude of these transformation
processes of the organic material (von Liitzow et al., 2006; Paul, 2014; Lefevre et al.,
2017). In particular, soil biota affects the degree of decomposition of SOM. From insoluble
macromolecules microorganisms can produce stabilized C (i.e., C with long turnover; van
der Wal and de Boer, 2017) or induce carbon loss (CO,and CH, are emitted back into the
atmosphere) from the decomposition (or mineralization) of SOM through the microbial

heterotrophic respiration. More in general, bacterial communities play a key role in soil
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processes such as nutrient cycling, SOM decomposition, building persistent SOM stocks,
and plant growth. Changes in soil properties, such as organic matter content, pH, and
nutrient availability affect the microbial communities. Therefore, they are considered a
proxy for understanding the dynamics of soil organic matter and nutrients (Qiu et al.,
2021). In fact, changes in bacterial community composition and diversity are associated
with changes in soil organic matter and nutrient dynamics. For example, a decrease in
bacterial diversity has been linked to a decline in soil organic matter content and nutrient
availability, while an increase in bacterial diversity has been associated with improved soil
health and fertility. Microbial community composition drives also the chemical fingerprint
of soil carbon. In fact, bacteria-only communities lead to more thermally labile soil C
pools than communities with bacteria and fungi, that stabilize the SOM (Domeignoz-Horta
etal., 2021).

In addition, vegetation cover can improve SOM preservation with the plant canopy and the
root system, which increases soil structural stability and aggregation and offers a physical
protection of the soil surface (Six et al., 1998; Bronick and Lal, 2005). Moreover, an
absence of plant cover and, consequently, of roots, prevents the accumulation or
maintenance of SOM, also leading to increased runoff (Cammeraat and Imeson, 1999) and
sediment movement (Ruiz-Colmenero et al., 2013).

The other factors that influence the accumulation of SOM through the control of the
decomposition rates rather than to the productivity of ecosystems are soil texture, parent
material, water availability, topography, and climate.

Soil texture influences SOM quality and quantity, also within soil depth. The
decomposition of SOM is particularly limited when SOM form organo-mineral complexes
with clays, which are the most reactive soil particles for their permanent and variable
surface charges (Sarkar et al., 2018). In this way, clays are able to protect soil organic
matter against microbial decomposition for decades, centuries or even millennia (Schmidt
et al., 2011; Lefevre et al., 2017). More in general, at similar climatic conditions, the SOM
sequestration rates in a loamy-soil will be larger than in a sandy-soil.

Parent material may influence SOM accumulation through its effect on soil fertility. In
fact, accumulation of organic materials is more abundant in soils formed by base cation-
rich mafic rocks (e.g., basalt) with respect of soils derived from felsic materials with lower
inherent mineral-derived nutrients (e.g., granite) (Quideau, 2018).

Soil water availability influences microbial decomposition of SOM (Moyano et al., 2012)
and it is more abundant with high amounts of SOM (Libohova et al., 2018). In fact,

hydrology under normal rainfall condition provides water availability favoring SOM
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accumulation through the increase of quantity of living plants, whose inputs accumulate
more plant litter in form of above and belowground biomass (Thi¢beau et al., 2021). On
the contrary, strong rainfall events and flooding may lead to soil erosion and SOM loss
(Lal, 2003). More in general, mutual interactions between water and biogeochemical
cycles at all scales affect SOM stabilization and destabilization impacting on plants and
soil microbiology (Védeére et al., 2022).

Across the landscape SOM varies vertically (within the soil profile 39-70% of the global
organic carbon in the upper 1 m are stored in the first 30 cm; Batjes, 1996), horizontally
and, temporally due to the human influence (Janzen et al., 2018), affecting the ecosystem
behavior. In particular, at local scale, SOM is influenced by topography, through effects on
microclimate and water movement with lowest amount of SOM on mountaintops and
highest in lowlands (Schimel et al., 1985; Burke et al., 1995; Gregorich et al., 1998), where
there is a prevalence of palustrine environment. In fact, variations in microclimate produce
a differentiation in plant communities across topographical gradients; and generally, soil
erosion move SOM to in depositional sites such as foothills and valleys (Doetterl et al.,
2016; Janzen et al., 2018). Topography affects SOM also on the basis of drainage, and
degree of slope.

Climate plays a key role on SOM accumulation by controlling the balance between litter
production and decomposition rates (Quideau, 2018). Similar to many other biochemical
reactions, the decomposition of SOM is temperature dependent, as it is mediated by
microbial enzymes, which increase their activity with the increase of temperature.
However, different experimental studies demonstrates that the temperature sensitivity of
SOM decomposition decreases with increasing stability (Plante and Conant, 2014; Qin et
al., 2019; Moinet et al., 2020). In fact, the recalcitrant SOM, hosted in microaggregates, is
more protected from the microbial decomposition than the labile SOM. This means that the
SOM in subsoil is less affected by the decomposition than that of the topsoil as, across soil
depths, microbial abundance is lower and SOM protection is stronger. According to Qin et
al. (2019), the temperature affects more the active pools than the slow pools, as microbial
communities dominated in the former, whereas aggregate protection was more important
in the latter. Given that the slow C pool is the largest component of SOM with a longer
turnover time, SOM protection via microaggregates could be the key mechanism that

regulates the long-term response of SOM decomposition to global warming.
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1.3 Carbon and nitrogen in soil

The principal element of soil is carbon, and it is present as soil organic carbon (SOC),
which is related to the SOM, and soil inorganic carbon (IC), which is largely found in
carbonate minerals (Nelson and Sommers, 1996). In SOM carbon ranges between 48% and
58% (Nelson and Sommers, 1996). Both SOC and IC are implied in the global carbon
cycle. As described before, the SOC pools vary through years, decades, centuries and
millennia, which make soils alternatively a source or a sink of C (Bouwman, 1990;
Wisniewski and Sampson, 1993; Lal et al., 1998; Schmidt et al., 2011). On the other hand,
IC has a role in the carbon cycle represented by both pedogenic and geogenic carbonates

(Batjes, 1996; Nordt et al., 1998; Lal et al., 1999).

In terrestrial ecosystems, the first meter of soil storing ~2700 Pg of C, and ~1500 Pg of
which (57%) are sequestered by SOM, approximately two and three times much more than
the atmosphere the vegetation, respectively (Lal, 2004b, 2008). Despite SOC are not
uniformly distributed above the Earth surface, there are hotspots where SOC is largely
stored, such as wetlands and peatlands of tropics and permafrost regions (Gougoulias et al.,
2014; Kochy et al., 2015). In fact, these two environments store 30% of the world’s SOC
in only 3% of the Earth’s land area (Lefévre et al., 2017).

Due by root and microbial emissions, the amount of SOC stock can be naturally yet
reduced by the soil respiration that emitted C in the atmosphere as one of the main
greenhouse gases (GHGs), the carbon dioxide (CO,; Oertel et al., 2016). Unfortunately,
with climate change and unsustainable management, also the fertile areas with high SOC
content could become a potential source of GHG emissions. Moreover, after the last
glaciation, 220 Pg C were emitted in the atmosphere, with an increasing rate of global C
emissions of about 4.4 Pg C/year (Baldocchi et al., 2016). As described by Le Quéré et al.
(2016) for the period 200620135, the emissions of C as GHG exponentially increased after
the global introduction of fossil fuels and industry. However, since the industrial
revolution, the change in land use, which is developing agricultural land, contributes to one

third of greenhouse gas emissions (IPCC, 2014b).

Globally, soils also contain 0.01% of atmospheric nitrogen (N), both organic and inorganic
(Tamm, 1991). N is extremely related to C in SOM and for the activity of bacteria and
fungi of a soil (Stevenson, 1994). Such microorganisms have a key role in regulating C/N
ratio. In fact, they transform these elements and provide fluxes from the soil to the
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atmosphere. In particular, the condition of aerobic processes also leads to CO, production

and, in case of anaerobic conditions, to methanogenesis.

In environmental geochemistry, the use of stable isotopes to trace sources of C and N is
widely used (Cloern et al., 2002). In particular, *C/"*C (expressed as 8'°C) and "N/"*N
(expressed as 8'°N) are relevant in the soil studies to characterize the nature and evolution
of soils and the related SOM, as well as the anthropic or natural effects which influence the
OM quantity and quality in soils. In fact, the OC/IC ratio in a bulk soil affects the *C/'*C
signature: soil samples with higher of SOM are '*C-enriched, and therefore exhibit more
negative isotopic signature, whereas soil samples with IC predominance show '*C-
depleted, and therefore exhibit less negative isotopic signature (Natali et al., 2018b;
Brombin et al, 2020; Salani et al., 2021; Bianchini et al., 2022). Also BN/“N could
represent a proxy to study the degree of maturity of a soil, as mature soils are more "*N-
enriched.

Wada (2009) suggested that each biogenic material has its own isotopic composition.
Therefore, considering the stable carbon isotopic signature of SOM is mainly related to
that of the decomposed plants, the >C/*C can be used to recognize the type of vegetation
which produced SOM (Figure 4). Based on the fact that during transfer from plant to
sediment, the vegetal residua conserve the stable carbon isotopic signature of its
photosynthetic pathway, stable carbon isotopic composition of OC is preserved in soils or
sediments and may be a valuable proxy of local environmental conditions (Evans et al.,
1986; Craine et al., 2015b; Wang et al., 2015). In particular, plants can be discriminated
according to their different photosynthetic pathways into Cs, C4, and CAM (Crassulacean
acid metabolism) plants. The C; plants fix CO, using the Calvin—Benson cycle and
prevalently grow in relatively cold and humid environments (Kirkels et al., 2022). On the
contrary, Cy4 plants add a preventive phase to fix and concentrate CO, useful to maintain
relatively high photosynthesis rates also in arid environments as typically occur to CAM
plants, like pineapples (Sage, 2004; Kirkels et al., 2022). In an agricultural soil the isotopic
signature of OC is contribution of plant residua associated prevalently to a mix of Cs plants
such as rice, wheat, soybeans and barley and C4 plants such as maize, sugar cane, and
sorghum. The distribution of C, vegetation frequently occurs at the expense of the
population of C; and is influenced by a number of natural and anthropogenic drivers,
including climate, land cover and land use changes, variations in the fire frequency,
nitrogen deposition, nocturnal global warming, and increasing CO, (Still et al., 2003).

These group of plants have characteristic isotopic signature, because they fractionate
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carbon isotopes to a different extent. The 8'°C values of C; range from —37 to —20%o and

those of C, range from —20%o to —9%o (O’Leary, 1988; Kohn, 2010; Figure 4).

Modern 6'°C values
- +10
l )
@
-
o -
g o - -10
o O o
= 2 >
3 S 6
= 2 F-20 =
@ = E‘H
= ¢ 8 £ ;
€ 3§ E o)
o g 82 --30 @
O o § s S
(")) 2 E 2 £ =
£E 5§88 0,500
Ea 2 w88 8 - =40
- o = cC c =] o
B O < g ® 8 o c
) O o 5 é - 4
£ S . o
8 £ s | |--50
- O -
£
-85

Figure 4. Modern 5"°C values from Schidlowski (2001; modified from Garcia et al., 2021). Bars are colored
as follows: black: geologic reservoirs; dark green: land plants; light green: green algae; teal: cyanobacteria;
other taxa: yellow.

1.4 SOC sequestration

Anthropic activities which interfere with natural environments, such as urbanization and
agricultural practices, produce SOM losses (Tiessen et al., 1994; Solomon et al., 2000).
Considering the abuse of not-sustainable agricultural practices, Davidson and Ackerman

(1993) estimated a loss of about 30% of original SOC content for change of land use, for
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example the conversion of grasslands and forestlands to arable lands, which implies the
loss of vegetation producing biomass. Then, in arable soils, tillage causes SOM oxidation
(and mineralization), which contributes to the releasing of CO, and other GHGs (i.e.,
methane (CHjy), and nitrous oxide (N,0O)) in atmosphere (Soane and van Ouwerkerk, 1995;
Ball et al., 1999). On the other hand, the use of sustainable agricultural practices can
promote the SOC sequestration, improving soil health and sustainability and favoring the
GHG emission mitigation, through the removal of CO, from the atmosphere due to the
increase soil quality (Paustian, 2014; Minasny et al., 2017). In arable soils, a reduction of
tillage intensity can reduce the SOC depletion (Alvarez et al., 2014; Franko and Spiegel,
2016; Prasad et al., 2016). For this reason, the initiative "4 per 1000" (per year) proposed
by the French government at COP-21-UNFCCC in 2015 is based on the global restoration
of the SOC concentration to create a positive C-balance through best management

practices (e.g., conservation agriculture; Lal et al., 2015).

In association with the above mentioned, to contrast the phenomenon of Climate Change
(i.e., the Paris Agreement Article 2.1: “to well below 2 °C above pre-industrial levels and
to pursue efforts to limit the temperature increase to 1.5 °C”), the Intergovernmental Panel
on Climate Change (IPCC) defined appropriate adjustments to promote the action of
decarbonization for the energy, industry, urban and land-use systems (de Coninck et al.,
2018). In particular, the agriculture, forestry and other land use (AFOLU) sector,
responsible for 22% of global emissions (Shukla et al., 2019), could produce a relevant
process to decarbonize sources of GHG emissions with increasing SOC sequestration and
the producing of bioenergy (IPCC, 2014a). As described by de Coninck et al. (2018), there
is a link, both in form of benefits and trade-offs, between decarbonization in AFOLU and
some Sustainable Development Goals (SDGs), such as food security, biodiversity, soil
rights, jobs and poverty. However, the synergy actions of decarbonization and SDGs
(notably food security, biodiversity preservation, poverty alleviation and job creation)
should be maximize and the trade-offs minimized, with simplifying the programming plans
and strategies with main stakeholders (Svensson et al., 2021). The common objective,
suggested by evidence from IPCC, are to limit global temperature increase to 1.5°C, with
global emissions will have to fall to net-zero by 2050 (Burke et al., 2019). The meaning of
net-zero emission is balancing carbon emissions with carbon removal.

Nowadays, reducing GHGs from industrial sector are disincentivized with ad-hoc taxes
ruled by carbon pricing (Zakeri et al., 2015), but does not yet efficient to reach net-zero

targets.
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In the agricultural sector a change of land use and management practices can limit (Smith
et al., 2001; Horowitz and Gottlieb, 2010) and potentially even abate GHGs (Kragt et al.,
2012; Powlson et al., 2012; Lal, 2018a). To incentive the use of sustainable practices in
agriculture, a price for each abated or sequestered tonne of CO, was applied for the first
time in 2011 by the Carbon Farming Initiative (CFI) supported by Australian Carbon
Pricing Scheme (Carbon Credits — CFI, 2011; Macintosh and Waugh, 2012; Murray, 2012;
Verschuuren, 2017; Evans, 2018; Copland, 2020). Through the project of “Carbon
farming”, the biggest CO, emitters such as factories and business companies (e.g., Google,
Apple, Amazon) can buy carbon credits sold by farmers in carbon markets (Beka et al,
2022). Unfortunately to certify these farms, a method to measure and to provide real

increasing SOC storage is still a challenge.

In the European Union (EU) LUCAS Soil data show that cultivated and permanent crops
have the lowest SOC levels of all major land cover classes (around 17 g kg™ of C; Figure
5). It was estimated that 60-70% of soils are degraded as a direct result of unsustainable
management practices and have lost significant capacity to provide ecological functions for
various forms of life (European Commission, 2020). In 2017, 25% of European land
(411,000 km?), particularly in southern Europe, was identified as being at high or very high
risk of desertification, a 14% increase since 2008 (Pravalie et al., 2017; Ferreira et al.,
2022). For these reasons, in the 1990°s the EU policies moved to a series of economic
measures to improve and encourage the use of sustainable best-practices as replacement of
the conventional approaches in agriculture (Marraccini et al., 2012). In 2003, with the
adoption of the Common Agricultural Policy (CAP) were introduced Standards of Good
Agricultural and Environmental Conditions (GAECs) (Angileri et al., 2011). Since 2005,
the Member States implemented CAP reform, while only one year late in Italy (DM
12541/20006) listing the standard GAECs (Bazzoffi and Zaccarini Bonelli, 2011). One of
the main aims of CAP is to preserve soil quality by maintaining a high level of SOM. In
rural agricultural systems, characterized by low yield, these measurements were successful
applied (Agnoletti et al., 2011; Borrelli et al., 2011), therefore since the 2010’s these
approaches take places also in more intensive or specialized systems (Farina et al., 2011;
Fumagalli et al., 2011; Brombin et al., 2020). In the future, CAP could promote incentives
like the CFI approach (Beka et al, 2022). However, not all EU countries maintain a
systematic monitoring of the SOC and more in general a soil monitoring service. Indeed,
examples of EU nations that have a national service of soil monitoring could be France,

Sweden, and Poland. By contrast, Mediterranean nations as Italy, Spain and Greece have
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monitoring services undeveloped or regional database without linkage, but there is

awareness of achieving a higher level of soil monitoring.
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Figure 5. Organic carbon (in g kg™') distribution in the European member states provided by the Land
Resource Management Unit (Institute for Environment & Sustainability) of the Joint Research Centre (JRC)
of the European Commission (de Brogniez et al., 2015).

1.5 Aim of the thesis

In order to demonstrate the importance of a continuous monitoring of the organic matter in
soils, this thesis aimed to reconstruct the depletion of SOM and the relative C in Ferrara
province (Northeastern Italy), which was affected by a strong agricultural development in

the last century. Since the XIX century, and in particular before and after the World War
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II, the Ferrara province was affected by reclamation activities which dried the palustrine
environments located in most of this area. It is known that since then, the abuse of land use
change and conventional agricultural practices reduced the SOM of the Ferrara province.
In addition, since the industrial revolution, the soils of Ferrara province, like those of the
rest of the planet, started to face the “climate-change” threat due to the exponential
increase of GHG emissions. This situation has been exasperated in the last 30 years, where
the advent of globalization promoted the production increase globally in all the sectors
(agriculture, industry, tourism). Therefore, this thesis aimed to reconstruct the nature,
evolution, a distribution of SOM and the relative carbon contents, considering the strong
agricultural development occurred in the century in Ferrara. In particular, in this project the
SOM distribution and characteristics was evaluated through the measurement and mapping
of C, both organic and inorganic, contents and the estimation of respective isotopic
signatures with the most innovative techniques to discriminate the organic and inorganic
pools. To better define the quality of soil, the labile and stable organic pools of SOC were
also analyzed. In this thesis, Chapter 2 explains in detail the study area and the several
reclamation processes which took place since the XIX century. Chapter 3 describes the soil
sampling procedure and the innovative elemental and isotopic methods used for the
investigation of the soil samples. The chapters 4-8 host the main scientific activities
carried out during these 3 years, whose most of their results are already published in
international scientific high-impact factor journals. In Chapter 4, the C, N, and S isotopic
measurements of the soils of Ferrara province are presented, mapped, and, for the first
time, used as innovative proxies to reconstruct the source of the sediments which
composed the Ferrara soils (Salani et al., 2021). Chapters 5 reconstructs and maps the SOC
depletion occurred in the entire Ferrara province in 85 years comparing the OC data of a
report prepared in 1937 with the OC data collected in 2022 for this thesis (Salani et al.,
submitted). Chapter 6 shows an interesting case of a strong SOC depletion in a restricted
area of the Ferrara Province, i.e., the Mezzano Valley, where a natural phenomenon of peat
burning was documented (Natali et al., 2021), with a great release of OC in the
atmosphere. Chapters 7 and 8 are pilot studies to introduce new methods for a continuous
monitoring of the SOC quality and quantity, which can be used by farmers to make their
farm more sustainable and obtain the carbon credits by CAP. Chapter 7 explains a new
method to map the SOC benchmark at the farm scale combining measurement of OC
contents and isotopic signature performed in laboratory with in-situ geophysical
measurements (Salani et al., in preparation). Finally, Chapter 8 describes a preliminary OC

contents prediction through remote-sensing combining OC measurement of Ferrara soil
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samples with hyper-spectral satellite sensors and artificial neural networks (Salani et al., in

preparation).
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2. Study area

2.1 The Ferrara province and its reclamation history

The Padanian Plain is the widest alluvial plain (~48,000 km?) of the Italian peninsula
(Campo et al., 2020). It is the morphological expression of the homonymous basin, which
is bounded by the Alpine and Apennine chains, at north and south respectively (Figure 6).
The plain was characterized by marine sedimentation in the Pliocene to Early Pleistocene
before progradation of fluvial sediments that was enhanced during glaciation periods
(Amorosi et al., 2019, 2021; Campo et al., 2020). The easternmost part of the plain, where
the Ferrara province is located, received sedimentary contributes from i) the Po River,
which is the principal Italian fluvial system crossing from west to east the Padanian Plain
with numerous tributaries from distinct parts of the Alps and the north-western Apennines
(Marchina et al., 2015, 2016, 2018), and ii) several torrents flowing from the north-eastern
Apennines (Figure 6; Bianchini et al., 2002, 2012, 2014). The sediments of Po River
mainly derive from the western and central Alps and north-western Apennines, where
limestones, sandstones, as well as mafic and ultramafic rocks (i.e., ophiolites) crop out
(Amorosi et al., 2002). On the other hand, sediments from north-eastern Apenninic rivers
derive from Cretaceous to Pliocene sedimentary rocks, such as sandstones, marls, and

evaporites (Amorosi et al., 2002; Manzi et al., 2007).
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Figure 6. The studied area (pink field) in the Padanian Plain (boarded by black dashed line). Main course
and tributaries of Po River and Reno River are also reported (modified from Salani et al., 2021).

The Ferrara province is a lowland area including 2636 km? of the Padanian plain within the
Emilia-Romagna region, and it is located in the southern part of the Po River delta (Figure
6). The area is characterized by a mostly flat terrain staring as an alluvial plain 20m above
sea level (a.s.l) to the west, transitioning into to a deltaic plain that ends at 4m a.s.] in the
coastal plain of the Adriatic Sea to the east (Di Giuseppe et al., 2014a, b). Generally, this
sector of the Padanian Plain was filled by sediments eroded from the Alps and the
Apennines, which have been transported and deposited by the Po River (Amorosi et al.,
2002; Garzanti et al., 2012; Bianchini et al., 2002, 2012, 2013). In particular, the soils of
the Ferrara province are medium and medium-fine textured soils (68% of the territory),

medium-fine sands (9% of the territory) and peaty soils (23% of the territory), formed by
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recent sediment deposition (Holocene, <10,000 years; Amorosi et al., 2002; Bianchini et
al., 2014) composed by recent sediments from the interfering fluvial systems of the Po and
Apennine rivers including the Reno River and its tributaries (Amorosi et al., 2002;
Mastrocicco et al., 2010; Colombani et al., 2011; Bianchini et al., 2013). The
heterogeneous nature of the soils in the province originates from the various landforms and
sediment deposition processes as well as from the presence of paleo-channels
interconnected with crevasses splay and marsh lagoon environments (Mastrocicco et al.,

2010; Colombani et al., 2011; Bianchini et al., 2019; Figure 7).
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Figure 7. Soil classification map of the Ferrara province (modified from Colombani et al., 2011).

From the foundation of the town of Ferrara (VII century; e.g., Bianchini et al., 2006), the
human settlements concentrated along the ancient main courses of the Po branches: Po di
Primaro and Po di Volano. Since the XIX century, pioneering reclamation activities dried
out ~51000 ha of the land below sea level from the palustrine environment to create new
agricultural territories (Simeoni and Corbau, 2009; Targetti et al., 2021). In particular, the
last wetland reclamation event ~60—70 years ago was the Mezzano Lowland (ML; Figure
10a; see section 3.1.3) discussed in Chapter 6. ML represents the terminal (deltaic) portion
of the Po River catchment close to the Adriatic Sea and has been historically characterized
by wetlands. The ML soils therefore evolved from alluvial and deltaic lacustrine sediments
(Di Giuseppe et al., 2014a, 2014b; Natali et al., 2018b; Simeoni and Corbau, 2009; Stefani
and Vincenzi, 2005) and are organic-rich, including repeated levels of peats (Miola et al.,
2006). The total ML peat volume is estimated to be 177 x 106 m® (Cremonini et al., 2008).

The ML peat soils are also renowned for methane seepage and local thermal anomalies
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recorded down to a depth of 1 m (Bonzi et al., 2017). Analogous thermal anomalies have
been observed in other parts of the Po Plain and ascribed to the exothermal oxidation of
CH4 mediated by biochemical processes (Capaccioni et al., 2015).

More than half of the area is dedicated to intensive agricultural production of winter
cereals (~32%) and maize (~22%) (Colombani et al., 2011), with the lowlands reclaimed in
the last 150 years cultivated as rice paddies. The climate of the region, influenced by the
coast on the Adriatic Sea, is a typical sub-coastal temperate climate with cold winters and
warm summers, moderate precipitations, elevated humidity, low wind speed, and moderate

daily and seasonal temperature excursions (Mastrocicco et al., 2010).
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3. Material and methods

3.1 Soil sampling

The strategy of sampling was adapted for each study of this thesis (Chapters 4-8).

3.1.1 Selection of inventoried samples for the study of Po and Reno sediment provenance

For this thesis 21 samples were selected from alluvial sediments carried by the Po and
Reno Rivers that were already sampled and geochemically characterized by Bianchini et
al. (2012, 2013). The Authors collected soil samples at two distinct depths: one
representative of the plough horizon (just beneath the roots zone, at a depth of 30-40 cm)
and the other representative of the underlying undisturbed layer (at a depth of 100-120
cm). As shown in Figure 8, such agricultural soils were collected close to i) the town of
Ferrara (labels FE, F), and ii) the nearby village of Vigarano Mainarda (labels VM, VP).
These samples were subject of the study reported in Chapter 4.

25



Main course and tributaries
Pa River
— Reno R

Po alluvial sediments Reno alluvial sediments === Pp River paleochannels
E sand B sand === Reno River palecchannels
[ sile and clay [ silt and clay B Citles

1M"3E

Figure 8. Sedimentological map (modified from Bertolini et al., 2008) of the study area reporting the
paleochannels and the location of the sediment samples. Samples collected near Ferrara are labelled FE, F;
samples collected near Vigarano Mainarda are labelled VM, VP. The inset reports the location of the study
area in Northern Italy and the main courses and tributaries of the Po and Reno fluvial systems.

