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Email: florindoantonio.mileti@unina.it spread environmental degradation and the many means to implement environmental

Nowadays, there is contrasting evidence between the ongoing continuing and wide-

o . sustainability actions starting from good policies (e.g. EU New Green Deal, CAP),
Funding information

Horizon 2020, Grant/Award Number: 774234 powerful technologies (e.g. new satellites, drones, loT sensors), large databases and
large stakeholder engagement (e.g. EIP-AGRI, living labs). Here, we argue that to
tackle the above contrasting issues dealing with land degradation, it is very much
required to develop and use friendly and freely available web-based operational tools
to support both the implementation of environmental and agriculture policies and
enable to take positive environmental sustainability actions by all stakeholders. Our

solution is the S-DSS LANDSUPPORT platform, consisting of a free web-based smart
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1 | INTRODUCTION

1.1 | Background

Geospatial CyberInfrastructure containing 15 macro-tools (and more than 100 ele-
mentary tools), co-designed with different types of stakeholders and their different
needs, dealing with sustainability in agriculture, forestry and spatial planning. LAND-
SUPPORT condenses many features into one system, the main ones of which were
(i) Web-GIS facilities, connection with (ii) satellite data, (iii) Earth Critical Zone data
and (iv) climate datasets including climate change and weather forecast data, (v) data
cube technology enabling us to read/write when dealing with very large datasets
(e.g. daily climatic data obtained in real time for any region in Europe), (vi) a large set
of static and dynamic modelling engines (e.g. crop growth, water balance, rural integ-
rity, etc.) allowing uncertainty analysis and what if modelling and (vii) HPC (both CPU
and GPU) to run simulation modelling ‘on-the-fly’ in real time. Two case studies
(a third case is reported in the Supplementary materials), with their results and stats,
covering different regions and spatial extents and using three distinct operational
tools all connected to lower land degradation processes (Crop growth, Machine
Learning Forest Simulator and GeOC), are featured in this paper to highlight the plat-
form's functioning. Landsupport is used by a large community of stakeholders and
will remain operational, open and free long after the project ends. This position is
rooted in the evidence showing that we need to leave these tools as open as possible
and engage as much as possible with a large community of users to protect soils

and land.

KEYWORDS
land degradation, land management, soil, spatial decision support system, sustainability

(e.g. 7th EAP, FAO Agenda, 17 Sustainable Development Goal [SDGs]
of 2030 UN Agenda, EU directives). Some of this legislation, along
with its implementation actions, such as the Nitrate Directive (year

1990) and Water Framework Directive (year 2000), has been in place

There are numerous means available nowadays to challenge land deg-
radation and implement environmental sustainability, both in the

European Union (EU) and elsewhere. Amongst these are as follows

1. Everyday satellites (e.g. USGS-NASA, ESA Copernicus), sensors on
board drones and in-field, which produce hundreds of terabytes of
data that can support monitoring and management systems and
models for sustainable land use.

2. A large availability of precision farming techniques, robotics, omics,
biopesticides and nanoparticles which support sustainable farming.

3. Stakeholders engaged in research and innovation that lead to
better-orientated land planning and management. A classic exam-
ple is the EU's investment of great resources in implementing
European Innovation Partnerships (EIP) for agriculture and sustain-
ability and, more recently, in Soil Mission Living Labs and
Lighthouses.

Most importantly, there is an increasing number of legislation and
policy frameworks aimed at achieving a better environment and agri-

culture that preserves natural resources and adapts to climate change

for at least 2 decades.

It is clear that policies, data and stakeholder engagement are in
place, but it is also dramatically clear that land degradation is increas-
ing and our natural resources are under increasing pressure
(Gowdy, 2020, UN, 2022-SDG Report) from climate change and land
degradation processes.

It is also well-known that these degradation processes in turn
induce biotic stresses, including augmenting the population of
insects/pests and disease, increasing weed growth, threatening polli-
nators and increasing drought, waterlogging, salinity/alkalinity and
abrupt rainfall patterns affecting agriculture in a series of ways
(Shahzad et al., 2021). So how do we tackle all the contrasting issues
mentioned above?

We argue that all the measures in place are simply not enough to
produce a change. There is still something missing, something that would
turn the above three elements (good policy, effective data and engaged
communities) into operational tools - easy to use and freely available to
everyone - that would support both (i) the many good environmental
and agriculture policies that still face huge problems in their full imple-

mentation (e.g. reports on policies implementation: EU COM2015/120;
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EU COM2013/683) and (i) positive environmental sustainability actions

on the part of stakeholders and local communities.

1.2 | Aim

Here, we aim to demonstrate that a free web-based, smart, geospatial
decision support system (S-DSS), based on GeoSpatial CyberInfras-
tructure (GCl), could make the difference in connecting data, policy
and communities engagement. This is in line with this LDD special
issue which requires the ‘implementation of S-DSS to address the vari-
ous sustainable land uses in different sectors such as in agriculture and
forestry’.

In the LANDSUPPORT S-DSS (www.landsupport.eu), more than
100 operational tools are ready to support the implementation of sus-
tainability policies and to assist a wide range of end-users for more
sustainable land planning and management in agriculture, forestry,
spatial planning, environmental protection, biodiversity and eco-
tourism. This S-DSS brings together diverse sources of data (e.g. the
EU's Copernicus satellite and not satellite data, climate change data,
soil maps, etc.), a large set of models simulating reality (e.g. crop
growth and pesticide leaching) and a user-friendly graphical user inter-
face, with the aim of enabling end-users to access and work on the
platform easily.

We do not aim to provide a literature review of geoSpatial DSSs
here, but we do wish to highlight the fact that, in recent years, there
has been great progress towards the development of operational

S-DSS tools using similar GCl infrastructure applied to for example:

1. Agriculture and forestry applications: including irrigation (Bonfante
et al,, 2019; Zhao et al., 2022), olive growing (Manna et al., 2020),
viticulture (Terribile et al., 2017), forest planning and management
(Marano et al., 2019; Povak et al., 2020) and crop planning and
management (Kim & Kisekka, 2021).

2. Environmental protection: including soil conservation (Terribile
et al,, 2015), water contamination (Lan et al., 2020), risk assess-
ment (Kijewski-Correa et al., 2020), land take (Langella et al., 2020;
Manna et al., 2017) and pesticide leaching (Bancheri et al., 2022)
and, finally, ecotourism (Mileti et al., 2022).

3. A large set of other multidisciplinary studies (S. Wang et al., 2019).

The specific development illustrated in this paper was carried out
as a part of the EU-funded LANDSUPPORT project, which brought
together 19 partners from 10 different countries across Europe, the
Middle East and Asia.

Following similar approaches of many DSS-based papers, we have
avoided the usual separation in this specific contribution's ‘Materials &
Methods, Results, Discussion’ sections. This choice aims to enable
easy reading since - due to the complexity and interconnection of
platform implementation, modelling development and user
requirements - each section contains some elements overlapping
(these may be methods and results) of a specific step which are a pre-

requisite to the next step. Thus - sequentially - we treated:

1. Implementing the aim: key issues

2. The Landsupport platform. This includes (1) the requirements
(including conceptual needs, required content of each tool and
need to optimise tools), (2) the architecture of the system
(IT infrastructure, dashboard, data and model) to implement the
tools and (3) test of tools by end users.

3. Three case studies (one is given in the Supplementary materials),

with their results and stats, highlight the platform's functioning.

1.3 | Implementing the aim: Challenging key issues
To produce operational tools which successfully support sustainability
in agriculture, environmental protection and their connected policies,
a necessary prerequisite is to acknowledge, analyse and solve the fol-

lowing key issues, often ignored, five specific issues:

1. The embedded, often overlooked, high physical and socio-
economic multifaceted complexity of the landscape

This requires having a system that, for any type of landscape,

addresses the following:

e The physical, socio-economic, cultural variables and, thus, the
trans-disciplinarity context of the landscape.

e Spatial variability and spatial uncertainty of influential geospatial
variables (e.g. soil and hydrology).

e Multi-functionalities: the system must deliver useful operational
results by capturing the deeply diverse multifunctionality of any
landscape. For instance, this requires having, within one system,
outputs for agriculture, environment, spatial planning, biodiversity,
cultural heritage and environmental awareness. Basically, it is fun-
damental to capture as many dimensions of the very same land-
scape as possible.

e Site-specific dynamic nature of selected key geospatial variables
change continuously in time and space. For instance, if the system
seeks to address dynamic processes such as crop growth and nitrate
leaching, then it is self-evident that monthly climate data are of little
use since rainfall varies continuously over time and space. Therefore,
it is necessary to capture at least the spatial and temporal ‘daily-
based’ climate (e.g. rainfall) variations. This also applies to many
other agriculture and environmental processes. Unfortunately, many
operational tools dealing with agriculture and environment issues
still employ highly aggregated datasets (e.g. Himics et al., 2020). For
instance, Zwetsloot et al. (2021) in identifying synergies and trade-
offs when choosing different land uses employ climate data
obtained from rather coarse scale European climatic zones, and in
addition they have failed to use soil data (they highlight the coarse
nature of currently available soil mapping).

2. The lack of a truly integrated physical approach to many agricul-
tural/environmental problems. Here, there are at least two issues

to be considered:
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Current DSS/model approaches

FIGURE 1
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o The lack of a true integrated Earth Critical Zone (ECZ) vision.
Even when claiming interdisciplinarity, most operational
approaches give priority to just one or two of the aspects (cli-
mate, plant, soil and bedrock) instead of developing a truly inte-
grated ECZ approach. This is very unfortunate when dealing
with environmental issues since many processes (e.g. nitrate
leaching) affect the entire ECZ. In addition, soil information is
often acknowledged in a very simplified way (e.g. no layering,
great oversimplification of processes, etc.).

o The need for process-based modelling approaches: in the last
decades there have been many efforts at modelling to address
agriculture and environmental issues. These may be schematically
separated into empirical versus process-based approaches with
pros and cons. When dealing with operational tools (e.g. DSS) for
agriculture and environment, empirical models are by far the
most widely employed. This is the case when using simple empir-
ical multicriteria models or overlapping (as in a typical GIS sys-
tem) data layers/knowledge about environmental variables
(vegetation, soil, climate, etc.) to address complex agriculture and
environmental issues depending on the ‘Earth Critical Zone’
(e.g. primary productivity or groundwater vulnerability). Here, we
claim that an adaptive approach is required since empirical
models are indeed essential in many cases (e.g. erosion at land-
scape scale), but process-based models are much more appropri-
ate and powerful when dealing with interlinked biophysical
processes and ecosystem services, at different temporal and spa-
tial scales. In addition, one of the many drawbacks when using
empirical models of this type of process (e.g. crop growth, water
balance) is the very high cost of calibration and validation when
transferring these models to new areas (Manna et al., 2009). To
this end, process-based models, being based on superior general
physical rules, are more replicable to new areas, decreasing the
effort of new calibrations and validations and, thus, giving much
better value for money.

The lack of factual scientific support (science-based solutions) to

both farmers and regional governments for achieving both a realistic

and performant sustainable management of agriculture, forest lands
and many other environmental issues. Indeed, after many years in
which both agriculture and environmental issues have benefited
from the large availability of data, sensors and supposed tools, most
farmers and regional governments have acknowledged a lack of sup-
port for sustainable management and planning activities. For
instance, Lundstrom and Lindblom (2018) highlight the fact that
most DSS applied to agriculture ‘have not been used appropriately in
practice’ (Aubert et al., 2012; Eastwood et al., 2017; Rossi et al.,
2014). Important reasons for this include the fact that developers
‘normally consider only technology while the farmer must consider the
technology in the whole complex situation of practice’. Such a lack of
factual sound scientific support also applies to the guidance
Research and Innovation (R&l) offers to policy makers in the design-
ing or increasing the effectiveness of good land management prac-
tices (e.g. best practices, restoring carbon stocks, etc.)

