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Abstract

Understanding the key drivers that affect a declne of esganic carbon (SOC) stock in
agricultural areas is of major concern since leadin@ tdecline in service provision from sois and
potentially carbon release into the atmosphere. Despitenca@asing attention is gven to SOC
depletion and degradation processes, SOC dynamics are farb&bg completely understood
because they occur in the long term and are the resufh complex interaction between
management and pedo-climatic factors. In order to improveuonderstanding of SOC reduction
phenomena in the mineral soils of Veneto region, this stadyed to adopt an innovative
probabilistic Bayesian Belef Network (BBN) framework to mo@&DC dynamics and identify

management scenarios that maximise its accumulatidrmammise GHG emissions.

Results showed that the constructed BBN framework was tab#escribe SOC dynamics of the
Veneto region, predicting probabiites of general accumdlafll.0%) and depletion (55.0%),
similar to those already measured in field studies (15.3% 5S0%b, respectively). A general
enhancement in the SOC content was observed where iraurmirsoil disturbance was adopted.
This outcome suggext that management strategies of conversion from croplmdgasslands, no
tilage and conservation agricuture are the most pmgnisnanagement strategies to reverse
existihg SOC reduction dynamics. Moreover, measures IgpBOC stocks were also those
providing major benefts in terms of GHGs reduction emissidfinally, climate change scenarios
slightly affected management practice. Advancementsuin BBN framework might include more
detailed classes at higher resolution as wel as arng-sokural or economic aspect that should

improve the evaluation of prediction scenarios.
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Soil organic carbon; Agricutural management; Land usejsida support system
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1. Introduction

Sois are critical for the provision of economic goods and estaEsy services, including the
accumulation of atmospheric carbon (Lal, 2010). However, thergrasving concern among
scientists and policy makers that soil organic carbon (S®@eclining (Bouma, 2014; Stockmann
et al, 2015), particularly in agricutural areas, leadingataecline in service provision from soils
and potentially carbon release into the atmosphere (Kodi.,e2013; Smith, 2012). Monitoring
changes in SOC content can help identify degrading isoiwder to target them for management

interventions that arrest declines and promote SOC actiomula

Despite the attention that has been gven to SOC (EC, 20b2li et al., 2017), agricultural and
environmental impacts as a result of SOC changesropEustil have large uncertainties associated
with them. These are dependent on several factors; ecoiemic difficuty quantifying values of
ecosystem services), ecological (e.g., uncertainty abopatelchange scenarios) or socio-cultural
(e.g., wilingness to adopt new technologies) (Burton andw&eh 2013; Smith et al, 2007a;
Yigini and Panagos, 2016). At the local scale, long-term 8tldlies have shown different SOC
accumulation or depletion dynamics (Saby et al, 2008), mainlyndepie on inherent pedologic
and climatic conditions, land use intensity, and croppingesgstmanagement (Berti et al., 2016;
Heikkinen et al., 2013; Maillard and Angers, 2014; Reineveld .et2809). Predictions of SOC
dynamics under different management strategies andfoatecl scenarios have been extensively
investigated using biogeochemical models (e.g., Borrelil.et2016; Lugato et al., 2014; Xu et al.,
2011) at the large scale (from regional to trans-natiomédwever, these models are limited if

quantitative information is missing or uncertain.

Indeed, several SOM models rely on functional criteriatedl to microbial function (e.g. decay rate
of C pools) with the aim of representing the effect of l@oabal and physical factors on SOC
turnover and C fluxes. However, as underined by Dungadl. 62012), the relative contribution of

biochemical and physical controls on the decay are ragsted empirically, instead, the weakness
3
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of a model’s theoretical background is compensated for by calibration procedures. It folows that
too often models are over-calibrated in order to operate edlgcin the soil systems where they
are valdated. However, they are less consistent whereé@ppli unusual soils or a different climate,

at “the edge of, or beyond, their validation” range (Dungait et al, 2012, p. 1790).

For these reasons, environmental processes and managdesmentbeen increasingly modelled
folowing probabiistic approaches, where the uncertainty eawhbiity of results is included in
modeling (Uusitalo, 2007). Bayesian belief networks (BBNs) am@babilistic models that
accommodate data uncertainty and variabiity and haveeamingly been applied in ecological
modeling since they are able to integrate both quadtatimd quantitative variables in a unique
model platiorm (Landuyt et al, 2013). By linking the differemriablesin a graphical interface,
BBN users define cause-and-effect relationships thavider both diagnas and prognosis under

specific variable conditions, aiding the decision-making ¢ssiog.

A first attempt to use BBNs to evaluate soil degradation egaised out by Hough et al. (2010) by
modeling peat erosion in Scotland using a combinatiom oétional soil properties inventory and
local empirical observations. The authors identified climedeables the main factors associated
with peat erosion, whie a secondary role was associatdd lavid management practices, in
particular vegetation cover. Qualtatve and quantitaifermation were merged also to evaluate
the risk of soil compaction (Troldborg et al., 2013), atthough a ddottata for model validation (at

field scale or from laboratory tests) partly weakened impremsmin understanding factors (e.g.,

inherent soil characteristics, land management) andtipgoto combat soil degradation.