3.1.2 Soil sampling to estimate SOC depletions after 85 years

To estimate the SOC depletion of the Ferrara province in Chapter 5, the SOC data reported
in an agricultural report of Ferrari et al. (1937) in 1937 were compared with soil samples
were collected in 2022 over the same agricultural districts of the Ferrara province (Figure
9). Ferrari et al. (1937), on their survey to assess the soil properties in the Ferrara province,
divided the territory into four main regions according to the reclamation activities at the
time, drainage patterns and land morphology (Simeoni and Corbau, 2009; Targetti et al.
2021). The four regions were 1) the central municipalities of the province related to Po di
Primaro (FM), which include Ferrara, Portomaggiore, and Argenta, ii) the reclaimed lands
of the leftward Po di Volano (LV), which include the municipalities of Copparo and
Codigoro, iii) the reclaimed lands of the rightward Po di Volano (RV), which include the
surroundings of Ostellato, and iv) the littoral lands of the province (FL) which include the
municipality of Comacchio. For this new sampling, 138 topsoils (0-30 cm in depth; Figure
9) were collected with a gouge auger (Eijkelkamp®, Giesbeek, Netherlands) in the same

locations previously investigated by Ferrari et al. (1937).
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Figure 9. The Ferrara province (Northeastern Italy) divided by Ferrari et al. (1937) in the agricultural
districts (bounded by the black dashed line): FM (central municipalities of the province), LV (leftward Po di
Volano reclamation land), RV (rightward Po di Volano reclamation land), and FL (littoral municipalities of
the province). Red dots represent the 138 topsoils (0-30 cm in depth) investigated by Ferrari et al. in 1937,
and again in this study. Main cities, rivers, wetlands, and reclaimed wetlands (before and after 1937) are also
reported. The shape of all the reclaimed wetlands was defined using historical land use map from 1853. The
altitude data in the map, showing a range of elevation from —2 m to 10 m a.s.l.,, was derived from the
elevation point vector file developed by the Emilia-Romagna region (2011) Servizio Statistica e Sistemi
informativi geografici (https://geoportale.regione.emilia-romagna.it/catalogo/dati-cartografici/cartografia-di-
base/database-topografico-regionale/orografia/altimetria/layer-1).

3.1.3 Sampling of burning peat in Mezzano Valley

For Chapter 6, which investigated the peat burning phenomena in Mezzano Valley, the
sampling area was sub-rectangular in shape and extended from 44°41'17.08"N,
12°00'09.34"E (upper left corner) to 44°40'35.45"N, 12°00'51.96"E (lower right corner)
(Figure 10). It was investigated in July 2018 (Figure 11), when the area experienced
ongoing peat fires at its southern edge. The northern edge was instead affected by fires in
the past (Martinelli et al., 2015). Each peat fire event was confined to a subcircular area of
approximately 3—4 m in diameter, characterized by the absence of vegetation (Figure 10b).
Five trenches, approximately 2 m long, 1 m wide and 1 m deep, were dug to access the soil
profile for inspection, and the well-exposed sides of the pits were observed carefully to
determine the different soil horizons. Soil profile TOR1 was the only one dug in the sector
affected by the active fire, while other two profiles (TOR2 and TOR3, Figure 10b) were

dug in the sector affected by past fire events. They were characterized by horizons having
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reddish color (Figure 10c), consisting of very fine ashy particles that obliterated the
original structural characteristics. Other two profiles (TOR4 and TORS) were dug in
sectors of the investigated area not interested by peat smoldering, to perceive the original

soil condition preceeding the burning processes.

7460 mi TAQAED mL TE0S0 UTHE 32T 70530 mil
EI. T T e

[

a Tl bty

r s e L}

| _;' s ) e ——

(e 5 Lo

e 1 L e

1 :
{
5 ™ ey
1" 50 N
Z A
TOR 1 TOR 2 TOR3 TaR 4 TOR 5 Sampling site coordinates
[+2.67 m asl] [-2.60 m a) {-2.39 m asly UTM 33T
R sampling 2017/2018

TOR1 738533 mE 4951275 mN
TORZ 73B232 mE 4951598 mN
0, TOR3 738133 mE 4952016 mN
i TORA 738200 mE 4952564 miN
TORS 738097 mE 4952285 mN

Op

C

C D

Figure 10. (a) Geographic location of the study area (black dashed line) within the Mezzano Lowland (red
dashed line) in the easternmost Padanian plain (Northern Italy), facing the Adriatic Sea. (b) Satellite image
(Google Earth, year 2010) showing the study area and the sampling locations of the investigated soil profiles.
Note the presence of several fired elliptical areas. (c) Photographs of the fired (TOR1, TOR2, TOR3) and
non-fired (TOR4 and TORSY) soil profiles and (d) relative geographic coordinates.

Thirty-four representative samples (of about 1-2 kg) were collected from horizons of the
soil profiles TOR1— TOR3 variously affected (F) by peat burning, and soil profiles TOR4
and TORS unaffected (NF) by peat burning.

The soil horizons were described according to Schoeneberger et al. (2012), attributing
specific suffixes to the horizons where peat smoldering induced different effects due to the
temperature increase; for example, Oipy was attributed to the pyrolyzed organic horizon
with peat carbonization, 2Ccl to the calcined mineral horizon, and ABov to the overheated

organo-mineral horizon.

28



Figure 11. Pictures showing an ongoing peat fire phenomenon in the neighbors of profile TOR1. (a and c)
Note that the inner part of the fired elliptical area is depressed with respect to the neighbors, and (d) that
smoke developed at depth escapes from the superficial layer of unburned peat.

3.1.4 The experimental field of Malborghetto di Boara

For the pilot study of Chapter 7 was taken into account as experimental field a
conservative managed hazel orchard (3 ha) with cover crop grassland (Figure 12). This
study area is located in Malborghetto di Boara (MB; 44°51'18.8"N 11°3925.2"E), a rural
locality of the Po Plain at ~4 m above sea level (a.s.l.) close to the city of Ferrara

(Northeast Italy; Figure 13a). The field is crossed by a minor paleochannel of the Po River
(Figure 13b).
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Figure 12. The hazel orchard in MB area.

The soil sampling was carried out in MB in October 2021. 15 composite samples were
collected in the grasslands within the hazel rows (Figure 13b). For each composite sample,
5 aliquots of soils were collected using a gouge auger (Eijkelkamp®, Giesbeek,
Netherlands) in the layer 0-30 cm within a square of 3x3 m” area and mixed together
(Figure 13c).

In addition to the soil sampling, here geophysical detection of the superficial soil EC was
simultaneously carried out using a Profiler EMP-400 (GSSI company, Nashua, NH; USA)

along several parallel lines with a spacing of about 5Sm (Figure 13d and e).
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Figure 13. a) Location of the sampling area (MB) in Emilia-Romagna region (Northeastern Italy) and zoom
of the location of MB area in the north-east sector of the municipality of Ferrara; b) soil sampling location
represented by light blue dots; c) in each location sample was collected and mixed five aliquots of soil per
square probed at the depth of 0-30 cm; d) location of the geophysical measurement of the superficial
electrical conductivity (EC) provided by e) a Profiler EMP-400 (GSSI).

3.1.5 Sampling of 100 topsoil in Jolanda di Savoia

For the pilot study of Chapter 8, which aimed to combine the SOC data with the remote-
sensing, soil samples were collected over the area in the surroundings of the municipality
of Jolanda di Savoia (JDS) in the middle eastern part of the Ferrara province (Emilia-
Romagna region; Figure 14a). The JDS area is covered by several PRISMA acquisitions
(each image has a size 30 x 30 km and is tilted of ~15°). In particular, the sampling
campaign was planned to cover only the land at the south of the Po River, also excluding
the southernmost part. 100 composite topsoils (0-15 cm in depth; Figure 14a) were
collected in October 2021 over a square parcel of 30 x 30 m (Figure 14b). For composite
samples, sampling was carried out by a gouge auger (Eijkelkamp®, Giesbeek,
Netherlands) and mixing 5 aliquots collected over the parcel for each sample. The sampled

parcel has the size of a pixel of a PRISMA hyperspectral image.
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Figure 14. a) Location of the sampling area (JDS; represented by a 30 x 30 km* square with green border) in
the Ferrara province, Emilia-Romagna region (Northeastern Italy); b) in each location sample was collected
and mixed five aliquots of soil per square (30 x 30 m?) probed at the depth of 0-15 cm.
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3.2 Laboratory analyses

3.2.1 Loss On Ignition

At the Department of Physics and Earth Sciences of the University of Ferrara, soil samples
were air-dried, sieved at <2 mm, and powdered using an agate mortar. Sequential loss on
ignition (LOI) was performed, heating the soil samples in a muffle furnace at different
temperatures (Dean, 1974). The gypsum and the hygroscopic water content (LOI 105°C)

was estimated after heating the soil samples at 105°C for 12 h and calculated as follow:
LOI 105°C (wt%) =[ (WS —DWy95) /WS ] x 100

where: WS is the air-dried weight, and DW s is the dry weight after the heating at 105°C.
After the evaluation of LOI 105°C, the same soil samples were heated at 550°C to

determine the content of soil organic matter (LOI 550°C) as follow:
LOI 550°C (Wt%) = [ ( DWio5 — DW550) / DW s ] x 100

where: DW s is the dry weight after the heating at 105°C and DW s is the weight of the
exsolved SOM.
Finally, the same soil samples were heated at 1000°C to calculate the soil inorganic

fraction (LOI 1000°C) as follow:
LOI 1000°C (wt%) =[ ( DWs50 —DWig00) / DWss0 ] X 100

where: DWssg 1s the dry weight after the heating at 550°C and DW g 1s the weight of

destabilized of the inorganic fraction (carbonates and clay minerals).

3.2.2 Elemental analysis coupled with Isotope Ratio Mass Spectrometry (EA-IRMS)
technique

For the estimation of C (including OC and IC), N, S contents in soil samples and the
respective isotopic ratio values, the innovative elemental analysis coupled with Isotope
Ratio Mass Spectrometry (EA-IRMS) technique was used. According to the elemental
species to analyze (TC, OC, IC, N, or S), different instruments and/or procedure were

implied. All of them are described below in detail.
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3.2.2.1 Elementar PYRO Cube-precisION for elemental and isotopic analysis of C, N, S

The analyses of C, N, S contents (expressed in wt%) and the relative isotope ratios
(*c/*c, PN/MN, and **S/*?S) discussed in Chapter 4 were carried out at the Department
of Physics and Earth Science of University of Ferrara (Italy) using an elemental analyser
(EA) Vario PYRO Cube (Elementar®™) operating in combustion mode and coupled with the
isotope ratio mass spectrometer (IRMS) precisION (Elementar”™) (Figure 15). Homogenous
powdered samples (around 40 mg) were weighed in tin capsules, wrapped, and finally
loaded in the EA autosampler to be analyzed.

The Vario PYRO Cube consists of a combustion oven operating at 1150°C. After the
sample has been burnt, the released C, N, and S gaseous species are transferred in a
reduction column operating at 850° C that contains chips of native copper to reduce the
nitrogen oxides (NO,) to N,. The analyte gases pass into the original purge and trap
module before to enter in the IRMS. Only N, is not trapped and is introduced directly in
the IRMS to be analyzed for isotopic composition determination. CO,and SO, are trapped
respectively in two distinct traps. When the N isotopic analysis terminated, the CO; trap is
heated at 110°C to release CO,which flows in the IRMS to start the isotopic C analyses.
After that, the SO, trap is heated at 220°C to release the gas.

In the mass spectrometer the molecules of the sample gas are ionized by the source (i.e., a
thorium oxide filament), and the ions pass through a magnet, which deflects and sorts them
into beams with distinctive mass/ charge ratios (m/z). Then ion beams arrive at the
collector where 3 Faraday cups detect the ions of each of the three different masses of
analyzed gas simultaneously (i.e., for N, the masses 28, 29, and 30, for CO, the masses are
44, 45, and 46 and for SO, the masses 64 and 66). The detection of the distinct isotopic
masses of the sample is bracketed between those of reference gases (N,, CO,, SO,, 5 grade
purity), which have been calibrated using reference materials. In the cups, the impact of the
ions is translated into a recordable electrical signal, forming peaks, which area is
proportional to the number of incident ions. The isotope ratios are calculated through peak
definition and integration through the ionOS software. The signal intensity is amplified by
an integrated Amplifier and is expressed in nano-ampere (nA). The signal intensity is
referred as “peak height”, and the minimum acceptable signal is 1 nA (optimum between 2
and 10 nA) in amplitude and at least 5 s in duration. Additional data on the distinct carbon
fractions (organic carbon, OC; inorganic carbon IC) were carried out with the EA Vario
MICRO cube coupled with the IRMS Isoprime 100 (Elementar®), following the thermal
speciation analytical approach defined by Natali et al. (2018a).
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Calibration of the instruments were performed using several standards: the limestone JLs-1
(Kusaka and Nakano, 2014), the Carrara Marble (Natali and Bianchini, 2015), the
Jacupiranga carbonatite (Beccaluva et al., 2017), the peach leaves NIST SRM1547 (Dutta
et al., 2006), the caffeine IAEA-600, the Tibetan human hair powder USGS42 (Coplen and
Qi, 2011), the Barium Sulphate IAEA—SO-5 (Halas and Szaran, 2001).

The C, N, and S isotope ratios (i.e., 13C/12C, ISN/MN, and 34S/328) were expressed with the
O notation in per mil (%o), relative to the international standards: Vienna Pee Dee
Belemnite (PDB), air N, and Canyon Diablo troilite (CDT) for C, N, and S respectively.

(Gonfiantini et al., 1995). The isotopic signature was calculated as follow:
8:[(Rsam/Rstd)_1] X 1000

Where: Rgn is the isotope ratio of the sample and Rgq is the isotope ratio of the

international isotope standards.
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Figure 15. a) The Elementar™ PYRO Cube (EA) in line with the PrecisION (IRMS) at the Department of
Physics and Earth Sciences of the University of Ferrara; b) simplified scheme of an EA-IRMS analysis of C,
N, and S.

3.2.2.2 Elementar Vario Micro Cube-Isoprime 100 for elemental and isotopic analysis of C

(OC and IC), N

At the Department of Physics and Earth Sciences of the University of Ferrara the
Elementar® Vario MICRO Cube elemental analyzer (EA) coupled with the IsoPrimel00
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isotope ratio mass spectrometer (IRMS) in the continuous-flow mode (Figure 16a) was
used to measure the C (including OC and IC) and N contents and the relative isotopic
ratios (Figure 16b). Powdered samples were weighed and wrapped in tin capsules. These
capsules allowed loading of up to 40 mg of sample material and were subsequently
introduced into the Vario MICRO Cube autosampler for the analysis. Flash combustion
occurred in a sealed quartz tube filled with copper oxide grains in an excess of high-purity
O, gas (grade purity 6). The carbon and nitrogen gaseous species were released by the
burnt samples and were transferred to another tube maintained at 550°C. This tube
contained chips of native copper, which reduced the nitrogen oxides (NOx) to N,. The
formed CO;, and N, gases were carried by He (grade purity 5) gas flow within a trap
containing Sicapent” to remove H,O. The CO,and N, gases were finally separated by a
temperature programmable desorption column, and they were quantitatively determined
using a thermo-conductivity detector (TCD).

The CO; gas was conveyed to the IRMS to determine carbon isotopic ratios. The detected
isotopic masses of the sample were compared to those of the reference CO, (grade purity
5) gas. The reference gas was previously calibrated using various reference materials such
as the limestone JLs-1 (Kusaka and Nakano, 2014), the peach leaves NIST SRM1547
(Dutta et al., 2006), the Carrara Marble (calibrated at the Institute of Geoscience and
Georesources of the Italian National Research Council), the Jacupiranga carbonatite
(Beccaluva et al., 2017; Santos and Clayton, 1995) and the synthetic sulfanilamide
provided by Isoprime Ltd. Mass peaks were recalculated as isotopic ratios using the Ion
Vantage software package.

Elemental precision was estimated by repeated standard analyses. Accuracy was evaluated
by comparing the reference and measured values. Both parameters were approximately 5%
for C and 7 % for N of the absolute measured value, but uncertainty increased for contents
approaching the detection limit (0.001 wt%) (Natali et al., 2018b; 2021).

As for the abovementioned EA—IRMS system, C and N isotope ratios (i.e., "C/'*C and
PN/MN) were expressed with the & notation in per mil (%o), relative to PDB and air N,
respectively.

Regulating the temperature of combustion of the instrument is possible to perform the C
speciation, i.e., the definition of elemental and isotopic composition of the total carbon
(TC), and its subfraction: OC and IC. The speciation has been carried out following
method proposed by Natali and Bianchini (2015) and Natali et al. (2018a).

According to this analytical protocol:

- TC is measured by EA-IRMS, with a sample combustion at 950 °C;
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- OC is measured by EA-IRMS, with a sample combustion set at a lower
temperature (tests at 450, 500 and 550 °C);

- IC is measured by EA-IRMS, with combustion at 950 °C in samples where
organic matter has been previously removed by combustion in a muffle furnace
(at 450 for 12 h); the relative gravimetric loss (LOI) was also determined to

correct the elemental concentration of the IC fraction.
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Figure 16. a) The Elementar® Vario MICRO Cube (EA) coupled with the IsoPrime100 (IRMS) at the
Department of Physics and Earth Sciences of the University of Ferrara; b) simplified scheme of an EA-IRMS
analysis of C and N (Bianchini et al., 2021).
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3.2.3 Smart combustion elemental analysis (Elementar SoliTOC cube)

Elemental analyses of C were carried out at the Department of Physics and Earth Sciences
of the University of Ferrara and at CREA (Council for Agricultural Research and
Economics, Gorizia, Italy) using the SoliTOC Cube elemental analyzer (Elementar®,
Langenselbold, Germany; Figure 17a), in compliance with the DIN 19539 standard, to
carry out the temperature-dependent differentiation of total carbon (TC) in the investigated
soil samples. This method is also known as “smart combustion” (Zethof et al., 2019).
Powdered samples were loaded in stainless steel crucibles and placed in an 80-position
autosampler. The crucibles were picked up by a stainless steel arm and placed in the
dynamically heated portion of the combustion column at an initial temperature of 60°C.
The analytical run required approximately 1,600 s and involved a three-step heating of the
samples to 400, 600, and 900°C with holding time of 230, 120, and 150 s, respectively.
The CO; produced during the sample combustion was collected by two dedicated traps and
sent to an IR detector for the continuous measurement of carbon. The DIN 19539 (Figure
17b) standard involves the separation and analysis of two oxidizable soil carbon pools with
different thermal stabilities (i.e., thermally labile organic carbon—TOC40— stripped out
at temperatures below 400°C, and residual oxidizable carbon—ROC—at temperatures of
500-600°C) and one carbon pool derived from the thermal breakdown of carbonate
minerals at 650-850°C (total inorganic carbon — TIC). At the end of the analytical run, an
internal fan reset the temperature of the dynamically heated portion of the column to 60°C.
The same analytical device was used by Natali et al. (2020) to quantify the carbon pools in
a soil sample set characterized by substantial textural and geochemical variability. They
defined TOC as the sum of the TOC4pand ROC organic carbon pools.

A standard of calcium carbonate (CaCOs, Calciumcarbonat, Elementar™) and a soil
standard (Bodenstandard, Elementar™) were analyzed prior, between, and after each run.
Analytical precision and accuracy of the instrument were better than 5% of the absolute

measured value (Natali et al., 2021).
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Figure 17. a) The Elementar” SoliTOC cube and b) a graphic panel of a single run with DIN 19539 method
showing the different carbon fractions: TOC, (thermally labile organic carbon), ROC (residual oxidizable
carbon), and TIC (total inorganic carbon).

3.2.4 Further methods applied on peaty soils of the Mezzano Lowland

3.2.4.1 Experimental Firing of unaffected Soil Profiles

In the laboratory of the Department of Agricultural and Food Sciences of the University of
Bologna, samples were burnt from horizons of the profile TOR4 which is located in a
sector unaffected by natural fire, to simulate the processes and to evaluate the thermal
transformation of soil samples induced by peat burning, following the method by
Gonzalez-Vila and Galmedros (2003). Thermal heating was applied for 12 h at different
temperatures using an electric muffle. Three replicates were prepared using 100-ml
porcelain crucibles, each containing 20 g of soil sample. After isothermal heating at 105,
200, 400, and 600°C, 4 g of heated soil was used to quantitatively determine the different

carbon fractions.

3.2.4.2 pH, Electrical Conductivity and Bulk Density

Soil pH was measured by potentiometric titration on a 1:2.5 (w/v) soil:distilled water
suspension with a Crison pH meter. Soil electrical conductivity (EC), expressed as
deciSiemens per meter (dS m '), was obtained on a 1:2.5 (w/v) aqueous suspension filtered
with a Whatman® 42 filter paper using an Orion conductivity-meter. Undisturbed soil

samples collected in the steel cylinders of known volume were weighed after drying at
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105°C for 24 h to calculate the bulk density (BD), which is the weight of dry soil divided

by the total soil volume expressed in grams per cubic centimeter (g cm ).

3.3 Geophysical methods

In-situ detection of the apparent electrical conductivity (EC) using a non-invasive
electromagnetic induction (EMI) discussed in Chapter 7 was simultaneously carried out
using a Profiler EMP-400 (GSSI company, Nashua, NH; USA) along several parallel lines
with a spacing of about Sm (Figure 13d and e; see section 3.1.4). The EMI survey was
conducted in MB test site where the geochemical analyses were applied. In detail, the
geophysical survey was carried out along 42 parallel lines with an interval spacing of about
5m. Each data was georeferenced with a horizontal accuracy of less than 0.5m and the
number of readings was two per second, acquiring around 4000 values for each used
frequency (16 kHz, 14 kHz and 10 kHz). The whole survey took approximately 1h to cover
the study site. The estimation of the soil EC is obtained according to the Biot-Savart law,
where a uniform electrical current (I) defines a magnetic field (B) in the vacuum:

—&I dlxr

B =
41T r2

r is the radius-vector between the current line and the measurement point, y, is the
magnetic permeability of the vacuum (4m10-7 NA-2), dl is the unit vector along the current
line. In frequency domain EM instruments, the alternating current induces an alternating
magnetic field, which induces the electromotive force (e.m.f.) according to the Faraday’s
law. Moreover, in EC soils the induced primary field (Hp) e.m.f. produces secondary
electrical eddy currents.

The secondary currents cause, in turn, a secondary magnetic field (Hs), which is a
complicated function of coils configuration and electro-magnetic properties of the ground.
However, the Hs should be associated to a simple function of these variables for non-
magnetic layered earth (so called “low induction number”). Therefore, the apparent ground

conductivity (c,) becomes:

4 H
_wussz

Oq

Where: o is angular frequency (2nf), u is permeability of the vacuum, s is the intercoil
spacing. The depth of investigation depends on the generated electromagnetic forces;
however, the magnitude of primary and secondary fields decreases with the increased

distance. This introduces the concept of exploration skin depth, which defines the depth at
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which the primary field strength is reduced 1/ e times its original value. In detail, the skin

depth depends on the ground conductivity and the used frequency (Telford et al., 1976).

3.4 Remotely sensed data

This section is exclusively related to the research summarized in Chapter 8.

3.4.1 The Sentinel-2 NDVI

Using a reserved API key on the ADAM platform (https://adamplatform.eu), for each
investigated locality (discussed in Chapter 8) the normalized difference vegetation index
(NDVI) with a dimension of a 10 x 10 m pixel of Copernicus Sentinel-2 (European Spatial
Agency) was collected, also with masking of pixels affected by cloud cover and sun
gliding, to reconstruct time series for the period December 2017 — December 2021. The
bands acquired by the Sentinel-2 multispectral instrument, which also allows acquisition in

other 11 bands in VNIR and SWIR, are used to calculate NDVT as follow:
NDVlIsentiner2 = (BO8 — B04) / (BO8 + B04)

Where: B04 is red and BOS is near infrared.
Therefore, NDVI time series guarantee a coverage each 2-3 days of JDS area for an

average of 169 acquisitions.

3.4.2 PRISMA imagery

JDS (discussed in Chapter 8) is also the most covered area of the Ferrara province by the
acquisition of PRISMA (Italian Space Agency, ASI) that every 29 days detects with a
“pushbroom” motion (Figure 18): a 1000 x 1000 30 m pixels hyperspectral image and a

co-registered 6000 x 6000 5 m pixel panchromatic image.
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Figure 18. PRISMA ‘pushbroom’ image acquisition concept (ASI, 2020).

The spectrometer imaging has the capability to collect 240 spectral bands in the
wavelength range 400-2450 nm: 66 bands in the visible and near-infrared (VNIR) spectral
range (400-1010 nm) and 173 bands in the short-wave infrared (SWIR) range (920-2500
nm) (Pignatti et al., 2013). Therefore, 12 PRISMA images were collected in
correspondence of Sentinel-2 acquisition (Table 1). Thus, the much more reliable Sentinel-
2 NDVI value was compared for each pixel of PRISMA in the date closest to the
acquisition time of each of the available JDS PRISMA images. Table 1 shows the number
of sampling locations having a Sentinel-2 NDVI smaller than the two possible thresholds

of bare soil (i.e., 0.2 and 0.3), for each PRISMA image.
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Table 1. Number of sampling locations (out of 100) for which, in each date corresponding to a JDS PRISMA
image, the Sentinel-2 NDVI value is smaller than the indicated thresholds (i.e., 0.2 and 0.3). The numbers do
not take into consideration the possibility that some of the sampling locations might be outside the area
imaged by PRISMA on each date.

PRISMA image Sentinel-2 date = O.zNDV<I 03
20191021 2019-10-21 93 96
20200407 2020-04-08 99 100
20200517 2020-05-18 80 99
20200523 2020-05-23 45 69
20200626 2020-06-27 5
20200731 2020-08-01 1 5
20200916 2020-09-15 52 68
20210214 2021-02-14 7 12
20210424 2021-04-23 68 76
20210523 2021-05-23 46 61
20210604 2021-06-04 6 6
20210911 2021-09-10 54 65

3.4.3 Artificial Neural Networks

Artificial neural networks are a powerful and versatile machine learning system that can be
configured to tackle a wide variety of tasks, particularly those involving large amounts of
data (Géron, 2019). They thus appear to be the best technique to handle the wealth of data
made available by a hyperspectral sensor. We tested the data on a Multi-Layer Perceptron
(MLP) architecture.

