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Soil organic carbon (SOC) stocks were estimated over a 10-year period (1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004) using the farm-scale biogeochemical model FarmSim, which couples the CERES-EGC arable crop model and the PaSim grassland model.

FarmSim was run with spatially explicit input data for 48 pixels of agricultural soils located in a pilot area in southern Italy. The main objective of this work was to support an ensemble modelling approach by assessing whether the outputs given by FarmSim in the year 2004 (end of the simulation period) similar to the observations of the same year by using only generic land-use inputs, beyond soil properties (including SOC in 1994) and daily weather data. The simulations showed some underestimation of SOC by FarmSim, with a CRM (coefficient of residual mass) of 0.39 and RRMSE (relative root mean square error) of ~79%. The lower relative mean absolute error (RMAE) equal to ~53% reflects the inaccuracies associated with one or a few data points (amplified by squared differences). However, the results are likely to be improved as more detailed datasets are provided for model setup and calibration.
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Introduction

Agricultural soils are the largest carbon (C) reservoir on the Earth's surface and are a source or sink of greenhouse gases (GHGs). Storing C in the soil means storing organic C and more specifically organic matter. This is important for maintaining soil fertility, preventing erosion and desertification, and has a positive influence on the provision of ecosystem services at local and global scales [START_REF] Lal | Soil carbon sequestration impacts on global climate change and food security[END_REF].

Farmers seek to maintain high organic C stocks in their agricultural soils, which have often been depleted by historical land-use practices [START_REF] Gardi | High Nature Value Farmland: assessment of soil organic carbon in Europe[END_REF][START_REF] Chenu | Increasing organic stocks in agricultural soils : knowledge gaps and potential innovations[END_REF]. In fact, there is evidence that certain practices and technologies can improve global soil C stocks [START_REF] Lal | Soil carbon sequestration impacts on global climate change and food security[END_REF]. It can be managed through crop rotation, fertilisation practices, tillage regime and other cropping system components.

A simple improvement of a practice in grasslands and in field crops could indeed a priori increase soil organic C by ~14% under temperate conditions [START_REF] Ogle | Deriving grassland management factors for a carbon accounting method developed by the intergovernmental panel on climate change[END_REF]. According to Conant et al. (2001), improved fertilisation management can improve soil C content by ~2%. Conservation tillage also showed a significant amount of sequestrated soil organic C (SOC) compared to conventional tillage [START_REF] Hussain | Carbon sequestration to avoid soil degradation: A review on the role of conservation tillage[END_REF].

Recently, in light of the climate change issue, atmospheric C storage and sequestration have received increasing attention (Whitehead et al., 2018;Lavelle et al., 2020). Due to their high C sequestration potential, agricultural soils can contribute to the achievement of medium-and long-term climate objectives, e.g. under:

 Article 3.4 cropland and grazing land management activities in the second commitment period -2013-2020 -of the Kyoto Protocol (https://unfccc.int/process/transparency-andreporting/reporting-and-review-under-the-kyoto-protocol/second-commitment-period/initialreports);  4/1000 soils for food security and the climate initiative [START_REF] Minasny | Soil carbon 4 per mille[END_REF];