4. The fragmentation of current approaches, models and DSS tools. A
large variety of models and DSSs has emerged over recent decades
(Geertmanand & Stillwell, 2009; Amelung et al. 2020; Manna
et al., 2020) but typically these have been developed to address
specific problems for specific end-user groups. Thus, they are of
little use for delivering an integrated approach. Figure 1 aims to
show this critical issue. Here, a number of cars are depicted, each
representing an example of the many currently available specia-
lised model/DSS systems designed to achieve a specific goal
(e.g. climate change impact assessment, state of land degradation,

crop productivity, etc.).

It should be extremely important that each of these models/DSSs
be related to the others, but, unfortunately, this is not the case (the
grey roads are not interconnected). Indeed, the current scenario is
very fragmented and the many available models/DSSs systems do not
interact with each other. This is not surprising considering the great
fragmentation of disciplines around landscape analysis. Moreover, the
majority of already existing models and DSSs is typically limited within
a specific scale.
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Social and economic  State and maps of land Cg II.TJFI’_%Ct asseanL(.elr.ltt Crop productivity fi
evaluation degradation an a\ccoun ADIILY, \ Geospatial
I . 1 ! | - evaluation
' 4 'y } | ofES
bl 4 5 % 47 \\ ES
’ 7 I ’ >
& 1 A I I
ff i 4( | R _
Za : 1 S (. P/ T3 =
Gam= o= ‘s ES DSS
Socio-economic Soil/Land degradation CC DSS Crop models
DSS models

ecosystem services; LULC, land use and land change.

The figure depicts current fragmentation of models and decision support systems (DSSs) approaches. CC, climate change; ES,
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5. The difficulties in the implementation of the many good policies to
improve both the environment and agriculture so that they better
preserve natural resources and adapt to climate change (e.g. 7th
EAP, FAO Agenda, 17 SDG of 2030 UN Agenda, EU directives).
The evidence of difficulties in the full implementation of these pol-
icies is reported in many official documents (e.g. reports about the
implementation of a water framework Dir. COM2015/120 &
Nitrate Dir. COM2013/683, UN, 2022).

It is believed that these difficulties arise from the fact that the
implementation of much environmental and agriculture legislation
requires, as a ‘must’, answers which vary in space (over the landscape)
and time (dynamic). Here, it is necessary to underline the fact that the
cause of this complexity is often the soils, whose properties vary in
space and time (i.e. after soil tillage). In Table 1, some requirements,
often overlooked, are reported that apply when implementing promi-
nent agri-environmental legislation in the EU and beyond.

Thus, this hidden embedded complexity makes things rather diffi-
cult when considering points 1, 2, 3 and 4 above. The general problem
is that what is required is a full implementation of many environmen-
tal policies which often require positive actions at a very detailed local
scale and over very large areas (regions, countries, EU). From our
understanding, current approaches are not challenging this complexity
when addressing policy implementation as they offer either a simplis-
tic aggregated view of the problem (e.g. NUT aggregation in CAPRI
model, Himics et al., 2020) or address the complexity through the
plethora of Agent-Based Modelling (WoS reports over 80 papers per
year in only field of agriculture), which indeed produces interesting
results (e.g. Bestmap https://cordis.europa.eu/project/id/817501,
Agricore https://cordis.europa.eu/project/id/816078 projects), but,
as yet, not enough quantitative, farm-level rooted evidence (Shang
et al.,, 2021). In our view, their view of soil-land complexity is very sim-
plistic (Brown et al., 2022; Ziv et al., 2020), especially with respect to
policy implementation which often requires quantitative, spatially-
explicit soil-based approaches (e.g. EU Nitrate and Water Framework
Directives, new CAP).

2 | THE LANDSUPPORT PLATFORM

2.1 | Requirements

2.1.1 | The need for a novel concept

Here, an attempt is made to deal with the above issues, 1, 2, 3, 4 and
5, by overcoming the fragmented approach reported in Figure 1
and developing the S-DSS approach (LANDSUPPORT GCl), described
in Figure 2 as a powerful 4-wheel car which, thanks to its unique
engines, is able to address (black road) various objectives simulta-
neously, thus, overcoming the current fragmentation of tools and land
policy implementation. In this way, with very limited investment and
using the same infrastructure, it is feasible to reach new important

additional objectives (e.g. socio-economy evaluation, spatial planning,

what if modelling, water use efficiency, etc.) on a number of spatial
scales. All the above is indeed feasible if intrinsic optimisations are
achieved where the marginal cost of developing each new single
engine is low because each engine is used for multiple purposes.

For instance, the high cost of developing the ‘soil-plant-
atmosphere (SPA) agro-hydrologic simulation modelling working on
high-performance computing (HPC) parallel processing’ is counterba-
lanced by the fact that this model is used for many different issues such
as evaluating (i) ecosystem services, (i) farm management, (iii) soil com-
paction, (iv, v) nitrate and pollutant leaching, (vi) food security,
(vii) impact of climate change and (viii) spatial planning. The same may
apply to other modelling engines and, thus, the outcome of this
approach might represent extraordinarily good value for money. Of
course, data, model and HPC resources must work in accordance with
the geographic scales, enabling actions to be tackled on the local scale
where the largest multi-beneficial agriculture and 2030 SDGs deliveries
will be produced while still delivering on very large spatial scales.

More specifically, our system should enable us to retain the fol-
lowing aspects, as depicted in Figure 3: (i) standard Web-GIS features,
such as easy data updates and a user-friendly graphical user interface
(GUI) and (ii) new additional features to be added to standard
Web-GIS to enable a GUI to deliver multiscale, multi-stakeholder and
multi-functionality outputs and permit upload of thematic maps by
end-users and stakeholders. The latter is the case when the user is
entering a new data layer (e.g. his/her own Region Of Interest-ROI as
the focus of the analysis). Eventually, the system must include (jii) a
third set of features well beyond Web-GIS architectures and philoso-
phy. These refer to the use of dynamic databases (e.g. daily update of
geospatial satellite or climate data) and the demand for ‘on-the-fly’
simulation modelling, as required by most dynamic environmental
and/or agriculture applications (e.g. primary productivity, water bal-
ance, pollutant leaching, etc.).

Moreover, for specific applications (on the scale of the farm), the
system must enable the uploading of soil analysis data produced by
the farmer (e.g. soil textures) to ameliorate the performance of crop
growth simulation modelling. In addition, the system requires comput-
ing codes to be easily updated; this is a crucial issue to ensure system
flexibility and modularity. Here, we argue that current scientific and
technological advances, the excellent availability of databases and,
most importantly, the vision of the responsibility of scientists in lead-
ing sustainability (Bouma, 2015, 2020) make it possible to move down
a new road.

These advances are made possible by (i) the large availability of
geospatial data (maps, satellite, drone, etc.); (ii) progress in environ-
mental sciences and adjacent sciences, including digital soil mapping
(e.g. Chen et al., 2022; Huang et al., 2022; Piikki et al., 2021) and
simulation modelling of the soil-plant-atmosphere system (Coppola
et al., 2019; Penuelas & Sardans, 2021; see https://soil-modeling.
org/ for a deeper insight); (iii) advances in open-source Web-GIS
(Tavra & Skara, 2020); (iv) high performance computing and, espe-
cially, CPU and GPU processing (Badia et al., 2022; Goodman
et al.,, 2019);(v) recent developments in building Geospatial-DSS for
agriculture and the environment built on web-based ‘geospatial
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TABLE 1 Some important European Union (EU) regulations concerning the management of agricultural/forestry and environmental issues (a
more detailed version of this table is provided in the Supplementary material).

SDG and EU regulation/
directive

Climate and Environmental
Policy

Sustainable Development
Goals: 2, 3, 6,12, 15

EU Common Agriculture
Policy

EU Soil Strategy for 2030

Dir. 91/676 Nitrates
Dir.60/00 Water Fram. Dir

Dir.60/00 Water
Framework Dir.

Dir. 80/68 Groundwater
pol. Dir

Dir. 86/276 Sewage sludge
Dir

Reg. 510 and 1898/06
Designations origin Reg.

COM (2013) 659 (forest
strategy)

USA EPA (Environmental
Protection Agency)
(regulatory), USDA
(voluntary)

Key sustainability topics addressed by the selected
legislation

Kyoto Protocol (UNFCCC), COP 15, COP21 (Paris)
about legally binding commitments to greenhouse
gases reduction. Reduction GHG emission and adapt
to climate change by agriculture.

Target 2.3 double agricultural productivity and incomes
Target 2.4 resilient agricultural practices

Target 3.9 reduce water and soil pollution

Target 6.3 improve water quality by reducing pollution
Target 6.4 increase water-use efficiency

Target 12.4 reduction of chemicals in water and soil
Target 15.3 land degradation-neutral world

Conditionality (Art. 12) EU Member States shall define
minimum standards and good practices (GAEC and
SMR, ANNEX Ill) considering characteristics of the
areas concerned, including soil and climatic
conditions, existing farming system, land use, crop
rotation, farming practices and farm structures.

Schemes for the climate and the environment (Art.28)

Elements common to several interventions (Art. 98).

Soil for climate change mitigation and adaptation (sect.
3.1)

Land takes limitation by circular use of land (sect. 3.2.2)
Closing the nutrient and carbon cycles (sect. 3.2.3)

Soil for healthy water resources (sect. 3.4)

Making sustainable soil management (sect. 4.1)

Restoring degraded soils and contaminated sites (sect.
4.4)

Land vulnerability to nitrate pollution and best
management practices

Amelioration of water quality and quantity in river
basins in terms of resilience to future climate change

Soil protective ability against groundwater pollution

Evaluation of the attitude and criteria for the
application of sewage sludge

Support for geographical indications and designations
of the origin of foods

Best practices to achieve good forest maintenance

Conservation Reserve Program (CRP): improve water
quality, prevent soil erosion and reduce loss of
habitat

US Farm Programs: land conservation requirements to
support and conserve environmentally sensitive
lands

Abbreviations: COM, communication; Dir., directive; Reg., regulation.

cyberinfrastructure’, thus enabling the ‘acquisition, storage, manage-
ment, and integration of both advanced and dynamic data
(e.g. pedological, daily climatic, and land use), data mining and data

visualization, and computer “on-the-fly” applications in order to

Required answer to implement the policy

In time In space

Static Varying across the
terrain (landscape)

Dynamic

Static

Static

Dynamic
Dynamic
Static

Dynamic

Static

Dynamic

Dynamic

Dynamic

Static/dynamic

Static

Dynamic

Static

perform simulation modelling (e.g. soil-water balance and crop growth),
all potentially accessible via the Web’; (vi) new understanding of the
key issues of transdisciplinarity (Bouma, 2020; Daliakopoulos &

Keesstra, 2020; Terribile et al., 2015) and (vii) the increasing role of
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FIGURE 2 Optimisation of the Landsupport geospatial cyber-infrastructure (CGI) approach. CC, climate change; ES, ecosystem services;
LULUCEF, land use and land change forestry; S-DSS, geospatial decision support system.

multiple stakeholders (Maring et al. 2022; Thompson Klein et al.,
2001) in co-designing new approaches (e.g. EIP. Living labs, EIP
AGRI, etc).

2.1.2 | The need for operational tools

Here, we seek operational tools to better implement policies and
actions dealing with sustainability in agriculture, forestry and spatial
planning. In Table 2, we reported the main policies we aim to inter-
cept by use of the LANDSUPPORT GCI system and also (last col-
umn) the list of 15 macro-tools we developed from the letter ‘a’ to
‘0’ (named macro-tools because each one is composed of many ele-
mentary tools). The expected achievements and tangible products
produced after the use of the cited tools to fulfil both the implemen-
tation of selected policies and actions on various scales are reported
in Table 3.