Preprocessing steps were applied to adapt the spectrum of each image as described by
Meng et al. (2020). Firstly, we applied an atmospheric window, considering hyperspectral
data with the following requirements: < 1350 nm, between 1451 nm and 1771 nm, and >
1982 nm. As second step, we computed the first derivative curve of each spectrum to
reduce systematic errors in spectral data. Finally, to smooth the spectra a Discrete Wavelet
Transform (DWT) with its two processes of signal decomposition of the spectral signal
(into low- and high-frequencies using a set of wavelets) and a signal reconstruction also to
eliminate noise at high-frequencies, as described by Meng et al. (2020). Then, we perform
a Principal Component Analysis (PCA) and select only the principal components which
the total spectral variance is greater than 85%. Thus, as spectral indices, we applied the
normalized difference index (NDI), ratio index (RI) and difference index (DI) equations in
the contour map method and selected the optimal spectral index as a predictor in the SOC

prediction model.
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NDI:(Ri—Rj)/(Ri-i—Rj)
RI=R1/RJ'
DI=R;- R,

Where: R is spectral data and ; #;

We attempted on the starting configuration composed by 1 hidden layer of 12 neurons. The
input for the ANN were 3 bands with the highest weight computed after DWT process and
the computed NDI, the RI, and the DI with the highest Pearson coefficient of correlation to
the associated OC values. Overall, we used the 100 soil OC values: 70% to train and 30%
to test the ANN, respectively. We iterated the training and testing process multiple times,
always making a different random selection of the training and testing data. To avoid a
significative fluctuation of the results between one iteration and the next, we always
performed 100 iterations. Therefore, to evaluate the ANN, we tested the regression
performance of the ANN used only the R* coefficient, averaged over the iterations, as

follow:

R=1-{[Xi(yi—-9)1/[Zi(y-9) 1}

Where: Jj is the predicted value by the model and y is the average values.

3.5 Statistical methods and Geographic Information System

The data interpretation was supported by a statistical analysis that was carried out by R (R
Core Team, 2017). The analysis of variance (ANOVA test) was applied to test if element
composition and/or isotopic ratios were affected by the provenance of the sediments. The
PCA was applied to examine differences in elemental and isotopic parameters between
sediments having Po and Reno affinity (package “FactoMineR” [Le et al., 2008]; package
“factoextra” [Kassambara, 2017]).

Interpolated raster data discussed in Chapter 7 were obtained to represent the spatial
variation at the resolution of 1 m of the physicochemical parameters investigated along the
site using ordinary kriging and cokriging (Ahmed et al., 2017), we adopted a gaussian
semivariogram model on a power transformed data like Box and Cox (1964) approach.
The maps reported in Chapter 7 of the OC concentration (interpolated using kriging and
cokriging) and the EC measured at 10 kHz were edited with Q-GIS 3.16.13 (QGIS.org,
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2021). Map of the isotopic signatures in Chapter 5 that appears influenced by the
depositional facies, were prepared with Q-GIS 3.14.

3.5.1 Mapping of soil carbon loss

In this section are reported exclusively the GIS procedures related to the activities
described in Chapter 5.
Using Q—GIS 3.22.12, the database of results from the 1937 (Ferrari et al., 1937) digitized
soil survey report was used to create a point shapefile that included the following fields: 1)
sample identifier, ii) sampling coordinates, iii) SOM (wt%), iv), carbonates (wt%), and v)
nitrogen (wt%) (Supplementary Table B1; See appendix 5). The SOM was converted to
OC content using the van Bemmelen factor (0.58), and the IC content was calculated
considering the 12% of total carbonate concentration. TC was obtained by the sum of OC
and IC fractions. Next, interpolated maps of SOC distribution in 1937 and 2022 were
obtained from the point shape files using the ordinary kriging with spherical
semivariogram model in the Geostatistical Analyst tool of ArcMap 10.8.2 (ESRI, 2022). In
addition, a spatial distribution map of 8"°C was created using the isotopic data from the
2022 soil sample campaign following the technique described by Bowen (2010). The SOC
stock (in Mg ha™') distributions in 1937 and 2022 were predicted using the geoprocessing
tool of raster calculator on QGIS 3.22.12 with the product:

SOC stockasier = BD x SOCrasier X Thk
where: BD is the bulk density (in g cm ) value of the 0-30cm Ferrara province soils,
downloaded from by the Emilia-Romagna region geological and soil survey (Emilia-
Romagna region, 2015). In the resulting spatial map shown in Figure 24 (see section
5.3.1), SOC,4ster (in Wt%; each pixel is 1ha) is the organic carbon concentration distribution
predicted using 2022 and 1937 datasets; Thk is the considered soil thickness (i.e., 30 cm).
The estimation of the A CO, €q g5 years (in Mg hafl) was also calculated using the raster
calculator, as follow:

A CO; €q g5 years = A SOC stock x 44/12

Where A SOC stock is the difference between SOC stock asier calculated in 2022 and 1937.

Soil delineations of the Ferrara province provided by the Soil survey service of the Emilia-
Romagna region (1:50,000 Soil map) were imported on QGIS as shapefile. Because each
delineation can be a mix of different percentages of several characteristic soils of the
Emilia-Romagna region, the type of soil texture has been recognized (see Supplementary

Figure Bla in appendix B) with a weighted average of the textures of each characteristic
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soil described in the soil catalog of the Emilia-Romagna region. In order to obtain the
average AOC after 85 years (see Supplementary Figure Blb in appendix 5) of each
delineation, the difference (using the processing tool raster calculator) between the
averaged OC in 1937 and 2022 (both carried out using the processing tool of statistical

zone) was calculated.
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4. Isotopic proxies to verify the provenance of the Ferrara province

topsoils

Enclosed:

SALANI, G.M., Brombin, V., Natali, C., Bianchini, G., 2021. Carbon, nitrogen, and
sulphur isotope analysis of the Padanian Plain sediments: Backgrounds and
provenance indication of the alluvial components. Applied Geochemistry, 135,

105130. https://doi.org/10.1016/J. APGEOCHEM.2021.105130.
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4.1 Introduction

The geochemical signatures of sediments in alluvial plains record the geochemistry of the
parent rocks and the weathering mechanisms occurred in the source areas. However,
geochemical signatures are often complex to be interpreted because distinct rivers (and
tributaries) drain geologically different sub-basins, sometimes conveying different
sediments in the same alluvial plain. Trace elements ratios, Rare Earth Element (REE)
contents, and Sr-Nd isotopic composition are in general considered as the best provenance
tracers (Bianchini et al., 2012; Balabanova et al., 2016; Nyobe et al., 2018; Salomao et
al.,2020; Vicente et al., 2021) although care must be taken if they are affected by
sedimentary sorting effect (Bouchez et al., 2011; Roddaz et al., 2014). In addition, the
primary signature of sediments could be modified by secondary pedological processes, in
turn related to local climatic conditions (Costantini et al., 2002; Caporale and Violante,
2016). The natural (geogenic) geochemical fingerprint of the alluvial sediments can be also
overprinted by anthropogenic contributions in agricultural, industrial, and urban areas
(Galan et al., 2014; Barbieri et al., 2018). Therefore, in order to better constrain the sources
of alluvial sediments, new geochemical proxies have to be tested to delineate the
provenance of sediments and features of the relative depositional environments. Among
the various case-studies, alluvial sediments in the province of Ferrara, located in the
easternmost sector of the Padanian Plain (Northern Italy), have been widely studied from a
geochemical point of view (Amorosi et al., 2002; Amorosi, 2012; Bianchini et al., 2012,
2013, 2019; Di Giuseppe et al., 2014a, 2014b, 2014c). The soils of this specific sector of
the plain are composed by young (Holocene in age) alluvial deposits transported by Po and
Reno fluvial systems. Previous investigations on these sediments were mainly focused on
major elements having lithophile affinity (Si, Al, Ti, Fe, Mn, Mg, Ca, Na, K, P) and heavy
metals (Ni, Co, Cr, V, Sc, Cu, Pb, Zn) to constrain the distribution of potentially toxic
elements (Di Giuseppe et al., 2014a, 2014b, 2014c; Bianchini et al., 2012, 2013, 2019).
They were important to define the local geochemical backgrounds, and interestingly, also
the sediments provenance, i.e., which fluvial system conveyed its alluvial load in the plain
(Bianchini et al., 2012, 2013). In fact, specific trace element such as nickel (Ni) and
chromium (Cr) were effective in discriminating between alluvial sediments from Po and
Reno Rivers, the two fluvial systems that are interacting in the area (Bianchini et al., 2012,
2013, 2019). The Po River sediments are richer in Cr and Ni than Reno River sediments
because the parent rocks outcropping in the Po River catchment include mafic and

ultramafic lithologies rich in heavy metals (Amorosi, 2012). In the above-mentioned
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studies essential elements such as carbon (C), nitrogen (N), and sulphur (S) have been
scarcely investigated, and information on their isotopic ratios (°C/**C, "N/"N, **S/*%S) is
missing. The stable isotope compositions of C, N, and S of soils and sediments vary
significantly, reflecting the nature of the parent rock material, the current and past climates
and vegetation, and the effects of other organisms (Anderson, 1988). Therefore, they could
be used as additional proxies to trace the source areas of the weathered material, which
was mobilized by erosion, transported by rivers in the catchments and finally deposited in
alluvial plains.

In order to test the effectiveness of CNS elemental and isotopic data in the provenance
analysis, sediment samples were selected from the collections of previous geochemical
studies that emphasized the origin of Padanian alluvial sediments on the basis of Cr and Ni
content (Bianchini et al., 2012, 2013; Di Giuseppe et al., 2014a, 2014b, 2014c¢). This new
investigation deals with the analysis of the elemental and isotopic composition of C, N,
and S of selected sample sediments having “Po affinity” (i.e., high Ni-Cr contents) and
“Reno affinity” (i.e., low Ni-Cr contents). The goal is to define CNS elemental and
isotopic backgrounds and to verify if these tracers can be used as additional proxies to

define the sediment provenance.
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4.2 Results

The contents of C, N, and S as well as the respective isotopic ratios of alluvial sediments

with Po or Reno River affinity are reported in Table 2. The Total Carbon (TC)

concentration of the whole sample population varies between 1.2 and 3.1 wt% and 8" Crc

ranges from —7.3 to —21.4%eo.

Table 2. Total C (TC), N, and S elemental and isotopic values and relative standard deviations of alluvial
sediments in the surroundings of Ferrara. Sediments are ascribed to Po and Reno River contributions on the
basis of Cr and Ni contents according to previous studies (Bianchini et al., 2012, 2013).

Depth  Ni* Cr* TC 0"Crc N 0N S %S
(cm)  ppm ppm  (Wt%) (%0) (Wt%) (%0) (Wt%) (%0)

Po River affinity
VP3S 30-40 212 127 281+0.03 -109+0.1 0.13£0.02 9.7+03 0.05+0.01 1.9+03
VP3P 100-120 204 137 3.10£0.03 -75+0.1 0.06+0.02 9.8+03 0.04 +£0.01 2.8+0.3
VP4S 30-40 190 103 2.55+0.04 -105+0.1 0.10+£0.02 89+0.3 0.03+0.01 30+03
VP5S 30-40 215 122 276+0.06 -144+0.1 0.14+£0.02 8.7+0.3 0.03+0.01 2.6+0.3
VPSP 100-120 266 149 123+0.15 -214+0.1 0.08+0.02 7.3+0.3 0.03+0.01 02+03
VP6S 30-40 232 144 2.63+0.03 -13.0+0.1 0.12+£0.02 8.1+03 0.03 +£0.00 2.9+0.3
FE25A 30-40 150 221 2.04+0.06 -12.0+0.1 0.12+£0.02 82+£03 <0.01+£0.00 05+03
FE25B 100-120 128 193 2.55+£0.03 —-82+0.1 0.08+0.02 10.7+03 <0.01+0.00 0.8+0.3
FE29A 30-40 112 206 248+0.13 -98+0.1 0.12+0.02 12.5+03 <0.01+£0.00 1.8+0.3
FE29B 100-120 178 265 2.04+0.04 -94+0.1 0.12+0.05 103+03 <0.01+£0.00 0.7+0.3
Average 2.42 -11.7 0.11 9.4 0.04 1.7
Reno River affinity
VMIS 30-40 102 50 2.62+005 -11.0£0.1 0.10+£0.02 6.4+0.3 0.04+0.01 -2.0+03
VMIP 100-120 105 59 258+£0.09 -73+0.1 0.05+0.02 7.0+03 0.03+£0.01 -19+03
VM2S 30-40 111 54 245+0.13 -87=+0.1 0.06£0.02 63+0.3 0.04+0.01 -2.6=03
VM2P 100-120 98 51 2.64+0.07 -8.0=+0.1 0.05+£0.02 6.7+0.3 0.05+0.01 —4.0=+03
VM3P 100-120 103 56 271+0.03 -99=+0.1 0.07+£0.02 57+03 0.03+0.01 -3.1+£03
VMSS 30-40 76 39 247+£003 -7.6+£0.1 0.06+0.02 7.6+0.3 0.03+£0.01 —4.1+03
VMS5P 100-120 90 48  250+0.06 -59+0.1 0.03+£0.02 9.0+0.3 0.03+£0.01 -1.6+03
F6P 100-120 77 135 243+0.03 -99+0.1 0.13£0.00 8.0+03 <0.01+0.01 -09+0.3
F10S 30-40 74 125 2.74+0.01 -11.0+0.1 0.15£0.01 73+03 <0.01+£0.01 -01+0.3
F10P 100-120 77 124 241+£0.02 -76+0.1 0.10+£0.01 7.8+03 0.11+£0.01 —45+03
FE4A 30-40 54 89 2.74+0.01 -92+£0.1 0.15£0.06 9.0+03 <0.01+£0.01 -04+03
Average 2.57 -8.7 0.09 7.3 0.04 -2.3
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The sediments with Po and Reno affinity show similar C contents (Figure 19a), but their

relative isotopic compositions are different (Figure 19b).
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Figure 19. Box plots of the C, N, and S elemental and isotopic composition of alluvial sediments in the
surroundings of Ferrara. Sediments are ascribed to Po and Reno River contributions according to previous
studies (Bianchini et al., 2012, 2013). For the isotopic parameters, the one-way ANOVA results are also
reported (*p < 0.01; **p < 0.001; ***p < 0.0001), while for the elemental contents, the one-way ANOVA
results are not significant.

In particular, Po River sediments are characterized by TC between 1.2 and 3.1 wt% and
613CTC between —7.5 and —21.4%. with average value of 2.4 wt% and —11.7%o,

respectively. Reno River sediments are characterized by more restricted elemental and
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isotopic ranges than those of Po River, having TC between 2.4 and 2.7 wt% and 8"’ Crc
between —7.3 and —11.0%o, with average values of 2.6 wt% and —8.7%o, respectively. This
difference is primarily related to the inorganic and organic carbon (IC and OC,
respectively) ratios, as IC typically has 8'°Cycapproaching 0%o and OC typically has very
negative 8'"°Cocdown to —25%o (Natali and Bianchini, 2015). However, our analyses of the
distinct carbon fractions (Table 3) revealed that also OC and IC are characterized by

distinct isotopic values in Po and Reno River sediments.

Table 3. Elemental and isotopic composition of distinct carbon fractions (Organic Carbon, OC; Inorganic
Carbon, IC) of alluvial sediments in the surroundings of Ferrara. Sediments are ascribed to Po and Reno
River contributions according to previous studies (Bianchini et al., 2012, 2013).

Depth oC 6Coc IC 6Cic

(cm) wt%) (%0) (Wt%) (%o)
Po River affinity
VP3S 30-40 0.85 -21.8 1.73 -1.2
VP3P 100-120 0.39 -20.5 232 -1.5
VP4S 30-40 0.77 -21.1 1.64 -1.4
VPSS 30-40 1.13 -22.0 1.36 2.2
VPSP 100-120 0.60 -28.1 0.43 —4.1
VP6S 30-40 0.93 —22.4 1.48 2.7
FE25A 30-40 0.70 -24.5 2.75 -33
FE25B 100-120 0.31 -23.6 0.77 —0.4
FE29A 30-40 0.84 -22.8 1.32 0.2
FE29B 100-120 0.56 -22.8 1.32 -0.5
Average 0.71 -23.0 1.51 -1.7
Reno River affinity
VMI1S 30-40 0.75 -22.5 1.59 -0.5
VMIP 100-120 0.43 -21.3 1.98 0.5
VM2S 30-40 0.48 -22.1 1.72 -1.0
VM2P 100-120 0.49 -22.1 1.88 -1.1
VM3p 100-120 0.34 -20.0 1.86 0.8
VMS5S 30-40 0.54 -20.7 1.88 -0.2
VM5P 100-120 0.63 -21.7 1.92 -0.1
F6P 100-120 0.76 -23.1 1.27 0.9
F10S 30-40 0.90 —22.7 1.32 -1.5
F10P 100-120 0.50 -22.5 1.53 -1.3
FE4A 30-40 0.80 -223 1.80 0.2
Average 0.60 -21.9 1.70 -0.7

Samples with Po affinity have on average 0.7 wt% of OC characterized by 8"Coc of
—23.0%0 and 1.5 wt% of IC with 813C1c of —1.7%o, whereas those with Reno affinity have
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on average 0.6 wt% of OC characterized by 8"”Coc of —21.9%0 and 1.7 wt% of IC
characterized by 613C1c of —0.7%eo.

The N concentration of the whole sample population varies between 0.03 and 0.15 wt%
and 8"°N varies between 5.7 and 12.5%o. From the elemental point of view Po and Reno
River sediments are indistinct (0.0-0.1 wt%), but they differ in the isotopic composition
(Figure 19¢, d). Po River sediments are characterized by 5'°N between 7.3 and 12.5%o with
average of 9.4%o, whereas Reno River sediments are characterized by 8'°N between 5.7
and 9.0%o0 with average of 7.3%o. The S concentration of the whole sample population
varies from <0.01 wt% up to 0.11 wt%, whereas 8*S varies between —4.5 and 3.0%o. Po
River sediments are characterized by positive 5°*S values (between 0.2 and 3.0%o, average
of 1.7%0), whereas Reno River sediments are characterized by negative 5°'S values
(between —4.5 and —0.1%., average of —2.3%o; Figure 19e, f).

The one-way ANOVA test was used to verify if the composition and/ or isotopic ratios
were affected by the provenance of the sediments (Po or Reno River catchment). The test
showed that TC, N, S, OC, IC, and 8"Coc of alluvial sediments were not significantly
influenced (p-values > 1) by fluvial system which transported and deposited the sediments
on the Padanian Plain. On the other hand, the 813CTC, 813CTC, are moderately affected (p-
values < 0.01) by the fluvial system, and 5"°N, §°*S are significantly (p-value < 0.001) and
extremely (p-value < 0.0001) influenced by the origin of the alluvial sediments,

respectively.

4.3 Discussion

The difference between Reno and Po River sediments was already pointed out based on
selected trace elements such as Cr and Ni as their high concentration is related to the
presence of the ophiolite rock sequences in the Po River hydrological basin and are largely
subordinate in the Reno River catchment (Bianchini et al., 2012, 2013, 2019). However,
following the ANOVA results and the box plots, the isotopic ratios of C, N, and S are
further good parameters to discriminate the sediments for their provenance. Such
discrimination is also emphasized by the multivariate statistical analysis (PCA, Figure 20),
where the isotopic ratios of C, N, and S were used as principal components. The PCA plot
explains more than 80% of the total variance and well clusters the samples according to the
Po and Reno River affinity. In the PCA plot the arrays show a similar length indicating that

the isotopic parameters contribute equally to discriminate the two sample populations.
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Figure 20. Principal Component Analysis (PCA) for the isotopic ratios of C, N, and S of alluvial sediments
in the surroundings of Ferrara having Po and Reno affinity.

In order to test the role of these isotopic tracers in the provenance analysis, 8"Crc, 8N
and 8°*S are plotted vs. the Cr content, i.e., one of the most appropriate geochemical
markers to discriminate between Po and Reno River sediments according to Bianchini et
al. (2012; 2013, 2019; Figure 21a-c). The enrichment of metals is a common geochemical
feature of finer grain size sediments, often affecting the discrimination of the different
sediment sources in the provenance analysis. The use of the least mobile elements (i.e., Al,
Th, Sc) in these systems as normalizing factors of metals concentrations has been widely
used to avoid the grainsize effect on the metal enrichment leading to a correct
identification of the alluvial sediment provenance (Bouchez et al., 2011). In particular, the
variation of the Al/Si ratio, which represents a grain size index (e.g., Bouchez et al., 2011;
Roddaz et al., 2014), shows a wide overlap between the Po (0.28-0.40) and Reno (0.20-
0.33) River sediments implying a comparable textural range for the two sample
populations. Its distribution with respect to the CNS elemental and isotopic composition
doesn’t highlight any significant correlation suggesting that they are independent from the
sample grain-size, and in turn that this latter does not affect the signature of the sediment
provenance (Supplementary Figure Al in appendix 4). The best correlation observed
between the Al/Si ratio and the analyzed trace elements is with V, indicating that it is the

most immobile element for the investigated sediments, and can be used as an alternative

56



and effective tracer of the sole grain size variation, being unaffected by the sediment
provenance such as Cr and Ni (Supplementary Figure A2 in appendix 4). Therefore, in
order to emphasize the distinct geochemical trends of the two sediment sources, the CNS
isotopic ratios are also plotted against the Cr/V ratio, which is related to the rate of
ophiolite contribution to the investigated sediments (Figure 21d—f). In particular, it can be
observed a general decrease of 8'°C (Figure 21d) and a marked increase of 8'°N and 5**S
(Figure 21e—f), suggesting a complementary role of these isotopic tracers in the sediment

provenance analysis.
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Figure 21. Cr (ppm) and Cr/V vs 8"Crc (a and d), "N (b and e) and 3*'s (c and f) biplot diagrams
discriminating the Po and Reno alluvial affinities in the surroundings of Ferrara on the basis of the
geochemical composition (from Bianchini et al., 2012, 2013).

Hypotheses can be done to explain for the different C, N, and S isotopic fingerprint on the
Po and Reno River alluvial sediments.
For carbon, the TC isotopic fingerprint depends on the OC and IC contents and their

relative isotopic ratio. The difference cannot be related to a distinct fertilization history as
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proposed for other study cases (Kanstrup et al., 2011) and must be interpreted as a
distinctive character of the sediment source area, which is peculiar for every hydrological
basin (Li et al., 2020). In general, the 613Coc is controlled by the distribution of C3 and C4
plants, as according to their photosynthetic pathways the 8'*Crc ranges from — 21%o and —
35%0 for C; plants and from —9%o to —20%0 for C4 plants (O’Leary, 1988; Meier et al.,
2014; Brombin et al., 2020). Moreover, in aquatic ecosystems the isotopic composition of
the transported organic matter is also influenced by the autochthon growth of biomass
constituted by algae and plankton (Finlay and Kendall, 2007). On the other hand, the
8" Cic is controlled by the presence of lithogenic (i.e., primary) or pedogenic (i.e.,
secondary) carbonates, which have 8"”Crc values close to 0%o or negative, respectively
(Gao et al., 2017).

Summarizing, the TC isotopic ratios of Po River sediments are generally more negative
than those recorded in Reno River sediments (Table 2; Figures 19b and 21a). This
evidence cannot be related to a different proportion of organic and inorganic compounds,
because i) the OC and IC contents of Po and Reno River sediments are similar (Table 3)
and ii) both 513 Coc and 613C1c values of Po River sediments are comparatively more
negative respect to those of Reno River sediments (Table 3). Indeed, the different
distribution of C3and C4 plants could be responsible for the different §'°Coc of the Po and
Reno sediments. The Po River hydrological basin comparatively extends at higher latitude
and altitude and is plausibly characterized by a higher Cs;/C4biomass ratio, with respect to
the Reno River ratio. Moreover, it has to be noted that, the embankments of Po River are
dominated by Cyperus vegetation (Pellizzari, 2020), which are Cs-plants whose '°C
signature is extremely negative (Puttock et al., 2012; Laceby et al., 2014; Meier et al.,
2014). In addition, 3'°C negativization in suspended particles of Po River water can also be
induced by comparatively higher development of freshwater plankton (Seballe and
Kimmel, 1987; Finlay and Kendall, 2007). The significant presence of such biomass could
be responsible for the more negative 5°C signature recorded in the Po River alluvial
sediments. In addition, the samples collected in the interfluvial areas of Po River (VP5S,
VP5P, VP6S, FE25A) have comparatively negative 8'°Cicvalues, which are indicative of
the presence of pedogenic carbonates that enhance the difference of the TC isotopic
fingerprint of the two sample populations.

Interestingly, the 8'°Crc appears effective, not only to discriminate Po and Reno River
sediments, but also to precisely constrain the depositional facies. According to the
geochemical map of Figure 22, irrespectively to the provenance of sediments (Po or Reno

Rivers catchment), the paleo-channel deposits, mainly composed of sandy sediments, have
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less negative 8"°Crc signature respect to the surrounding interfluvial areas which are
mainly composed of clayey sediments. In fact, clays usually form aggregates in which the
organic matter remains protected from microbial decomposition, and the organic carbon
can therefore preserve its original signature (von Liitzow et al., 2006; Gunina and

Kuzyakov, 2014; De Clercq et al., 2015; Guillaume et al., 2015).

&§™Crc (%) - Isotopic signature
O-179--103 Q-103--99 @-99-93 @-93-92 @-92-68

Po alluvial sediments  Reno alluvial sediments e pg River paleochannels
[ sand 5 sand === Reno River paleochannels
[ sittand clay [ siltand clay B Cities

11°33'°E

Figure 22. Geochemical map of the 8"*Crc (%o) showing the distribution of the isotopic signatures near
Ferrara and Vigarano Mainarda.
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The observed differences on the nitrogen isotopic composition of Reno and Po River
sediments can be in principle related to that of the organic matter, but soil 8'°N value can
be also deeply affected by the agricultural practices and the related fertilization history
(Bateman and Kelly, 2007; Xu et al., 2012). Noteworthy, in this case-study the observed
difference of the two sample populations indicates that the anthropogenic activities did not
obliterate the pristine compositions. In fact, the Po River sediments appear to be
systematically enriched in "N with respect to those from the Reno River, a pristine
difference of the associated organic matter that generally tends to develop higher 8'"°N as
result of the intense biogeochemical transformations (Hobbie and Ouimette, 2009; Craine
et al., 2015a; Szpak, 2014) occurring in the Po soils which are more mature than those of
Reno.

The difference on the sulphur isotopic composition of Reno and Po River sediments is also
intriguing. As observed for N, the isotopic differences of S could also be explained in
terms of soil maturity, since most of soil sulphur should be hosted in the organic matter
(e.g., Edwards et al., 1998). In this case, S isotopic fractionation should be controlled by
biogeochemical processes producing fugitive gaseous compounds that are generally §*S-
depleted (Raven et al., 2015) and leave 8°*S -enriched residua (Norman et al., 2002). This
occurs because during soil biogeochemical processes bacteria preferentially utilize *S
during their metabolism, producing fugitive 8°'S -depleted products (Strauss, 1997).
Therefore, as the Po River alluvial soils are more mature than those of Reno River, they
developed higher 5°*S in response to biochemical isotopic fractionation. Noteworthy,
among the biogeochemical processes a particular role is represented by sulphate reduction,
where anaerobic bacteria reduce the sulphates into sulphides with more negative § S
fingerprint (Guo et al., 2016). This process is associated with the depletion of &°*S up to
70%o in the sediments (Habicht and Canfield, 2001), therefore the produced sulphide is
depleted in *S compared to the sulphate from which is formed. This process could explain
the different isotopic signature between the alluvial sediments of the surrounding of
Ferrara.