 Carbon trading schemes [START_REF] Keenor | Capturing a soil carbon economy[END_REF]. However, current estimates of annual C release and uptake rates are considerably uncertain. The dynamics of soil C stocks have proven particularly difficult to assess due to the large number of soil samples required to obtain accurate estimates (Tivy, 2019). In fact, the development of accurate and reliable methodologies to assess soil C sequestration potential is a need we cannot ignore. Long-term field experiments (LTEs), which have been used for decades to observe SOC responses have proven their ability to provide reference data on SOC content for knowledge acquisition and model development (Johnston and Poulton, 2018). However, LTEs are costly to maintain and it is generally difficult to extrapolate experimental results across space and time [START_REF] Mirtl | Genesis, goals and achievements of long-term ecological research at the global scale: a critical review of ILTER and future directions[END_REF]. Simulation models play a distinguished role in SOC research as they provide a mathematical framework for integrating, examining and assessing the understanding of SOC dynamics [START_REF] Campbell | Current developments in soil organic matter modeling and the expansion of model applications[END_REF]. They are often the only possible way to extrapolate current knowledge across time and space, facilitating the construction and analysis of alternative climate and management scenarios. The stability of C in soils is particularly difficult to assess and is often one of the most uncertain factors in predicting soil CO2 emissions. Using several models to simulate SOC can reduce uncertainties associated with model structure [START_REF] Riggers | Geoderma Multi-model ensemble improved the prediction of trends in soil organic carbon stocks in German croplands[END_REF]). In fact, modelling work has shown that multiple simulation models are better than a single simulation model. This is the ensemble approach, in which several models are run on the same systems and the central tendency (median or mean) of the simulation results is retrieved as the most effective metric to estimate SOC dynamics. For instance, SOC decay dynamics were examined in depth in a model ensemble exercise without the difficulties associated with uncertainties in C inputs, as the modelling work was performed on bare soils (Farina et al., 2021), while modelling studies examining both plant-derived C inputs and other organic materials in agro-ecosystems are limited [START_REF] Riggers | Geoderma Multi-model ensemble improved the prediction of trends in soil organic carbon stocks in German croplands[END_REF]. Extrapolation of SOC dynamics is difficult when the soil is covered with vegetation. It is thus important to compare simulation models under these conditions in order to improve our ability to evaluate and meet climate goals. This study is part of the CarboSeq project of the European Joint Programming initiative on agricultural soil management (EJP Soil, https://ejpsoil.eu), whose overall objective is to estimate the sequestration potential of SOC considering technical and economic constraints in Europe. The project is aligned with the current FAO activity for a global SOC sequestration potential mapping (GSOCseq, https://www.fao.org/soilsportal/data-hub/soil-maps-and-databases/global-soil-organic-carbon-sequestration-potential-mapgsocseq), whose final products are maps and data on SOC sequestration potential to guide policy makers towards the most effective region-specific agricultural management options for sequestering SOC for climate mitigation. The research activity in this stage is more specifically framed in CarboSeq WP9, which deals with modelling the SOC sequestration potential by interfacing SOC simulation models with information on soil, land use, climate, cropping systems and agricultural management available at European scale. SOC simulation models are run based on baseline and SOC sequestration scenarios to provide a European map of SOC sequestration potential.

In this context, the main objective of this work was to further support the ensemble modelling approach with the FarmSim model in a pilot area located in southern Italy. FarmSim couples the CERES-EGC arable crop model and the PaSim grassland model to estimate SOC sequestration in agricultural soils in a pilot area located in southern Italy. INRAE has 14 scientific departments whose members are distributed among 18 regional centres in mainland France and overseas territories, as well as a head office on two sites in the Paris region.

In total, INRAE is organized into 268 research units, support units or experimental units. The Institute's mission is to carry out, organise and coordinate, on its own initiative or at the request of the French government, all scientific and technological research in the fields of agriculture, food, forestry, environment, water, biodiversity, bio-economy, circular economy, sustainable management of territories and risks in the above areas (LégiFrance, 2019).

Reception centre: UREP

The Grassland Ecosystem Research Unit (UREP) studies the agro-ecology of the grassland ecosystem in a context of change global, including climate change and changing management practices. The Unit has international expertise in the areas of C and N cycles, plant community assemblages, biotic interactions and their consequences for grasslands functioning.

Based in Clermont-Ferrand, on the Crouël site, part of UREP's experimental facilites are located on the Theix and Laqueuille domains, as well as at the Experimental Unit of Monts d'Auvergne (UEMA).

Scientific context

Background and literature review I -Soil carbon reservoirs

With a potential of ~1500 billion tonnes, soil is one of the three major natural C reservoirs [START_REF] Arrouays | Changement climatique et évolution du stockage de carbone dans les sols. Enjeux et incertitudes[END_REF], along with the oceans and forests. It is the subject of increasing attention in the fight against climate change by developing the natural C sequestration capacity.