From the analysis of Tables 1-3, it is self-evident that we do not
seek generic tools on aggregated scales, but rather tools that enable
users to act at the specific scale of implementation of each policy.
For instance, the EU Nitrate directive (Dir. 91/676) is indeed
pan-European, but its implementation is on a regional scale and not
on a broader scale. Basically, each EU administrative region has to
develop (i) its own actions at a local level to lower nitrate leaching
and (ii) to map (with an update every 4 years) the Nitrate Vulnerable
Zones of the region. Therefore, the development of a tool (in this
case tool j’) to handle the Nitrate Directive problems means devel-
oping operational tools to support officers as they implement points
(i) and (ii) to lower the risk of groundwater pollution through nitrate

leaching.

2.1.3 | Co-design the tools

Development, testing and engagement involved different types of
users and their different needs due to the multisectoral and multiscale
nature of the project.

More specifically, each tool was co-designed with specific
communities of users, which of course varied according to the particular
tool. This ensured that user requirements were taken on board.

The community of users involved in the development process

were the following:

1. Policy makers at local, regional and national levels (e.g. regional
administrations, ministries, etc.).

2. Farmers associations, cooperatives and consortia.

3. Environmental agencies.

4. Researchers (e.g. in the fields of soil, agriculture, environment,
urban and landscape planning, sustainable development, etc.).

5. Sectoral associations and bodies (e.g. food security agency, Cham-
ber of Agriculture).

6. Small and medium-sized enterprises (SMEs) (agritourism activities,
tourism agencies, environmental guides...);

7. Environmental non-governmental organisations (NGOs) and
associations.

8. Consultants in several LANDSUPPORT-related topics - for exam-
ple, soil, agriculture, environment, urban and landscape planning,

sustainable development, and so on.

To engage stakeholders and end-users, a knowledge transfer
chain, depicted in Figure 4, was developed. More specifically, knowl-

edge transfer from researchers to end-users was ensured using the
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FIGURE 3 Desired features of the Landsupport decision support
system system to address current agriculture and environmental
sustainability challenges. [Colour figure can be viewed at
wileyonlinelibrary.com]

LANDSUPPORT platform (depicted as mode 1 in Figure 4). While a
large set of general meetings and face-to-face meetings were orga-
nised with many users to ensure knowledge transfer from end-users
to researchers (mode 2 in Figure 4). This required complementary
types of knowledge (scientific and practical) and needs (challenges,
incentives) to be taken into account so as to transform our system

into concrete opportunities for end-users.

2.14 | The need to optimise tools
To satisfy all very high expectations reported above (Figures 2-4 and
Tables 2 and 3), it is required to equip our system (depicted in Figure 5
as an engine to be placed into the LANDSUPPORT 4-wheel car) with a
series of special features, the main ones of which were the following:
(i) Web-GiIS facilities, connection with all (ji) satellite data (e.g. Copernicus
Sentinel), (i) ECZ data (e.g. geology, soil, land use etc.) and (iv) climate
datasets including climate change (e.g. COSMO-CLM) and weather fore-
cast data (COSMOLEPS), (v) data cube technology (rasdaman) enabling
us to read/write when dealing with very large datasets (e.g. daily climatic
data to be obtained in real time for any region in Europe), (vi) a large set
of modelling engines (e.g. crop growth, water balance, rural integrity, etc.)
allowing uncertainty analysis and what if modelling, HPC (both CPU and
GPU) to run simulation modelling in real time and, finally, (vii) a specific
module to allow the user to insert his/her own data (e.g. soil analysis
from his/her field) into the system (named as FMIS).

The IT architecture designed to fulfil the above needs is reported

below in the IT Landsupport description.

2.2 | The architecture of the system

221 | ThelT infrastructure

Here, we move from a conceptual basis towards the actual implemen-
tation of LANDSUPPORT taking on-board all requirements reported
in Section 1 and Section 2.1. The system is built on a GCI platform
supporting ‘acquiring, storage capacity, management and integration of
both static (e.g. hydrogeology, soil) and dynamic data (e.g. rainfall, tem-
perature, land use) and “on-the-fly” data elaboration and visualisation’
(Terribile et al., 2015; Yang et al., 2010).

LANDSUPPORT has a 3-tier architecture as depicted in Figure 6:
(a) database, (b) application server and (c) GUI; all supporting
15 macrotools (Bancheri et al., 2022; Mileti et al., 2022).

The database includes both vector and raster data (Table 4).
Vector data include three main types of geometries: points, lines and
polygons, and are stored in PostgreSQL (open-source license data-
base) and managed using the PostGIS extension. Raster data are typi-
cally composed of pixel arrays (with continuous or discrete values)
and are managed through a data cube technology, in our case the
rasdaman database (Baumann et al., 2021), allowing management,
storage and recovery of huge multidimensional arrays.

The data can be processed either (or both) by static and dynamic
models (see Table 5) which can generate pdf reporting, interactive
maps and tables and informative Html popups as outputs. User-tool
interaction takes place within the Graphical User Interface.

222 | The dashboard

The GUI is given in Figure 7, and it includes a variety of graphical
devices and processes aiming to combine geospatial data (analysis and
visualisation), production of outputs as tables and maps, and easy-
to-use navigation. The dashboard includes three sections: the ‘data
viewer’, the ‘map’ (central box) and the ‘analysis tools’ (left-hand
box).

The ‘data viewer’ section (left-hand box, Figure 7) includes the
‘Layers’ sheet (Figure 7a), which enables the user to navigate through
the different thematic maps, the ‘Legend’ sheet viewer (Figure 7b)
and the ‘Preferences’ sheet (Figure 7c), where the user can modify
the type of visualisation and obtain metadata. The ‘Maps’ box
(Central box, Figure 7d) displays the maps which have been selected
from the ‘layers’ sheet. In the Analysis Box (right-hand, Figure 7),
there are two sections: the ‘toolbox’ (Figure 7e), which enables the
end-user to browse through the many LANDSUPPORT tools, and the
‘results’ section (Figure 7f), where the user can visualise his own
results, which have been produced and stored on the platform (includ-
ing the applied model, scale, processing status, etc.). Additionally, at
the very top of the dashboard, there are some devices (measure dis-
tances/areas, point locator and draw polygon) that enable the user to
draw the ROI he/she is interested in and save it within a public
(or personal) storage space for use it whenever he/she requires. The

ROI can also be modified or deleted at a later stage.
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TABLE 2

Theme

General

Agriculture Forestry
CAP

SDG15, Land
Degradation
Neutrality,
Biodiversity

Policies covered by the S-DSS

European

CAP; 7th Environmental
Action Plan; 2030 Agenda
for SDG (N. 2, 3, 15); Dir
2000/60/EC; Dir
2007/2/EC - Inspire;
European Decision n.
529/2013; Green Deal;
UN Framework
Convention on Climate
Change (UNFCCC)

RDPs (Pillar | and 11); CAP;
Reg. 2021/2115
(Strategic Plans); Reg.
2021/2116 (ex cross-
compliance)

Dir 2000/60/EC (WFD)

Dir 2006/118/EC (GFD)

Green Deal (Zero Pollution
Action Plan)

COM (2013) 659 final; EU
Forest Strategy

UN Convention to Combat
Desertification (UNCCD);
Dir. 91/676/EEC (nitrates
directive); Dir 128/2009/
EC (pesticides Dir.); EU
Soil Strategy COM (2021)
699 final

COM (2011) 571 final
(roadmap to a Resource
Efficient Europe);
2001/42/EC (SEA Dir.)
and 85/337/EEC (EIA
Dir.); COM (2013) 249
final (green
infrastructures); SEC
(2006) 16 (urban
environment strategy)

National (A + H + I:

applied to Austria, Hungary

and Italy)

A + H + I: European
Decision n. 529/2013 on
LULUCEF reporting and
accounting for climate
change mitigation and
adaptation; National
Strategy for Adaptation
to Climate Change

A + H + I: CAP Greening
Payment Requirements
and GAEC Cross-
Compliance Standards/
CAP Strategic Plans

Austria: Federal Forest law;
Austrian Programme of
agri-environmental
measures

Hungary: Act on the
Protection of Cultivated
Soil

Italy: Legislative Decree on
Modernisation of the
Forestry Sector;
Agricultural policy
instruments; Regional
RDP; dlgs 18/05/01 no.
227

A + H + I: Protection of
Waters against Nitrates
and pesticide pollution

Austria: Austrian Fertiliser
Act

Hungary: Act on soil
protection (CXXIX. Of
2007)

Italy: Sustainable Use of
Pesticides National Plan

Austria: Austrian EIA Act,
Spatial Planning
Recommendation No. 56
on Land take reduction

Hungary: Decree No.
314/2005 for
environmental impact
assessments.

Italy: dlgs 152/06; (Codice
Ambiente DDL 2039)

Regional

REGCAM (ltaly), Zala
(Hungary), Marchfeld
(Austria): PSR2023-2027/
Water Management Plan/
Action plan for zones
vulnerable to nitrates.
REGCAM: General
Forestry Plan 44/2010

Zala County: CAP Regional
applications Marchfeld:
Nature and landscape
Protection Law

Policies addressed by the Landsupport System and list of 15 macro-tools (a more detailed version of this table is provided in the
Supplementary material).

Main features of
Landsupport tools
impacting over selected
land policies

a. Support implementation,
impact and delivery of
current CAP and SDGs
policies by developing a
smart S-DSS

b. Support for developing
robust knowledge to
help in making informed
decisions and improving
the climate resilience of
agriculture and forestry.

c. Alignment of private/
public actors involved in
land planning/
management using a
harmonised approach

d. Support institutions in
Rural Development and
designation of origin of
specific agrifood/
land use

e. Supporting farmers for
Cross-Compliance and
greening

f. Improvement of water
status, ecosystem
services and resilience to
climate change

g. Agricultural practices and
water

h. Support sustainable
forestry as required by
EU Forestry Strategy and
support forest owners in
adopting best practices

Land degradation

i. Evaluation of soil threats
and support the adoption
of best management
practices.

j. Support implementation
of Nitrates and Pesticide
Directives and adoption
of best management
practices

Land take and Spatial
planning

k. Support for stakeholders
to achieve Zero Net Land
Take by 2050

|. Support towards the
implementation of
Strategic Environmental
Assessment and
Environmental Impact
Assessment Directives

(Continues)
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TABLE 2 (Continued)
Policies covered by the S-DSS
Main features of
National (A + H + I: Landsupport tools
applied to Austria, Hungary impacting over selected
Theme European and Italy) Regional land policies

Dir. Habitat 92/43/EEC;
Reg. 477/2011 (birds and
natural habitats); EU
Biodiversity Strategy for
2030

Austria: Austrian
Biodiversity Strategy
2020+

Hungary: Strategy for
Biodiversity Conservation

Italy: National Strategy for

m. Support planning of
green infrastructure

Biodiversity and ecosystem
services
n. Support for decision-
making over MAES
(Mapping Assessment
Ecosystems and

Biodiversity (SNBD)

Additional obj.

COM (2007) 621 final

Finally, on the lower right-hand side of the GUI, the user will find
the specific tool of interest (Figure 7g).

2.2.3 | Database

The database is connected with the 15 macro-tools and typically con-
sists of geo-referenced data and metadata from different sources
(Table 4). Up to now, LANDSUPPORT stored more than 450 layers,
equally subdivided between raster and vector data. The data are stored
in different folders according to the scale of application and themes. All
stored data are reported in the Supplementary material and are avail-
able through the project catalogue at www.landsupport.eu.

Some of these data, such as those found in official repositories of
a public institution (e.g. ESDAC-JRC, Imperviousness-ISPRA), were
already available, some were also interoperable (e.g. EU Copernicus);
some others were held within the local repositories of public institu-
tions (e.g. soil type and database of the Marchfeld region, Austria), a
few required further processing (e.g. population data from Eurostat)
and many new data had still to be created (soil database integration
for the Campania region, Italy). Data are organised on the basis of the
following: (i) theme area (soil, land use, geology, etc.), (i) data type
(vector data such as Corine CLC or raster data as DEM), (iii) spatial
extension/resolution (European, National, Regional or local) and
(iv) data details (source and year).