On the whole, alluvial soils formed by the deposition of Po River sediments are more
mature than those of Reno alluvial soils. This is mainly related to the physiographic
difference of the two catchments, as the Po River catchment has a length (652 km) which
is four times greater than that of the Reno River catchment (212 km), but also to the timing
of sedimentation which appear older for Po River sediments. In fact, locally the interfluvial
basins of Po River was definitely reclaimed during the fifteenth century (Bondesan, 1989),

whereas the course of Reno River was changed several times until the eighteenth century,
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when anthropic hydraulic activities defined the actual riverbed (Cremonini, 1989). These
different depositional ages are plausibly recorded by the organic matter; Po River soils
experienced more complete biogeochemical reactions than that of Reno River sediments.
This fact affects the N and S cycles, because as proposed by previous studies organic
matter plays a key role in the processes responsible for gaseous loss of nitrogen and
sulphur light isotopes (Hobbie and Ouimette, 2009; Norman et al., 2002; Raven et al.,
2015).

4.4 Conclusions

This paper demonstrates that, although intimately associated and interlayered, alluvial
sediments having distinct provenance show different CNS isotope signature. This is
validated for alluvial sediments of the easternmost sector of Padanian Plain, where the
distinction between Alpine and Apennine contributions (conveyed Po and Reno Rivers,
respectively) was known on the basis of heavy metals concentration.

We found out that the different CNS isotope fingerprint of Po and Reno River sediments is
natural and not induced by anthropogenic contributions, but doesn’t necessarily reflect a
lithogenic signature, i.e., it is not solely related to different parent rock types in the Po and
Reno River catchments. In fact, we infer that bio-geochemical processes, characterized by
distinct ecological conditions in the Po and Reno River catchments, are recorded in the
CNS isotopic signatures. Po River sediments are generally few hundreds of years older and
pertain to a basin having a path of nearly seven hundred kilometers, much longer that of
Reno River. Consequently, soils developed on Po River sediments are comparatively more
mature and record more complete biogeochemical processes that were more intense and
affected nitrogen/sulphur compounds generating the distinctive isotope signatures.

The important evidence is that the CNS systematics preserve a “memory” of the
environment of formation of the conveyed particles, which differs in the distinct basins
that feed the alluvial plains. In the considered case-study, this “memory” is not overprinted
by the existing anthropogenic activities.

More in general, the reported data increase knowledge on the local elemental and isotopic
backgrounds. This is important because many pollutants contain significant CNS
concentrations and specific isotope compositions. Therefore, the presented data will serve
as baseline and provide new tools to recognize possible anthropogenic anomalies in the

studied area.
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5. The SOC depletion in the Ferrara province from 1937 to 2022
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5.1 Introduction

Global warming is accelerating soil organic matter (SOM) degradation and increasing the
release of greenhouse gases (GHGs; e.g., CO,, CH4, N>O) into the atmosphere (Crowther
et al., 2016; Pries et al., 2017). Unsustainable agricultural practices, agricultural land use
and land cover change (LULCC) exacerbate the process and account for 20% of the total
CO; emissions (Lal, 2001; Arneth et al., 2017; Friedlingstein et al., 2019). Among the
agricultural practices, the conventional tillage is considered one of the most unsustainable
activity for the environment. In fact, plough tillage accelerates organic matter
decomposition by breaking soil aggregates and the exposition of them to the air increasing
soil aeration, which in turn promotes microbial activity, SOM mineralization and the
consequent release of CO, (Wang et al., 2011; Kibet et al., 2016). Moreover, soil microbial
activity is accelerated as temperature increases with the warmest regions of the world
having the highest SOM decomposition rates (Wang et al., 2011). The Mediterranean area,
characterized by warm and dry climate, have SOM contents that are low (<2%) and very
low (<1%) (EIP-AGRI, 2015) and the soil organic carbon (SOC) is particularly vulnerable
to oxidation (Ferreira et al., 2022). Thus, conservation of SOM is a critical issue in the
Mediterranean to preserve soil fertility and limit GHG emissions. Over the last century
conventional agriculture and LULCC have reduced SOM and released CO; in Norther
Italy (Gardi and Sconosciuto, 2007; Fantappié at al., 2011; Brombin et al., 2020). The
Ferrara province, located in the easternmost part of the Po River plain in Northern Italy,
has soils with a large range of SOM content that include peatlands with very high SOM
(Martinelli et al., 2013). Most of the SOM content variability found in the soils of the
Ferrara province is the result of a wetland reclamation program of palustrine environment
that ended in the 1970s and increased the agricultural production area by ~78000 ha
(Simeoni and Corbau, 2009; Targetti et al., 2021). Reclamation projects started before the
World War II, with ~51000 ha of land dried (Simeoni and Corbau, 2009; Targetti et al.,
2021). In 1937 Ferrari et al. (1937) conducted a survey of the entire Ferrara province to
assess the physico-chemical properties of the soils; the survey included SOM content in the
0-30 cm top soil layer. Recent soil surveys in the Ferrara province (Argenta municipality,
Natali et al., 2018b; Bondeno and Mezzano lowland, Brombin et al., 2020; Mezzano
lowland, Natali et al., 2021; Ferrara and Vigarano municipalities, Salani et al., 2021)
reported a topsoils SOC range from ~0.4 wt% to ~24.4 wt% with a median of ~1.1 wt%,
with the highest values recorded in peats from reclaimed wetlands. The research described

in this paper offers a comparison of SOM content data collected by Ferrari et al. (1937)
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with new topsoil chemical data collected from the same sample locations in 2022. In
addition, the carbon isotopic signature (6"C) of the samples obtained in 2022 was
measured. Soil 8"°C has been used to determine the C turn over in soils and to better
understand the C sources and the magnitude of the transformation of SOM by
biogeochemical processes (Ehleringer et al., 2000; Wang et al., 2015; Mékela et al., 2022;
Vittori Antisari et al., 2016; Wang et al., 2018; Camino-Serrano et al., 2019; Bianchini et
al., 2022).

5.2 Results

The range and average of the measured TC, OC, IC, N, and 8"C values in soils sampled in
2022 for each district of the Ferrara province are summarized in Table 4. The complete
analytical dataset, including the C and N elemental and isotopic analyses of soil sampled in

2022, is reported in Supplementary Table B2 (see Appendix 5).

Table 4. Range and average (avg) of TC, OC, IC, N contents and 8"°C values for each district in 2022 and in
the Ferrara province. The complete database is reported in Supplementary Table B2 (see Appendix 5).

District TC ocC IC N 8°C
range ‘ avg | range avg | range avg | range I avg | range ‘ avg
wt% wt% wt% wt% %0
FM 1.52-6.72 2.74 | 0.71 - 5.81 1.31 [0.12-2.28 1.42 ]0.03-0.45 0.14 |-23.1--24 | -11.1
LV 1.72-24.64 |3.86 [0.79-2452 |2.82 |0.04-1.98 1.04 |0.05-1.49 0.24 | -26.6-—-42 |-159
RV 1.99 - 6.02 3.21 | 0.66-5.46 2.04 |0.17-1.85 1.17 1 0.04 -0.45 0.20 | —254--4.0 |-14.0
FL 120-4.46 [238 |0.42-435 131 |0.11-1.67 [1.07 |0.05-038 |0.14 |—24.8--53 |-11.7
Ferrara province | 1.20-24.64 |3.18 |042-2452 |2.01 [0.04-228 |1.18 [0.03-149 [0.19 |-26.6-—2.4 |-13.5

The TC varied between 1.20 wt% (FL) and 24.64 wt% (LV), with an average of 3.18 wt%.
The OC varied between 0.42 wt% (FL) and 24.52 wt% (LV), with an average of 2.01 wt%,
whereas the IC varied between 0.04 wt% (LV) and 2.28 wt% (FM), with an average of
1.18 wt%. From Table 4 and Figure 23 it is evident that the observed variation in TC
content is mainly due to the OC, since IC is a largely subordinate to the OC the topsoil of
this province. The present-day (year 2022) spatial distribution of OC in topsoils displayed
highest contents in the LV area, characterized by the presence of peatland soils derived
from wetlands reclaimed since 1872, whereas all the other areas show maximum OC

contents lower than 6 wt%.
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The contents of N varied between 0.03 wt% (FM) and 1.49 wt% (LV), with an average of
0.19 wt%. A strong OC vs N relationship (r* ~0.9, not shown) confirmed that most of the
measured N is concentrated in SOM.

The 6"3C varied from —26.6%o (LV) to —2.4%0 (FM), with an average of —13.5%o.
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Figure 23. Distribution for each district in 1937 (light color) and 2022 (dark color) of: the elemental contents

of a) TC, b) OC, ¢) IC, d) N, and, for 2022, the isotopic signature of e) 5'°C. Average (black cross) and
median (black line) values are also reported.
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5.3 Discussion

5.3.1 Comparison of TC, IC, OC, and N contents after 85 years

The comparison of top soil TC, IC, OC and N composition in the Ferrara province from
1937 and 2022 is reported in Figure 23. The box and whiskers plot shows that TC and OC
variably decreased from the 1937 to 2022 in all districts, whereas the IC approximatively
remains stable or slightly increased by 2022 from 1937 for the addition of carbonates to
correct the low pH of the soils. In the last 85 years the SOC decreased in average of 1.44
wt% in FM, 2.36 wt% in LV, 4.62 wt% in RV, and 0.68 wt% in FL; only a fraction of the
reclaimed lands in LV has maintained the high values of OC. The geographic distribution
of SOC in 1937 and 2022 are shown in Figure 24. In 1937 SOC distribution appears to be
directly related to the soil landform. In fact, the lowest SOC values (0.75 wt% in FM and
0.70 wt% in LV areas) were measured in soils with coarse textures corresponding to
ancient coastal and dunes in proximity to paleochannels and leeves of the Po River. On the
contrary the highest SOC values (21.14 wt% in LV and 15.96 wt% RV) were measured in
peaty deposits, typical of low energy depositional processes, that are currently managed as
rice paddy thanks to their hydromorphic features.

The comparison of SOC values of 1937 with those of present-day (year 2022) indicates a
variable significant depletion of the SOM during this period (Figure 24a and b). The
negative SOC balance is caused by the intensification of cropland employment since the
1940s using unsustainable agriculture practices (e.g., conventional tillage) which increased
SOM oxidation and the release of C in atmosphere. According to Kumar et al. (2018),
intensive agriculture globally impacted on the soil carbon cycle, favoring a large emission
of CO; (Reicosky et al., 2005). Such leaks were also responsible for soil compaction as
evidenced by local subsidence in the region (Gambolati et al., 2005, 2006; Corbau et al.,
2019).

69



Figure 24. SOC distribution in a) 1937 and b) 2022. Sampled locations and wetland surfaces in 1937 and
study districts boundary are also reported.

Figure 25a shows the linear correlation between the SOM concentration measured in 1937
and the SOC depletion (calculated by the difference of OC concentrations between 1937
and 2022; expressed as AOC gs years). The maximum SOC depletions (AOC g5 years > 10 Wt%)
occurred in LV and RV soils, which recorded the highest SOM values in 1937, where land
use changed from wetland to cropland, resulting in an increase of the oxidation of peaty
soils. This trend is confirmed by the N depletion (AN g5 years) shown in Figure 25b, as
consequence of the decrease of SOM.

The few exceptions to this trend characterized by higher OC and N values in 2022 (Figure
25), can be attributed to seasonal fertilization occurred in these locations, in which farmers

reintegrated organic material (e.g., slurry and manure) in the topsoils (Natali et al., 2018b).
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Figure 25. SOM concentrations of 1937 related to changes in OC (A OC) and N (AN) content after 85 years.
Differences (A) of concentration of a) OC and b) N after 85 years. Arrows has have been placed to indicate
the samples affected by SOM degradation (solid line) and SOM increase through fertilization.
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To better understand how the C losses are influenced by the soil type, a map elaboration
was carried out using the shapefile of the soil delineations provided by the Emilia-
Romagna soil survey service (1:50,000 Soil map) and reported in Appendix 5. In the first
map (Supplementary Figure Bla) each delineation is classified on the basis of the soil
texture type (i.e., clay, silty clay, silty clay loam, clay loam, loam, silt loam, sandy loam,
loamy sand, and sand); the second map (Supplementary Figure B1b) describe for each
delineation the average of AOCss years. The soil delineations that lost more than 5 wt% of
OC in 85 years are in an area with a mix of fine granulometries (Silt Clay Loam) and
salinized water, which are soil conditions that favor the SOM degradation. In fact,
observing the Supplementary Table B3 and the Supplementary Figure B2 (a and b):
“JOLANDA Silt Clay Loam, with mixed Organic Matter and mineral fraction / CANALE
DEL SOLE Silt Clay Loam Complex (JOL2/CDS2)” and “JOLANDA Silty Clay
Consociation (JOL1)” lost on average 6.84 and 5.47 wt% of OC in 85 years. On the
contrary, “CANALE LEONE Silt Clay Loam Consociation (CLN1)” on average increase
of 2.39 wt%, probably for the semi-humid (paddy rice) and high acidic conditions (pH 5)
that preserve the SOM.

5.3.2 SOC stocks and GHGs loss

The calculated present-day (year 2022) and in 1937 SOC stock for each district, as well as
the difference between the two years (A SOCstock ss years) are reported in Table 5.

Table 5. Average SOC stocks calculated for each district in 2022 and 1937, and the differences of SOC
stocks between the two years (A SOCstock gs years). The CO, eq emitted in 85 years was also reported (A CO,

€q s years) .

District SOCstockyyy, | SOCstockigz; | A SOCstock gsyears | A CO3 €q g5 years
(Mgha™) (Mgha™) (Mgha™) (Mgha™)

FM 54 117 —63 231

LV 95 198 -103 376

RV 77 247 -169 621

FL 61 122 -61 224

Ferrara province |70 158 —88 324

SOC stocks were especially reduced in RV (=169 Mg OC ha™') and in LV (-103 Mg OC
ha™") and in smaller proportions in FM (—63 Mg OC ha™') and in FL (=61 Mg OC ha™),

with an average for the entire area of —88 Mg OC ha™'. This corresponds to CO, emitted in
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85 years ranging from 224 to 621 Mg ha™' (Table 5); the spatial distribution of the released
CO; is also described in the map presented in Figure 26. Topsoils that suffered the highest
OC loss with time are located in the reclaimed wetland of RV and LV areas. As observed
in Figures 24 and 25, the topsoils that suffered the highest OC loss with time, and in turn
released most of the CO,, are located in the reclaimed wetland of RV and LV areas. In
these districts the effects of land use change by wetland reclamation, and intensive
agriculture, increased SOM decomposition and oxidation. However, in some northern
localities of LV district, where high OC contents still persists at present-days (according to
map of Figure 24b), the CO, emissions after 85 years were comparatively low, probably
because they have been seasonally flooded for the rice cultivation. In fact, anaerobic
conditions induced by water saturation, slow down organic matter decomposition, and
promote the SOC accumulation (Wu, 2011; Liu et al., 2021). A modest ACO; eq ss years (<
200 Mg ha™') occurred in northern lands of LV (in presence of rice cultivations), and
similarly, in FM and FL districts as these areas have been poor in SOM since 1937, and
released less GHGs in 85 years than the districts with peatlands (Figure 26). In fact, a
sizeable loss of CO; eq (up to > 1200 Mg ha™) occurred especially on soils within the
reclaimed lands of RV and LV and at the border between FM and RV. Here the
mineralization of high amount of SOM was due to farming, encouraged by the high

fertility of these soils.
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Figure 26. Estimated equivalent CO, (A CO, eq) released in the atmosphere from 1937. Each pixel has
dimension of 100 x 100m.

5.3.3 8'"°C spatial distribution in Ferrara province

Using the isotopic data from 2022, we reconstructed the C isotopic ratio for the soils in the
Ferrara province (Figure 27). The C isotopic ratio can be used to discern soil carbon
fractions, with the IC fraction characterized by values around 0%o, and the OC by more
negative isotopic ratios varying according to the photosynthetic pathways of the vegetation
form which the OM was derived, from those of C4 (—9%o to —20%o) to those of C; (20 to
—37%0) (O’Leary, 1988; Kohn, 2010). Literature data on soil OC isotopic ratio in the
Ferrara province that ranges from —21 to —29 %o (Brombin et al., 2020; Natali et al.,
2018b, 2021; Salani et al., 2021) indicating a preponderance of C; plant derived OM.
Moreover, a thorough investigation on the SOM dynamics in these soils by Natali et al.
(2018b) revealed that the original OC isotopic ratio can be affected the decomposition
process and could produce a shift toward less negative isotopic 8°C values. SOM
decomposition would be minimized either by the amount of clay fraction (Smith and
Chalk, 2021) or by the soil water saturation acting as protection from oxidation and
bacterial activity. In fact, according to Figure 27, the most negative values of 8'°C were
measured in the easternmost part of the province, in the RL and LV districts, which lay
below the sea level and is used for rice paddy production nowadays. These soils derived

from the land reclamation of marshes and swamps, had the highest OC measured (Figure
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24b). These soils lay below the sea level and were deposited in marshes and swamps

environments before the land reclamation and used as paddy soils up nowadays.
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Figure 27. Distribution of the "C isotopic signature of the topsoils in the Ferrara province in 2022
represented as a) isoscape and b) compared with the altitude.

The distribution of OC content vs 5"°C are plotted in Figure 28. In the figure two sample
groups are evident: one is characterized by the lowest OC contents associated to isotopic
ratios near to 0%o, representative of the samples collected from the FM and FL districts.
The other is characterized by the highest OC concentrations (> 20 wt%) and the most
negative 8°C values (~26.6%o), representative of the samples collected from the LV
district. Samples from the LV region included reclaimed marshes and swamps, with many
samples having more than 5wt% OC and 8'"°C values less than —25.5 %o. Natali et al.
(2018b and 2021; Figure 28). On the contrary, the least negative C isotopic values (close to
0%o) indicate soils with low OC content, where IC fraction is the most abundant C fraction,
which is instead typical of high-energy alluvial (e.g., paleo-channel) and coastal (e.g., sand

dunes) depositional environments (Salani et al., 2021).
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Figure 28. Scatterplot of the complete soil dataset between OC and &'*C. Red dashed field clustered
peatlands of the Ferrara province (Natali et al., 2018b; 2021).

The relationships between the soil carbon isotopic composition and the depositional
processes identified by Salani et al. (2021) are reinforced by Figure 27b, in which
sampling points with less negative 8'"°C values are related to relatively high-altitude areas
typical of paleo-channel, whereas samples with more negative 8'°C values are located in
the lowest altitude areas in the proximity of interfluvial basins. In summary, use of soil
8'°C is an opportunity to evaluate net and gross C changes in carbon stocks over a long
time scales. In particular, shifts in 3'"°C signatures can be an useful tool to understand the

residence time of C in soils (Smith and Chalk, 2021).
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5.4 Conclusions

This work analyzes the degradation of soil organic matter (SOM) during a very long period
and after a massive land-use land-cover-change from wetlands to croplands. In particular,
it estimates the loss of SOM and the associated release of CO; in the Ferrara province
during the last century due to the effects of LULCC and the conventional agriculture, by
comparing past (1937) and modern (2022) soil OC to measurements. Only the peaty soil in
northern zones of the Ferrara province are still characterized by high OC contents, but they
also are high emitters of CO, due to production that have prevailed over 85 years. This
work demonstrated that OC content inventories are useful to estimate the SOC stock loss
after several years and to calculate the amount of CO, eq released in the atmosphere.
Moreover, the isotopic present-day 8'"°C signature can be used to verify if LULCC has
caused a shift in isotopic signature of SOC stocks (Figure 29). Research like this is useful
to demonstrate to farmers the negative effects of unsustainable agricultural practices with
which future generations will have to deal. Therefore, the adoption of best-practices such
as no- or minimum-tillage, reduction of the tillage in organic farming, burying crop
residues deeper, restoring degraded soils and increasing biodiversity, should be promoted
to farmers, as these practices are still not widespread adopted in Italy. This is particularly
urgent in nowadays, considering the prediction of 7.4% decline in the SOC stock on
agricultural soils by 2100 due to the climate change (Mondini et al., 2012). Agricultural
sustainable practices would the increase of soil fertility, restore degraded soils and
increasing biodiversity, and will play a significant role in the mitigation of climate change,

reducing the greenhouse gas emission.
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Figure 29. Unsustainable tillage practices over a long period can cause unconstrained GHG emissions and

SOC stock shifts which can be verified observing 8"°C signatures variations.
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Supplementary Figure B1. Soil delineations (1:50,000) of the Ferrara Province (Emilia-Romagna soil
survey service): a) Texture; b) Averaged AOC (wt%) after 85 years calculated using statistical geoprocessing

on raster files of 1937 and 2022 OC distribution (for each investigated soil, local A OC are also reported).
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Tables:

Supplementary Table B1. The complete dataset of the soil samples investigated in 1937 by Ferrari et al.
The districts reported are: i) central municipalities of the Ferrara province (FM), ii) leftward Po di Volano
reclamation (LV), iii) rightward Po di Volano reclamation (RV), and iv) littoral of the Ferrara province (FL).

Sample District Latitude Longitude N (wt%) TC (wt%) OC (wt%) IC (wt%)

158 FM 44889125 11.498803 0.18 343 2.35 1.08
157 FM 44886261 11.497686 0.20 3.22 2.26 0.96
180 a FM 44824150 11.580890 0.15 3.87 1.86 2.02
215 FM  44.809752 11.654369 0.20 3.04 2.20 0.84
185 FM  44.807420 11.598400 0.15 3.78 2.04 1.74
238 a FM 44798139 11.855923 0.17 3.97 2.03 1.94
236a FM  44.807510 11.815753 0.18 3.42 2.33 1.09
233 a FM  44.822186 11.801964 0.20 3.36 2.33 1.03
241 FM  44.819049 11.741971 0.15 3.29 2.09 1.20
203 FM  44.885429 11.757781 0.18 3.44 2.18 1.26
187 FM  44.868268 11.698416 0.17 3.38 2.24 1.14
197 a FM 44750012 11.668228 0.20 3.96 1.97 1.99
168 FM  44.880632 11.627875 0.15 3.15 2.13 1.02
191 FM 44885613 11.567477 0.16 3.72 222 1.50
167 a FM 44926666 11.490126 0.22 3.44 2.33 1.10
209 FM 44836480 11.593620 0.11 3.79 1.75 2.04
223 FM 44759310 11.557540 0.16 3.52 2.08 1.44
245 a FM 44751795 11.723265 0.21 3.15 2.20 0.95
334 FM 44749850 11.770686 0.34 4.66 4.42 0.24
248 FM 44751210 11.785584 0.39 5.45 5.03 0.42
289 FM 44724757 11.740191 0.40 4.83 4.67 0.16
312 FM 44708938 11.801655 0.30 4.44 3.90 0.54
347 FM 44710978 11.863649 0.68 5.84 5.80 0.04
332 FM 44678744 11.768149 0.15 2.54 1.94 0.60
386 FM  44.650605 11.852853 0.32 4.71 4.44 0.26
391 FM  44.656401 11.885351 0.48 6.24 5.94 0.30
502 FM 44708054 11.737525 0.24 2.68 2.26 0.42
508 FM 44714816 11.717215 0.23 2.81 2.51 0.30
570 FM  44.677751 11.701990 0.19 2.17 2.11 0.06
524 FM  44.656496 11.658208 0.27 4.63 2.59 2.04
405a FM  44.683956 11.624367 0.20 4.14 2.39 1.75
425 FM  44.608345 11.925477 0.30 3.63 231 1.32
605 FM  44.615300 11.969137 0.22 4.23 2.01 2.22
652 FM 44559522 12.054107 0.15 3.72 1.71 2.02
622 FM 44572060 12.104472 0.16 3.97 1.86 2.11
639 FM  44.600067 12.049003 0.24 5.19 3.50 1.69
586 FM  44.644199 11.924477 0.39 6.91 5.59 1.31
458 FM  44.617752 11.810665 0.22 3.84 2.16 1.68
564 FM  44.602977 11.880437 0.21 4.35 2.19 2.16
445 FM  44.628828 11.843292 0.29 3.84 2.40 1.44
182 FM 44913801 11.719727 0.24 5.19 2.49 2.70
1011 LV 44909010 11.750479 0.11 3.28 1.21 2.07
990 a LV 44952901 11.754979 0.17 3.39 1.97 1.42
1012 LV 44955863 11.756856 0.23 3.36 2.13 1.23
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Sample District Latitude Longitude N (wt%) TC (wt%) OC (wt%) IC (wt%)
1013 LV 44935234 11.756671 0.14 3.35 1.94 1.41
1015 LV 44940094 11.765371 0.13 3.34 1.66 1.68
1010 LV 44956149 11.766471 0.07 2.96 1.10 1.86
1006 LV 44950383 11.790166 0.15 3.41 1.73 1.68
999 LV 44962704 11.804413 0.12 2.76 1.38 1.38
997 LV 44964251 11.817555 0.11 2.82 1.14 1.68
996 LV 44966157 11.830376 0.16 2.84 2.00 0.84
992 LV 44959594 11.845096 0.12 2.19 1.59 0.60
994 LV~ 44955863 11.849034 0.22 3.47 2.03 1.44
656 LV 44963626 11.866070 0.17 3.58 2.02 1.56
657 LV 44948752 11.878066 0.06 1.96 0.70 1.26
661 LV 44958293 11.886557 0.17 3.55 2.05 1.50
664 LV 44964185 11.904519 0.17 3.27 1.89 1.38
656 a LV 44965709 11.927102 0.16 3.26 1.97 1.28
658 a LV 44956331 11.989441 0.25 3.55 2.85 0.70
668 LV 44959590 12.015996 0.31 4.03 2.41 1.62
670 LV 44950136 12.049881 0.15 3.65 1.73 1.92
682 LV 44963720 12.083993 0.13 2.30 1.46 0.84
928 LV 44825024 11.876928 0.15 2.74 1.60 1.14
920 a LV 44789672 11.900814 0.18 3.26 2.24 1.02
869 LV 44920106 11.794804 0.34 4.50 3.90 0.60
835 LV 44893408 11.848129 0.25 4.04 3.29 0.74
830 LV 44922566 11.890490 0.29 3.99 3.09 0.90
852 LV 44926989 11.959315 0.71 8.46 8.22 0.24
849 LV 44942559 11.989174 0.51 7.97 7.37 0.60
945a LV 44926154 12.017818 0.38 5.74 5.63 0.12
892 LV~ 44.854939 11.771370 0.17 3.94 2.26 1.68
914 LV 44862692 11.877883 0.31 4.44 4.38 0.06