C is stored in the soil in the form of organic matter. The latter, mainly composed of vegetation or even living organisms, contains C which is absorbed by the micro-organisms present in the soil by transforming this organic matter into minerals. During this mineralisation process, C is returned to the atmosphere in the form of CO2 [START_REF] Chenu | Stocker du carbone dans les sols agricoles : évaluation de leviers d'action pour la France[END_REF].

SOC accounts for about 2/3 of all soil C and is important for determining the chemical and physical properties of soils [START_REF] Schimel | CO2 and the carbon cycle[END_REF]Oelbermann et al., 2006b). Its content is highly variable depending on the soil type, but also depends on other factors: weather, climate, vegetation, parent rocks and topography [START_REF] Raoul | Le sol propriétés et fonction, constitution et structure phénomène aux interfaces[END_REF]. Its presence in sufficient quantities in the soil can reduce the risk of erosion, enhance the filtration of pollutants before they reach groundwater, increase yield and reduce CO2 emissions into the atmosphere.

Adopting best land use practices can increase the amount of C absorbed by the soil sink. Suggested measures include reducing tillage, increasing vegetation cover in cropping systems, developing agroforestry and hedgerows, or better grassland management. For example, in a complex agroecosystem, reducing tillage and increasing plant residues left on the soil increase SOC content and C sequestration [START_REF] Diels | Long-term soil organic carbon dynamics in a subhumid tropical climate: 13 C data in mixed C3/C4 cropping and modeling with ROTHC[END_REF][START_REF] Van Groenigen | Soil C storage as affected by tillage and straw management: An asses sment using field measurements and model predictions[END_REF]. A study of Studdert and Echevrría (2000) shows that SOC in rotational wheat, maize, soybean and sunflower crops decreases after 11 years of practice and, finally, better pasture management would promote vegetation growth and thus increase the uptake of atmospheric C by the soil (Hamilton, 2013).

II -Ensemble modelling

A model ensemble is a collection of individual (generally weak) models trained with the same datasets, whose predictions are combined to improve overall performance [START_REF] Seni | Ensemble Methods in Data Mining: Improving Accuracy through Combining Predictions[END_REF].

III -Advantages of ensemble modelling

The motivation for using ensemble models is to reduce the generalisation error of the prediction. As long as the base models are diverse and independent, the model prediction error decreases when using the ensemble approach. According to Riggers et al. (2019), using several models (multi-model ensemble) to simulate of the same system can reduce the uncertainties associated with the model structure.

There are two main reasons for using an ensemble of models rather single models, and they are related. These reasons are as follows:

1.

Performance: An ensemble can make better predictions and achieve better performance than any single contributing model; 2.

Robustness: An ensemble reduces the spread (or dispersion) of model predictions under different situations (Brownlee, 2020).

The ensemble mean or median is, in effect, a new model that is expected to reduce the error of individual members due to mutual cancellation of errors, and the ensemble spread is a measure of the variability of the model predictions.

IV -Ensemble modelling approach

Models are known to be a substitute for long-term field experiments in term of time and cost. However, they are can only approximate reality. Model ensembles are assumed to reduce the influence of the unique outputs from individual models, resulting in lower prediction errors and higher accuracy compared to individual models [START_REF] Dormann | Model averaging in ecology: a review of Bayesian, information-theoretic, and tactical approaches for predictive inference[END_REF]. Combining model outputs provides more complete coverage of processes and limits the possibility of selecting models with high prediction error at locations and scales of interest [START_REF] Willcock | Ensembles of ecosystem service models can improve accuracy and indicate uncertainty[END_REF].

For instance, many studies of projected climate change use an ensemble modelling approach in which future conditions are modelled using multiple climate models rather than a single climate model [START_REF] Parker | Ensemble modeling, uncertainty and robust predic-tions[END_REF].

The ability of existing models to reflect temperature changes, which are most relevant for modeling climate change impacts, has been debated [START_REF] Conant | Temperature and soil organic matter decomposition rates -Synthesis of current knowledge and a way forward[END_REF]. New modelling approaches and hypotheses for these and other purposes continue to emerge [START_REF] Lehmann | The contentious nature of soil organic matter[END_REF].