In the Veneto region, north-eastern Italy, one of the most impomamacts of intensive agriculture
on arable soils is the decline of SOC content, estimate/emige rates of 1.1 Mma! y1 (Morari
et al, 2006) as a result of continuous tilage, low orgapitsnand over-simplification of cropping

systems (i.e. monoculures). In this context polcy makesswel as land managers and scientists,
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need decision support tools to enable them to weigh up theitbemmd drawbacks of different

agricultural systems and to explore best agri-environrhentamagement strategies.

According to previous European experiences on modeling soil piegpenith a probabilistic

approach, it is expected that BBNs can provide new insightoil management strategies. With
the general purpose of evaluating the feasibiity of latmg the C biogeochemical cycle using
BBN models, this work aims: i) to quantfy SOC accumulatiomd reduction in croplands and
grasslands across the Veneto region, north-eastern ditdy independent model validation; i) to
identify the main factors influencing SOC stock chargdgnamics; i) to evaluate alternative
management scenarios that maximse SOC accumulatwh samultaneously minimiseGHG

emissions.

2. M aterial and methods

2.1 Study area

The Veneto region (NUTS-2, total area of 18,400 )kin located in north-eastern Italy, where 55%
of the region is occupied by the Venetian plain, which soaplex system of urban, industrial, and
intensive agricuttural areas characterised by high pogul density. According to the last
agricuttural census (ISTAT, 2010), croplands and grasslarelsmainly concentrated on the plain
(78%), comprising mainly cereals (maize, wheat), soybean, fadder crops ¢a. 70% of total

agricultural cultivations). Croplands and grasslands aergly irrigated where the shallow water
table, mainly located in the low-lying area around the idéetagoon, does not contribute to soil
moisture in the root zone. A spatial visualisation of tlenefo region based on Corine Land Cover

inventory (2012) is reported in Figure 1.

Most of the soils of the regional low plain (<15 m a.s.l.) aedcisbls and Cambisols characterised

by sandy and sity-clay deposits with medium naturalltfertleriving from low SOC content
5
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(usually in the range of 10-20 g-Kgand low cation exchange capacity. Luvisols and Cambisols
(calcareous and skeletal loam, clay-loam soils) chasetenainly the high Venetian plain and hily
areas in the north (15-300 m a.s.l), while Leptosols and Casnlaismlalternated in the mountains,

from sloping areas to valeys, respectively (WRB, 2014).

2.2 Bayesian Belief Network (BBN) model construction

A BBN model was buit with the aim of combining the climalsogeochemical and management
drivers that influence SOC stock change in the 0-30 ayer,| according to the conceptual
framework proposed in Morari et al. (2015). Drivers leading to gdsarin the SOC cycle were
identified from either natural or human-induced proces@eg., net primary production, soil
structure degradation), whose cause-and-effect relatisnsivere identified after an iterative
process that aimed to put theory irdoregional context. Only agroecosystems including croplands
and grasslands across the Veneto region were considethd study. The target node was SOC
stock change (Fig. 2), which considered clmate, soil and geenent as the main group-factors
comprising a total of 22 nodes and 30 links. According to Marcat €2006), the number of nodes
and their states was kept as low as possible in order tor fthedu tractability and understanding,
while contemporarily describing SOC processes and SO@defgienomena. In this context, some
intermediate nodes were required to summarise nodes intor riiegmes (e.g., endogen and
hexogen carbon, soil fertiity). Parentless input nodes septed the main geographic information
associated with cropping systems and pedo-climatic paraméiee BBN model was buit using

Genie Academic 2.1 software (BayesFusion LLC, UniersityPitgburgh, PA, USA).

2.3 BBN model parameterisation



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Condttional probabilty tables (CPTs) were incorporated into BN model (each node was
associated with a CPT) through available data, expert kagevland existing models gathered from
the literature and previous work conducted in the areag vgarentless nodes had unconditional

probabiity tables composed of prior knowledge on the frequenciescbfstate.

Parentless pedo-climatic nodes were populated using emmrcience: in particular soil data
from the Veneto Region 1:250,000 soil map (Regione Veneto, 2005), wshidhked to an
alphanumeric database with physicochemical characerigfiH, texture, depth, intrinsic SOC
content etc.). The database is regularly revised by theetd Region Environmental Protection
Agency (ARPA Veneto), which provided an upgraded version eofdtitabase whose SOC dia

3- cm soil layer) referred to the year 2010 (http//Wwww.ag@.it/arpavinforma/indicatori-
ambiental/indicatori_ambiental/igeosfera/qualita-dei- sumie nuto- di-carbonio-organico- nello-
strato-superficiale-di-suolo/view). The database did notudecl soil porosity information, which
was estimated from bulk and particle density (Jury and Ho2004). Despite bulk density was
present in the database and represent a key parameteenoirdetSOC stocks, here it is was not
included among the basic parentless nodes. Firstly, becaliseddmsity is correlated with soil
texture properties and may represent a redundant infornteéibrns not needed in the BBN (Marcot
et al, 2006). Secondly, because the aim of the work was to yubetiSOC stock change (rather
than its absolute value), whose dynamic is not correlaittd bulk density which was assumed a

steady property.