957 att. LV~ 44853481 11.935913 0.79 11.00 10.97 0.03

962 att. LV 44842861 11.950548 0.86 12.01 12.01 0.00
969 LV~ 44895680 11.951527 0.17 2.79 222 0.57
949 LV 44854644 11.998364 1.06 16.84 16.81 0.03
790 LV 44914953 12.147985 1.15 15.39 15.39 0.00
694 LV 44918489 12.105491 0.77 8.19 7.89 0.30
696 LV 44922047 12.089885 0.23 3.10 2.68 0.42

944 att. LV 44931930 12.048026 0.39 5.39 5.27 0.12
986 LV 44930597 12.040108 1.10 12.64 12.64 0.00
699 a LV 44874768 12.146296 0.40 7.72 7.71 0.00
776 LV 44885761 12.125902 1.29 21.14 21.14 0.01
815 LV 44887086 12.076348 0.72 8.38 8.38 0.00
692 a LV 44886649 12.036640 0.60 8.28 8.24 0.05

965 att. LV  44.892269 12.019184 0.76 10.02 9.99 0.03
696 a LV 44843461 12.045211 0.62 9.74 9.74 0.00
816 LV  44.853376 12.078876 1.08 15.10 15.10 0.00
732 LV 44857767 12.108506 0.66 6.19 6.07 0.12
757 LV 44.853980 12.121955 0.39 4.36 3.16 1.20
739 LV 44841676 12.157641 0.12 1.64 0.86 0.78
728 LV 44814015 12.099344 0.21 4.08 2.82 1.26
726 LV 44810490 12.106870 0.81 6.51 6.18 0.32
723 LV 44816580 12.150140 1.68 16.04 15.99 0.05



Sample District Latitude Longitude N (wt%) TC (wt%) OC (wt%) IC (wt%)
725 LV 44820880 12.172965 0.31 3.60 2.52 1.08
733 LV 44.824098 12.181888 0.23 3.71 2.33 1.38
1216 RV 44760181 11.832940 0.33 4.96 4.00 0.96
1183 RV 44738442 11.872246 1.04 12.00 11.04 0.96
1234 RV 44749169 11.901934 0.40 5.18 4.58 0.60

1130 a RV 44792586 11.944757 0.26 4.54 3.36 1.18
1149 RV 44814220 11.991167 0.36 3.84 2.88 0.96
1137 RV 44769392 11.966501 0.21 4.15 2.38 1.77
1140 RV 44770426 11.997239 0.30 4.92 3.75 1.17
1091 RV 44790004 12.027398 0.14 3.17 2.08 1.09
1075 RV 44803146 12.060869 0.56 11.36 10.64 0.72
1044 RV 44830924 12.071213 0.34 7.47 6.24 1.23
1277 RV 44749861 12.049242 0.45 6.37 5.65 0.72
1119 RV 44764202 12.080905 1.02 11.20 11.19 0.00
1115 RV 44785149 12.093580 0.99 15.96 15.96 0.00
1041 RV 44745881 12.114071 0.63 13.01 10.70 2.31
1035 RV 44756279 12.144506 0.32 6.36 4.88 1.47

1023 a RV 44765108 12.174620 0.50 8.69 8.58 0.11
1163 RV 44726499 12.095818 0.46 9.81 7.60 2.21
1026 RV 44735004 12.169465 0.25 6.00 4.34 1.66
1389 FL 44930938 12.114850 0.49 6.45 6.39 0.05
1391 FL 44933274 12.117352 0.25 4.75 345 1.31
1489 FL  44.923399 12.140089 0.14 3.29 2.18 1.11
1488 FL  44.925728 12.145545 0.21 3.88 3.25 0.63
1497 FL 44925816 12.168057 0.17 3.57 242 1.15
1427 FL 44930087 12.239994 0.16 3.81 2.59 1.23
1424 FL  44.928440 12.251839 0.08 2.35 1.51 0.83
1396 FL 44927807 12.266598 0.08 1.80 1.32 0.48
1437 FL 44915298 12.241501 0.08 1.83 1.16 0.67
1413 FL 44910016 12.260015 0.08 2.58 1.80 0.78
1407 FL 44910149 12.276879 0.18 3.59 2.58 1.01
1463 FL 44903524 12.246444 0.17 3.07 2.09 0.98
1443 FL  44.892475 12.249402 0.03 2.08 1.48 0.60
1446 FL 44889116 12.260430 0.08 1.92 1.37 0.55
1479 FL  44.885729 12219166 0.03 1.91 1.16 0.75
1455 FL  44.885478 12.232096 0.09 2.63 1.71 0.93
1451 FL  44.879393 12.242479 0.08 2.97 1.95 1.02
1475 FL  44.870443 12.236581 0.10 2.72 2.16 0.56
1474 FL  44.866690 12.240187 0.09 2.56 1.66 0.90
1453 FL  44.869002 12.251907 0.09 2.07 1.47 0.60
1296 FL  44.728023 12.137467 0.09 1.76 1.65 0.11
1374 FL 44725712 12.216481 0.03 1.40 0.85 0.54
1362 FL 44704669 12.237037 0.02 1.64 0.75 0.89
1387 FL  44.659236 12.229865 0.05 1.84 0.88 0.96
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Supplementary Table B2. The complete analytical dataset, including the C and N elemental and isotopic
analyses of soil sampled in 2022. The districts reported are: i) central municipalities of the Ferrara province
(FM), ii) leftward Po di Volano reclamation (LV), iii) rightward Po di Volano reclamation (RV), and iv)
littoral of the Ferrara province (FL).

Sample Disticts Latitude Longitude TC (wt%) OC (wt%) IC (wt%) N (Wt%) 8'3C (%o)

VP5 FM 44889125 11.498803 2.77 1.41 1.36 0.16 -11.8
VP6 FM 44886261 11.497686 2.73 1.29 1.44 0.16 -10.3
F10 FM  44.824150 11.580890 2.73 1.62 1.29 0.16 9.7
F13 FM 44809752 11.654369 2.13 0.89 1.24 0.12 -10.3

Fo6 FM 44807420 11.598400 291 0.71 1.28 0.20 -13.6
FE10 FM 44798139 11.855923 222 0.92 1.81 0.07 -8.6
FE11 FM 44807510 11.815753 2.31 1.14 1.32 0.10 -8.9
FEI12 FM 44822186 11.801964 2.18 0.81 1.68 0.10 8.1
FEI13 FM 44819049 11.741971 222 1.14 1.51 0.08 -8.0
FE15 FM  44.885429 11.757781 2.46 0.91 1.15 0.14 -10.6
FE17 FM 44868268 11.698416 2.49 1.01 1.36 0.11 7.2
FE2 FM 44750012 11.668228 1.98 1.23 1.50 0.10 -83
FE22 FM 44880632 11.627875 2.66 1.36 0.95 0.15 -10.7
FE25 FM 44885613 11.567477 2.06 0.74 1.47 0.11 -10.8
FE29 FM 44926666 11.490126 2.37 0.86 1.46 0.13 -9.9
FE4 FM 44836480 11.593620 2.72 0.85 1.33 0.11 -1.7
FE7 FM 44759310 11.557540 231 0.76 1.46 0.19 -13.4
BA1 FM 44751795 11.723265 2.13 1.50 0.63 0.11 -15.0
BA2 FM  44.749850 11.770686 2.61 0.89 1.72 0.11 -83
BA3 FM 44751210 11.785584 2.82 0.98 1.84 0.03 2.4
BA7 FM  44.724757 11.740191 2.48 1.18 1.30 0.15 -12.4
BA8 FM 44708938 11.801655 1.80 0.76 1.04 0.10 -9.7
BA9 FM 44710978 11.863649 2.60 0.99 1.61 0.06 -3.7
BA10 FM  44.678744 11.768149 2.16 0.97 1.18 0.11 -11.0
BAI11 FM  44.650605 11.852853 2.45 0.86 1.59 0.09 -8.8
BA12 FM  44.656401 11.885351 3.58 2.13 1.45 0.17 -13.9
AR16 FM 44708054 11.737525 1.52 1.41 0.12 0.16 -21.9
AR17 FM 44714816 11.717215 1.56 1.10 0.46 0.15 -17.5
AR19 FM  44.677751 11.701990 2.35 1.34 1.00 0.16 -15.2
AR23 FM  44.656496 11.658208 3.55 1.49 2.06 0.16 -10.8
AR26 FM  44.683956 11.624367 2.95 1.14 1.81 0.15 9.7
AR30 FM  44.608345 11.925477 3.57 1.38 2.19 0.14 -10.1
AR32 FM  44.615300 11.969137 3.18 1.07 2.11 0.11 -8.6
AR34 FM 44559522 12.054107 3.29 1.29 2.00 0.15 -10.4
AR36 FM 44572060 12.104472 3.23 0.95 2.28 0.10 6.5
AR38 FM  44.600067 12.049003 6.72 5.81 0.91 0.45 -23.1
AR41 FM  44.644199 11.924477 3.41 2.66 0.75 0.28 -19.2
AR42 FM  44.617752 11.810665 2.67 1.08 1.59 0.13 -10.2
AR6 FM  44.602977 11.880437 4.68 243 2.25 0.22 -13.7
ARBA FM  44.628828 11.843292 3.09 1.69 1.41 0.19 —-14.1
LG1A FM 44913801 11.719727 2.55 1.03 1.51 0.12 -10.2
LG3A LV 44909010 11.750479 2.93 1.35 1.59 0.15 -13.1
LG2A LV 44952901 11.754979 2.86 1.08 1.77 0.13 -9.8
LG4A LV 44955863 11.756856 2.89 1.18 1.71 0.14 -9.6
LG6A LV 44935234 11.756671 2.04 0.88 1.16 0.11 -10.7
LG5A LV 44940094 11.765371 2.78 1.14 1.64 0.13 -20.2
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Sample Disticts

Latitude

Longitude TC (Wt%) OC (wt%) IC (wt%)

N (Wt%) 8'3C (%o)

LG7A
LG8A
LGYA
LGI0A
LGI11A
LGI12A
LGI3A
LGIB
LG2B
LG3B
LG4B
LG5B
LG6B
LG7B
LG8B
LGY9B
MC1
MC2
Cl1
Cl2
Cl3
Cl4
CJ5
CJ6
Cl7
CI8
CJI9
CJ10
Cl11
CJ12
SGIA
SG2A
SG3A
SG4A
SGSA
SG6A
SG7A
SGSA
SG9A
SG10A
EMI1A
EM2A
EM3A
EM4A
EMSA
EM6A
EM7A
EMSA
EMOYA
EM10A

Lv
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
Lv
Lv
Lv
Lv
Lv
Lv
Lv
Lv
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV
LV

44.956149
44.950383
44.962704
44.964251
44.966157
44.959594
44.955863
44.963626
44.948752
44.958293
44.964185
44.965709
44.956331
44.959590
44.950136
44.963720
44.825024
44.789672
44.920106
44.893408
44.922566
44.926989
44.942559
44.926154
44.854939
44.862692
44.853481
44.842861
44.895680
44.854644
44.914953
44.918489
44.922047
44.931930
44.930597
44.874768
44885761
44.887086
44.886649
44.892269
44.843461
44.853376
44857767
44.853980
44.841676
44.814015
44.810490
44.816580
44.820880
44.824098

11.766471
11.790166
11.804413
11.817555
11.830376
11.845096
11.849034
11.866070
11.878066
11.886557
11.904519
11.927102
11.989441
12.015996
12.049881
12.083993
11.876928
11.900814
11.794804
11.848129
11.890490
11.959315
11.989174
12.017818
11.771370
11.877883
11.935913
11.950548
11.951527
11.998364
12.147985
12.105491
12.089885
12.048026
12.040108
12.146296
12.125902
12.076348
12.036640
12.019184
12.045211
12.078876
12.108506
12.121955
12.157641
12.099344
12.106870
12.150140
12.172965
12.181888

2.56
291
2.26
2.61
2.68
2.96
2.80
3.39
2.81
2.83
2.51
3.10
3.21
3.46
3.38
3.29
242
2.25
2.73
2.53
2.63
2.75
5.39
9.49
2.83
3.00
3.85
2.78
1.72
3.75
332
5.96
3.08
6.55
24.64
4.61
2.97
4.78
8.68
5.17
3.34
5.88
2.64
4.77
2.29
4.26
2.72
2.58
2.81
2.65

0.79
1.52
1.06
1.09
1.06
1.48
1.52
2.38
0.92
1.60
1.07
1.36
1.73
1.88
2.05
1.30
1.21
0.92
0.89
0.85
1.21
2.54
5.32
9.35
1.19
243
3.79
1.15
1.51
3.57
2.75
5.72
1.63
6.41
24.52
4.41
2.57
4.74
8.57
5.10
2.58
5.80
1.31
4.55
1.27
3.85
1.05
1.78
1.20
0.98

1.77
1.38
1.20
1.52
1.61
1.48
1.29
1.01
1.89
1.23
1.45
1.74
1.48
1.58
1.34
1.98
1.21
1.33
1.83
1.68
1.42
0.20
0.07
0.15
1.64
0.58
0.06
1.63
0.21
0.18
0.58
0.24
1.45
0.14
0.12
0.20
0.40
0.04
0.11
0.07
0.76
0.08
1.33
0.22
1.02
0.42
1.67
0.80
1.60
1.67

0.09
0.16
0.11
0.13
0.13
0.17
0.19
0.26
0.11
0.19
0.12
0.16
0.19
0.21
0.22
0.16
0.16
0.13
0.09
0.10
0.14
0.23
0.44
0.62
0.13
0.24
0.33
0.09
0.05
0.16
0.24
0.49
0.16
0.51
1.49
0.33
0.24
0.38
0.69
0.30
0.26
0.47
0.14
0.41
0.12
0.36
0.12
0.18
0.15
0.11

=1.7
-12.4
-9.0
9.2
-10.5
-11.4
-12.7
-16.9
-7.3
-15.6
9.4
-11.3
-22.1
-13.7
—-16.6
-10.6
—-11.1
—-10.2
-7.8
-8.1
-11.9
-229
-254
-26.0
9.8
-20.1
-25.7
7.4
—4.2
—243
-21.0
-25.1
-12.8
-259
-26.5
—24.3
-214
-26.2
-26.6
-26.1
-19.8
-26.4
-11.2
—24.4
-13.8
-233
-9.1
-16.0
-10.2
-8.6
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Sample Disticts

Latitude

Longitude TC (Wt%) OC (wt%) IC (wt%)

N (Wt%) 8'3C (%o)

BA4
BAS
BA6
MC3
MC4
MC5
MCo
MC7
MC8
MC9
MC10
MC11
MC12
GNI1AS
GNIBS
GNICS
GN2AS
GN2CS
LG10B
LGI11B
LGI2B
LGI3B
LG14B
LG1C
LG2C
LG3C
LG4C
LGs5C
LG6C
LG7C
LG8C
LG9C
LG10C
LGI11C
LGI12C
LGI13C
LG14C
LGI15C
GN2BS
GN2DS
GN2ES
GN3DS

RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
RV
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL

44.760181
44.738442
44.749169
44.792586
44.814220
44.769392
44.770426
44.790004
44.803146
44.830924
44.749861
44.764202
44.785149
44.745881
44.756279
44.765108
44.726499
44.735004
44.930938
44.933274
44.923399
44.925728
44.925816
44.930087
44.928440
44.927807
44.915298
44.910016
44.910149
44.903524
44.892475
44889116
44.885729
44.885478
44.879393
44.870443
44.866690
44.869002
44.728023
44.725712
44.704669
44.659236

11.832940
11.872246
11.901934
11.944757
11.991167
11.966501
11.997239
12.027398
12.060869
12.071213
12.049242
12.080905
12.093580
12.114071
12.144506
12.174620
12.095818
12.169465
12.114850
12.117352
12.140089
12.145545
12.168057
12.239994
12.251839
12.266598
12.241501
12.260015
12.276879
12.246444
12.249402
12.260430
12.219166
12.232096
12.242479
12.236581
12.240187
12.251907
12.137467
12.216481
12.237037
12.229865

243
2.19
2.53
2.48
2.69
1.99
3.05
2.51
2.89
4.96
4.02
5.11
3.20
6.02
3.15
291
2.06
3.66
2.80
4.46
2.61
4.31
3.70
2.55
232
1.96
2.99
1.83
2.82
2.96
1.20
1.56
1.58
2.58
1.38
2.15
1.58
1.79
1.84
1.87
2.50
1.75

1.15
0.66
0.89
1.13
1.01
0.92
1.94
0.66
1.38
4.42
2.74
4.93
2.35
5.46
2.02
1.05
1.86
2.16
2.68
4.35
1.47
3.42
2.27
1.10
0.87
0.96
1.52
1.02
1.15
1.35
0.46
0.63
0.89
0.98
0.42
0.72
0.69
0.71
1.08
0.94
1.11
0.62

1.28
1.53
1.65
1.36
1.68
1.06
1.11
1.85
1.51
0.54
1.28
0.17
0.85
0.56
1.14
1.85
0.20
1.50
0.11
0.12
1.14
0.90
1.43
1.45
1.45
1.01
1.47
0.81
1.67
1.62
0.74
0.93
0.68
1.60
0.95
1.42
0.89
1.08
0.77
0.94
1.39
1.12

0.14
0.04
0.11
0.15
0.12
0.13
0.22
0.09
0.16
0.42
0.28
0.45
0.22
0.41
0.19
0.10
0.16
0.20
0.27
0.38
0.18
0.33
0.23
0.13
0.11
0.10
0.18
0.12
0.14
0.16
0.06
0.07
0.11
0.10
0.05
0.08
0.09
0.08
0.13
0.09
0.08
0.06

-11.5
—4.0
-8.6

-10.3

-10.1

-10.4

-16.8
5.4

-11.7

-22.1

-17.0

-254

—-18.6

-234

-14.9
-7.1

-21.1

—-13.1

—24.2

—24.8

-15.0

-20.4

—-14.7
-9.9
9.8

-10.3

-11.9

-12.7
9.6

-10.6
8.2
6.5

-13.1
7.6
-53
-7.3
-9.7
-85

-11.9

-10.8

-11.0
-7.1




Supplementary Table B3. Soil delineations (1:50,000) of the investigated locations in the Ferrara Province
(Emilia-Romagna soil survey service) and the averaged AOC (wt%) after 85 years.

Soil .. Average A OC 8S5years
) . Description o
Delineation (wt%)

BAU1 BAURA Silt Clay Loam Consociation -1.70

BAU4 BAURA Silt Loam Consociation -1.04
BOCCALEONE Silt Loam Silt - BAURA Clay Loam

BOC1-BAU1 o -1.75
Association
BOCCALEONE Silt Loam Silt - Garusola Sandy Loam

BOC1-GAR1 - Y ~0.42
Association

BTR1 BORGO TREBBI Silt Clay Consociation -1.72

BTR1-TER1 BORGO TREBBI Silt Clay - TERZANA Clay Association -3.49
BURANO fine Sandy Loam / MOTTALUNGA fine Sand:

BURI/MOT1 Y Y 231
Loam Complex

CDSO0 CANALE DEL SOLE Consociation -0.94
CANALE DEL SOLE Silt Clay Loam / CERBA fine Sandy

CDS2/CER2 -2.18
Loam Complex

CER1 CERBA fine Sand Consociation -0.70
CERBA fine Sand / SAN VITALE fine Sand "decapitati"

CER1/SAV3 0.36
Complex

CER2/BTT1 CERBA fine Sand Loam / BOSCHETTO Loam Complex —4.80

CER2/CER1 CERBA fine Sand Loam / CERBA fine Sand Complex -2.54

CLN1 CANALE LEONE Silt Clay Loam Consociation 2.39

FOR1 FORCELLO Silty Clay Consociation —4.10

FOR1-LCO1 FORCELLO - LE CONTANE Silty Clay Association -2.99

GLS2 GALISANO Silty Clay Consociation —1.08
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Soil

Average A OC 85years

Description
Delineation P (wt%)

JOL1 JOLANDA Silty Clay Consociation -5.47
JOLANDA Silt Clay Loam, with mixed Organic Matter and

JOL2/CDS2 mineral fraction / CANALE DEL SOLE Silt Clay Loam —6.84
Complex

LBA1-RSD1 LA BOARIA / RISAIA DEL DUCA Silt Clay Association -0.24

LCO1 LE CONTANE Silty Clay Consociation —4.30
LE CONTANE Silty Clay - CANALE DEL SOLE Silt Clay

LCO1-CDS2 e 293
Loam Association

LFI1 LA FIORANA Silt Loam Consociation -2.08
LA FIORANA Silt Loam - FORCELLO Silty Cla;

LFI1-FOR1 . e -3.04
Association

RSD1 RISAIA DEL DUCA Silty Clay Consociation -1.33
RISAIA DEL DUCA Silty Clay - BERGAMASCA Cla;

RSD1-BEG1 o ye Y “1.32
Association

RUI1 Ruina Silty Clay Loam Consociation —0.84
Ruina Silty Clay Loam Consociation, with peaty substrate

RUI2 -0.83
(above the sea level)

SDZ1 STRADAZZA Loam Consociation —0.58
STRADAZZA Loam / CASTELVETRO Complex, on flood

SDZ1/CAS1 —0.62
areas

SRE1 STRADA REALE Silt Loam Consociation -2.57

VAL1 VALLONA Silt Clay Loam Consociation -0.96

VAL2 VALLONA Silty Clay Consociation, with thin solum -1.13
VALLONA Silty Clay, with thin solum - VALLONA Silt

VAL2-VALI1 o -1.00
Clay Loam Association

VIL2 VILLALTA Loam Consociation -1.10
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Soil

Average A OC 85years

Delineation Description (wt%)
VIL2/SCN1 VILLALTA Loam / ASCENSIONE Silt Loam Complex -1.25
VOL1 VOLANO Consociation —-0.90
VOL1/BOC1 VOLANO Loam / BOCCALEONE Silt Loam Complex -1.01
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6. Accelerated SOM degradation in the peatlands of Mezzano Valley: a

particular case

Enclosed:

Natali, C., Bianchini, G., Cremonini, S., SALANI, G.M., Vianello, G., Brombin, V.,
Ferrari, M., Vittori Antisari, L., 2021. Peat Soil Burning in the Mezzano Lowland
(Po Plain, Italy): Triggering Mechanisms and Environmental Consequences.

Geohealth, 5, e2021GH000444. https://doi.org/10.1029/2021GH000444.
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6.1 Introduction

Peat soils are organic-rich sedimentary deposits that formed by the accumulation of
biomass in water-saturated conditions. Peat bogs minimize organic matter decomposition
and serve as important carbon reservoir worldwide (Belyea and Malmer, 2004; Natali et
al., 2018b; Rein, 2015; Smith et al., 2004). Globally, peat soils contain one-third of the
world’s soil carbon; their carbon budget exceeds that of the forests and is comparable to
that of the atmosphere (Joosten and Clarke, 2002).

Unfortunately, peat soils are episodically affected by burning, as soil organic matter
(SOM) can fuel and sustain the burning process for a long time (Moreno et al., 2011; Rein,
2015). According to the literature, peat smoldering can reach maximum temperatures of
700°C that, although lower than that of flaming combustion (1,500—1,800°C, Rein, 2009;
Rein et al., 2008), progressively degrades SOM (Kreye et al., 2011).

Several studies have indicated that peat burning is triggered by surface fires that
progressively propagates downward in low oxygen conditions (Joosten and Clarke, 2002),
as in the cases of peat fires in Indonesia (Boehm et al., 2001; Page et al., 2002; Usup et al.,
2004) and Florida (Monroe et al., 2009; Watts and Kobziar, 2013). Noteworthy, these
processes deserve particular attention, as they produce more greenhouse emissions than
vegetation fires and become progressively frequent under drought conditions (Langmann
and Heil, 2004). Considering that future climate change scenarios predict more frequent
and severe drought events in many areas worldwide (IPCC, 2007), soil fires need to be
better understood to manage and mitigate their detrimental effects (Abram et al., 2021),
which can impact also the human health (Uda et al., 2019).

In Italy, peats (and associated soils) are mainly distributed in the north and were generated
in alluvial basins from the late Wiirm (late Pleistocene) to the Holocene (Martinelli et al.,
2015).

This paper presents a case study of peat burning in the Mezzano Lowland (ML; Figure 10;
see Section 3.1.3), a reclaimed coastal wetland located in the easternmost Po Plain, which
is located in northern Italy (Di Giuseppe et al., 2014a, 2014b). This area is renowned for
peat burning since historical times (Cremonini et al., 2008; Martinelli et al., 2015), and is
characterized by peat deposits exposed to the Mediterranean climate with frequent and
persistent droughts (Marchina et al., 2017, 2019). To assess the effects of burning, we
applied an analytical technique based on the distinctive thermal stability of the various
carbon bearing-phases (Morchen et al., 2019; Natali et al., 2020; Zethof et al., 2019, 2020)

as well as isotope ratio mass spectrometry (Natali et al., 2018a). With the obtained results
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we provide constraints on the effects of burning in the surrounding environment,

evaluating the smoldering combustion effects on the local soil carbon stock.