Before being integrated into the LANDSUPPORT database, raster
and vector data were tested for quality and, where required, sub-
jected to up-scaling procedures (e.g. coarser resolution data are better
for some applications) or checked for spatial coordinates, missing data,

outliers, etc. and then uploaded.

Dir. Habitat 92/43/UE; 92/43/EEC; Action Plan
COM2017/198 final; Agenda for sustainable tourism

Services) action under
the EU Biodiversity
Strategy

0. Support implementation
Natura 2000;
Improvement
knowledge, online digital
technology to support
EU Action Plan Nature
and tourism

Table 4 represents an excerpt from the data layers stored in the
database, either already available from existing data repositories or
created during the project. They are include data on soil, geology, land
use, morphology, meteorology, biodiversity, and so on.

To produce some of the tools, it was necessary to generate and

harmonise a large set of these data.

224 | Models

All tools perform a variety of types and numbers of processing opera-
tions on the ROI selected by the user. This processing generates a
variety of outputs, ranging from the visualisation of standard maps,
through the production of tables and graphs, to geospatial functions
that enable the complex processing required by some of our models.

Most of the tools involved writing specific codes aiming to pro-
duce new models or recompiling and adapting existing programme
code to fit into our LANDSUPPORT system.

Table 5 gives a short description of the implemented models,
which are at the basis of the 15 tools. Each of these models refers to
a specific theme, a specific functionality and operating mode (e.g. ‘on-
the-fly’ or offline mode), the required input and, finally, the outputs
produced.

Models can be organised according to their operating mode in the
following two types:

1. Static models employ offline processing: one example is related to
climatic data on a regional scale. This operation allows us to evalu-
ate in advance the parameters of linear relationships between tem-

peratures (average, minimum and maximum) and altitude, thus
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TABLE 3 Achievements and tangible products produced after the Landsupport tools (a more detailed version of this table is provided in the
Supplementary material).

Landsupport tools, fully listed Landsupport tangible products

Theme in Table 2 Landsupport achievement (list not exhaustive) Scale
General a. Support implementation of An operational interactive web e Selected institutions E,N,R, L
multilevel land policies tool supporting public implementing land policies E N
b. Climate resilience authorities in implementing have their tailored digital
agriculture CAP, SDG, improving climate dashboard designed to
c. Alignment actors in land resilience in agriculture/ support institutional duties
planning/management forestry and LULUCF towards CAP, SDG
accounting ¢ A tool enabling the testing
One single platform, with a very of current LULUCF country
strong scientific basis, to align accountability
the many different actors e Reports with indicators of
involved in land climate change anomalies
management e Simulation of the effects
induced by climate change
on main agricultural crops
Agriculture Forestry CAP d. Support for institutions in Tools to support regions in e Evaluate the site-specific R, L
Rural Development and RDP by: (i) giving support for potential performance of
designation of origin of a participative approach; (ii) crops (e.g. on-the-fly report,
agrifood/land use support agro-climatic services; maps and tables to support
(iii) Identification of the sustainable production
sustainable agri- of high-quality wines).
environmental practices; (iv) e Maps and tables that
reinforcing designation of simulate the potential
origin for specific agrifood/ production of major
land use agricultural crops and
connected impacts on soil
organic carbon and nitrate
leaching
e. Support for farmers for Tools to: (i) support farms in e Farmers can modulate R, L
Cross-Compliance and assessing best agricultural different agronomic
greening practices to meet cross- practices (fertilisation, soil
compliance and tillage, etc.) and identify the
conditionality most effective combination
(e.g. increasing SOC)
f. Improve ecosystem services,  Tools based on quantification of ~ e The user can freely draw his R, L
g. Agricultural practices and some key soil ecosystem area of interest (e.g. farm
water services and municipality) and
obtain maps of some of the
major soil Ecosystem
Services (e.g. water storage)
h. Support for sustainable Modelling and mapping tools e Maps, tables, reports on the N, R
forestry designed to support environment, forest species,
sustainable forestry by pedoclimate, forest
providing detailed management plans and
information to support local support sustainable forest
forest practitioners (tool management
based on Forest Inventory e The tool simulates harvest,
Data) growth, C accumulation and
mortality
SDG, Land Degradation i. Evaluation of, multilevel Reporting, modelling, e LDN tool supports and (G), E,N
Neutrality, Preservation of land/soil degradation (LD) monitoring and mapping calculates target SDG 15.3 R

Biodiversity

threats

tools designed: (i) for land
degradation mapping, (i) to
obtain a list of good practices
to challenge land degradation
(GeoC)

Scale appropriate solutions
to land/soil

degradation (GeoC)
Geographic analysis and
risk assessment of
landslides

(Continues)
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TABLE 3 (Continued)

Landsupport tools, fully listed

Theme in Table 2

j. Nitrates and Pesticide
Directives

k. Zero Net Land Take
by 2050

|. SEA and EIA

m. Green infrastructure

Additional obj. n. Biodiversity Strategy

o. Natura 2000, Sust. tourism

Mode 2 of knowledge

TRANSFER

s A

7] —

c

E

[})

(=]

E MEETINGS and SEMINARS
3

o

c

X

Researchers

PLATFORM

Knowledge - Transfer

—

Mode 1 of knowledge
TRANSFER

FIGURE 4 Knowledge transfer in Landsupport.

Landsupport tangible products

Landsupport achievement (list not exhaustive) Scale
Best management practices to e Simulations of alternative (R), L
lower nitrate and pesticide farm management scenarios
leaching in farm systems over nitrate and pesticide
leaching, thus obtaining
quantification/
reports/maps
Evaluate and quantify land e Yearly mapping E,N
taken and simulate the (Copernicus, national data) E.N.R L
effects of new urbanisation or of soil sealing
new green corridor, support e Interactive mapping/
SEA, EIA reporting/accounting of
current or newly simulated
land take or new green
corridor and impact on
ecosystem services/SEA
and EIA
Tools to exploit the potential e Empower natural, cultural R, L
of LANDSUPPORT for and eno-gastronomic
education, land/soil heritage of rural territories
awareness and sustainable through specific reports and
tourism maps designed according to
user requirements
Crop Modelling FMIS What-if?
\‘ / Y
H \
%gﬁrlt: mg\__ \ Datacube
N .-~technology
SENTINEL -

FIGURE 5

-__ Climate change
CMCC

\Climate data
Cosmoleps

Design of the engine to optimise geospatial decision

allowing easier spatial interpolation of temperature (using Post-
gres/PostGlIS table).
2. Dynamic models employ ‘on-the-fly’ calculations: this is the most

commonly used type of model for biophysical processes such as

support system tools for sustainability. CMCC, Centro euro
Mediterraneo per il Cambio Climatico; FMIS, farm management
information systems; GPU, graphic processing unit; HPC, high
performance computing.

crop growth. Using daily climatic data, these models evaluate the
climate-soil plant dynamics for each day and produce output phe-
nology, yield and many other outputs. The latter can be used, for

example, to populate PDF reports and graphs describing the basic

95U8917 SUOWLIOD 9AIEa.1D) 3(edt|dde aup Aq peusenof a.e Sajo1e YO 8sn Jo o Jo Aleid 1 8uluO 8|1/ UO (SUONIPUCD-PUe-SWISIW0Y A3 | 1M Alelq |pulUo//:Sdny) SUONIPUOD pue Sle | 8Y1 89S *[yZ0z/0T/9T] Uo Akeiqiqauliuo AS|IM ‘Y560 1P1/200T OT/I0P/L0d A8 1M Aelg U1 |UO//:SdNY WO} papeojuMod ‘2 ‘v202 ‘XS T660T



TERRIBILE ET AL.

Modelling

Static

<+

Dynamic
On the Fly

Vector Data

Line

. Polygon

\

off line - on the fly

@ Functions

o Point

a_ oo
oog TT‘

88988887

Postgres Postgis

7~
&

$ reporting

Statistical
analysis

Raster Data

Y, Statistical

Output
(pdf, html)

PDF shapefile

Interactive MAP
% Interactive TABLE

sjaqen]

Services

\
J

Data cube

% HTML popup

FIGURE 6 Architecture of the Landsupport geospatial cyberinfrastructure. [Colour figure can be viewed at wileyonlinelibrary.com]

statistics of the output parameters. This data cannot be
pre-calculated as it depends on the specific ROl designed by the
user at the time of the query.

2.3 | Co-development and testing of the
LANDSUPPORT platform

Successful S-DSS tools indeed require a continuous process of co-
development and testing of tools by end-users both during and after
the release of the different tools.

This activity has covered all phases of the DSS development
process, namely: (i) the preparatory phase with needs assessment;
(ii) the testing phase and (iii) the technical dissemination phase,
which was the final step of the process and aimed at making the
LANDSUPPORT platform known to its potential users and enabling
them to use the platform through targeted hands-on sessions and
training.

In our case, co-development included different forms of feedback
to the developers, depending on the issues raised, such as (i) semi-
structured interviews, including requests and remarks from experts;
(ii) e-mails describing problems in using tools and (iii) direct interaction
with the developers. The feedback activities contributed to the co-
development and co-creation of the S-DSS tools by identifying the
main concerns of stakeholders concerning the tools. They also helped
to establish a direct link between stakeholders and developers.

Assessment was made of users' judgments that emerged during
the interviews regarding performance indicators, including interopera-
bility, reliability, relevance for policy needs and overall satisfaction
with the functionalities (usability and operational capacities) of the
LANDSUPPORT DSS tools.

Here, we report some results: at the country level, the total num-
ber of institutions involved in the testing process in the three pilot
countries (Italy, Austria and Hungary) is 55, and 367 people tested the
tools. By category, the figures are as follows: 32 public institutions
were involved and 127 people tested the tools. Regarding the actors
of agriculture, environment and spatial planning, the numbers are 9, 5
and 9 for the institutions and 85, 106 and 49 for the people.

Throughout the duration of the project, 25 workshops were orga-
nised, involving 877 potential users and other stakeholders at
European, national and regional levels and on tools belonging to dif-
ferent application areas. Throughout the duration of the project, the
LANDSUPPORT platform received approximately 910 registrations
and more than 4500 log-ins.

3 | CASESTUDIES

Some LANDSUPPORT case findings have already been published on
pesticide leaching (Bancheri et al., 2022), groundwater vulnerability to
nitrate (Bancheri et al., 2023) and ecotourism (Mileti et al., 2022).
To highlight the functioning of the platform, we here report 2 case
studies (in addition a third case on Sustainable Land Management
[SLM] practices is reported in the Supplementary materials) being put
to use aiming towards sustainable practices and lowering land degra-
dation. These have been chosen to cover the different spatial extents:
region, country and Europe.