The climatic database of Veneto used was that already ddoptBal Ferro et al. (2016) in a study
conducted in the same area and based on 35 meteorologicalsstatenly spread over the region,
which provided 20 years of clmatic data (1993-2013). Rainfall efelence evapotranspiration
(ETo), calculated using Penman-Monteith equation (Allen kt E998) by linking vegetation,

temperature and time of year, were included as paremim$ss. Despite temperature is usualy
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associated with crop biomass, in our BBN framework it wasemptiicitty used because implicitly

included in the EJ node.

Parentless crops and fertiiser information were provided th®y Veneto Region agricultural
administration (Dal Ferro et al., 2016; Regione Veneto, 2012)eamtimicipal level. The database
was used to describe cropland and grassland probability distibwicross the region as wel as
type (organic or mineral) and quantity (kghag!) of nutrient input. Irrigation was also included in
the BBN model by considering the regional partition betwedgated and non-irrigated areas

according to the ISTAT database (ISTAT, 2010).

Node-associated conditional probabilties were buit using traposite approach, in some cases
using data derived by local feld trials and modelling empeits whie in others expert knowledge
and lterature review. In particular, data on soil tileagel cover crop practices were extracted from
information on thie spatial distribution across the Veneto region gatheremigh regional surveys
carried out by the Rural Development Programme (Regiometye 2013). Probabilty distributions
of SOC turnover rate and crop biomass were derived from diaelimg study of Dal Ferro et al.
(2016) that was conducted in the Veneto megieollowing Landuyt et al. (2016) these CPTs were
determined based on the spatial relationship with assoqeteineters, such as soil fertiity, &T
water supply, etc. (Table 1). In this context, soil moistMess not included to affect SOC dynamics
because t is strictly related to soil texture. Sigladoil nitrogen was also correlated with texture
parameters and therefore not sensitve to change SO@erthidess, experimental and modelling
results showed that the fertiiser type, that in tufeceed hexogen carbon, was the main factor to
change soil carbon-nitrogen dynamics. According to Marcatl. £{2006), pedo-climatic and childe
nodes were categorised by probabilistic state values (e.l,, rhigdium, low), defined through the
conversion of continuous variables. The number of categorées kept the lowest as possile,

although able to represent influences.
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2.4 BBN scenarios

2.4.1 Land use and management

Land use and management scenarios, selected among dtberghe most promising and readiy
applicable in Europe to maintain SOC in agricultural s@#orari et al., 2015; Powlson et al.,
2011), have been hypothesised as the conversion from curnemiomg conditons (hereafter

called “standard scenario”) to those adopting different strategies

a. Croplands to 50% and alternatively 100% grassland: areaenturrunder arable
production were converted to permanent grassland wherenggrdmy making or mixed
practices are generally applied;

b. Arable lands to 50% and alternatively 100% under no tilagectipes: conventional
practices, which usually include several tillage opemmatiafter crop harvest (mouldboard
ploughing) and throughout the crop season (disk harrowing befomng, hoeing, etc.),
were converted to no tillage management;

c. Croplands to 50% and atlternatively 100% of continuous soil cotlrcaver crops: this
scenario simulated that cover crops followed the main croprder to maintain continuous
soil cover throughout the year. Cover crops were complaietyrgorated (i.e., used as
green manure) into the soll;

d. Monoculture croplands to 50% and alternatively 100% under crofiorota succession of
different crops including legumes in arable lands replaiotghsive monoculture practices
(mainly maize);

e. Croplands to 50% and alternatively 100% under conservationutamec folowing the
regional guidelines that were proposed in the RDP 2007-2013(Redgeneto, 2013), this
scenario was set up to predict the effects of conservatignitutture by including

simultaneously crop rotation, cover crops and no tilage managepnactices;
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f. Organic (farmyard manure) to 50% and alternatively 100% otdl tfertiiser input: an
increase in the use of soil amendments (farmyard mamas modelled as a substitute to

mineral fertiliser.