6.2 Results

6.2.1 pH, Electrical Conductivity and Bulk Density

The physicochemical parameters of the soil horizons from the five investigated soil
profiles are shown in Table 6. The pH values generally decreased with depth in all
investigated profiles, but the F and NF profile trends (and average values) are
characterized by significant differences. The pH of the NF profiles (TOR4 and TORS)
varied from 2.4 (TOR4, 2AC, 63—75 cm depth) to 7.6 (TORS, Op, 22-30 cm depth), with
average pH value of 5.5. The F profiles (TOR1-TOR3) displayed a comparable pH range,
varying from 3.3 (TOR3, Cg, 70-90 cm depth) to 8.3 (TOR2, 3Cov, 43—65 cm depth),
with an average of pH value of 6.6. A marked increase in pH characterized the horizons at
intermediate depths (35-70 cm) of the F profiles, whereas a slight pH decrease was
observed in the NF profiles at comparable depths. EC of the F profiles had an average of
8.1 dS m' generally higher than what observed in NF profiles (average 5.3 dS m™).
Noteworthy, EC in F profiles presented an inverse relationship with depth, with a general
decrease in EC at depths of 35-70 cm. The BD of the F profiles was heterogeneous,
varying between 0.51 and 1.19 g cm ™, with the lowest values recorded between depths of
12 cm (TOR2, Acov, 12-38 cm depth) and 43 cm (TOR1, Becov, 30-43 cm depth). The BD
of the NF profiles (average 1 g cm ) generally increased with depth and was higher than
that in the F profiles (average 0.8 g cm °) that showed the lowest values in the 30-70 cm
depth range.
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Table 6. Physicochemical Parameters, Carbon Fractions (and Isotope Composition) and Nitrogen of the Soil Profiles Variably Affected (TOR1, TOR2, TOR3) and Unaffected
(TOR4, TORS5) by Peat Smoldering

DIN19539 by SoliTOC Cube EA IRMS
Profile Horizon  Depth pH EC BD TOC 9 ROC TIC TOC TC TN 85Cre
cm (ms/cm) (g/cm3) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (%o)
TOR1  Opov 0-14 68+07 1.1£01 0.74=0.07  2359+022 1.03+£024 024+0.05 244+0.03 24.64+0.07 1.56 + 0.04 —26.7+0.0
ABlov  14-17  74+06 45+0.7 0.97+0.09 575+030 3.60+0.17 0.07+0.00 628+0.14 6.35+0.14 1.41+0.77 —26.1+0.0
Bcov 1730 7.9+05  65+05 .58 +0.06 1.10+£0.13  122+0.08 026+0.05 223+0.05 2.49+0.00 0.72+0.21 —24.9+02
2BCcl 3043  79+06 28£02 0.60=0.05 0.05+0.01 0.01+0.01 0.01+0.00 0.07+0.02 0.07+0.02 0.02 +0.01 —238+14
2Ccl 43-65  78+04 27+03 1.01+0.08 0.03+0.02 0.01+0.00 0.00+0.00 0.05+0.02 0.05+0.02 0.01+0.01 215+1.9
30ecl 6573  57+03 87+09 0.88+0.08 0.04+0.01 001001 002+0.01 0.06+0.01 0.08+0.01 0.02 +0.01 227+24
30ipy  73-84  3.5+03 11.7£0.8 0.69 +0.09 8324055 236+046 0.08+0.04 10.17+0.10 10.26+0.06 0.67 +0.09 —272+02
4Cg 84-96+ 59+04 37+£04 1.15+0.11 1.62+0.08 1.07+0.04 0.04+001 2.66+0.04 2.70+0.04 0.23 +0.01 —245+0.1
TOR2  Opov 0-12 6.9+0.7 - 0.83 +0.09 1493+0.54 096+0.12 0.58+0.14 15.89+0.51 16.47+0.36 1.33 +0.04 —25.7+03
Acov 1238 8.1+05 47+05 0.51+0.07 0.12+0.02 021+0.03 2.83+0.03 036=0.01 3.20+0.02 0.07 +0.01 -8.2+0.0
2Ckov 3848  82+05 3.0+0.1 1.03+0.11 0.10£0.01 031003 887+0.00 044+0.02 9.31+0.02 0.09 +0.02 —6.6+0.2
3Cov 48-65  83+04 38+0.1 0.78+0.04 0.18+0.02 027+0.04 087+0.02 048+0.06 1.34+0.06 0.08 +0.01 ~13.1+0.1
40ipy  65-72  42+03 55+£03 071+£0.06  22.14+006 0.73+0.15 0.10+£0.01 2290+0.10 23.1+0.09 1.22+0.11 —26.6+0.1
4Cg 7290  49+07 144+09 1.02+0.09 1130+0.18 1.03+0.17 0.10+£0.01 12.15+0.04 12.24 +0.04 0.64 +0.02 —27.0+0.2
TOR3  Opov 0-28 72+0.1  24+02  0.71+0.07 1749+0.19 095+0.08 122+0.13 1835+0.14 19.57+0.05 1.17 +0.04 —249+0.0
Aboy 2830 7.7+04 22403  1.01+0.11 266+046 131+0.08 0.53+0.03 3.89+043 4.42+0.43 0.49 + 0.04 243+03
2Bcov 3040  7.9+0.6 2.1+0.1 0.60%0.05 032+0.03 022+0.03 054+0.03 0.57+0.06 1.10+0.04 0.04 £ 0.01 -19.8+0.1
2Cov 40-50  7.9+05 29+03 0.93+0.09 027+0.02 026+0.03 026+0.02 0.57+0.05 0.83+0.03 0.05+0.01 —233+02
30ipy 5070  52+06 38+04 0.70+0.11 26.19+£040 0.68+0.19 0.11+0.00 26.86+030 26.97+0.30 1.41 £0.10 -26.8+0.1
3Cg 70-90  33+02 138+0.8 1.19+0.21 8.60+0.10 063014 008001 913005 9.21+0.04 0.51+0.07 —26.6+0.1
TOR 4 Opl 0-12 70£05 44£03 0.76+£0.09  22.03+038 0.80+0.31 020+0.03 23.08+048 23.29+0.49 1.32+0.02 —265+0.2
Op2 1025 7.1+£06 48+04 080+0.07  22.19+£0.60 1.00+£025 0.17+0.01 23.23+0.57 23.40+0.56 1.28 +0.07 —26.4+0.2
Op3 2538 7.0£04  49£03 094+0.09 2143064 1.19+0.57 020£0.03 22.80+0.42 23.00+0.40 1.26 +0.13 —26.1+0.1
Oi 38-47 42402 9.0+£0.7 0.83+0.07  23.82+098 0.57+0.16 0.10£0.01 2440+096 2451096 1.08 +£0.22 -265+0.0
Cg 4754 35+0.1 7.6+04 1.09+0.11 1.68+0.08 038+0.05 0.03£0.00 2.00£0.03 2.03+0.03 0.21+0.01 —27.1+0.1
20i 54-63  4.0+£03 150+0.9 093+0.09  3252+047 0.86+032 0.07+0.01 33.64+051 33.71+052 1.52+0.09 -273+0.1
2AC 63-75 24+02 17.0+0.8 1.18+0.11 13.11£023  1.05+0.13  0.04+0.00 14.02+0.11 14.06+0.11 0.64 +0.00 -263+0.1
2Cg 75-85+  62+04 106+0.6 121+0.17 239+0.06 0.82+0.06 0.04+000 3.15+0.04 3.19+0.05 0.27 +0.02 —23.0+0.5
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DIN19539 by SoliTOC Cube EA IRMS
Profile Horizon  Depth pH EC BD TOC 40 ROC TIC TOC TC TN 88Crc
cm (ms/cm) (g/cm?) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (%o)
TOR 5 Ap 0-22 72+05  25+0.1  0.84+0.05 1356044 096+030 2.76+0.12 1478040 17.55+0.34 1.00 £ 0.06 215+0.1
Op 2230 7.6+£04  51+02 0.98+0.08 15.77+0.66 1274020 1.43+022 17.08+0.68 18.54+0.49 1.08 £ 0.04 —238+0.4
Och 3036 6.5+£04  35+01 1.001+£0.09  2234+0.17 0.80+032 0.11+0.01 2335+047 23.47+0.49 1.31+0.08 —26.7+0.1
Oi 3645 55407 7.6+£07 1.01+£0.10  2215+1.12 0.77+0.03 0.11+0.00 2296+1.14 23.07+1.15 1.25+0.05 275+0.1
C 4560  3.6+03 133+0.1 127+0.12 763011 056007 006+001 827+0.18 833+0.17 0.48 +0.02 —263+0.2
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6.2.2 Soil Carbon Pools on F and NF Profiles

Carbon speciation of the F and NF peat profiles was carried out in compliance with the
DIN 19539 standard, where four carbon fractions were measured: TC, TOC4p9, ROC, and
TIC. The carbon speciation results are presented in Table 6 and Figures 30 and 31. The
two-way ANOVA test showed that all the elemental and isotopic variables of F and NF
samples were affected by both the profile and the depth of sampling (p-values < 0.0001).
TC of the NF peat profiles was determined to be generally higher than that of the F
profiles.

The TC of the NF peat profiles equaled approximately 20-25 wt% from the surface down
to a depth of 40 cm, diminished at the Cg and C horizons, and reached the maximum of 34
wt% in the O1i horizon of TOR4 at a depth of 54—63 cm.

The TC of the F peat profiles was comparable with that of the NF profiles in the shallow
horizons (16— 25 wt%, down to a depth of 15 cm) and dramatically decreased (down to 0
wt% in some cases) at variable depths between 14-73 cm (TOR1), 12-65 cm (TOR2), 28—
50 cm (TOR3). Profile TOR2 presented a notable exception, where the intermediate 2Ckov
horizon (38—48 cm depth) was characterized by a TC reaching 9 wt%. The TC of the F
profiles increased downward, with values up to 10 wt% at 73—84 cm in TORI, 23 wt% at
65—72 cm in TOR2, and 27 wt% at a depth of 50-70 cm in TOR3.

The distribution of TOC4y with depth was determined to be similar to that of TC,
suggesting that most carbon in the investigated peat profiles belongs to the thermally labile
organic pool. In the NF profiles, TOC49 was on average 20 wt% down to a depth of 50
cm, decreasing in the Cg and 2Cg horizons in TOR4, and in the C horizon in TORS. The
relative amount of the TOC4 fraction (TOC400%) was always >75% of the TC along the
NF profiles.

In the F profiles, the TOC4yy values (14-24 wt%) were comparable with those of the NF
profiles in the shallower horizons down to a depth of 15 cm, dramatically decreasing
(approaching zero) at depths between 14—73 cm (TOR1), 12-65 cm (TOR2), and 28-50
cm (TOR3). The deeper horizons of the F profiles were characterized by a marked increase
in the TOC4q9 values, varying from 8.3 wt% at 73—84 cm in TORI, to 22 wt% at 65—72 cm
in TOR2, and to 26 wt% at 50—70 cm in TOR3.

The ROC content was similar in the F and NF profiles in the shallow horizons, showing
values around 1 wt%. A marked ROC decrease occurred in the lower horizons of the F
profiles, where ROC reached approximately 0 wt% at 3073 cm in TORI, 0.2-0.3 wt% at
12-65 cm in TOR2, and 0.2-0.3 wt% at 30—50 cm in TOR3, followed by a variable ROC

increase with depth.
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Figure 30. Carbon speciation of soil profiles variably affected by peat smoldering (TOR1, TOR2, TOR3).
Histograms refer to the three soil carbon pools defined by the DIN 19539 standard (TOC,y, ROC, total
inorganic carbon). The bulk carbon isotopic composition (8"Crc) is also reported. Note that the depth of the
smoldering zone is indicated by the yellow box. See text for further details.
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The TIC content varied from 2.8 wt% (TORS5) to 0.2 wt% (TOR2 and TOR4) in the
superficial horizons and decreased with depth in both the F and NF profiles. The only
exception was represented by the TOR1 profile, characterized by a TIC approaching zero
in the intermediate horizons (30-73 cm depth), with a slight increase in the TIC values
downward. The relative amount of TIC with respect to TC (TIC%) varied from 0% to
95%, with the highest values recorded in the intermediate horizons of the F profiles.

The bulk carbon Isotopic composition (8'°Crc) of the NF horizons varied between —27.5%o
(TORS, 01, 3645 cm depth) and —21.5%0 (TORS, Ap, 0-25 cm depth).

A marked variation was observed in the 813CTC of the F profiles, where 813CTC changed
from —27.2%0 (TORI1, 3Oipy, 73-84 cm depth) to —6.6%0 (TOR2, 2Ckov, 3848 cm

depth), with less negative values recorded in the intermediate horizons (Figures 30 and 31).
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Figure 31. Carbon speciation in soil profile TOR4, taken as representative soil profile unaffected by peat
smoldering. Histograms refer to the three soil carbon pools defined by the DIN 19539 standard (TOC o,
ROC, total inorganic carbon). The bulk carbon isotopic composition (8'*Crc) is also reported.

A very good linear correlation between 8" *Crc and TIC% (+°= 0.9) confirmed that the bulk
carbon isotopic value is directly related to the relative amount of a carbonate endmember.
The total nitrogen (TN) elemental content was also determined and varied from 1.56 wt%
(TOR1, 0-14 cm depth) to 0.01 wt% (TORI1, 30-73 cm depth), showing a significant
positive correlation with the TOC (TOC4pp + ROC) parameter.
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Differences between F and NF soil profiles can be emphasized with a statistical elaboration
of the available data, as shown in the PCA reported in Figure 32. The PCA is able to group
the TOR profiles on the basis of many variables called principal components, which can
describe correlations among the studied samples. We considered the TOC499, ROC, TC,
TIC, N and 8"C as principal components and we focused the statistical analyses on
horizons ranging from 30 to 70 cm where smoldering was effective. Noteworthy, the first
and second PCA axes explained 74.6% and 20.3% of the variance, respectively. In the plot
the NF profiles showed a clear grouping, which was driven by high content of organic
carbon fractions (TOC490, ROC, and TOC) and N. On the other hand, F profiles plot in

opposite areas of the PCA diagram, reflecting lower content of organic carbon fractions

and N.
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Figure 32. Principal component analysis of F and NF soil profiles.
6.2.3. Soil Carbon Pools of the Experimentally Fired Profiles

The results of carbon speciation of the experimentally fired soil horizons from the NF

profile (TOR4) are presented in Table 7 and Figure 33.
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Table 7. Carbon Fractions (and Isotope Composition) and Nitrogen of the experimentally fired horizons from soil profile TOR4. Analytical cross-check obtained analyzing the same
samples with independent methods are reported in Supplementary Table C1 (see Appendix 6).

DIN 19539 by SoliTOC Cube EA IRMS
Profile Horizon Depthcm  TOCu (Wt%)  ROC (wt%)  TIC (wt%)  TOC (wt%) TC (Wt%) TN (Wt%) 8" Ciceyy (%o)
TOR4 25-38 105 21.83+0.92 0.70 + 0.01 0.19+0.03  2253+091  22.73+0.94 1.20 +0.01 ~25.9+0.1
200 21.01 +0.44 1.39 +£0.51 0214002  2240+006  22.62+0.06 1.30 £0.08 -25.6+0.1
400 0.56+0.16 1.39+0.14 0.26 +0.02 1.94 +0.02 2.21+0.03 0.30 = 0.00 21.4+02
600 0.14 +0.08 0.24+0.12 0.15 % 0.02 0.40 % 0.17 0.55+0.15 0.02 % 0.00 ~17.5+03
TOR4 47-54 105 2.09+0.10 0.37+0.03 0.03 = 0.00 2.46 +0.08 2.49 +0.08 0.22+0.03 ~27.0+0.2
200 1.83 +0.08 0.42 +0.03 0.03 % 0.00 2.26+0.10 2.28+0.10 0.23 +0.02 —27.0+0.0
400 0.09 = 0.00 0.18 +0.03 0.03 = 0.00 0.27 % 0.00 0.30 % 0.00 0.12+0.01 —26.1+0.2
600 0.04 % 0.02 0.02 % 0.02 0.01 % 0.00 0.08 +0.01 0.08 % 0.01 0.01+0.01 ~26.6+0.1
TOR4 63-75 105 11.03 = 0.69 0.44%0.15 006+001  1147+058  11.54+058  0.53+0.01 ~262+0.1
200 5.99 4 0.09 0.73+0.15 0.04 % 0.00 6.73 +0.20 6.76 % 0.20 0.45 % 0.02 ~26.0+0.1
400 0.08 +0.02 0.25 % 0.02 0.04 % 0.00 0.33 % 0.00 0.37 +0.00 0.13 = 0.00 247+03
600 0.04 +0.03 0.01 % 0.00 0.01 % 0.00 0.06 + 0.01 0.08 % 0.01 0.02+0.01 26.5+0.3
TOR4 75-5+ 105 1.96 + 0.00 1.30 £ 0.08 0.04 +0.00 3.27+0.08 3.3140.09 0.24+0.01 21.4+03
200 2.01+0.03 1.11+0.15 0.04 % 0.00 3.1240.17 3.1640.17 0.26 4 0.01 212+04
400 0.14 % 0.00 0.59 +0.03 0.05 +0.01 0.74 % 0.03 0.79 +0.03 0.12+0.01 n.a.
600 0.06 + 0.04 0.02 4 0.01 0.02 % 0.00 0.10+0.01 0.1140.01 0.02 % 0.00 215403

Abbreviations: EA, elemental analyzer; IRMS, isotope ratio mass spectrometer; n.a., not analyzed; TC, total carbon; TIC, total inorganic carbon; TN, total nitrogen.
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TC varied insignificantly in the samples heated to 200°C, except for horizon 2AC, where
the TC content was reduced by 40% between 105°C and 200°C. A remarkable TC
decrease was recorded in the samples heated to 400°C, and very little carbon was left in the
samples after heating them to 600°C. The TC decrease with the increasing temperature was
irrespective of the TC content in the untreated samples.

Regarding the carbon fractions, TOC4y was the most abundant, and its relative
contribution in the untreated samples varied from 93% (Op3) to approximately 75% (2Cg).
TOC4g did not exhibit any remarkable variation in the samples heated to 200°C, whereas it
generally disappeared when the temperatures reached 400°C.

The relative contribution of ROC with respect to TC varied from approximately 5% (Op3)
to 26% (2Cg) in the untreated samples. The behavior of ROC in response to thermal
treatment was similar to that of TOC4g in the samples heated to 200°C. A slight non-
systematic variation of ROC was recorded in the samples heated to 400°C, and ROC
disappeared when the temperature reached 600°C.

The TIC content remained nearly constant during all heating treatments for all samples and
was best represented in the Op3 horizon, where it constituted 0.20 wt% and 0.15 wt% in
the untreated and treated (heated to 600°C) samples, respectively.

The relative amount of inorganic carbon with respect to TC (TIC%) increased with
increasing temperature, and the highest variations were recorded in the samples heated to
400°C and 600°C when the two organic fractions were exhausted. TIC% was less than 1%

in the untreated samples and up to 26% in the samples heated to 600°C.
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Figure 33. Carbon speciation of experimentally fired horizons from soil profile TOR4. Histograms refer to
the three soil carbon pools defined by the DIN19539 standard (TOC4y, ROC, total inorganic carbon). The
bulk carbon isotopic composition (SBCTCW) is also reported.

The carbon isotopic composition (613CTcexp) was less negative when the temperature
increased. The greatest variation was recorded in the Op3 horizon, where 813CTcexp were
—26.1%0 and —17.5%o in the untreated and treated (heated to 600°C) samples, respectively.
This variation is likely related to the loss of TOC4 and increased TIC contribution to TC

when the temperature escalated.
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6.3 Discussion

6.3.1 Effects of Soil Burning in the Mezzano Lowland

The significant differences recorded in the physicochemical characteristics of the F and NF
peaty soil profiles give insights on the magnitude of fire events in terms of their
temperature, depth, and loss of carbon stock. The opposite trend of pH variation at depths
of 14-73 cm (TORI), 12-65 cm (TOR2), and 28-50 cm (TOR3) of the F with respect to
the NF (TOR4 and TORSY) soil profiles suggests that burning modified the ML peaty soils
at depth. The observed increase in pH in the F profiles at the intermediate depths
mentioned above is consistent with the destabilization of organic acids and the enhanced
contribution of carbonates and oxides, as a consequence of firing events (Granged et al.,
2011a, 2011b; Kutiel et al., 1990; Ulery et al., 1995). The observed variation (3—4 pH
units) in the F profiles suggests that they underwent high fire intensity (Ulery et al., 1995).
The F profile horizons are also characterized by lower EC values compared with those of
the NF profiles in the aforementioned depth intervals, likely due to the destruction of clay
minerals and the formation of oxides at temperatures exceeding 500°C (Terefe et al.,
2008). Low BD values (0.60-0.51 g cm ) noted in some horizons of the TOR1, TOR2,
and TOR3 profiles can be ascribed to “unpacking” of particles (Ngole-Jeme, 2019)
resulting from the loss of structure due to degradation of mineral and organic components.
The temperature to which the F profiles were exposed can be estimated by analyzing
carbon fractions with different thermal stabilities. The thermally labile fraction (TOCaq) is
always present in the superficial horizons of the F profiles, with average relative amounts
(TOC400%) of 90%, and is comparable to that observed in the NF profiles. The marked
decrease in the TOC,g fraction with depth (until it disappears) indicates that the F soil
profiles were heated to over 400°C at depths of 14-73 cm (TOR1), 12-65 cm (TOR2), and
28-50 cm (TOR3) (Figure 30). The soil color change from dark brown (in the upper and
lower horizons) to reddish at the intermediate depths also supports this finding, indicating
burning temperatures of 300°C-500°C (Terefe et al., 2005, 2008). A sudden increase in the
TOC, fraction at greater depths in the F soil profiles suggests a sharp decrease in the
firing temperature downward.

The distribution of ROC along the F soil profiles is more variable. Only TORI records the
total exhaustion of ROC at depths of 30-73 cm, whereas TOR2 and TOR3 show a
significant decrease in the ROC content (down to 0.2 wt%) at depths of 12—65 and 30-50
cm, respectively. Such ROC content distribution indicates that the firing temperature

exceeded 600°C only in TOR1, whereas TOR2 and TOR3 were subjected to maximum
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temperatures of 400-600°C. These observations provide new insights into the thermal
persistence of SOM, which was previously thought to disappear at temperatures of 450—
500°C (Knoepp et al., 2005). The TIC fraction gradually decreases with depth in the F and
NF profiles. The total exhaustion of TIC was only recorded in profile TOR1 at depths of
30-73 cm, suggesting that the layer was subjected to the maximum temperature
(potentially exceeding 750°C) during the fire event. The significant correlation of TN with
TOC400 (and not with ROC) indicates that nitrogen is mostly volatilized at relatively low
temperatures (7 < 400°C) during firing events, as already reported in the literature (Turner
et al., 2007). Moreover, the ubiquitous persistence of high TOC4y and TN values in the
superficial layers of the F profiles indicates that smoldering generally started and
developed with variable intensity between depths of 10 and 70 cm.

Both the organic-rich (Op3) and organic-poor (Cg) horizons present similar thermal
behavior of their carbon fractions. The total disappearance of the TOCyq fraction (and TN)
at heating temperatures over 400°C makes this fraction a robust thermal marker for the
investigated profiles. Analogous conclusions can be made for the ROC fraction, which
indicates heating temperatures below 600°C. The TIC fraction varied little in the
experimental heating interval, and its presence in profiles TOR2 and TOR3 mainly implies
that they did not undergo carbonate destabilization, which should occur at a temperature of
approximately 750°C.

The bulk carbon isotopic composition of the experimentally heated NF horizons becomes
less negative with increasing temperatures. This trend is similarly observed in the natural F
profiles but does not imply the neoformation of carbonates during firing. The least
negative values recorded in profile TOR2 at depths of 12-65 cm likely reflect the

concentration of soil carbonates originally present in this horizon.

6.3.2 Triggering Mechanisms of Soil Burning in the Mezzano Lowland

Peat burning in the ML is not induced by surface flaming with downward propagation, as
it 1s triggered at depth and develops in the 10-70 cm-deep soil horizons via smoldering
combustion. This evidence suggests self-combustion of the organic-rich soils. Similar
processes have been described in the literature, especially in dry and warm conditions
(Restuccia et al., 2017), and are explained as the result of multiple reaction steps including
drying, biological activity, and oxidation, that are necessary to trigger the spontaneous
ignition of peat-soils (Yuan et al., 2021).

In the present case-study we suggest that the exothermal oxidation of methane

(Christophersen et al., 2001; Pehme et al., 2020), which in the ML typically rises from the
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deep stratigraphic layers, plays an additional role either in triggering the peat smoldering.
The hypothesis is based on the fact that peat smoldering in the area is spatially associated
to localized sectors characterized by high CH, seepage (with fluxes up to 120 g m * day ',
according to Cremonini et al., 2008). Soil heating occurs at depth where there is the
transition between anoxic and oxic conditions with concomitant methanotrophic bacteria
activity that promotes temperature well exceeding 40°C (Capaccioni et al., 2015), which is
considered a thermal condition necessary for self-heating propensity (Yuan et al., 2021).

In this light, a possible strategy to minimize the peat-smoldering occurrence would require
(a) the controlled collection of the upraising methane and (b) to maximize the irrigation
efficiency of the area, that should be specifically planned to convey water at the soil depths

where smoldering is effective.

6.3.3 Environmental Consequences of Peat Burning in the Mezzano Lowland

Peat burning implies environmental consequences in terms of release of greenhouse gases
(Kohlenberg et al., 2018; Prosperi et al., 2020). The data described above allow the
calculation of the soil organic carbon (SOC) stock in the F and NF profiles, and in turn the
SOC stock is useful for estimating losses caused by burning events. The NF profile of
TOR4 has a SOC stock of approximately 150 kg m > for a thickness of 90 cm. These
values are representative for ML soils unaffected by peat burning, as highlighted by the
analyses of other soil profiles from the surroundings (Supplementary Table C2 in
Appendix 6). A decrease in the SOC stock is observed in profiles TOR3 and TOR2 and,
especially, in TOR1, characterized by the lowest SOC stock 38 kg m > for a thickness of
96 cm. We infer that peat fires in the ML degraded up to two-thirds of the previous SOC
stock. Although the extent of peat fire events is variable, we estimate that an average loss
of the SOC stock within the first meter of depth is approximately 110 kg m >, potentially
corresponding to approximately 580 kg CO, m of emissions. As reported in Figure 34, the
resulting emission coefficient is 725 g of CO, for kg of smoldered soil, a value that is
compatible with what observed in other study-cases of smoldering peat soils in temperate
climatic settings. However, carbon emissions plausibly include a wide spectrum of distinct
components, where CO; is accompanied by CO, volatile organic components as well as by
particulate matter (PM) having micrometer and sub-micrometer size range (Hu et al.,

2018).
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Figure 34. CO,emission of burning Mezzano Lowland peat-soils, compared with that of burning peat-soils
from other areas.

6.3.4 Impacts of Peat Burning on the Human Health

The peat burning generates long-term smoke which is released in the air (Figure 11d, See
section 3.1.3). These emissions are mainly composed by carbon monoxide, carbon dioxide,
nitrate and sulfate, which are hazardous volatiles for the human health and if inhaled can
trigger several symptoms from throat irritation, cough, and headaches to serious respiratory
and cardiovascular problems, especially for people with existing asthma, emphysema, and
heart disease (Hinwood and Rodriguez, 2005; Hu et al., 2018; Rappold et al., 2011).

Besides volatiles, the peat burning releases fine particles such as PM;o and/or PM;
depending on the predominance of coarse (particle diameter < 10 um) or fine (particles
diameter < 2.5 pm) soil fractions (Hinwood and Rodriguez, 2005). If inhaled PM;¢ and
PM; s cause damages of lung tissue and respiratory and cardiovascular problems (Hu et al.,
2018). The potential health risk of the smoke is even more serious considering the duration
of the peat burning, as the prolonged or repeated smoke and particulate exposure by local
people may aggravate the adverse health outcomes causing long-term health effects.