Soil organic matter (SOM) dynamics are derived from different mathematical formulations and modelling approaches [START_REF] Campbell | Current developments in soil organic matter modeling and the expansion of model applications[END_REF]. [START_REF] Manzoni | Soil carbon and nitrogen mineralization: Theory and models across scales[END_REF] identified about 250 models, but there are still new developments, as there are still unresolved challenges. Comparison of different published approaches has shown large uncertainties in simulated SOC changes [START_REF] Keel | Large uncertainty in soil carbon modelling related to method of calculation of plant carbon input in agricultural systems[END_REF].

In recent decades, many models have been developed to inform sustainable land and water-use planning. However, the uncertainty of predictions from single models in a specific situation can undermine its usefulness for decision-making. Wang et al, (2019) used a series of ensemble approaches for simulating C storage and water supply, and the results showed that the ensembles were at least 5-17% more accurate than a randomly selected individual model. Ensemble modelling improved reliability and confirmed the effectiveness and relevance for land management decision-makers at local and regional scales (Di Napoli et al., 2020).

V -Structure of the FarmSim model:

The general structure of FarmSim (Farm Simulation model) (Figure 01) shows the three supporting components of the model. They are HOUSING-IPCC for the calculation of GHGs emitted by housed livestock, the grassland model PaSim (Pasture Simulation model) and the crop model CERES (Crop Environment Resource Synthesis), which respectively simulate grassland and crop growth in response to climate, soil, genotypes and management (Basso et al., 2016). FarmSim allows the simulation to be extended from the plot level to the farm level, where a GHG balance assessment can be made (Martin, 2018). 

HOUSING-IPCC methodology

To calculate GHG emissions, the IPCC has developed a methodology based on emission factors. Conversion coefficients are used to calculate N2O (nitrous oxyde) and CH4 (methane) emissions from the treatment and storage of animal manure, CH4 emissions from enteric fermentation during the stabling period, and direct and indirect N2O emissions from field crops or grasslands. This methodology has the advantage of being easy to use, but it is not accurate because it does not take into account the effect of factors such as climate, soil structure or herd management, which directly influence emissions of GHGs and N compounds. One of the main drawbacks of these coefficients is their large range of uncertainty and their generic nature (Martin, 2018).

Pasture Simulation model (PaSim)

The Pasture Simulation model (PaSim) is a grassland ecosystem model. Written in Fortran 90, it simulates the daily fluxes of carbon, nitrogen, water and energy at the interface between soil, vegetation, animals and atmosphere on a plot scale (Martin, 2018). To do this, it needs information on weather conditions, soil composition and plot management (fertilisation, mowing, animal load) (Figure 02).

As a deterministic, process-based model (Martin et al., 2011), PaSim consists of several modules representing the different processes within the following compartments: 

Crop Environment Resource Synthesis (CERES) model

The Crop Environment REsource Synthesis model (CERES) is a crop model. Like PaSim, it is written in Fortran 90. It simulates the development and growth of many crops (maize, wheat, barley, rapeseed, sorghum, sunflower, peas, beets and soybean) and is able to simulate rotations between these crops as well as fallow and catch crops (Gabrielle, 2006), as well as the dynamics of water, carbon and nitrogen in the soil and gas exchanges with the atmosphere (N2O, ammonia, nitric oxide) (Gabrielle et al., 1995). For this, meteorological data, soil properties and site characteristics are required (Figure 03). 

VI -Summary of the development of FarmSim over the years

The Farm Simulation model (FarmSim) was developed in Visual Basic by UREP in the framework of the EU-FP6 GREENGRASS project (2002)(2003)(2004) (Salètes et al., 2004), and recoded in JAVA in 2007 (Duretz, 2007).

As PaSim is one of the components of FarmSim component, the updates of FarmSim (Karel, 2009) have integrated the latest versions of PaSim (Neuhauser, 2012). Kpamegan (2009) also updated the Java code documentation, fixed interface anomalies (e.g. for ready access to soil data via the "soil" tab) and implemented a data verification system. It also integrated the xml files for the setting of the simulated farms. 