2.4.2 Climate change scenarios

Projections of changes in climatas provided by the Intergovernmental Panel on Climate Change
(IPCC, 2007; IPCC, 2013), were combined with land use and magatgdata in order to evaluate
the effectiveness of potentially adopted strategies (semgrpph 2.4.1) to mitigate climate change.
For this purpose, the quantificaton of greenhouse gass fiwas included in the BBN model in
terms of net carbon dioxide (G¥) methane (Ck) and nitrous oxide (MD) changes in agricultural
fields. In particular, C@ was directly correlated with SOC dynamics, while sOMas associated
with the degree of hexogen C input and rainfal, an® Nvas linked to fertiisers type and dose as
wel as climate condtions (i.e., temperature) (Smih let 2014; Smith et al, 2007b). Finally,
GHGs emissions were converted into £@quivalent (CQ-eq) terms to enable an evaluation of
integrated global warmg potential (GWP) for C® (GWP = 1), CH (GWP = 28) and bD (GWP

= 265) over a time horizon of 100 years (Smith et al., 2007b). Equna@le, emissions were
modelled as utiity values (Fig. 3), which refer to the lipation of different management
strategies with climate change emission scenariosleasribed in Nakicenovic et al. (2000). In
particular, scenarios labelleld as Bl (“Sustainable world”, corresponding to atmospheric COz
concentration of 538 ppm), AIB (‘Rich world”, corresponding to CO2 concentration of 674 ppm)
and A2 (“Separated world”, corresponding to CO2 concentration of 754 ppm) were selected for
comparison in this study. Some simplificatons have been dbneiimate change effects were
considered only in terms of rainfall arar temperature variations, neglecting the potential sffect
of COz increase on other factors such as biomass yield; i) dinlate data without any further
predicton on socio-cuttural and economic change was coedida) CO:-eq quantified only

emissions from the biogeochemical cycles of different crggiesis, thusexcluding management

10
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aspects (e.g., machinery use) that directly contributehémges in GHGs emissions) despite the
major contribution of rice paddy felds to GHGs emissidhey were not considered in the current
analysis ¢a 0.9% of regional agricultural fields)v) potential adaptations of farm management
systems (e.g. selection of new crop species and varigtipiicaion of efficient irrigation methods)
to climate change scenarios were not considergdP@C Special Report on Emission Scenarios
(Nakicenovic et al., 2000), instead of the most recent IPCCeRemtative Concentration Pathways

(IPCC, 2013), was used for consistency and comparison with prestiodies (Lugato et al., 2015).

The stochastic weather generator LARS-WG (Semenov anebvid 2002) was used to produae
daiy time series of clmatic variables. Weather pararsetwere calbrated by using probabilty
distributions of localy observed daily weather variables. igenpirical distributions of observed
data were successively found, whie Fourier series weeel to describe precipitation amount, solar
radiation, minimum and maximum temperatures. Finaly, 8ARG generated clmate change
weather data from mult-model ensemble of 15 clmate modsdsnénov et al., 2013) that were
used in the IPCC 8 Assessment Report. In this context, the weather datddrate Veneto regio

was used to describe alternative climate scenarios ah@tevdheir impact o O2-eq emissions.

2.5 BBN model validation

BBNs have been extensively used to evaluate ecosysemes and environmental management
without any model valdation, or simply based on stakeholdemuaticad (Landuyt et al., 2013).
However, assessing the abiity of the model to represegettaariables is a key step to providing
reliable scenarios (Death et al., 2015), particularly inctie of SOC stock change, which is rather
dificut to quantify without real-world data. Moreover, due toe low reactvity of SOC to
management changes and high spatial variabiityy, SOCGandys should be evaluated in the
mediun/long term after stabiised management conditonsassto reduce uncertainties in detecting
changes in SOM stocks (Kukman et al, 2012). In this contbgt, model was validated by

comparing the BBN predictons on SOC stock change to a dbtall2 unique values that were
11
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obtained from different case studies (Fig. 1). Field data (1&¥lieg points), collected in large
plots (7.8 x 6 m) from a long-term experiment (establshed in HB2still ongoing) (Berti et al.,
2016) were representative of different cropping systems (egoaguiture, crop rotationgrasslang
and fertiiser inputs (e.g. mineral, organic, mixed) theg txaditionaly adopted across the Veneto
region (Regione Veneto, 2012). The experiment is located atexperimental farm of the
University of Padova (45° 20N 11° 18’ E, 6 m a.s.l), characterised by a loamy Fluvi-Calcaric
Cambisol. Agricultural practices that have only regebtten introduced in the study area (i.e., no
tilage, use of cover crops) were monitored in three difiefarms (69 sampling points) over a 3-
year time span (Piccoli et al., 2016). The farms are locatatiree different areas of the Veneto
region from east (Caorle municipalty, 438 N 12° 57" E, -2 m a.s.l; sitty-clay to sandy-loam,
Gleyc Fluvisols or Endogleyc Flucic Cambisols) to centtodliano Veneto municipality, 45° 35
N 12° 18" E, 6 m a.s.l; sity-loam, Endogleyc Cambisols) and south-{@&stegnano municipality,
45° 3 N 11° 53 E, 2 m a.s.l; sity-loam, Endogleyc Cambisols) and wel ssmted the pedo-

climatic variability of the Venetian pia

3. Results

3.1 Model validation and sensitivity analysis

In general, results showed that the BBN framework wasor@bly accurate in modeling the SOC
dynamics in the 0-30 cm profle (Fig. 4) since it was ablepredict probabiites of general
accumulation (11.0%s. 15.3%) and depletion (55.04s. 50%) as already measured in the field.
Small variations (-0.1 Mg hay?! < SOC change < 0.1 Mghart) were also well described (34.0%
vs. 34.7%). Nevertheless, by analysing SOC dynamics in,detaioverestimation was observed

(18.0% vs 7.1%) of th&medium decrease” state value (-0.5 Mg ha! y! < SOC change < 1.0 Mg

12
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hat y1), whie extreme increases (> 1 Mghg?) or decreases (< 1 Mg hayl) were negligble in

both the real and modelled state.