Additional concerns are related to elements potentially toxic (e.g., several heavy metals
such as Co, Cr, Cu, Ni, V, Zn, Pb, As, Mo, Se, Cd, Mo) that in the studied soils appear
bounded in organo-metallic compounds (Di Giuseppe et al., 2014b, 2014c), because they
could be released in the environment, in concomitance with the SOM destabilization,

contaminating air, aquifers and soils (Kohlenberg et al., 2018).
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In our view, the volatilization in the atmosphere or the dissolution in the hydrosphere of
elements critical for the human health deserve further research on the peat-burning
processes occurring in the Mezzano Lowland. In addition, the designed authorities should

inform and educate locals about the health-risk of the peat smoke exposure.

6.4 Conclusions

Peat fires variously affect the first meter of soil profiles in the ML, and their intensity can
be evaluated recording the differential consumption of the carbon pools with distinct
thermal stabilities. The main damage to soil carbon budget occurs in the 10—70 cm-deep
horizons, where smoldering temperatures of 400—-600°C cause the total exhaustion of
TOC400 and variably decrease the ROC contents. Evidence of extreme temperatures
overcoming the destabilization of carbonates (2750°C) is limited to the inner horizons of
the smoldering zone. The process appears spontaneous and shows analogies with what
observed in other case-studies where peat self-combustion requires multiple reaction steps
(drying, biological activity, and oxidative oxidation), but in the ML is possibly facilitated
by the concomitant upraising of deep methane and its exothermal oxidation. The estimated
carbon emission is 110 kg m 2, corresponding to 580 kg CO, m °, that is, values in the
same order of magnitude estimated in other temperate areas affected by smoldering peat-
soils. The consequent release of significant amounts of greenhouse gases is coupled with a
loss of soil structure, nutrients (e.g., nitrogen), and possibly also toxic elements (e.g.,
heavy metals). The consequences are surely negative for the environment, the agricultural
activities and plausibly also for the health of the local people, and deserve further

investigation to plan mitigation strategies for ongoing and future smoldering episodes.
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Appendix 6

Tables:

Supplementary Table C1. Additional data carried out to cross-check the reliability of SoliTOC data. * EA-
IRMS analyses were performed on powdered samples and on powdered samples deprived of organic matter,
i.e., preliminary burnt in a muffle furnace at 550°C for 12h; the method measured Total Carbon (TC) and
Total Inorganic Carbon (TIC), subsequently obtaining the Total Organic Carbon (TOC) for difference. **EA
analyses were carried out on powders leached with hydrochloric acid that eliminate carbonates, thus
measuring the TOC fraction.

*TBS by EA-IRMS **by EA after HCI
(Natali et al., 2018a; Catena, 164, 150-157) leaching
Measured Calculated
Profile Depth TC TIC TOC TOC
cm (Wt%) (Wt%) (Wt%) (Wt%)
TOR 1 0-14 2422 0.11 24.11 244
14-17 2.52 0.08 2.44 2.49
17-30 0.78 0.09 0.69
30-43 0.07 0.02 0.05 0.07
43-65 0.05 0.03 0.02 0.05
65-73 0.06 0.03 0.03 0.09
73-84 10.14 0.03 10.11 10.2
84-96+ 2.65 0.04 2.61 2.66
TOR 2 0-12 15.76 0.66 15.10 15.3
12-38 3.19 2.75 0.44 0.62
38-48 9.21 8.54 0.67 0.42
48-65 1.24 0.88 0.36 0.41
65-72 22.62 0.03 22.59 229
72-90 11.36 11.36 12.1
TOR 3 0-28 18.51 1.46 17.05 18.3
28-30 4.40 0.32 4.08 3.53
30-40 1.09 0.41 0.68 0.49
40-50 0.84 0.19 0.65 0.51
50-70 25.16 0.04 25.12 272
70-90 8.95 0.03 8.92 9.13
TOR 4 0-12 22.24 0.10 22.14 21.6
12-25 22.46 0.10 22.36 22.1
25-38 22.49 0.11 22.38 21.8
38-47 22.34 0.02 22.32 214
47-54 1.90 0.04 1.86 1.89
54-63 31.54 0.04 31.50 31.7
63-75 13.50 0.03 13.47 13.8
75-85+ 3.17 0.04 3.13 3.21
TOR 5 0-22 17.08 3.37 13.71 16.4
22-30 17.42 1.93 15.49 17.6
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*TBS by EA-IRMS **py EA after HCI

(Natali et al., 2018a; Catena, 164, 150-157) leaching
Measured Calculated
Profile Depth TC TIC TOC TOC
cm (Wt%) (Wt%) (Wt%) (Wt%)
30-36 21.95 0.06 21.89 22.8
36-45 21.18 0.03 21.15 20.2
45-60 7.79 0.03 7.76 8.23

Supplementary Table C2. Additional data concerning the Total Organic Carbon in soils of the Mezzano
lowland surrounding the sites investigated in this study (Boschi and Spallacci, 1974).

Profile latitude longitude Depth TOC
cm wt%

64t 44°4”'18.0"" 11°5712.1™" 0-50 8.8
50-100 239

65t 44°4°'17.0™" 12°0°'9.3”" 0-50 19.8
50-100 23.8

66t 44°4°'15.9™" 12°'54. 77" 0-50 15.5
50-100 252

79t 44°4°'37 47" 11°5'6.9”" 0-50 13.1
50-100 21.3

80t 44°4°135.57" 12°07'6.4™" 0-50 12.6
50-100 239

81t 44°4°'35.4™" 12°0'51.9™" 0-50 10.5
50-100 25.7

90t 44°3'57. 7" 11°5°'10.6™" 0-50 17.6
50-100 23.5

91t 44°37'55.57" 12°07'05.6™" 0-50 10.6
50-100 24.9

92t 44°37'34 47" 11°57'06.0" 0-50 7.2
50-100 18.7
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7.1 Introduction

Nowadays soils are threatened by degradation due to land use and land use cover change
(LULUCC). Consequently, one of the priorities of the Sustainable Development Goals
(SDGs) is the protection of soils, as the worst projection estimate a mean soil erosion
increase from 20% to 100% in Europe by 2050 (Panagos et al., 2021) with the loss of the
most superficial soil layers hosting organic matter. In addition, the perpetration of
conventional agricultural managements (e.g., plough tillage) locally cause the decline of
soil organic matter (SOM) (Turner et al., 2016). In order to contrast the current trend, the
European Union, with an integration of the Common Agricultural Policy (CAP), is
promoting the sustainable best-practices (e.g., no- or minimu-tillage) in agriculture to
preserve the SOM and the related organic carbon (OC). In fact, it is known that SOM
globally stocks 1500 Pg of C in first meter of a soil, two and three times much more the C
stored in the atmosphere and vegetation, respectively (Lal, 2004b). However, soil
represents an open system, which can behave as a source or a sink of C. When the
mineralization of the SOM due to the microbial activity is greater than its transformation
into stable organic forms, soil releases C in the atmosphere as greenhouse gases (GHGs;
e.g., CO,) with negative effects on climate (Blanco-Canqui and Lal, 2004; Oertel et al.,
2016; Dai et al., 2017). This process is accelerated by unsustainable agricultural practices,
like plough tillage which exposes the organic matter to the air, triggering the C oxidation
(Figure 35a). On the other hand, if SOM is well managed through the application of
sustainable agricultural practices, like agroforestry and no- or minimum tillage, the C is
sequestered in the soils with benefits both for the environment and the human life (Figure

35b).
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Figure 35. Simplified concept of C release and sequestration processes. Topsoil is like an open system, from
which C is a) released in atmosphere as CO, as consequence of C oxidation triggered by the conventional
practices or b) fixed by plants and sequestrated in agricultural soil, where sustainable practices are used.

Considering the delicate equilibrium of C in pedosphere-atmosphere-biosphere system, a
regular monitoring of the soil health conditions should be adopted in each farm to verify
the soil quality and consequently if OC is sequestered or released. This is the interest of the
farmers, especially for those who want to turn toward more sustainable management.
Following this line, the farmers should evaluate the current OC benchmark of their farm
and monitor any changes of OC in a long period in order to take immediate actions to
improve the C sequestration, and finally achieve the C neutrality. The certification of the
soil conditions and the C sequestration will, also, allow to access to the CAP incentives for
the reduction of CO, emission (Beka et al., 2022)

Thus, for this work, we defined the “carbon benchmark” of a conservative farm to verify,
in the future, the soil OC sequestration. For this aim, we tested a new multidisciplinary
approach, which involved both geochemical and geophysical analyses. The former
measured the OC contents and the relative isotopic ratio (*C/*?C) of soil samples in
laboratory using an elemental analyzer coupled with a mass spectrometer (Natali et al.,
2018a, 2018b; 2020). The latter were applied in-situ using non-invasive electromagnetic
induction (EMI) to measure the apparent electrical conductivity (EC) for the estimation of
soil physical properties (Doolittle et al., 2001; Corwin et al., 2003; Morari et al., 2009;
Tromp-van Meerveld and McDonnell, 2009; Calamita et al., 2015; Boaga 2017). The

results of these investigations were reported in a geochemical-geophysical map, which
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represents a snapshot of the soil of the farm. The obtained map is useful to analyze the
spatial variation of soil parameters (OC, SOM, 8'*C, and EC) and to investigate in detail
the situation of single farms that want to resolve specific issues and/or become more

virtuous with the aim to reach the carbon neutrality.

7.2 Results

Thermo-gravimetric and bulk density results of the 15 sites are reported in Table 8.

Table 8. Results of sequential LOI (provided at temperature of 105°C, 550°C, and 1000°C) and the bulk
density of soil samples.

LOI bulk density
Sample Class 105 °C (wt%) 550 °C (wt%) 1000 °C (wt%) (g cm™)
MBO06 i 1.29 3.83 6.19 1.4
MBI11 i 1.56 4.55 6.09 1.5
MB14 i 1.24 4.15 6.25 1.4
MBI15 i 1.48 4.80 6.28 1.4
MB02 ii 2.04 4.62 4.64 1.1
MBO03 ii 1.87 422 5.50 1.3
MB04 ii 1.78 4.55 5.40 1.4
MBO05 ii 1.74 4.13 6.08 1.4
MB09 ii 1.60 4.39 5.28 1.5
MB10 ii 1.55 4.57 5.47 1.4
MBO01 il 2.87 5.35 3.95 1.5
MBO07 il 2.51 5.32 423 1.3
MBO08 il 1.99 4.80 4.50 1.5
MBI12 il 2.70 5.84 4.24 1.5
MB13 il 4.01 5.35 4.71 1.4

The soil hygroscopic water contents evaluated from the LOI at 105°C varied between 1.24
wt% (MB14) and 2.87 wt% (MBO1), with the except of one value (4.01 wt%, MB13). The
average is 1.87 wt% and standard deviation is 0.51 wt%. Soil organic matter represented

by LOI at 550°C varied between 3.83 wt% (MBO06) and 5.84 wt% (MB12), with an
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average of 4.70 wt% and a standard deviation of 0.56 wt%. LOI measured at 1000 °C
varied between 3.95 wt% (MBO01) and 6.28 wt% (MB15), with an average of 5.25 wt% and
a standard deviation of 0.82 wt%. The bulk density varied between 1.1 g cm™ (MB02) and
1.5 g cm™ (MBO1, MB08, MB09, MB11, and MB12), with an average of 1.4 g cm™and a
standard deviation of 0.1 g cm™.

The elemental and isotopic C speciation results are reported in the Table 9 and Figure 36,

whereas the SOC stock results are reported in Supplementary Figure D1 (se Appendix 7).

Table 9. Results of elemental contents and isotopic signatures of total (TC), organic carbon (OC), and
inorganic (IC) carbon.

Sample TC (Wt%) OC (Wt%) IC (Wt%) 8Crc (%0) 8"Coc (%0) 8"Cic (%v)
MBO1 1.89 1.21 0.68 -15.3 223 2.7
MBO02 2.10 1.10 1.00 -122 22.4 0.9
MBO03 2.20 0.99 121 -10.4 21.4 -15
MB04 2.33 1.15 1.18 ~11.4 218 -1.1
MBO05 2.34 0.96 1.39 9.0 —20.7 0.9
MBO06 2.36 0.93 1.43 -8.6 —20.8 —0.7
MB07 2.04 1.22 0.82 ~14.4 223 2.6
MBO08 2.05 1.12 0.93 -13.0 223 -1.9
MB09 226 1.04 1.22 -10.6 -21.3 ~1.4
MB10 222 0.99 1.23 -10.6 —22.1 -15
MB11 2.34 0.93 1.41 9.1 -20.9 -13
MB12 1.97 1.22 0.75 -142 214 24
MB13 2.09 1.14 0.95 ~12.4 -21.3 -1.7
MB14 2.25 0.79 1.45 7.8 -19.7 -13
MB15 2.40 0.93 1.46 -8.9 -20.6 -15

Among the dataset, the TC varied between 1.89 wt% (MBO01) and 2.40 wt% (MB15), with
an average of 2.19 wt%. The isotopic 6"*Crc showed values varying from —15.3%0 (MBO1)
to —7.8%o0 (MB14), with an average of —11.2%o. The OC varied between 0.79 wt% (MB14)
and 1.22 wt% (MB12), with an average of 1.05 wt%. The 6*Coc showed values varying
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from —22.4%0 (MBO02) to —19.7%0 (MB14), with an average of —21.4%.. The IC varied
between 0.68 wt% (MBO01) and 1.46 wt% (MB15), with an average of 1.14 wt%. The
calculated 6"Cjc showed values varying from —2.7%0 (MBO1) to —0.7%0 (MBO06), with an

average of —1.6%o.
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Figure 36. Elemental and isotopic composition of the total (TC), organic (OC), and inorganic (IC) carbon
fractions of the soil samples.

In Figure 37 we investigated the variability of the physicochemical parameters of the soils
with the OC contents. To observe any correlation between the predominance of the OC
fraction and the physicochemical parameters, the soils samples were clustered on the basis
of OC/IC as follows: “Class 1" upper than the 75° percentile (OC/IC > 1.20; MB06, MB11,
MB14, and MB15), “Class 11" between the 25° and 75° percentile (0.68 < OC/IC < 1.20;
MB02, MB03, MB04, MB05, MB09, and MB10), and “Class iii” lower than the 25°
percentile (OC/IC < 0.68; MB0O1, MB07, MB0S, MB12, and MB13). The one-way
ANOVA and the Tukey post-hoc results of the three classes are also reported.
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Figure 37. Boxplots of a) LOI 105°C, b) LOI 550°C, ¢) LOI 1000°C, d) TC, ) OC, f) IC, g) 6'*Crc, and h)
BCoc of the samples divided in the three classes based on the OC/IC ratio (see the text for the detail). In
each box plot the black line represent the median. Below the box plots the letters represent the results of the
Tukey post-hoc test. Different letters denote significant differences among classes. The one-way ANOVA

results are also reported (** p< 0.001; ***p <0.0001).

The EC measurements acquired at 16, 14 and 10 kHz in 1999 locations in MB site, are

described in Figure 38. The distribution of EC values at 16 kHz shows a median of 39 mS

drn'l, and a variation between 35 to 43 mS dm™'. The distribution of EC values at 14 kHz

shows a median of 35 mS dm™', and a variation between 32 to 40 mS dm™'. The distribution

of EC values at 10 kHz shows a median of 30 mS dm™, and a variation between 26 to 35
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mS dm™. In this framework, the three acquisitions were useful to emphasize the site-

specific variability of the soil also observed with the laboratory measurements.

EC (mS . m1)

16 kHz 14 kHz 10 kHz

Figure 38. The EC measurement distributions acquired at a) 16, b) 14 and ¢) 10 kHz.

7.3 Discussion

7.3.1 Soil carbon elemental and isotopic speciation

The results of the TC vs 8"*Cr¢ of MB are comparable to the datasets described for the
soils of the Ferrara province by Natali et al. (2018b) and Salani et al. (2021), and they are
typical of mix of alluvial sediments of paleochannel and levee (Figure 39). In particular,
the less negative values of 8"*Crc are typical of samples (MB03, MB05, MB06, MB09,
MB10, MB11, MB14, and MBI15) collected within the levees of the paleochannel, whose
sediments are characterized by coarse granulometry (i.e., sand and silt). On the other hand,
the most negative values are typical of samples collected in the interfluvial lowland located
in the northwesternmost part of the field (MBO1, MB02, MB07, MB0S, MB12, and MB13;
Figure 13; see section 3.1.4) and within the ancient bed of the paleochannel (MB04) where

sediments are characterized by the finest granulometry (i.e., clay). It is well known that
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clay minerals are able to protect the SOM, and the related OC, from the microbial
degradation more efficiently than coarse granulometry, due to the high adsorption capacity
(von Liitzow et al., 2006; Gunina and Kuzyakov, 2014; De Clercq et al., 2015; Guillaume
et al., 2015; Sarkar et al., 2018). Therefore, in this study, the sites composed mainly by
coarse granulometry record relatively low OC contents and less negative 6'*Crc signature,
indicative of soil with poor SOM, on the contrary the samples composed mainly by clay
fraction record relatively higher OC contents and more negative 6"Crc signature,
indicative of SOM conservation. Therefore, there is a clear relationship between the

physicochemical characteristics of the soils and the OC contents.

119



TC (Wt%)

0 1 2 3 4 5 6
D i 1 1 I I
Class:
-2 @ iA iiBE i
oo Padanian soils:
-6 - <> Natali et al. (2018b)

X Salani et al. (2021)

=10 4

8 PCrc (%)
o0

=12 4

R*=0.74
-14 -

-16 4

-18

Figure 39. Elemental TC contents and 6*Crc of MB samples and average elemental TC contents and 6**Crc
recognized as deposits of paleochannel and levee of easternmost Padanian plain soils studied by Natali et al.
(2018b) and Salani et al. (2021).

According to the one-way ANOVA results the three classes are statistically different (p-
value < 0.0001) for the LOI 550°C, LOI 1000°C, TC, OC, IC, and 8"*Crc (Figure 37b, ¢, d,
e, f, and g), and slightly less different (p-value < 0.001) for LOI 105°C and 8"°Coc (Figure
37a and h). The Tukey post-hoc test better explored similarities and differences among the
three classes. In detail, the two classes with low OC/IC (i.e., Class ii and Class iii) have
lower LOI 105°C, LOI 550°C, and OC, than the class with high OC/IC (i.e., Class 1)
(Figure 37a, b, and e). This is indicative of a correlation between the soil hygroscopic
water contents and soil organic matter. In fact, sites of Class 1 seem to have a condition of
higher clay content on the basis of the relative higher values of soil hygroscopic water and
organic matter. Another evident correlation is among LOI 1000°C and IC parameters,
which are indicative of the presence of carbonatic minerals especially in samples of Class
ii1. Such evidence can be observed also for 8]3CTC values that become less negative with
the increase of the inorganic fraction in the Class iii. On the contrary, most negative 8"*Cr¢

values reflect the higher organic fraction in the Class i. Therefore, the 8'*Crc signature is
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influenced by the OC/IC ratio as shown in Figure 40, as samples characterized by the most
negative 6"*Crc signature also record the highest OC contents. Despite the different 6'*Crc
signature among the three classes, the samples show similar 6"*Cjc and 6*Coc values,
indicating that the different 6'*Cyc values are ruled by the amount of organic and inorganic
C contents, rather than the nature of the IC and OC. In fact, for all the samples the 6"*Cyc
signature is close to 0%o, typical of geogenic carbonates. On the other hand, the average
0B Coc signature is —21.4%o, which represents a mix of SOM derived by plants with C; (~
—26%0) and C4 (~ —15%0) photosynthetic pathways, typical of this area (Natali et al.,
2018b; Brombin et al., 2020; Salani et al., 2021). Generally, as we reported, a 6"C
benchmarking is also useful to define a snapshot of the actual SOC conditions.
Furthermore, in future a coupled elemental and isotopic C monitoring should be a
systematic method to describe the evolution of the soil characteristics and to predict the

carbon fluxes.
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Figure 40. OC/IC (in logarithmic scale) versus 8'*Crc shows a good negative correlation; the insets
reproduce the relations between OC/IC, a) §*Cyc, and b) 3*Cqc.

7.3.2 Insights from soil organic carbon and geophysical data

The principal component analysis (PCA) was calculated using the elemental fractions of C,
the isotopic signature 3"*Crc, and the local electrical conductivity (EC) measured for each

of the 15 samples at the frequencies of 16 kHz, 14 kHz, and 10 kHz (Figure 38). The
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resulting PCA (Figure 41) explains more than 95% of the variance and well clusters the
samples of Class 1 and Class iii which are characterized by the highest and the lowest
OC/IC ratio, respectively. Accordingly, to the results of Figure 37 (e, f, and g) the samples
of Class ii show intermediate characteristics between Class i and Class iii, therefore in the

PCA plot they overlap over the other two clusters.
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Figure 41. Principal Component Analysis (PCA) for §"*Cr¢, OC, IC, TC, and EC (respectively measured at
16, 14, and 10 kHz), clustered in class i (green dots and dash-dotted line ellipse), class ii (yellow triangles
and solid line ellipse), and class iii (red squares and dashed line ellipse).

In the MB context, the higher EC values are indicative of soil with the property to retain
pore-fluids, that is correlated with the high cation exchange capacity of the finest sediment,
i.e., clay minerals (Katsube et al., 2003). Consequently, there is a correlation between EC
and SOM, as the organic matter is generally hosted in clay minerals (Sarkar et al., 2018).
Coherently, in Figure 42 the EC positively correlates with OC contents and OC/IC and
negatively correlates with 6'*Crc, as the most negative values are typical of samples
enriched in organic matter (Brombin et al., 2020). In particular the OC/IC exhibits the best
index of correlation R* with the EC measured at 10 kHz (0.75). Also, OC and 8“Crc show
the best R? values with the EC measured at 10 kHz (0.52 and 0.65, respectively).
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Figure 42. Linear regression graphics to observe the relations which OC, OC/IC, and 6*Crc show with the
EC measured at a) 16 kHz, b) 14 kHz, and c¢) 10 kHz. The data are represented as green dots, yellow
triangles, and red squares, for Class I, Class 11, and Class III respectively. For each plot are represented the
regression line (in black) and its equation, the r* value, and the 95% confidence intervals (the red curves).

Therefore, to evidence the spatial distributions of OC and the EC measured at 10 kHz, we
generated the predictive maps using the interpolating method of ordinary kriging (Figure
43). Comparing Figure 43a and b it is evident that the OC content and EC variables are
correlated as the northwesternmost part of the field show both the highest values of OC
contents and EC as both organic matter and water are mainly hosted in the fine sediments
of the soil (i.e, clay). On the contrary the southeasternmost part, where coarse
granulometry prevails (i.e.,, sand), shows the lowest values of OC contents and EC,
indicating the scarce sequester of OC and water contents in the soils of this area. Assuming
as first variable the OC data and as covariate variable the EC data measured at 10 kHz, we
predicted a new improved map of the OC surface (Figure 43c). This kind of map offers a
snapshot of the amount of OC in the soils and it can be read easily also by farmers, which
have not a scientific background, in order to take the right decisions to improve the OC

sequester and plan the future crops.
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Figure 43. Predictive maps realized using the ordinary kriging on a) the OC values, and b) the EC values
measured at 10 kHz, and the cokriging to predict ¢) a new OC surface using the OC values and the EC values
at 10 kHz as a covariate variable. The legend values for each map represent a quantile classification.
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7.4 Conclusions

The study demonstrates that a comprehensive geochemical and geophysical investigation
of soil can provide detailed information of soil physicochemical parameters, which can be
represented in a map useful to the farmers to evaluate health conditions of their fields. In
this work the soil of a hazelnut crop in Emilia-Romagna region (Italy) was analyzed with 1)
geochemical analyses to evaluate the elemental total (TC), organic (OC), and inorganic
(IC) carbon contents and the respective isotopic signatures of samples collected in the
arable layer (0-30 cm), and ii) in-situ geophysical analyses to measure the electrical
conductivity (EC) of the entire area, which is related with texture, salinity, porosity, and
the presence of pore-fluids. We observed that the variability of the soil carbon along the
site changes with the EC, in particular the OC concentration can be described by the EC
measured at 10 kHz. In fact, the northwesternmost part of the field show the highest values
of EC and the highest OC contents, as the finer sediments (i.e., clay minerals) host both
moisture and organic matter, whereas southeasternmost part of the field show the lowest
values of EC and the lowest OC contents, due to the presence of coarse granulometry.
Therefore, we demonstrate that geophysical non-destructive techniques can predict the OC
contents allowing the mapping of an entire area in a short time.

In our opinion, a periodic verification of geochemical and geophysical parameters of the
soils should be requested as ground-truth to each farm to monitor the soil health conditions
and to promote the use of best-practices. The use of these approaches in a short-term
period of monitoring (3-5 years) could be useful for farmers to evaluate any increase of C
and point to obtain the incentives by CAP (i.e., “carbon credits”; Figure 44). Then if the

soil of is very well-managed, the farm can reach carbon neutrality.
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Figure 44. A short-term monitoring schedule for a better soil managing to increase SOM at a farm-scale.
Carbon credits are achievable by the farmers after a certified carbon sequestration obtained by repeated
measurements on field.