Additional information on all case studies concerning both the
environment (e.g. soil, geology, etc) and local communities
(e.g. NUTS4 population trends in the last decade) are available in
other Landsupport tools (e.g. environmental report tool not

explained in this paper).
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TABLE 4
material).
Scale European
Soil Soil database/ SDGBE2.0 Soil Database (JRC,
map 1:1M)
Soil threats WATEM_SEDEM water erosion
map (JRC, 100 m res.)
Ecosystem Mapping and Assessment of
Services Ecosystems and their Services
(EEA reference grid 10 km)
Land use Land Corine Land Cover 1990, 2000,
use/cover 2006, 2012, 2018 (100 m res.)
Land take Imperviousness 2006, 2009,
2012, 2015, 2018 (Copernicus
Land Monitoring Service, 20 m)
Morphology Elevation EU-DEM v1.0 (Copernicus Land
morphology Monitoring service, 25 m res.)
Geology Geology and European Geological map 1:1M
hydro- ‘OneGeology’
geology
Water Rivers and Groundwater bodies/surface
lakes water bodies (WF Directive)
Meteorology and COSMOLEPS grib data (5.5 km
climatology res.);
ERA5-Land from 1950 (9 km
res.);
COSMO-CLM data for Climate
change data and indicators
(8 km res.) by CMCC
Biodiversity Bio-diversity Global Soil Biodiversity Atlas
Maps;
EU Ecosystems types (100 m
res.); Natura 2000 sites (2017)
Green Landscape Green Linear Elements
infrastructures elements (Copernicus Land Monitoring)
Biotypes Riparian Zones (Copernicus Land
Monitoring, MMU 0.5 ha)
Eurostat Population and  EU Population data 2012-2018 -
agriculture LAU2 NUTS2;
EU_historical population (1961-
2011) LAU2 LAU1
Others Other data SDG 15.3.1 maps

Map of areas degraded, improved
and stable (ISPRA, 2020)

Note: ISPRA: https://www.isprambiente.gov.it/en.
@Data are created during the project.

National: Italy

Soil Provinces and Soil Regions
map (ISPRA, 1:1M)

WATEM_SEDEM water erosion
map (JRC, 25 mres.)

Maps of soil carbon stock,
potential crop production,
potential timber production
(ISPRA)

Land use/land cover maps (CUCS
Corine) 2012-2017 res. 10 m

Imperviousness 2006, 2012,
2015, 2016, 2017, 2018, 2019,
2020 (ISPRA. 10 m res.)

National DEM (ISPRA, 75 m and
20 mres.)

Geological map (ISPRA, 1:100k);
Hydrogeological risk: Landslide
risk areas (PAI-ISPRA) 2017

Water and wetness 2015, 2018
(Copernicus Land Monitoring
Service, 10 m res.)

COSMOLEPS grib data (5.5 km
res.);

ERA5-Land from 1950 (9 km
res.);

COSMO-CLM data for Climate
change data and indicators
(8 km res.) by CMCC

Natura 2000 sites 2006, 2012,
2018 (Copernicus Land
Monitoring Service, 10 m res)

Street tree layer 2012, 2018
(Copernicus Land Monitoring
Service, MMU 500 m?)

Riparian Zones (Copernicus Land
Monitoring, MMU 0.5 ha)

Population data 2012-2018 -
LAU2 NUTS2;

Historical population (1961-
2011) LAU2 LAU1

GeOC data and maps
Contextual Similarity Unit (CSU)
maps

Some of the data layers stored in the Landsupport database (a more detailed version of this table is provided in the Supplementary

Regional: Marchfeld

Soil type map (Marchfeld Region,
1:25k) plus dataset for physical
soil properties

Crop potential productivity map
2018 (Boku University, res.
10 m)%;

Map of Ecosystem services

Crop types map 2019;

HR land cover map of Austria and
Liechtenstein (2016)

Imperviousness 2006, 2009,
2012, 2015, 2018 (Copernicus
Land Monitoring Service, 20 m
res.)

Regional DEM (Marchfeld, 10 m
res.)

Geological map (Marchfeld
Region, 1:250k);

Groundwater isolines, water
permeability

Water and wetness 2015, 2018
(Copernicus Land Monitoring,
10 m);

Rivers, lakes, reservoirs 2015,
1:10K

ERA5-Land from 1950 (9 km
res.);

Meteorological data of 4
measuring stations (1997-
2016)

MAES habitat map, 2013
Natura 2000 network (EEA)

Maps of landscape elements in
agricultural land

Riparian Zones (Copernicus Land
Monitoring, MMU 0.5 ha)

Example Ecotourism:
Administrative units (ISTAT);
Sites of natural and cultural
(e.g. monuments) interest (from
Open Street Map)®
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TABLE 5
Main themes Models
Crop ARMOSA: crop growth,
production H,0,Cand N
balance, crop
management
Forest MLFS: Machine Learning
production based forest simulator
Land GEOCC: sustainable land

degradation management options

TFM-ext: Spatio-
temporal distribution
of nonpoint-source
solutes along the
unsaturated zone and
towards the
groundwater

FLOWS-HAGES: flows of
water and solute
transport in the soil-
plant-atmosphere
system

Ecosystem
services

ARMOSA

Producer surplus (PS)
indicator: Gross
margins per crop and
per unit of utilised
agricultural area

Tools

Dynamic crop
growth modelling
Dynamic crop

growth modelling on

your soil

Best practices
Underutilised crop
growth

Best practices

Forest development
dynamics

Sustainable land
management (SLM)
practices (LDN)

Intrinsic
groundwater
vulnerability
Groundwater
vulnerability to
nitrates and
pesticides

Food production
Water regulation
Heat containment

Biomass potential
productivity:

equivalent durum
wheat production

Estimated gross
margin

Main

functionalities

Dynamic on the
fly

Dynamic on the
fly

Static

Static

Dynamic on the
fly

Dynamic desktop

based

Dynamic desktop

based

Static

Main input

Meteorological forcing,

soil parameters
(texture, bulk density,
SOCQ), cropping
system (crop
sequences, sowing
and harvesting dates,
residue management),
irrigation, nitrogen
fertilisation (i.e.
mineral or organic,
amount, timing,
application depth) and
tillage operations

Forest inventory data,

year of the
simulation, yield
harvesting, RCP
scenarios, mortality
rate, thinning rate

Contextual similarity

unit maps (describing
social-ecological
context) and database
of sustainable land
management
practices

Unsaturated hydraulic

conductivity,
meteorological
forcing, solute input
concentration
(tracers, pesticides,
fertilisers), first-order
rate coefficient of
transformation, water
table depth.

Hydraulic properties,

meteorological
forcing (rain, ET), crop
parameters (root
depth, LA, etc.),
solute input
concentration
(tracers, pesticides,
fertilisers),
hydrodynamic
dispersion and the
first-order rate
coefficients

As above (first row)

FADN (European Farm

Accountancy Data
Network)

Selection of models employed in Landsupport (a more detailed version of this table is provided in the Supplementary material).

Main output

Data set and maps on:
e Yield

o Nitrate leaching

e SOC change

As above + Igp (Index of
Best Practices)

pdf with Growing stock,
basal area, harvested
volume

List of sustainable land
management
practices on the base
of the selected ROI

Data set and maps on:

e Depth arrival in a
fixed time span of a
solute.

e Mean travel times of
the input solute to a
defined depth

Data set and maps on:

o Crop water stress
index

e Groundwater
recharge

o Water storage

e Days of potential
runoff

e Day of solute peak
arrival

e Actual
evapotranspiration

Data set and map of:
Durum wheat yield

Data set and map of:

e Estimated gross
margin of local
durum wheat
production

(Continues)
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TABLE 5 (Continued)
Main
Main themes Models Tools functionalities Main input Main output
(€ year tha™})
Note: The models used in the 3 case studies reported below are reported with a grey background.
Abbreviation: SOC, soil organic carbon.
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FIGURE 7

3.1 | Crop growth case study

3.1.1 | Background

The new fair, green and performance-based EU Common Agricultural
Policy (2023-2027) will be a key item in securing a more sustainable
future for agriculture and forestry, as well as achieving the objectives

of the European Green Deal (e.g. combat land degradation). This Deal

Scheme of the graphical user interface and its different panels. [Colour figure can be viewed at wileyonlinelibrary.com]

requires each EU country to design a national strategic CAP plan
which, in addition to many other aspects, has to put into practice
enhanced conditionality, eco-schemes and farm advisory services, as
well as agri-environmental and climate measures and investments, to
address the Green Deal targets (e.g. Farm to Fork Strategy, Biodiver-
sity Strategy 2030).

For the best implementation of the strategic plans, the planned

interventions (e.g. GAEC, SMR) should be designed ‘considering
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characteristics of the areas concerned, including soil and climatic condi-
tions, existing farming system, land use, crop rotation, farming practices
and farm structures’ (territorial scope).

In this specific scenario, this example case addresses the following
specific issue: in designing the Strategic Plan in line with the new
Common Agricultural Policy (2023-2027), a national administrative
authority aims to test, in a specific region, how different land use
management scenarios have an impact on three ecosystem services,
two of which are critical in terms of lowering land degradation: pro-

duction, filtering capability and carbon sequestration.

3.1.2 | LANDSUPPORT crop growth tool solution
‘Crop Growth’ is a Landsupport tool that support the design of the
Strategic Plan in line with the new Common Agricultural Policy.

The ‘Crop Growth’ tool performs crop growth modelling and pro-
duces results regarding crop yield, so enabling simulation of manage-
ment scenarios. The tool runs, ‘on the fly’, through a model request
that allows the user to carry out the simulation. The heart of the tool
is ARMOSA (Analysis of cRopping systems for Management Optimisa-
tion and Sustainable Agriculture) process-based crop model (Perego
et al, 2013; Valkama et al., 2020), which simulates the high level of
complexity found in those agroecosystem processes which vary in
response to agricultural management (i.e. crop rotation, intercropping,
crop residues management, fertilisation, irrigation and tillage) and ped-
oclimatic conditions.

The user has to select the ‘Crop Growth’ tool and then he must
choose between the following parameters: (i) the ROI; (ii) the date
(start and end) of simulation; (iii) the crop rotations (on the basis of
the local site); (iv) conventional agriculture versus organic farming
(this choice is also associated with type of fertiliser); (v) occurrence
of cover crop; (vi) irrigation management (either restoring 100% or
80% of crop requirement) and (vii) tillage (two options: ploughing at
30 cm depth or tillage limited at 15 cm in topsoil with no mixing of
soil layers). The user can select also the type of output: (i) production
(tons ha tyear™!) of each crop included in the rotation (for
each simulated year), (i) mean annual nitrate leaching (NO3-

N kg ha~! year™?) at the base of the soil profile and (iii) mean annual

TABLE 6

Crop Soil type Area (ha) Area (%)

Clover Chernozem 10.9 53 1.4
Soybean Chernozem 10.9 5.3 2.4
Wheat Chernozem 10.9 53 8.3
Maize Raw soil 8.4 4.1 8.1
Clover Raw soil 8.4 4.1 1.4
Soybean Raw soil 8.4 4.1 2.3
Wheat Raw soil 8.4 4.1 54
Maize Raw soil 241 11.7 7.5

Prod (ton ha™* year?)

change of soil organic carbon stock in the 30 cm topsoil layer (% of
changes per year).

Here, we report an example. In a predefined ROI, chosen in the
Marchfeld region in Austria, two different land use management strat-

egies were performed in the same 7 years of simulation (2012-2018).

Case 1 (organic approach - Table 1). Crop rotation = Clover
+ Wheat + Soybean + Wheat + Clover + Maize.

Irrigation = 100%; Fertilisation = Organic; Tillage = Minimum
tillage; Residue = Yes.

In Table 6, we report the main results after using the crop
growth too.

Case 2

rotation = Sunflower + Maize; Irrigation = 100%; Fertilisation =

(conventional — approach - Table 2): Crop
Inorganic; Tillage = Conventional; Residue = No (resutls of this
simulation are shown in Table 7).

From the above simulations, the user can obtain a clear quantifi-
cation of the following ecosystem services: (i) crop production, (ii) soil
filtering (Nitrate leaching) and (iii) C sequestration (SOC variation)
capabilities, all performed under alternative crop rotations (with
vs. without cover crop), fertilisation (mineral vs. organic), tillage
(ploughing vs. minimum tillage) and crop residue management
(retained vs. removed).

In this specific case, we observe that for the same area of 8.4 ha,
in the case of raw soil, maize yield is 8.1 tons ha~* year™! in case 1

versus 10.4 tons ha~! year™?!

in case 2; but this increase of
2 tons ha~! year~! in annual production yield has a trade-off in terms
of both (i) N leaching, which increases from 55.9 kg NO3-
N ha~year™! (case 1) to 129.2 kg NO3-N ha=! year™? (case 2) and
(i) annual SOC, which shows an increase of 0.53% for case 1 and a
decrease of - 0.14% for case 2.