Under standard land use and management conditions, the BRMNI ipredicted that a moderate
reduction in the SOC stock (here estimated in the rahgB.1— 0.5 Mg C ha y?!) prevaied across
the Veneto region, with a probabiity of 34% (Fig. 2), simiar the 33% estimated for the
equiibrium in SOC dynamics (between -0.1 and 0.1 Mg C!' hal). Further probabilties
emphasised land degradation conditions (total 50%), whie estmiradynamics leading to SOC
accumulation had a probability of only 17%, although in somescé®y were estimated as greater

than 1.0 Mg C hay?.

SOC stock change dynamics were the result of a compleradtion between management and
pedo-climatic condttions. The influence of every node walsulated in Genie Academic 2.1
through a one-way sensitivity analysis, which estithatiee spread of posterior probabilties of the
specified target node (here SOC stock change) accordingastiloCet al. (1997). In this context,
field managemenpractices, in particular the “Cropping system” and “Tillage operations”, were the
nodes that most strongly influenced SOC stock change (Pabl& secondary role was provided
by: i) the intrinsic SOC content (Table 2), which dependedhenpeculiar pedo-climatic condition
of the region and was mainly classified as medium low 200g kg'); i) the SOC turnover
coefficient, here generally implying SOC degradation condit (89%) and associated with both
pedo-climatic (soil texture, soil porosity, temperature) amohagement factors (soil disturbance by
tilage). In contrast, the sensitivity analysis diagdoseegiigible effects for soilwater factors
(rainfall, irrigation) as wel as nutrient quantitylated parameters (avaiable N input, fertiiser
dose), while their quality (e.g. organic amendments instefadanineral fertiisers) could partialy

modify SOC accumulation or depletion.
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3.2 Soil management scenarios

A change in land use and management from standard cadinsoi-improving scenarios
showed contrasting effects between different strategiegeneral enhancement in the SOC content
was observed when adopting practices of minimum soil distebas a consequence of conversion
from croplands to grasslands, no tillage and conservationutame. Moreover, the modeled
scenarios showed their abiity to reverse the overal Sdy@amics trend, since all predicted a
major accumulation that mainly offset the SOC reductionthis context, croplands to grasslands,
no tillage and conservation agriculture measures weiee ta increase the SOC content in the 0-30
soil layer, whether adopted on 50% (+29%, on average) or 100% (+57.7&ermage) of current
arable land, with negligible differences between meas(igs 5). The estimated increase in SOC
mainly invoved medium (0.5 to 1.0 Mg fhay?!) and strong (>1.0 Mg Hay?) improvements,

overall reaching up to 60% of SOC stock change probaluiity7% under the standard scenario.

By contrast, crop management strategies involving couknsoll cover and crop rotation showed
only minor changesn the SOC dynamics of arable lands, highlighting thehtsligpntribution of

related nodes (e.g., organic carbon input from residues) adeporthe sensitivity analysis (Table
2). In particular, maintaining continuous soil cover thlouging cover crops, on both 50% and
100% of arable land, slightly reduced the probabiityaoSOC low decrease (-1%) towards
equilbrium (no change, +1%), whie crop rotatieninstead of monoculture led to some increase

in medium SOC (+1%) in place of its general equiibrium (-1%).

Intermediate changes were observed when simulating aaagement change in fertiiser use,
especialy when farmyard manure was entirely (100%) adopflthough SOC accumulation
increased its overal probabiity by only 1% with respect e standard scenario, the highest
increase was observed for the most performing categores Kigh increase, +2%; medium

increase, +1%) in place of minor changes for the others rfpechange, low increase). By contrast,
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this scenario highlighted weak capabilties to reverserabvBOC accumulation/reduction dynamics

(Fig. 5).