In the future, integrating this method with detailed stable carbon isotope (*C/'*C)
measurements will help to evaluate the soil OC stock of an area, identify carbon sources,
and ultimately reconstruct soil CO, fluxes. In fact, during the degradation of soils, the '*C
tends more easily to be oxidized and released in the atmosphere than "°C, leaving the C
isotopic signature of residual soil more enriched in "*C. As described by De Clercq et al.
(2015), 8"Coc vary according to the soil managements, becoming negative signatures from
conventional tillage to zero-tillage and to grass coverage as the amount of sequestrated
SOC increase. In our case, we expect that OC contents will increase and the 6"*Coc will
become more negative in the MB site, where zero-tillage/grass cover practices are used.
Unfortunately, as described by Menichetti et al. (2015) a plausible decay of soil OC, with
increasing of 8*Coc signatures (between 1 and 3%o), due to the world climatic evolution is

expectable for the future.
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Supplementary Figure D1. Soil OC Stocks (0-30 cm) evaluated for the fifteen soil samples.
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8.1 Introduction

8.1.1 Soil Organic Carbon in the critical zone

The earth critical zone (CZ) is a variable thickness layer composed by soil, rocks, air, and
biota, that is constrained between the treetops to the groundwater bottom (National
Research Council, 2001; Xu and Liu, 2017). It has an evolving nature that is constantly
modified by interactive water and biogeochemical processes (Chorover et al., 2007). In
particular, within CZ many ecosystem processes, which provide a wide range of products
and services to humans, are also supported by soil formation and water movement (Field et
al., 2015). Only a thin part of the superficial CZ can be directly involved by human
activities, in particular by the agriculture. In fact, intensive agricultural practices cause soil
and vegetation degradation, interfering with processes of the CZ transformations. Thus, to
increase the knowledge of such processes, a wide spectrum of disciplines such as physics,
biology, geology, hydrology, soil science, ecology, geochemistry, and geomorphology are
needed. In particular, geochemistry can offer a complete picture of the elemental
distribution of all the involved CZ matrices, other than ensuring replicable methods to
monitor changing conditions. Focusing on soil proprieties, soil organic carbon (SOC),
which represents ~50% of soil organic matter (SOM), is considered a proxy of soil quality
and fertility (Blinemann et al., 2018). Since the organic soil carbon pool includes the living
and death residues of the organic materials, its presence facilitates soil aggregation and in
turn affects soil erosion, aeration, water balance, temperature, roots growth, and biota
activities, promoting crop productivity and climate change mitigation (Deb et al., 2015).
Although SOC geochemical investigation (e.g., elemental analysis of C by dry
combustion) is costly, time-consuming, and requires large numbers of soil samples, it is
mandatory for the calibration and validation of new smart techniques (Smith et al., 2020).
In the last decade, some authors (Minasny et al., 2013; Scharlemann et al., 2014;
Sanderman et al., 2017; Keskin et al., 2019; Sothe et al., 2022) described the rising interest
on digital soil carbon mapping. In fact, the spatial distribution of soil carbon and related
maps are useful to: 1) define a baseline of carbon level, i1) provide soil information to
farmers and policy makers, iii) identify areas affected by SOC gain and loss; and iv) feed
models with new data. However, to predict SOC distributions and model a prevision for
future concentrations, a number of covariates should also be taken into account (e.g., bulk
density, coarse mineral fragments, parent materials, climate, topography, and biotic
factors). Therefore, use of physical proprieties measured in situ (e.g., electrical

conductivity using non-invasive electromagnetic induction; Salani et al., 2022) or using
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spaceborne remote sensing (e.g., spectroscopy as Visible Near Infrared —VNIR -
reflectance; Biney et al., 2021; Vaudour et al., 2022) are spreading methods to achieve a
prediction of SOC distribution. Among these indirect methods aimed at an economic,
quick and accurate SOC quantification, spectroscopy is certainly one of the most
promising (Ben-Dor et al., 2009; Nocita et al., 2015; Angelopoulou et al., 2019; Wang et
al., 2022). Despite being rapid and cost effective, the spectroscopic approach also presents
limiting factors such as the complex statistical processing and modelling (Li et al., 2022).
In fact, Angelopoulou et al. (2019) suggested that although the sensor technology is
constantly developing, the systematic exploitation of satellite imagery suffers of some
limitations (e.g., roughness, soil moisture, vegetation cover) that can preclude correct SOC
estimations.

The spectroscopic analysis exploits spectral VNIR libraries used to predict OC distribution
at large scale (e.g., ISRIC World Soil Reference Collection (Batjes, 2009), LUCAS (To6th
et al., 2013), USDA Rapid Carbon Assessment (Wills et al., 2014; Viscarra Rossel et al.,
2016). Because detailed spectral libraries are based on a collection of local studies built
independently by different protocols for soil and spectral analyses, their application for
SOC prediction in large areas provided results affected by a significantly lower accuracy
with respect to those obtained by elemental analyses (Stevens et al., 2013). O’Rourke and
Holden (2011) and Li et al. (2022) highlighted how approaches using this type of data to
predict SOC need significant amounts of in situ data and predictions for large periods, and
the cost of updating model can be a limitation. In addition, Sanderman et al. (2021)
suggested that changes to soil carbon storage due to land use changes can made biased
results of prediction that can only be avoided with accurate analysis of organic carbon
fractions.

For these reasons, in this study we tried to merge the information derived by the spatial
distribution of soil C fractions (total carbon — TC —, soil organic carbon — SOC —, and
inorganic carbon — IC —) of 100 topsoil samples (0-15 cm in depth), with spectral data of
the PRISMA satellite (Italian Space Agency Precursore IperSpettrale della Missione
Applicative) (Pignatti et al., 2013), to predict OC contents using the machine learning
technique of Artificial Neural Network (ANN). Using ADAM platform
(https://adamplatform.eu) in situ NDVI product by Sentinel-2 was also obtained and

compared to recognize phenological cycles.
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8.1.2 Soil Organic Carbon changes in agricultural context

Nowadays agriculture is still the main human activity able to guarantee food production for
global needs and the global products of crop can currently satisfy an overall of 9.7 billion
of persons (global population expected in 2050; Berners-Lee et al., 2018). However,
Sanderman et al. (2017) escribed that since the introduction of the agriculture (~8000 years
ago), a large emission of Greenhouse gases (GHGs), as carbon dioxide (CO,; ~550 Gt),
were released in the atmosphere. Such huge emission corresponds to ~150 Gt of soil
organic carbon (SOC) loss. In fact, the mineralization of soil organic matter (SOM), which
lead to the SOC depletion and CO, emissions, is enhanced by agricultural practices that
break down and expose to air the soil aggregates, promoting the microbial activity (Wang
et al., 2011; Kibet et al., 2016). Globally, Lal et al. (2007) estimated that agricultural land
could have lost from 30% to 75% of the pristine SOC stock. However, the land use change
from stressed to a more sustainable managed agroforestry (e.g., afforestation, carbon
farming, no- and minimum-tillage) could also invert the role of the soil from source to sink
of C (Lal, 2004a; Brombin et al., 2020; Khan and Chiti, 2022).

In any case, numerous studies currently verified the depletion in order to define loss of C at
different scales as follow: from small scale (e.g., Global: Friedlingstein et al., 2022;
European: Carozzi et al., 2022, Ferreira et al., 2022; Italian: Khan and Chiti, 2022), to
farm-detailed scale (e.g., Brombin et al., 2020; Arunrat et al., 2022; Krauss et al., 2022) As
suggested by Smith et al. (2020) and Mattila et al. (2022), monitoring of C gain or loss
should be carried out every 3-5 years at farm scale, in order to establish effective solutions
that limit GHG emissions.

In the Mediterranean area, characterized by warm and dry climate, SOM contents are
typically low (<2%) and very low (<1%) (EIP-AGRI, 2015) and the SOC is particularly
affected by oxidation processes (Ferreira et al., 2022). For these reasons the conservation
of SOM in these vulnerable countries, including Italy, is a critical issue which should be
tackled in order to guarantee the fertility of soils, as well as to limit the GHG emissions.
Therefore, we attempted to predict SOC in the evolving context of agricultural soils from
the easternmost sector of the Padanian plain (Ferrara province, Northern Italy) the biggest

agrarian area of Italy.

8.2 Results and discussions
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8.2.1 Laboratory analyses

Distributions of the soil parameters analyzed in JDS area are reported in Figure 45 as box
and whiskers plots. The complete analytical dataset is reported in Supplementary table E1
(in appendix 8).

In particular, thermogravimetric analyses are revealed that LOI 105°C, which represents
gypsum and hygroscopic water contents, varied between 0.30 wt% and 7.43 wt%, with an
average of 2.23 wt%. LOI 550°C, which represents SOM contents, was between 2.14 wt%
and 20.97 wt%, with an average of 7.40 wt%. LOI 1000°C, which represents carbonates
and clay minerals, had a range between 1.96 wt% and 8.87 wt%, with an average of 5.25
wt% (Figure 45a).
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Figure 45. Box and whiskers distribution plots of the results of the analyzed topsoils: a) Thermogravimetric
analyses (i.e., LOI 105°C, LOI 550°C, and LOI 1000°C), and b) elemental carbon speciation (i.e., TC, OC,
and IC). Average (red cross) and median (black line) values are also reported.

The results of carbon speciation indicated that TC varied between 1.21 wt% and 9.50 wt%,
with an average 2.96 wt%. OC values were between 0.68 wt% and 9.34 wt%, with an
average 1.87 wt%. IC had a range between 0.05 wt% and 2.20 wt%, with an average of
1.09 wt% (Figure 45b).

8.2.2 Time series of the Sentinel-2 NDVI

For each investigated parcel a complete time series of the NDVI of Seninel-2 in the period
December 2016 - December 2021 was downloaded from the ADAM platform. In general,
in this period NDVI varied from —0.18 to 0.87, with an average of 0.28. Such values
represent bare soul and dense vegetation conditions, respectively. In fact, NDVI values

lower than 0.2 are typical of soil with no cover vegetation, on the contrary values higher
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than 0.7 are typical of strength green vegetation at the peak of growth. For these reasons,
using the time series we recognized bare soil conditions and the phenological cycle
(Griffith et al., 2002; Zhong et al., 2015) of each crop that covered the investigated parcel
of JDS. Therefore, the time series of the monthly averaged NDVI is reported in Figure 46a.
Moreover, for the entire 2021 we recognized that 37/100 parcels were cultivated from
before January to June with winter wheat (Figure 46b), on the contrary 47/100 parcel were
covered by vegetation from May to October with maize, soybean, and rice (Figure 46c).
Whereas the remaining 16/100 parcels were not cultivated, or with several phenological

cycles (i.e., horticulture crops).
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Figure 46. a) Sentinel-2 NDVI time series of the 100 investigated parcel for the period December 2016-
December 2021; b) Sentinel-2 NDVI time series in 2021 of 37 investigated parcel that show a phenological
cycle typical of winter wheat (bare soil conditions are under the brown field); c) Sentinel-2 NDVI time series
in 2021 of 47 investigated parcel that show a phenological cycle typical of summer cultivars as maize
soybean and rice (bare soil conditions are under the brown field). Averaged time series are represented by red
curve.

For each investigated parcel the minimum NDVI values of Sentinel-2 are related to soil
conditions. Despite the weak correlation, we can observe that the smaller the NDVI index,
the smaller LOI 105°C, LOI 550°C, TC, and OC (Figure 47a, b, d, and e). On the contrary,
NDVI correlates positively with both LOI 1000°C and IC (Figure 47c¢ and f). Such
conditions are probably imputable to the color of the bare soil. In particular high presence
of black material, as occurs in the peaty soils of JDS or finer soils mainly composed by

clay are related to the lower NDVI values. Meanwhile, soils with high presence of
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carbonates and coarse material, which can cause SOM degradation and OC depletions, are

related to higher NDVI values.
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Figure 47. Minimum calculated Sentinel-2 NDVI (Period: December 2016-December 2021) vs: a) LOI
105°C, b) LOI 550°C, ¢) LOI 1000°C, d) TC, e) OC, and f) IC.

8.2.3 Artificial Neural Network results

Using the dataset of just 100 samples, we avoided setting a portion aside to act as
validation data for ANN. In particular, we used 70% of the samples for ANN training and
30% for testing. Thus, we iterated the training and testing process multiple times, always
making a different random selection of the training and testing data. To avoid excessive
fluctuating results between one iteration and the next, we always performed 100 iterations.
With the best results obtained with the configuration of 1 layer with 100 neurons. In Table
10 is reported for each parameter the resulting R*> mean and standard deviation after 100
interactions. Overall, the best result obtained when using PRISMA spectra was the R?
~0.66 that we found by preprocessing and feeding to the ANN the first derivative of the
PRISMA reflectance spectra taken from the 20200407 hyperspectral pixels corresponding

to the locations from which we collected our 100 soil samples.
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Table 10. Neural network performance with different soil quantities. The R? mean and standard deviation are
computed over the 100 iterations.

R2
Quantity Mean Std
OC (wt%) 0.60 0.19
LOI 550°C (wt%) 0.52 020
TC (wt%) 0.50 0.24
LOI 1000°C (wt%) 0.48 0.13
IC (wt%) 045 0.14

LOI 105°C (wt%) 031 0.24

8.3 Conclusions

This study reported an ab initio approach to predict soil organic carbon in a territory with
high soil variability. In fact, observing Figure 48, such variability of the organic contents
(OC varies from 0.7 to 9.3 wt%), which can also occur in few meters (also within a pixel),
also constrained the ANN results (max R* 0.6) and suggesting a future implementation of

the dataset with other precise ground truth.
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Figure 48. 100 topsoil OC contents in JDS.

We also provided that in future with the same procedure applied in this study we could
achieve an R* ~0.8 (Figure 49). Thus, with a better resulting prediction we can create
spectral libraries also to predict OC in a bigger area, such as the Ferrara province, and to
estimate the soil degradation. This approach could be useful for policy makers and farmers

to decide future land use and agricultural managements.
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Figure 49. Training and testing dataset size vs R?averaged over 200 possible subsets with the given size of
the main 100-sample dataset. The data are fitted with the curve R?=0.10 log(N + 0.24)— 45.74.
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Appendix 8

Supplementary Table E1. The complete dataset of the soil investigated in Jolanda di Savoia (JDS).

Sample Latit.  Long. TC ocC IC LOI105°C  LOI550°C  LOI 1000°C
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
GMS22-01  44.95347 11.82749 2.18 0.79 1.40 0.81 450 6.17
GMS22-02  44.94705 11.84639 2.66 1.49 1.17 228 8.96 5.32
GMS22-03  44.95643 11.86723 2.68 1.63 1.04 1.84 9.60 527
GMS21-01  44.94291  11.88035 1.96 130 0.66 1.73 8.42 3.80
GMS21-02  44.96028 11.90197 2.61 1.19 1.42 138 7.07 6.11
GMS21-03  44.95485  11.91966 2.96 1.94 1.02 1.96 10.16 4.90
GMS21-04  44.94025 11.93648 227 1.81 0.46 2.80 7.02 3.30
GMS21-05  44.97123  11.94750 3.27 1.52 175 1.25 8.16 7.40
GMS21-06  44.93037 11.96075 4.11 4.05 0.05 2.67 13.75 1.96
GMSI12-01  44.93699 11.97897 291 1.67 125 138 7.59 5.64
GMSI12-02  44.96603 11.99626 2.59 1.06 1.54 1.24 6.32 6.61
GMSI12-03  44.94759 12.00776 2.87 1.82 1.06 1.80 8.93 4.41
GMSI12-04  44.96819 12.01146 3.09 111 1.98 122 5.47 8.8
GMSI12-05  44.91874 12.04571 3.64 2.97 0.67 0.61 11.27 3.71
GMSI12-06  44.96543  12.06601 231 0.76 1.55 0.71 4.17 6.54
GMSI12-07  44.92523  12.07299 3.78 3.00 0.78 231 10.86 429
GMSI11-01  44.90711 12.09327 2.16 1.60 0.55 1.68 8.81 3.55
GMS11-02  44.95035 12.11237 3.16 1.61 1.55 171 8.83 6.64
GMS11-03  44.91971 12.13222 3.03 2.76 0.27 222 10.86 2.64
GMS11-04  44.90342 1214368 6.46 6.33 0.13 4.02 14.06 239
GMS11-05  44.92744 12.17779 2.06 0.85 122 0.50 3.18 517
GMS23-01  44.92289 11.75622 2.30 0.82 1.48 0.87 431 6.17
GMS23-02  44.89318 11.76888 2.68 0.83 1.85 1.09 6.13 7.65
GMS23-03  44.94900 11.79278 2.30 1.41 0.89 2.10 8.74 4.13
GMS23-04  44.90313  11.79300 2.78 121 1.57 129 6.4 6.80
GMS23-05  44.92733  11.81369 3.11 1.56 1.54 1.44 8.03 6.51
GMS23-06  44.92825  11.84646 227 115 112 1.67 7.62 5.01
GMS24-01  44.87428  11.85987 2.85 123 1.63 1.69 5.40 6.89
GMS24-02  44.90900 11.86336 2.86 138 1.48 2.87 7.35 6.73
GMS24-03  44.89384 11.88576 2.70 126 1.43 246 6.69 6.16
GMS24-04  44.91034 11.89257 2.58 111 1.47 2.06 5.62 6.63
GMS24-05  44.86642 11.89807 2.98 1.44 153 1.97 6.18 6.82
GMS24-06  44.90816 11.91650 2.08 122 0.87 3.09 7.13 4.45
GMS24-07  44.92376  11.92089 321 1.59 1.62 0.72 6.51 6.61
GMS24-08  44.87121 11.93198 237 122 1.16 1.60 517 531
GMS24-09  44.89851  11.94035 2.73 1.62 111 2.56 6.93 5.15
GMSI3-01  44.86338 11.96374 5.08 479 0.29 3.43 12.08 2.94
GMSI3-02  44.90084 11.97647 2.11 0.74 137 1.08 3.84 5.87
GMS13-03  44.85460 11.99610 3.43 337 0.06 4.16 10.59 240
GMSI3-04  44.91239  12.00407 9.50 9.34 0.16 5.36 20.97 2.87
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O, O, O,
Sample Latit. Long. TC oC IC LOI'105°C  LOIS550°C  LOI1000°C

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
GMS13-05  44.88340 12.02530 3.63 2.88 0.76 2.70 8.89 423
GMS13-06  44.84578  12.02850 3.54 2.98 0.56 3.55 9.64 3.85
GMS13-07  44.85885 12.03902 438 430 0.08 3.67 11.49 2.54
GMS14-01  44.84013  12.07412 2.87 2.07 0.80 2.48 7.27 435
GMS14-02  44.87038  12.08090 3.84 2.96 0.88 2.75 9.39 479
GMS14-03  44.88809 12.11971 5.99 591 0.08 4.61 14.29 2.59
GMS14-04  44.86830 12.12275 7.28 7.19 0.09 3.87 14.90 226
GMS14-05  44.84270 12.12674 3.96 3.08 0.88 3.30 10.17 4.63
GMS14-06  44.82144 12.14210 1.4 0.69 0.74 0.31 2.14 3.02
GMS14-07  44.87334  12.16686 122 0.68 0.54 0.30 2.28 2.50
GMS32-01  44.84605 11.73040 2.95 151 143 123 6.74 6.45
GMS32-02  44.83354  11.74805 2.58 111 147 0.97 6.44 6.62
GMS32-03  44.86754 11.75811 2.25 0.80 144 0.89 4.82 6.42
GMS32-04  44.85316 11.77674 231 0.96 136 0.89 4.88 6.04
GMS32-05  44.87301 11.80801 2.28 0.79 1.49 0.69 437 6.53
GMS32-06  44.84041 11.80860 2.57 120 137 1.73 5.29 6.10
GMS32-07  44.87563 11.83407 2.27 0.71 156 1.62 4.89 6.95
GMS31-01  44.82560 11.82758 2.40 0.85 1.55 1.65 444 6.88
GMS31-02  44.86969 11.84706 2.50 118 132 231 6.22 6.11
GMS31-03  44.81176 11.84658 2.72 138 134 3.45 7.64 6.11
GMS31-04  44.83837 11.86657 2.26 0.90 136 171 4.65 6.13
GMS31-05  44.84998 11.88181 2.77 146 131 2.51 6.84 6.52
GMS31-06  44.81918 11.90740 2.48 0.68 1.80 1.32 4.00 7.88
GMS31-07  44.84789 1193383 5.02 4.95 0.07 5.19 13.46 247
GMS42-01  44.80919 11.93308 2.78 137 142 2.89 7.67 6.43
GMS42-02  44.83448  11.96446 3.20 1.84 137 2.50 7.22 6.09
GMS42-03  44.78828  11.97119 2.25 0.79 147 113 3.97 6.81
GMS42-04  44.83859 1199793 3.06 2.60 0.46 3.23 8.86 3.26
GMS42-05  44.79306  11.99869 2.08 1.04 1.05 2.40 6.32 5.09
GMS42-06  44.80386 12.02244 2.76 117 1.60 1.66 5.52 6.89
GMS41-01  44.79173  12.03855 2.13 0.81 132 2.20 5.70 6.03
GMS41-02  44.77656  12.03931 3.02 0.83 2.20 1.98 5.68 8.87
GMS41-03  44.80396  12.04860 5.81 5.74 0.07 4.96 14.41 2.63
GMS41-04  44.77222  12.06710 5.51 5.44 0.07 5.09 13.80 2.68
GMS41-05  44.81420 12.08807 3.90 3.48 0.42 3.15 10.04 3.06
GMS41-06  44.79755  12.09702 2.14 0.88 126 135 4.58 5.75
GMS41-07  44.76853  12.11841 2.78 1.62 115 157 6.20 5.65
GMS33-01  44.77921 11.71769 2.09 0.83 126 1.97 5.60 5.76
GMS33-02  44.81641 11.73227 2.75 120 1.55 0.72 5.05 6.40
GMS33-03  44.76994  11.73904 2.43 1.10 133 241 6.32 6.06
GMS33-04  44.79951 11.76773 241 114 127 0.88 5.41 5.74
GMS33-05  44.81416 11.78519 2.64 110 154 0.86 5.86 6.93
GMS33-06  44.76299 11.79163 2.43 159 0.84 3.81 8.65 4.60
GMS34-01  44.76491 11.81793 178 121 0.57 2.74 6.37 3.96
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Sample Latit.  Long. TC oc ic LOI105°C  LOISS0°C  LOI 1000°C
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
GMS34-02  44.79466 11.82857 2.26 1.49 0.78 5.8 8.46 4.02
GMS34-03  44.74365 11.83439 278 1.06 1.72 1.59 5.46 727
GMS34-04  44.75591 11.86997 2.05 1.07 0.98 1.18 417 433
GMS34-05  44.80007 11.89351 223 1.01 122 2.03 533 5.82
GMS43-01  44.73747  11.90806 2.11 0.81 131 1.76 527 5.85
GMS43-02  44.75872  11.91673 2.73 125 1.48 1.71 4.80 5.56
GMS43-03  44.73949  11.92432 234 1.16 1.18 243 6.05 541
GMS43-04 4478736 11.93576 2.62 1.04 1.58 275 6.56 7.04
GMS43-05  44.76428 11.96106 2.06 0.73 1.32 1.55 3.80 5.70
GMS43-06  44.74688 11.96791 2,08 0.85 123 1.95 479 578
GMS43-07  44.74340 12.00944 1.59 1.07 053 276 5.67 321
GMS43-08  44.76636  12.01615 2.88 1.62 1.26 3.18 8.07 5.75
GMS44-01  44.74882  12.02706 402 324 0.78 373 10.49 433
GMS44-02  44.75804 12.05484 3.83 3.17 0.65 3.95 10.78 4.03
GMS44-03  44.73951  12.07659 2.07 0.98 1.09 0.81 3.70 631
GMS44-04 4475176 12.08854 229 0.74 1.55 743 4.06 470
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9. General conclusions

This thesis represents an overview on the soil carbon contents and fluxes in Ferrara
province (Northeastern Italy) using innovative and sophisticated methods. In this thesis the
nature, as well as the spatial and temporal evolution of the Soil Organic Matter (SOM) in
the Ferrara soils were investigated in detail. In addition, the distribution of the soil organic
carbon (SOC) contents, the relative isotopic signature, and the CO, equivalent emissions
were mapped in the entire Ferrara province.

The described topic is extremely interesting and not only brings scientific curiosity but also
practical views.

First of all, the definition of Carbon (as well as Nitrogen and Sulphur) elemental contents
and isotopic signatures in the Ferrara soils resulted to be a new useful proxy to assess the
sediment provenance (i.e., Alpine and Apennine contributions conveyed Po and Reno
Rivers, respectively) and, in future, it could be a new tool to recognize anomalies due by
pollutants, as they are related to the Cr-Ni backgrounds, already investigated in previous
works.

Other legacies of this document can be resumed by the SOC data comparison of 1937 with
those of 2022. Since XIX century, Ferrara province was affected by several reclamation
processes and by a massive land-use land-cover-change. The comparison of the SOC data
collected in 1937, before the last reclamations, and those collected today (in 2022),
allowed us to verify the degradation of SOM in the Ferrara province occurred in 85 years.
Such inventories were also useful to estimate the SOC stock loss and to calculate the
amount of CO, eq released in the atmosphere. This topic demonstrates the consequence of
the land-use and land-cover-change in the long term, as well as the importance of a long-
monitoring of soils, in order to assess the SOM and SOC trends and take actions to prevent
any ecosystem damage. Future studies to valorize the survey dataset could be an evaluation
of microbial communities and fungal also to delineate current fingerprints and fate of the
SOM.

This thesis also highlighted a particular case study of accelerate SOM degradation
occurring in soil profiles of Mezzano Lowland (eastern part of Ferrara province), which
host peatlands. In this area the natural peat burning process was documented: such
phenomenon is a rare event in nature and it is due to the concomitant upraising of deep
methane and its exothermal oxidation. In this particular context, a differential consumption
of the carbon pools with distinct thermal stabilities were observed with a total consumption

of the labile organic carbon and variably decrease of the residual oxidable carbon contents.
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The burning of these soils induces 1) the release of greenhouse gases, ii) the loss of soil
structure and nutrients (e.g., nitrogen), and possibly iii) the release of toxic elements (e.g.,
heavy metals). Therefore, this unique case-study shed a light on the extreme consequences
of the SOM depletion.

This thesis demonstrated the importance of the soil long-monitoring both at small- and
large-scale; therefore, two pilot studies were introduced to provide fast techniques to
monitor the quality and quantity of SOM both at the small-scale (i.e., farm-scale) and at
the large-scale (i.e., the province scale).

For the small-scale SOC monitoring, a new method combining geochemical (elemental
and isotopic carbon speciation) and in-situ geophysical method (electrical conductivity
measurement) was tested to assess the SOC of a farm in Ferrara province. The SOC
distribution was mapped in the entire area with kriging technique, also using the
geophysical measurement of electrical conductivity (measured at 10 kHz) as covariate
variable. This method could be employed to assess the OC benchmarking of an area and
then to monitor the SOC stocks, in line with the Common Agriculture Policies of the
European Union, which incentive the farmers to certify their capability of sequester C
using agricultural best-practices.

Finally, for the large-scale SOC monitoring, this thesis presented a preliminary approach to
predict in a fast and detailed way the OC content in the soils of the Ferrara province
combining the geochemical soil analyses with the remote-sensing technologies and multi-
and hyper-spectral data. Despite the use of artificial neural networks, this approach has
proved to be bold. In fact, spectral libraries able to predict OC in a big area (e.g., the
Ferrara province) can be created only with a massive use of ground data, which still
implies a large collection of soil samples and the related laboratory analyses.

In conclusion, this thesis demonstrates the relatively poor quality of the soils of the Ferrara
province, which host low quantities of SOM and SOC, due to perpetuation of the massive
land-use and land-cover-change activities, which are occurring since the XIX century. The
depletion of SOM has induced, and is still promoting, the release of greenhouse gas
emissions in the atmosphere with catastrophic long-term effects on climate. This situation
1s more concerning when soils particularly enriched in OM (e.g., peatlands) are involved.
Therefore, the development of fast, innovative, and cost-affordable techniques for a

continuous soil-monitoring at both small- and large-scale should be encouraged.
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