This tool was shown to be beneficial for consortia/cooperative of
farmers and Public Administrations (e.g. Administrative Regions), and
for those interested in quantifying crop production and connected
environmental trade-offs. For instance, nitrate leaching and C seques-

tration in soil maybe be conflicting under diverse field management

Results after the use of the crop growth tool in the first land use management case in Marchfeld region (Austria).

N-leach (kg NO3-N ha—* year—?) SOC-change (% year %)

14.8 1.10
14.8 1.10
14.8 1.10
55.9 0.53
55.9 0.53
55.9 0.53
55.9 0.53

21 0.08
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TABLE 7
Crop Soil type Area (ha) Area (%)
Sunflower Chernozem 10.9 53 35
Maize Chernozem 10.9 5.3 9.5
Sunflower Raw soil 8.4 4.1 35
Maize Raw soil 8.4 4.1 104
Sunflower Raw soil 24.0 11.7 3.5

Plot ID Growing stock (m®ha=?)  Basal area (m? ha™?)

197038  459.74 50.69 9.75
204464  109.32 14.0 3.13

scenarios. In addition, through the tool, the farmer can estimate the
possible change in the production of currently cultivated crops by
moving from conventional agriculture to conservation agriculture, and

therefore reduce production costs over time and improve soil fertility.

3.2 | Forestry case study

3.21 | Background

Forest ecosystems fulfil and provide crucial functions and services to
humanity, among which are biodiversity, protection against natural
hazards and carbon sequestration. The new EU Forest Strategy for
2030 is one of the ‘flagship initiatives’ of the European Green Deal
and builds on the EU biodiversity strategy for 2030. The strategy sets
out specific actions to: (i) improve the quantity and quality of EU for-
ests and strengthen their protection, restoration and resilience;
(ii) adapt Europe's forests to the new conditions (e.g. climate change)
and (iii) support the socio-economic functions of forests. To achieve
these targets, calibrated interventions, based on a deep understanding

of environmental and socioeconomic components, are required.

3.22 | LANDSUPPORT MLFS tool solution
Here, we aim to demonstrate the Forest tool named ‘MLFS (Machine
Learning Forest Simulator)’, which is a decision-making tool designed
to understand the dynamics of forest development at various scales
based on forest inventory data developed in the R environment
(https://cran.r-project.org/web/packages/MLFS/index.html). The tool
allows, through simulation, to better understand the impact of forest
management on forest growth. The latter is quantified through the
simulation of 3 parameters: growing stock (m®ha1), basal area
(m? ha~%) and harvested volume (m® ha=! year™?).

The user using the ‘MLFS tool’ will be able, to select between

the following parameters to be employed by the simulation process:

Prod (ton ha—* year?) N-leach (kg NOs--N ha—?! year 1)

Harvested volume (m® ha~* year )

Results after the use of the crop growth tool in the second land use management case in Marchfeld region (Austria).

SOC-change (% year?)

100.5 -0.14

100.5 -0.14

129.2 -0.13

129.2 -0.13

441 0.02
TABLE 8 Description of plots

captured by the region of interest.

(i) ROI (freely drawn or selected from administrative NUTS4 -
NUTS3 areas); (i) year of the simulation; (iii) harvesting yield (which
represents the simulation of the intensity of forest cutting as a per-
centage); (iv) RCP scenarios (RCP: 4.5 and 8.5 on the basis of GHG
emissions until 2100); (v) mortality rate (which is made on the basis
of local conditions) and (vi) thinning rate, affecting future growing
dynamics.

Finally, MLFS supports a wide range of plot-designs and data
types and can be applied to various forest types, from monocultures
to forests with rich species compositions.

The tool produces two tables as outputs. The first table
(given here as Table 8) reports for each forest plot captured by the
ROI, the three parameters discussed above, namely: groeing stock,
basal area and harvested volume.

The tool will then produce a second table (not reported) with the
basic statistics (count, mean, min, max, standard deviation, 25% per-
centile, 50% percentile and 75% percentile) about growing stock,
basal area and harvested volume for the entire selected ROI.

To highlight the importance of local pedoclimatic settings over
management practices, we performed a sensitivity analysis using the
forestry tool.

In Figure 8, a boxplot is reported where the numbers identifying
30 different ROIs (forest plot) of the same size (about 0.1 ha) and cir-
cular shape are given on the x-axis while the mean of harvested vol-
ume (m® ha~*year™!) estimated for the year 2030, considering all
possible combinations of four variables (yield harvesting, thinning,
mortality and RCP scenario), is reported on the y-axis. The 30 ROls
are randomly located within a 457 km? area of Slovenia, between
Trebnje (immediately north) and Semic¢ (south-west). For the sake of
clarity in reading the figure, the ROl was ranked from the lowest to
the highest values of harvested volume.

The horizontal line within the box marks is the median value. The
box contains the middle 50% of the data points (IQR) and is a measure
of data variability while the vertical bar for each ROI represents the
upper and lower fences of the harvested volume based on all combi-

nations of the variables.
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FIGURE 8 Sensitivity analysis of
the harvest in the different region of
interests (ROIs) (forest plot). [Colour 30
figure can be viewed at
wileyonlinelibrary.com]

Harvest (m® ha™' year")

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
ROI (forest plot)

The sensitivity analysis emphasises the existence of sites
(e.g. sites 18, 24 26, 28, 29 and 30) where changes in yield harvesting,
thinning rate, mortality rate and RCP scenario have a huge impact on
harvest, while there are other sites (e.g. ROI 1, 2, 4, 7, 9 and 22) where
the impact of the three management variables and RCP scenarios
have a minimum impact on the growing stock.

This tool supports different users such as (i) forestry authorities
to carry out scenario analysis and thus better fine-tune management
practices on the basis of specific local settings, (i) scientists interested
in the long-term effects of environmental factors and climate on for-
est development and finally (iii) forest professionals and engineers,
who can use the tool as a decision-making support in their forest plan-

ning process.

4 | CONCLUSION

This work starts by acknowledging that the vast availability of data
(e.g. from satellites, sensors and drones), policies (e.g. SDGs, EU envi-
ronmental policies) and stakeholder engagements (e.g. EIP-AGRI) are
not enough to have a positive impact on sustainable land manage-
ment, especially considering that land degradation is worsening to a
tipping point at which it will be difficult or impossible to reverse
it. We assert that agriculture, forestry and environmental protection
require something additional to the information at present accessible
to address some key shortcomings due to: (i) the great physical and
socio-economic multifaceted complexity of the landscape and land
degradation processes, (ii) the lack of a truly integrated physical
approach to many agriculture/environmental problems, (jii) the lack of
factual scientific support for both farmers and regional governments
so as to support the adoption of sustainable agriculture practices,
(iv) the fragmentation of current approaches, models and DSS tools
dealing with agriculture and environmental protection and
(v) difficulties in the implementation of the many good policies aimed
at improving the environment and agriculture.

Our vision is that robust operational S-DSS are the way forward
to translate data availability into positive actions towards sustainabil-
ity thus challenging land degradation. This was the starting point of

the EU-funded LANDSUPPORT project, which brought together
19 partners from 10 different countries across Europe, the Middle
East and Asia and developed 15 macro-tools (and more than
100 elementary tools) by establishing a free web-based smart geospa-
tial decision support system. This system is based on Geospatial
Cyber-Infrastructure IT architecture applied to the better implementa-
tion of a large set of EU, national and regional policies in the field of
agriculture, forestry and the environment.

The system brings together diverse sources of data including Sen-
tinel satellites (from the EU's Copernicus programme), advanced cli-
mate and ECZ modelling, various technologies (e.g. datacube and
parallel processing) and stakeholder engagement to develop and test
the tools. All this complexity is ‘hidden’ behind an easy-to-use graphi-
cal user interface that has been created to enable end-users to easily
access and work on the LANDSUPPORT platform.

Here, we have shown that it is possible to overcome the current
fragmentation of data and models by combining the following features
into a single system: (i) a user-friendly GUI where all complexity is hid-
den; (ii) implementation of the concept of the operational multifunc-
tionality of land and soil; (iii) adaptability to many different needs of
end-users; (iv) implementation of ‘what-if’ modelling, so empowering
the choices of the end-users (In this sense, we want to emphasise
here that the system does not aim to provide the ‘solution’, but rather
provide a set of ‘options’ for the user to choose from); (v) low cost of
transferability of the approach to new areas and (vi) incorporation
of bottom-up contributions from users (e.g. uploading of ROI or local
soil data).

The platform has been demonstrated here through three cases
dealing with sustainable management practices in agriculture and for-
estry to lower land degradation processes. In the three case studies
(one is reported in Supplementary materials), this is achieved by pro-
ducing results and stats on sustainable crop growth, forestry and sus-
tainable land management.

In terms of the future and legacy, the LANDSUPPORT platform
will remain operational, open and free long after the project ends. This
position is rooted in the evidence showing that we need to leave
these tools as open as possible and engage as much as possible with a
large community of users if we are to protect soils and land. Currently,
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there is great interest from such stakeholders as public administrators,
cooperatives, farmer associations, spatial planner associations, natural
parks and metropolitan areas. Actually, members of the Italian Parlia-
ment proposed at the Italian Senate a new soil law on the basis of
LANDSUPPORT (soil legislative bill n. ddl 2614). In addition, the pro-
ject has received two awards (EU Success Story and Falling Walls
global winner), which makes it hopeful that a widening of use, adop-

tion and scope is welcome and possible.

AFFILIATIONS

LCRISP Research Center, Department of Agriculture, University of
Napoli Federico Il, Naples, Italy

2Department of Agricultural and Environmental Sciences, University
of Milan, Milan, Italy

3Institute for Mediterranean Agricultural and Forestry Systems
(ISAFOM), National Research Council (CNR), Naples, Italy

“4Crops For the Future UK, NIAB, Cambridge, UK

Srasdaman GmbH, Bremen, Germany

Umweltbundesamt - Environment Agency Austria (EAA), Wien,
Austria

7EMM SRL, Napoli, Italy

8ARIESPACE SRL (ARIES), Established in Centro Direzionale IS.A3,
Napoli, Italy

?Campania Region, Centro Direzionale Isola A6, Naples, Italy
1OACTeon, Orbey, France

talian National Institute for Environmental Protection and Research
(ISPRA), Rome, Italy

125|ovenian Forestry Institute, Ljubljana, Slovenia

13Akkodis, Evere, Belgium

4| nstitute of Advanced Studies (iASK), Készeg, Hungary

15Zala County Self-Government, Zala, Hungary

International Center for Agricultural Research in the Dry Areas
(ICARDA), Beirut, Lebanon

17Barcelona Supercomputing Center - Centro Nacional de
Supercomputacion (BSC-CNS), Barcelona, Spain

18European Commission, Joint Research Centre (JRC), Ispra, Italy

9 nstitute of Geomatics, University of Natural Resources and Life
Sciences, Vienna, Austria

29Department of Agriculture Sciences, University of Sassari, 39 Viale

Italia, 07100 Sassari, Italy, Sassari, Italy

ACKNOWLEDGEMENTS

This paper was produced within the framework of the LANDSUPPORT
project (Horizon 2020, grant number: 774234). The authors would like
to thank Michele Flammia for his contribution to support project activi-
ties. In addition, we wish to express our deep thanks to the following
scientists and EU officers who strongly supported the Landsupport pro-
ject during its lifetime: Christof Weissteiner, Johan Bouma, Kris Van
Looy, Agnieszka Romanowicz, Marta Iglesias, Pandi Zdruli.