3.3 GHGs emission scenarios

Impacts that might be generated by current and modeledgei@ent scenarios were evaluated in
terms of CQ equivalents (C@eq) and predicted in the context of clmate change emsssi
scenarios (Table 3). In the standard scenario, statesvaliCQ-eq balance from cropland and
grassland showed net emissions, quantified at 1613.9 kgyfha with major contributions o€O»
and NO. In this context, estimate€O. fluxes from agricuttural fields had 52% low emission
probability (0-1000 kg CCO2 hal y1), folowed by 8% high (> 1000 kg CO> hal y?1), whie
those associated witho® were estimated 71% medium (1-3 kg NENhat y1), 27% low (0-1 kg
N-N20 ha! y1) and finally 2% high (> 3 kg N-pO ha! y1). Methane emissions were always low
(0-10 kg hat y1). Modeled land use and management scenarios provided, in cases, strong
improvements in terms of GHGs emissions (e.g., minimum distlrbance), while in others the
difference with the standard scenario was negligiblg.,(econtinuous soil cover, conversion to
organic input). In particular adopting no tillage, conversibom cropland to grassland and
conservation agriculture (100% of the area) favoured @et&l) adsorption dynamics (984 kg &O
eq hal y1, on average), whie 50% of their adoption involved lower eguivtalQ emissions (321
kg CO-eq ha! y?1, on average) with respect to the standard scenario. Mbdaiel use and
management strategies under climate change scemgmesaly involved worsening conditions in
terms of COz-eq emissions with respect to the current climatic condtiafthough always lower
than 70 kg C@eq ha! y! (Table 3). In particular, the higher temperatures affe@n increase of
N-N20 emissions ( the “High” class increased up to 5%, on average), offsetting a lowering ©©:

emissions ¢a. 1%) as a result of major endogen carbon inputs. By contrestBBN framework
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was seldom able to identify changes between rich (A1B)raepgA2) and sustainable (B1) world

scenariossince differences were always < 1.0 kg CQ-eq hat y1.

4. Discussion

The comparison of experimental results of SOC stock chavide those from the developed

Bayesian Belief Network suggests that the model perfowelilwhen evaluated with independent
data, suggesting that the BBN was able to accuratelyrioesthe effects of different scenarios.
Although BBNs work effectively with retrieval of partialata (Aguiera et al, 2011) it has also
been recently reported in other studies (Death et al., 201&0M&012) that steps leading to their
accurate application should include independent valdatiorva@ doias in results as a consequence

of expert, albeit subjective, knowledge.

As also observed in our study, in general the BBN simaolatnatched the general trend of SOC
accumulation and depletion dynamics, whereas some spdafises ‘(medium decrease”) were
overestimated. This is likely due to some binding balanceeeetwequirements, on the one hand of
detailed information, and on the other of simplification ia tkefinition of state values and number
of nodes. Predictions of SOC stock change across the Vagiton by the BBN model highlighted
general soil degradation conditons, whose SOC reductionquastified with high probabilty in
the “Low increase” category (0.1-0.5 Mg C ha y1). These results were similar to those reported in
a study that was conducted in the same area using theCBAY biogeochemical model (Dal
Ferro et al, 2016), showing average losses of 257 kg-CyHa(0-20 cm layer), although with
negative peaks lower thad.0 Mg C ha y! that were conversely not found here. Very few
experimental results have assessed SOC stock changeslacge scale. Extensive field surveys on
SOC content over the period 1979-2008 were combined with a getiosiaéipproach by Fantappie

et al. (2010) in an attempt to map Italan soill C dynamice @&bthors, although with great
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uncertainties, reported SOC stock variations of between -1.5aWgy! and +1.5 Mg ha y! (0-50
cm) for most sois in Veneto, emphasising that a dynaricC Snput-output equilbrium was far
from being reached. In particular, they observed that laedtype (e.g. cropland or grassland) was
the most important factor leading to SOC variation, whiesegondary role was associated with
changes in land use intensity (e.g. crop system chaBgajarly, the one-way sensttvity analysis
(Table 2) showed that the type of cropping system per seilagd pperations, which are the
factors that mainly characterise land use type (e.g. amdpihstead of grassland), were primarily
involved in SOC stock change dynamics, as also observed grtelon studies that have been
conducted in north-eastern Italy (Morari et al, 2006). Impromtsmdor SOC content were
specificaly modeled with the BBN through decreasing sisturbance with zero-tillage (both in
cropland and with the conversion to grassland) and maigtaanicontinuous soil cover (cover crops
and grassland), although with contrasting results. biegly, only the omission of tilage
operations was able to reverse the C dynamics trend frogenaral SOC reduction to major
accumulation, alhough some SOC equilbrium/reduction phammeere stil lkely. Maintaining
continuous soil cover through cover crops had only a minectefeven when its application was
extended to 100% of arable lands. Mazzoncini et al. (2011) repeeted contrasting results on the
effects of cover crops on a loam soil in central Italy, 8OC increases were mainly observed in
the soil surface layer (0-10 cm). However, these effeetee observed some 15 years after the
establishment of cover crops and the adoption of high nitregpply legume cover crops, which
are seldom adopted in the Veneto region. In addition, a ressatanalysis on SOC sequestration
via cultivation of cover crops (Poeplau and Don, 2015) reporte@am annual accumulation rate of
0.32 +0.08 Mg h& y?! (0-22 cm soil layer) in a time span of 54 years, in contmstut findings.
However, thé study was conducted at the global scale including a vwadiety of pedo-climatic