Part 2

Methodology

Methodology

I -Study-area

The modelling study with FarmSim was carried out in a pilot area referring to agricultural areas in the province of Foggia (41° 03'-41° 55' N; 14° 55'-16° 02' E), located in the Apulia region in southern Italy (Figure 05). Source: Farina and Bellocchi, 2022.

Climatic conditions

The climate is typically Mediterranean, with long, hot, dry summers and short, cold winters. Mean annual rainfall ranges from 672 to 778 mm, and mean temperatures range from 10.9 to 15.2 °C. Elevation varies between 0 and 1151 m a.s.l. (Beluler et al., 2017).

Soil conditions

Most of the soils are deep, of alluvial origin and of clay or silt-clay texture (Farina et al., 2017).

Agricultural activities

The most represented crops are: winter cereals (durum wheat), summer irrigated crops (tomato), vineyards, olive groves and pastures. Tree crops like vineyards and olive groves were excluded from this study. Source: Farina and Bellocchi, 2022.

II -Working protocol, datasets and modelling exercise

The full protocol is organised into three steps (Figure 06), but the work of this thesis was limited to the first step.

 Step 1 (model initialisation): simulation of soil C during the simulation period (1995-2004) with weather, soil and generic land-use data. The objective of this step is to assess how satisfactory the SOC simulation is at the end point ( 2004) with the initialised (uncalibrated) model.



Step 2 (partial model calibration): simulation of soil C during the simulation period (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004), with more detailed land-use data than in the initialisation step. The objective of this step is to see whether the model can produce more reliable results than with less detailed datasets (as in the initialisation step).



Step 3 (full model calibration): simulation of soil C during the simulation period (1995-2004) with the same land-use data as in the previous step + the C value observed in the last year (2004) of the simulation period. The objective is to calibrate the model and see whether the results are more reliable than in the previous steps.

The protocol includes spatial interpolation at each step (out of scope here) to account for the uncertainty associated with spatial variability beyond that of the modelling.

Datasets

Soil, weather and land-use data needed for model initialisation were provided by the Italian Council for Agricultural Research and Economics (CREA).

Data available for model initialisation (step 1)

 Historical data: climate, soil profiles, land-cover and management of each cell (profile)

 Weather data (daily)

 Initial soil data, including bulk density

 Initial soil C (initial soil N if available)  Historical crop yields
In this step, the data provided for land use are very generic, not specifying the type of rotation, dates or number of irrigation and fertilisation inputs, varieties used, tillage dates, date and rate of residue incorporation (Table 01). This step is considered as a blind modelling exercise, we had to test multiple combination of varieties rotations, irrigation and fertilization fractions, tillage and crop residues management in order to at the end have a yield that is similar to the observed one for the three crops.

In these simulations, grasslands are run on a one-year, short-season, crop-like grass cover (rye). The system was configured to run CERES-EGC only, as PaSim is meant to represent permanent grasslands as with a leaf area index ≥0.9 m² m -2 , which was only achieved to a limited extent during the simulation period (i.e.two-three months per growing season).

Modelling exercise

This study was carried out with FarmSim, based on the coupling of the PaSim grassland model and the CERES-EGC cropland model.

III -Data preparation and software used

Organisation of soil and weather data files

The available data have to be organised and structured in:

 a ready-to-use csv format for the weather data presented as follows (Figure 07): Source: Boussaadi, 2022.

 a format that allows pre-processing of soil date via an R script In this exercise, some units had to be modified, some missing data had to be estimated (calculated from the available data) in order to adjust the model inputs.

Day

Max air temperature

Min air temperature Precipitation Global radiation

Relative humidity

Wind speed

d °C °C mm d -1 J cm -2 d -1 % m s -1

Software used

A. GitLab software

The GitLab application provides functionality to collaboratively plan, build, secure and deploy software as a complete DevOps platform. It also includes a wiki, issue tracking, IDE and CI/CD pipeline features. For the training period of this internship, an instance deployed on an INRAE server was used, mainly to create issues and download the latest versions of the FarmSim source code (Figure 08). We used the issues to list FarmSim problems that need to be solved and also to list the different tasks that had to be done. Each issue has labels, allowing indicate in particular its order of priority, or the category to which it belongs (e.g. modification of the graphical interface, input and output files). Source: Boussaadi (2022).