FUNDING INFORMATION
This paper refers to the LANDSUPPORT project which has been
funded within Horizon 2020, grant number: 774234.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly

available due to privacy or ethical restrictions.

ORCID

Peter Baumann "= https://orcid.org/0000-0003-3860-4726

Marco Di Leginio ' https://orcid.org/0000-0003-4187-9296

Ebrahim Jahanshiri "= https://orcid.org/0000-0002-9110-1880

https://orcid.org/0000-0003-0574-0465

Florindo Antonio Mileti "= https://orcid.org/0000-0002-3899-7622

https://orcid.org/0000-0003-1484-2738
https://orcid.org/0000-0001-7689-5697

https://orcid.org/0000-0002-8636-0511

Piero Manna

Panos Panagos
Calogero Schillaci

Claudio Zucca

REFERENCES

Amelung, W., Bossio, D., de Vries, W., Kogel-Knabner, 1., Lehmann, J.,
Amundson, R., Bol, R., Collins, C,, Lal, R., Leifeld, J., Minasny, B., Pan,
G., Paustian, K., Rumpel, C., Sanderman, J., van Groenigen, J. W.,
Mooney, S., van Wesemael, B.,, Wander, M., & Chabbi, A. (2020).
Towards a global-scale soil climate mitigation strategy. Natural Com-
munications, 11(5427), 1-10. https://doi.org/10.1038/s41467-020-
18887-7

Aubert, B. A., Schroeder, A., & Grimaudo, J. (2012). IT as enabler of sus-
tainable farming: An empirical analysis of farmers’ adoption decision of
precision agriculture technology. Decision Support Systems, 54(1), 510-
520. https://doi.org/10.1016/j.dss.2012.07.002

Badia, R. M., Conejero, J., Ejarque, J., Lezzi, D., & Lordan, F. (2022).
PyCOMPSs as an instrument for translational computer science. Jour-
nal of Computing Science and Engineering, 24(2), 79-84. https://doi.
org/10.1109/MCSE.2022.3152945

Bancheri, M., Fusco, F., Torre, D. D., Terribile, F., Manna, P., Langella, G.,
De Vita, P., Allocca, V., Loishandl-Weisz, H., Hermann, T., De Michele,
C., Coppola, A, Mileti, F. A., & Basile, A. (2022). The pesticide fate tool
for groundwater vulnerability assessment within the geospatial deci-
sion support system LandSupport. Science of The Total Environment,
807, Part 1, 150793. https://doi.org/10.1016/j.scitotenv.2021.
150793

Bancheri, M., Basile, A., Botta, M., Langella, G., Cavaliere, F., Bonfante, A,,
Ferraro, G., Acutis, M., & Perego, A. (2023). The nitrate fate tool: A
decision support system for the assessment of the groundwater vul-
nerability to nitrate in support of sustainable development goals. Sus-
tainability, 15(19), 14164. https://doi.org/10.3390/su151914164

Baumann, P., Misev, D., Merticariu, V., & Pham, B. H. (2021). Array data-
bases: Concepts, standards, implementations. Journal of Big Data, 8
(28), 2021. https://doi.org/10.1186/s40537-020-00399-2

Bonfante, A., Monaco, E., Manna, P., De Mascellis, R, Basile, A.,
Buonanno, M., Cantilena, G., Esposito, A., Tedeschi, A., De Michele, C.,
Belfiore, O., Catapano, I., Ludeno, G., Salinas, K., & Brook, A. (2019).
LCIS DSS—An irrigation supporting system for water use efficiency
improvement in precision agriculture: A maize case study. Agricultural
Systems, 176, 102646. https://doi.org/10.1016/J.AGSY.2019.102646

Bouma, J. (2015). Engaging soil science in transdisciplinary research facing
wicked problems in the information society. Soil Science Society of
America Journal, 79, 454-458. https://doi.org/10.2136/ss52j2014.11.
0470

Bouma, J. (2020). Contributing pedological expertise towards achieving
the United Nations Sustainable Development Goals. Geoderma, 375,
114508. https://doi.org/10.1016/j.geoderma.2020.114508

Brown, C., Seo, B., Alexander, P., Burton, V., Chacén-Montalvan, E. A,
Dunford, R., Merkle, M., Harrison, P. A., Prestele, R., Robinson, E. L., &

85UB01 7 SUOWIIOD BA1FeD) 8|qedlidde aup Aq peuenob aJe Ss[1e VO ‘88N JO S9N 104 Afeiq 1T 8UIIUO AB]IM UO (SUOIPUOD-PUR-SWBYLLI0D™ A3 | IM ARe.d | [oulUO//SARU) SUORIPUOD PUe SWiid | 8U} 88S *[7202/0T/9T] uo ArelqiTaulluO AB1IM ‘¥S6t°IP1/Z00T OT/I0P/W0D" A8 1M AIq U1 |UO//SARY WOI4 PAPROIUMOQ ‘Z 7202 XSrTE60T


https://orcid.org/0000-0003-3860-4726
https://orcid.org/0000-0003-3860-4726
https://orcid.org/0000-0003-4187-9296
https://orcid.org/0000-0003-4187-9296
https://orcid.org/0000-0002-9110-1880
https://orcid.org/0000-0002-9110-1880
https://orcid.org/0000-0003-0574-0465
https://orcid.org/0000-0003-0574-0465
https://orcid.org/0000-0002-3899-7622
https://orcid.org/0000-0002-3899-7622
https://orcid.org/0000-0003-1484-2738
https://orcid.org/0000-0003-1484-2738
https://orcid.org/0000-0001-7689-5697
https://orcid.org/0000-0001-7689-5697
https://orcid.org/0000-0002-8636-0511
https://orcid.org/0000-0002-8636-0511
https://doi.org/10.1038/s41467-020-18887-7
https://doi.org/10.1038/s41467-020-18887-7
https://doi.org/10.1016/j.dss.2012.07.002
https://doi.org/10.1109/MCSE.2022.3152945
https://doi.org/10.1109/MCSE.2022.3152945
https://doi.org/10.1016/j.scitotenv.2021.150793
https://doi.org/10.1016/j.scitotenv.2021.150793
https://doi.org/10.3390/su151914164
https://doi.org/10.1186/s40537-020-00399-2
https://doi.org/10.1016/J.AGSY.2019.102646
https://doi.org/10.2136/sssaj2014.11.0470
https://doi.org/10.2136/sssaj2014.11.0470
https://doi.org/10.1016/j.geoderma.2020.114508

TERRIBILE ET AL.

WILEY_L ®3

Rounsevell, M. (2022). Agent-based modeling of alternative futures in
the British land use system. Earth's Future, 10(11), e2022EF002905.
https://doi.org/10.1029/2022EF002905

Chen, S., Arrouays, D., Leatitia Mulder, V., Poggio, L., Minasny, B.,
Roudier, P., Libohova, Z., Lagacherie, P., Shi, Z., Hannam, J.,
Meersmans, J., Richer-de-Forges, A. C., & Walter, C. (2022). Digital
mapping of GlobalSoilMap soil properties at a broad scale: A review.
Geoderma, 409, 115567. https://doi.org/10.1016/j.geoderma.2021.
115567

Coppola, A., Dragonetti, G., Sengouga, A., Lamaddalena, N., Comegna, A.,
Basile, A., Noviello, N., & Nardella, L. (2019). Identifying optimal irriga-
tion water needs at district scale by using a physically based agro-
hydrological model. Water, 11(4), 841. https://doi.org/10.3390/
w11040841

Daliakopoulos, I., & Keesstra, S. (2020). TERRAenVISION: Science for soci-
ety. Environmental issues today. Science of the Total Environment, 704,
135238. https://doi.org/10.1016/j.scitotenv.2019.135238

Eastwood, C., Klerkx, L., Ayre, M., & Rue, B. D. (2017). Managing socio-
ethical challenges in the development of smart farming: From a frag-
mented to a comprehensive approach for responsible research and
innovation. Journal of Agricultural and Environmental Ethics. Advance
online publication. https://doi.org/10.1007/s10806-017-9704-5

Geertmanand, S., & Stillwell, J. (2009). Planning support systems best prac-
tice and new methods GeoJournal library (GEJL) (Vol. 95). Springer.

Goodman, S., BenYishay, A, Lv, Z., & Runfola, D. (2019). GeoQuery: Inte-
grating HPC systems and public web-based geospatial data tools. Com-
puters and Geosciences, 122, 103-112. https://doi.org/10.1016/j.
cageo.2018.10.009

Gowdy, J. (2020). Our hunter-gatherer future: Climate change, agriculture
and uncivilization. Futures, 115, 102488. https://doi.org/10.1016/j.
futures.2019.102488

Himics, M., Fellmann, T., & Barreiro-Hurle, J. (2020). Setting climate action
as the priority for the common agricultural policy: A simulation experi-
ment. Journal of Agricultural Economics, 71(1), 50-69. https://doi.org/
10.1111/1477-9552.12339

Huang, H., Yang, L., Zhang, L., Pu, Y., Yang, C., Wu, Q,, Cai, Y., Shen, F., &
Zhou, C. (2022). A review on digital mapping of soil carbon in cropland:
Progress, challenge, and prospect. Environmental Research Letters,
17(12), 1-27. https://doi.org/10.1088/1748-9326/acad1le

Kijewski-Correa, T., Taflanidis, A., Vardeman, C., Sweet, J., Zhang, J.,
Snaiki, R., Wu, T, Silver, Z., & Kennedy, A. (2020). Geospatial environ-
ments for hurricane risk assessment: Applications to situational aware-
ness and resilience planning in New Jersey. Frontiers in Built
Environment, 6, 1-18. https://doi.org/10.3389/fbuil.2020.549106

Kim, J. S., & Kisekka, I. (2021). Farms: A geospatial crop modeling and
agricultural water management system. ISPRS International Journal of
Geo-Information, 10(8), 1-17. https://doi.org/10.3390/ijgi10080553

Lan, Y., Tang, W., Dye, S., & Delmelle, E. (2020). A web-based spatial deci-
sion support system for monitoring the risk of water contamination in
private wells. Annals of GIS, 26(3), 293-309. https://doi.org/10.1080/
19475683.2020.1798508

Langella, G., Basile, A., Giannecchini, S., Moccia, F. D., Mileti, F. A,
Munafd, M., Pinto, F., & Terribile, F. (2020). Soil monitor: An internet
platform to challenge soil sealing in Italy. Land Degradation & Develop-
ment, 31, 2883-2900. https://doi.org/10.1002/1dr.3628

Lundstrém, C., & Lindblom, J. (2018). Considering farmers' situated knowl-
edge of using agricultural decision support systems (AgriDSS) to Foster
farming practices: The case of CropSAT. Agricultural Systems, 159, 9-
20. https://doi.org/10.1016/j.agsy.2017.10.004

Manna, P., Basile, A., Bonfante, A., D'Antonio, A., De Michele, C. M.,
lamarino, M., Langella, G., Mileti, A. F., Pileri, P., Vingiani, S., &
Terribile, F. (2017). Soil sealing: Quantifying impacts on soil functions
by a geospatial decision support system. Land Degradation and Devel-
opment, 28(8), 2513-2526. https://doi.org/10.1002/1dr.2802

Manna, P., Basile, A., Bonfante, A., De Mascellis, R., & Terribile, F. (2009).
Comparative Land Evaluation approaches: An itinerary from FAO
framework to simulation modelling. Geoderma, 150(3-4), 367-378.
https://doi.org/10.1016/j.geoderma.2009.02.020

Manna, P., Bonfante, A., Colandrea, M., Di Vaio, C., Langella, G,
Marotta, L., Mileti, F. A, Minieri, L., Terribile, F., Vingiani, S., &
Basile, A. (2020). A geospatial decision support system to assist olive
growing at the landscape scale. Computers and Electronics in Agricul-
ture, 168, 105143. https://doi.org/10.1016/j.compag.2019.105143

Marano, G., Langella, G., Basile, A., Cona, F., Michele, C. D., Manna, P.,
Teobaldelli, M., Saracino, A., & Terribile, F. (2019). A geospatial deci-
sion support system tool for supporting integrated forest knowledge
at the landscape scale. Forests, 10, 1-23. https://doi.org/10.3390/
10080690

Maring, L., Ellen, G. J., & Brils, J. (2022). Report on prioritization of actor needs
and criteria for living lab/lighthouse identification. Deliverable, 3(4).