conditions.
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Findings on the different effects of no tillage and caseps were combined with those from crop
rotations in the conservation agricuture scenario, wtstiowed comparable results to those
reported for no tillage practices. As a consequence, gepé&@l improving conditions were partly
mitigated by ‘“No change” and “Low decrease” conditions. This was recently observed by Piccol et
al. (2016), afthough they also suggested that SOC stockeshahguld be evaluated over a deeper
profle (50 cm) and longer periods of time to better evalubée dontribution of conservation
practices to SOC accumulaton or distribution, although tde spatial variabiity could
compensate the short-term period. Nevertheless, bias inestimations camot be completely
excluded as our BBN model validation (Fig. 3) showed, in plrtjcsome overestimation of SOC
reduction rates. Moreover, the mismatch between SOC dgjarderived from agricultural
experimental studies, and their representativeness evhattopted at the large-scale is stil debated,
highlighting management and biological uncertainties their real effectiveness (Smith et al,
2005). Finaly, it must be noted that differences in soilpliagnand quantification of SOC content
may increase the uncertainty on SOC dynamics fromh fiebional scale because of its nonlnear

accumulation/decomposttion rate (Six and Jastrow, 2002).

Measures for increasing soil carbon inputs with highacgdry coefficients have been suggested to
reduce SOC turnover and contribute to SOC stock. Recemgén{Berti et al., 2016; Katterer et
al., 2011) have confrmed that farmyard manure, among diffé¥emgen C inputs, had the greatest
potential in stabiisihg SOC content, since it shows lighest humification coefficient. In this
context, a massive conversion of mineral nutrients ibpubrganic amendments (farmyard manure)
was hypothesised. Although the 100% application of farmyard renainstead of mineral fertiiser
is not realistic, it was useful to investigate hereptovide evidence on its effectiveness, since it is
considered one of the best practices to increase SOC anamgoils (Lal, 2004). Some benefits
were observed in terms of SOC increases, especialyghtraies (> 1.0 Mg ha y1), likely

influenced by sharp inttial accumulations in arable sois of the-ling plain that hardly receive
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432  organic amendments. Nevertheless, according to earlysstodieSOC stock scenarios (Smith et al.,
433  1997), sois amended with organic manure has low C accumulbttential when compared to
434  other management options (Fig. 5). In addition, care should ken t® consider the overall
435 efficiency of the agricuttural system when adopting wigainputs that might imply significant
436 releases of nitrogen (N), especially in the low-lyingn®&t@n plain that often has loose sois and

437  shalow water table, which makes it vulnerable to N legciiMorari et al., 2012).

438  Clmate variabilty, evaluated with the BBN in terms dimate change scenarios (temperature,
439 rainfal and crop evapotranspiration), provided information olity uialues of adopting different
440 management strategies in terms of X¥Q emissions. The input-output &@©q budget changed
441  from current climatic conditions to those foreseen by tR€Q (Nakicenovic et al., 2000), on
442 average by increasing the overall GHGs emissions essuk of increasing BD emissions, which
443  counterbalanced reduced €Cemissions (from increased SOC stock) due to its greddbalg
444  warming potential. However, the adoption of SOC-improving esiied (zero tillage, cropland to
445 grassland, conservation agriculture) was stil able totribate actively to reducing GHGs
446  emissions (Table 3). By contrast, marginal differences wuelimate variabiity were observed
447  since changing scenarios resulted in simiar trendsSHGS emissions, as also reported in previous
448  studies conducted at the European level (Lugato et al., 2014grthidess, long-term validation is
449  stil required, especially for conservation agricuturecficas, to evaluate possible changes on SOC

450 and GHGs dynamics from short to long run.

451 These outcomes demonstrate that variabiity of managesteregies across the Veneto region are
452 likely to affect the SOC stock change more than climate vayalat least at the regional level
453 (Table 2), thus emphasising the major contribution ofzC@hich is strictly related to SOC stock
454  change (Fig. 3), to Cf£eq emissions with respect too® (Montzka et al., 2011). On the other hand,
455 these results might have been affected by the sinsiivthe BBN model to slight variations in

456  temperature and rainfal. Nevertheless, improvementthan BBN model (e.g., defintion of more
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detailed classes, including experimental data at higleeolution) could overcome the low
sensitivity to climate variability that was found, by pding more accurate outcomes as a result of
slight variations in BBN parameters. Finally, at thiage the BBN framework did not take into
account any socio-cultural or economic aspects that raifgtt economical support to farmers for
soi-improving systems, the level of farmer expertise echiological developments leading to
increased applicabiity and acceptance of sustainable lamhgement practices. Nevertheless, it
was largely achieved d@h BBNs can be used in an adaptive modeling framework that e oft
missing from traditional modeling approaches (Landuyt et 24113). Further work wil be targeted

to updating our framework to achieve socio-cultural and econobjectives.