B. Eclipse software

Eclipse is an integrated development environment (IDE) used in computer programming. It is the most widely used Java IDE, mainly used in this internship to compile the latest version of the FarmSim source code.

C. R statistical software

R is a programming language and free software for statistics and data science, mainly used in this internship to generate the soil files.

The work consists on completing using a csv file of soil data received from the CREA institute. The soil file in the FarmSim data/Lib folder, which is a folder for soil library. We had to browse the csv file and use the approximation functions of the different soil variables used in PaSim.

D. FarmSim model

FarmSim is considered as an essential part of the methodology adopted in this internship. In fact, at the beginning of the internship, the model was not stable and I had to train with it to find out all the issues related to it configuration.

To do that, two methodologies were adopted:

1. The creation of a library that contains multiple examples of farms (with grasslands and crops), these examples were tested in order to verify some functionalities of the model or/and to test some outputs (Table 02); 2. A second task was to create the first user guide for FarmSim (Annex 01). 

TestTemporaryGrassland1Ploughing

This test represents a one-year temporary grassland with a tillage practice (ploughing).

TestPermanantGrassland8

This test represents an eight-year permanent grassland with no management practice events. The objective is to test the multiyear functionality of the model.

TestBarley1

This test represents a one-year cropland with barley, with no management practice event. In this test, we verified the yield under rainfed conditions with no irrigation practice. The simulated yield is equal to 0.18 kg DM m -² d -1 .

TestWinterWheat3

This test represents a three-year cropland with winter wheat in a rotation of two verities (Bounty, Caribo).

TestTowPlotsPea1Maize1

This test represents a one-year cropland with two plots, the first is cultivated with pea and the second with maize. This test is used to verify the yield of both crops as well as the N content, as one of the crops (pea) is a legume that helps fix N in the soil.

TestGrassland5Maize1

This test represents a rotation of five-year grassland followed by one year of maize.

TestMaize1Grassland4

This test represents a rotation of one-year cropland with maize, followed by four years of grassland.

TestGrassland2Maize1Grassland4

This test represents a rotation with a two-year grassland, followed by one year of maize and then four years of temporary grassland.

TestMaize1Grassland5Maize1

This test represents a rotation of one-year maize, followed by five years of grassland and then another year of maize crop.

TestMaize1Wheat1Grassland10Wheat1Maize3Pea2

This test is a rotation of three crops maize, winter wheat, peas and a grassland, which are grown as follows: one year of maize -one year of winter wheat -10 years of grassland -one year of winter wheat -three years of maize and finally two years of peas. This test is used to check if all crops are reported in the outputs, as this is a complex farm with multiple crops.

Source: Boussaadi,2022.

IV -The use of FarmSim: a case study in Southern Italy

FarmSim manipulation

For each pixel, the same land-use organisation has been followed, the changes being related to the climatic, soil and location conditions. The following is the modelling work cycle carried out with FarmSim to simulate the SOC in 48 pixels in the province of Foggia (southern Italy).

FarmSim used tabs

A. The overview tab

This tab was used to give an overview of the farm system and location (Figure 09):

1. Farm system description, which in our case is the name of the pixel and the associated climate (gINTP_38_61217); 2. Annual rainfall and mean annual temperature, which are updated after the addition of the climate file; 3. The farm location added for each pixel; 4. The sub-models that compose FarmSim. Source: Boussaadi, 2022.

B. The Meteo tab

This tab was used to enter all climate data (Figure 10), pre-organised and placed in the meteo folder of FarmSim containing each year in csv format.

Atmospheric concentrations of CO2 and NH3 are set to predefined values. Source: Boussaadi, 2022.

C. The plot tab

This tab allows one to add a plot. By clicking on Add, new features appear in order to fill in the name of the plot, its description, its surface, its slope, its aspect, its altitude and the associated soil (already entered in the model's soil library) (Figure 11). 