Mileti, F. A., Miranda, P., Langella, G., Pacciarelli M., De Michele, C,,
Manna, P., Bancheri, M., & Fabio Terribile, A. (2022). A geospatial deci-
sion support system for ecotourism: A case study in the Campania
region of Italy. Land Use Policy, 118, 106131. https://doi.org/10.1016/
j.landusepol.2022.106131

Penuelas, J., & Sardans, J. (2021). Developing holistic models of the struc-
ture and function of the soil/plant/atmosphere continuum. Plant and
Soil, 461, 29-42. https://doi.org/10.1007/s11104-020-04641-x

Perego, A., Giussani, A, Sanna, M., Fumagalli, M., Carozzi, M., Brenna, S., &
Acutis, M. (2013). The ARMOSA simulation crop model: Overall features,
calibration and validation results. Italian Journal of Agrometeorology, 3, 23-38.

Piikki, K., Wetterlkind, J., Soderstrom, M., & Stenberg, B. (2021). Perspec-
tives on validation in digital soil mapping of continuous attributes - A
review. Soil Use and Management, 37, 7-21.

Povak, N. A, Giardina, C. P., Hessburg, P. F., Reynolds, K. M., Salter, R. B.,
Heider, C., Salminen, E., & MacKenzie, R. (2020). A decision support tool
for the conservation of tropical forest and nearshore environments on
Babeldaob Island, Palau. Forest Ecology and Management, 476, 118480.

Rossi, V., Salinari, F., Poni, S., Caffi, T., & Bettati, T. (2014). Addressing the
implementation problem in agricultural decision support system for
supporting quality viticulture at the landscape scale. Computers and
Electronics in Agriculture, 100, 88-99. https://doi.org/10.1016/j.
compag.2013.10.011

Shahzad, A., Ullah, S., Dar, A. A,, Sardar, M. F., Mehmood, T., Tufail, M. A,,
Shakoor, A., & Haris, M. (2021). Nexus on climate change: Agriculture
and possible solution to cope future climate change stresses. Environ-
mental Science and Pollution Research, 28, 14211-14232. https://doi.
org/10.1007/s11356-021-12649-8

Shang, L., Heckelei, T., Gerullis, M. K., Bérner, J., & Rasch, S. (2021). Adop-
tion and diffusion of digital farming technologies - Integrating farm-
level evidence and system interaction. Agricultural Systems, 190,
103074. https://doi.org/10.1016/j.agsy.2021.103074

Tavra, M., & §kara, A. (2020). Towards a new generation of digital cartog-
raphy: The development of neocartography and the geoweb. Cartogra-
phica, 55(4), 241-250.

Terribile, F., Agrillo, A., Bonfante, A., Buscemi, G., Colandrea, M.,
D'Antonio, A., De Mascellis, R., De Michele, C., Langella, G., Manna, P.,
Marotta, L., Mileti, F. A., Minieri, L, Orefice, N., Valentini, S.,
Vingiani, S., & Basile, A. (2015). A web-based spatial decision support-
ing system for land management and soil conservation. Solid Earth, 6,
903-928. https://doi.org/10.5194/se-6-903-2015

Terribile, F., Bonfante, A., D'Antonio, A., De Mascellis, R., De Michele, C.,
Langella, G., Manna, P., Mileti, F. A,, Vingiani, S., & Basile, A. (2017). A
geospatial decision support system for supporting quality viticulture at
the landscape scale. Computers and electronics in agriculture, 140, 88-
102. https://doi.org/10.1016/j.compag.2017.05.028

Thompson Klein, J., Grossenbacher-Mansuy, W., Haberli, R., Bill, A,
Scholz, R. W., & Welti, M. (2001). Transdisciplinarity: Joint problem

85UB01 7 SUOWIIOD BA1FeD) 8|qedlidde aup Aq peuenob aJe Ss[1e VO ‘88N JO S9N 104 Afeiq 1T 8UIIUO AB]IM UO (SUOIPUOD-PUR-SWBYLLI0D™ A3 | IM ARe.d | [oulUO//SARU) SUORIPUOD PUe SWiid | 8U} 88S *[7202/0T/9T] uo ArelqiTaulluO AB1IM ‘¥S6t°IP1/Z00T OT/I0P/W0D" A8 1M AIq U1 |UO//SARY WOI4 PAPROIUMOQ ‘Z 7202 XSrTE60T


https://doi.org/10.1029/2022EF002905
https://doi.org/10.1016/j.geoderma.2021.115567
https://doi.org/10.1016/j.geoderma.2021.115567
https://doi.org/10.3390/w11040841
https://doi.org/10.3390/w11040841
https://doi.org/10.1016/j.scitotenv.2019.135238
https://doi.org/10.1007/s10806-017-9704-5
https://doi.org/10.1016/j.cageo.2018.10.009
https://doi.org/10.1016/j.cageo.2018.10.009
https://doi.org/10.1016/j.futures.2019.102488
https://doi.org/10.1016/j.futures.2019.102488
https://doi.org/10.1111/1477-9552.12339
https://doi.org/10.1111/1477-9552.12339
https://doi.org/10.1088/1748-9326/aca41e
https://doi.org/10.3389/fbuil.2020.549106
https://doi.org/10.3390/ijgi10080553
https://doi.org/10.1080/19475683.2020.1798508
https://doi.org/10.1080/19475683.2020.1798508
https://doi.org/10.1002/ldr.3628
https://doi.org/10.1016/j.agsy.2017.10.004
https://doi.org/10.1002/ldr.2802
https://doi.org/10.1016/j.geoderma.2009.02.020
https://doi.org/10.1016/j.compag.2019.105143
https://doi.org/10.3390/f10080690
https://doi.org/10.3390/f10080690
https://doi.org/10.1016/j.landusepol.2022.106131
https://doi.org/10.1016/j.landusepol.2022.106131
https://doi.org/10.1007/s11104-020-04641-x
https://doi.org/10.1016/j.compag.2013.10.011
https://doi.org/10.1016/j.compag.2013.10.011
https://doi.org/10.1007/s11356-021-12649-8
https://doi.org/10.1007/s11356-021-12649-8
https://doi.org/10.1016/j.agsy.2021.103074
https://doi.org/10.5194/se-6-903-2015
https://doi.org/10.1016/j.compag.2017.05.028

2 | WILEY

TERRIBILE ET AL.

solving among science, technology and society. An effective way for man-
aging complexity. Springer Science & Business Media. https://doi.org/
10.1007/978-3-0348-8419-8

UN. (2022). The Sustainable Development Goals report 2022 from United
Nations. (pp. 68). https://unstats.un.org/sdgs/report/2022/The-
Sustainable-Development-Goals-Report-2022.pdf

Valkama, E., Kunypiyaeva, G., Zhapayeyv, R., Karabayev, M., Zhusupbekov, E.,
Perego, A., Schillaci, C., Sacco, D., Moretti, B., Grignani, C., & Acutis, M.
(2020). Can conservation agriculture increase soil carbon sequestration?
A modelling approach. Geoderma, 369, 114298.

Wang, S., Michael, F., & Goodchild, F. (2019). CyberGlIS for geospatial dis-
covery and innovation GeoJournal library (Vol. 118). Springer. http://
www.springer.com/series/6007

Yang, C., Raskin, R., Goodchild, M., & Gahegan, M. (2010). Geospatial
cyberinfrastructure: Past, present and future. Computers, Environment
and Urban Systems, 34, 264-277.

Zhao, H., Di, L., & Sun, Z. (2022). WaterSmart-GIS: A web application of a
data assimilation model to support irrigation research and decision
making. ISPRS International Journal of Geo-Information, 11(5), 1-23.
https://doi.org/10.3390/ijgi11050271

Ziv, G., Beckmann, M., Bullock, J., Cord, A., Delzeit, R., Domingo, C.,
DreRler, G., Hagemann, N., Masd, J., Miiller, B., Neteler, M.,
Sapundzhieva, A., Stoev, P., Stenning, J., Trajkovi¢, M., &
Vaclavik, T. (2020). BESTMAP: Behavioural, ecological and socio-
economic tools for modelling agricultural policy. Research Ideas
and Outcomes, 6, €52052. https://doi.org/10.3897/rio.6.€52052

Zwetsloot, M. J,, van Leeuwen, J., Hemerik, L., Martens, H., Simd, J. |., van
de Broek, M., Debeljak, M., Rutgers, M., Sandén, T., Wall, D. P., Jones,
A., & Creamer, R. E. (2021). Soil multi functionality: Synergies and
trade- offs across European climatic zones and land uses. European
Journal of Soil Science, 72, 1640-1654.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Terribile, F., Acutis, M., Agrillo, A.,
Anzalone, E., Azam-Ali, S., Bancheri, M., Baumann, P., Birli, B.,
Bonfante, A., Botta, M., Cavaliere, F., Colandrea, M.,
D'Antonio, A., De Mascellis, R., De Michele, C., De Paoli, G.,
Monica, C. D., Di Leginio, M., Ferlan, M., ... Basile, A. (2024).
The LANDSUPPORT geospatial decision support system
(S-DSS) vision: Operational tools to implement sustainability
policies in land planning and management. Land Degradation &
Development, 35(2), 813-834. https://doi.org/10.1002/
Idr.4954

85UB01 7 SUOWIIOD BA1FeD) 8|qedlidde aup Aq peuenob aJe Ss[1e VO ‘88N JO S9N 104 Afeiq 1T 8UIIUO AB]IM UO (SUOIPUOD-PUR-SWBYLLI0D™ A3 | IM ARe.d | [oulUO//SARU) SUORIPUOD PUe SWiid | 8U} 88S *[7202/0T/9T] uo ArelqiTaulluO AB1IM ‘¥S6t°IP1/Z00T OT/I0P/W0D" A8 1M AIq U1 |UO//SARY WOI4 PAPROIUMOQ ‘Z 7202 XSrTE60T


https://doi.org/10.1007/978-3-0348-8419-8
https://doi.org/10.1007/978-3-0348-8419-8
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf
https://unstats.un.org/sdgs/report/2022/The-Sustainable-Development-Goals-Report-2022.pdf
http://www.springer.com/series/6007
http://www.springer.com/series/6007
https://doi.org/10.3390/ijgi11050271
https://doi.org/10.3897/rio.6.e52052
https://doi.org/10.1002/ldr.4954
https://doi.org/10.1002/ldr.4954

	The LANDSUPPORT geospatial decision support system (S-DSS) vision: Operational tools to implement sustainability policies i...
	1  INTRODUCTION
	1.1  Background
	1.2  Aim
	1.3  Implementing the aim: Challenging key issues

	2  THE LANDSUPPORT PLATFORM
	2.1  Requirements
	2.1.1  The need for a novel concept
	2.1.2  The need for operational tools
	2.1.3  Co-design the tools
	2.1.4  The need to optimise tools

	2.2  The architecture of the system
	2.2.1  The IT infrastructure
	2.2.2  The dashboard
	2.2.3  Database
	2.2.4  Models

	2.3  Co-development and testing of the LANDSUPPORT platform

	3  CASE STUDIES
	3.1  Crop growth case study
	3.1.1  Background
	3.1.2  LANDSUPPORT crop growth tool solution

	3.2  Forestry case study
	3.2.1  Background
	3.2.2  LANDSUPPORT MLFS tool solution


	4  CONCLUSION
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