5. Conclusions

The constructed BBN model well described the main manangeamel climatic aspects related to
SOC dynamics in croplands and grasslands across Venetonghtswviabiity to act from farm
(validation) to regional scale (consistent results \pthvious studigs By reflecting the variability
of SOC dynamics in real world conditions and by including rquantitative information
following a probabilstic approach, the BBN has proven to be l@bla decision support tool to
distinguish the effect of different management prasticBtrategies to reduce SOC depletion and
soil degradation include minimum soil disturbance throughtilage and conversion from arable
lands to grasslands. Covers crops, the use of organic améndmencrop rotation had only slight
efiects on SOC accumulation. In this context, the moded waitable to fil the gap between
localised experimental studies and their extension toitotedr application since including
uncertainties that are usualy not included in biogeochénmodels. Finally, measures implying
greater SOC stock were also those providing major benefisrmns of GHGs emissions. Further
improvements should include socio-cultural and economic &spespecialy in the evaluation of

prediction scenarios.
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658  List of figures

659 Figure 1 - Veneto region study area according to 2-level Corinad l@over inventory (2012).
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667 Figure 2 - Bayesian belief network showing factors determiningCS€ock change in the 0-30 cm
668  soil layer. Each node represents a specific factor that, interacting with other factors, mnfluences the
669 SOC stock change. The arrows represent the cause-aaddifection between nodes. Each node

670 can have a range of values (e.g. high, medium, low), eaohia®ed to a conditional probabilty.
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Figure 3 - BBN with utility values for climate change enusss
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684 Figure 4 - Comparison of SOC stock change probabiity distributions assalt of field surveys

685 and BBN modelling.
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Figure 5 - SOC stock change

scenarios.
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699 Table 1 Description of nodes included in the BBN their stateeslto evaluate SOC stock change.

Node State value Value/Description Type of information
Pedo-climatic nodes Intrinsic SOC content High > 40 Soil map (Regione Veneto, 2005)
(g kg?) Medium high 40-20
Medium Low 20-10
Low <10
Soil porosity (r n13) High >0.55 Soil map (Regione Veneto, 2005)
Medium 0.55-0.40
Low <0.40
Clay + Sitt (kg kg') High > 0.6 Soil map (Regione Veneto, 2005)
Medium high 0.6-0.4
Medium low 0.4-0.2
Low <0.2
ETo (mm) High > 1000 derived from Penman-Monteith
Medium 1000- 800 eqguation on data from the
Low <800 Environmental Protection Agency
(ARPAV)
Rainfall (mm) High > 1200 Environmental Protection Agency
Medium 1200- 1000 (ARPAV)
Low <1000
Temperature (°C) High >13 Environmental Protection Agency
Low <13 (ARPAV)
Management nodes Crop system Grassland Regione Veneto (2012)
Rotation
Monoculture
Fertiiser type Mineral Regione Veneto (2012)
Slurry
Farmyard manure
Biochar
Compost
N fertiliser dose High > 340 Regione Veneto (2012)
(kg hat y1) Medium 340- 170



Chid nodes
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Continuous soil cover

Water management

Available N input
(kg hal)
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714  Table 2 One-way sensitivity analysis of posterior probabilties tfier node SOC stock change.

715
Order Node Sensitivity node
1 Cropping system 0.374
2 Tilage operations 0.226
3 Intrinsic SOC 0.139
4 SOC turnover coefiicient 0.049
5 Fertiiser type 0.027
6 Clay+Silt 0.021
7 Endogen C 0.016
8 Porosity 0.015
9 Residue C 0.010
10 Hexogen C 0.009
11 Temperature 0.006
12 Fertiiser dose 0.005
13 Soil cover 0.004
14 Root C 0.004
15 Rainfall 0.001
16 Water management 0.001
17 Water supply 0.001
18 Soll fertility 0.001
19 Crop biomass 0.001
20 ETo 0.000
21 Available N input 0.000
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720 Table 3 Utiity values of equivalent C@emissions (C@eq, kg ha y1) under different land use and management and climatearisenThe
721 higher are the values, the greater are the-€@emissions.

722
Area Climate scenarios
Land use and management . . .
Investment  Current Rich— A1B Separate- A2  Sustainable- B1
Standard 1613.9 1647.2 1646.3 1647.2
Croplands to grasslands 50% 311.4 361.9 361.9 361.9
100% -991.0 -923.4 -922.4 -923.4
No tilage 50% 326.7 378.1 378.1 378.1
100% -972.9 -904.3 -904.3 -904.3
Continuous soil cover 50% 1617.7 1651.0 1651.0 1651.0
100% 1621.5 1656.7 1656.7 1656.7
Monoculture to rotation 50% 1613.9 1647.2 1647.2 1646.3
100% 1612.0 1645.3 1645.3 1645.3
Conservation agricu]ture 50% 324.8 376.2 376.2 376.2
100% -990.1 -923.4 -923.4 -923.4
Organic input 50% 1604.3 1643.4 1643.4 1643.4
100% 1558.6 1588.1 1588.1 1588.1
723
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