D. Plot management tab

This tab is used to create and detail all the events that can occur in a crop cycle and also to create the rotation event. The different farming practices are located in the same tab, which makes it easy to spot all the changes in the same year (Figure 12).

The three-year rotation system used in this simulation was the tomato crop variety 'Foggia 1', followed by winter wheat variety 'CARIBO' and finally a rye crop variety, 'RYE_GENERIC'. Details of the cropping system are in Table 03. Source: Boussaadi, 2022. 

Changing some propreties of FarmSim

During these manipulations, multiple changes were applied to FarmSim in order to realistically adjust some proprieties and thus configure a farm system close to reality.

A. Adding a tomato crop to FarmSim

In the current version, FarmSim does not include the tomato crop, which was not entered in the list of crops eligible for simulation by CERES-EGC. In order to configure a tomato crop, we based the tomato parameterisation on a "generic" crop, building on sugar beet type crop to adapt phenology, leaf area index, biomass, yield, height and density (Marco Carozzi, INRAE, personal communication).

B. Updating a new version of CERES-EGC into FarmSim

This version

 contains the new crop (tomato) with two varieties (Foggia 1; Foggia 2);  includes some modifications in order that the tomato could germinate even in a very dry soil;  reports the exact wheat yield in the outputs table.

C. Irrigation

Automatic irrigation cancellation: FarmSim has an automatic irrigation system, which means that whenever the crop is in a period of water stress, a certain amount of irrigation is added automatically to offset the stress.

For the first year of the simulation, the first irrigation was not considered by the model. In order to fix this problem, we decided to put exceptionally 11 irrigation events instead of 10.

Irrigation dates fall only in the growing period of the crop, after germination. Otherwise, there is no irrigation.

D. Deduction of root biomass from total biomass

FarmSim gives as output the total biomass. In order to have the yield of the grassland as output, we needed the aerial biomass. In this case, using the code of FarmSim, we deduced the root biomass from the total biomass. FarmSim now gives the aerial biomass in its outputs.

E. Tomato harvest date

Since tomatoes can be grown over long periods, extending beyond the harvest time, and FarmSim could automatically estimate plant growth and harvest, we had to impose that the harvest date of the tomatoes was in the same period as in the real farm situations. The harvest date was set by CERES-EGC code to day 235.

V -Model evaluation

The agreement between simulated and observed values of SOC was evaluated according to three commonly used metrics of model performance [START_REF] Bellocchi | Validation of biophysical models: Issues and methodologies. A review[END_REF]:

Relative mean absolute value (RMAE):

RMAE = 100 • 1 O ̿ • ∑ |E i -O i | n i=1 n
Relative root mean square error (RRMSE):

RRMSE = 100 • 1 O ̅ • √ ∑ (E i -O i ) 2 n i=1 n Coefficient of residual mass (CRM): CRM = ∑ O i n i=1 -∑ E i n i=1 ∑ O i n i=1
where:

 Σ denotes a sum of multiple terms  Oi is the i th values in a sample of observations  Ei is the i th value in a sample of estimates  O ̅ is the mean of observations  i is the pair of E/O values  n is the sample size The relative root mean square error (optimum, 0RRMSE (%)<) and the relative mean absolute error (optimum, 0RMAE (%)<) indicate how far the estimates are from the actual data: both explain this concept in relative terms (percentage over the mean), the former in square terms and the second in absolute terms. Squaring emphasises larger differences, a feature that results in giving more weight to large deviations. Algebraically, RMAERRMSE (due to the influence of squaring larger values), with these metrics being approximately equal if the absolute differences are of similar magnitude. This suggests that the absolute differences are more robust (less sensitive) to large biases than squared differences.

All evaluation metrics were performed using a spreadsheet-based analysis tool (specifically, Microsoft Excel).

Part 03

Results and discussion

Results and discussion

I -Yield

We have relied on this output (yield) to set up the model to mimic reality by approximating the yield values provided for the study region. Figure 14 shows the mean yield for both the observed reference values and the estimated values produced by FarmSim. Overall, the model overestimated tomato yields (by about 27%), as the mean observed and predicted values were 4.3 t ha -1 and 5.2 t ha -1 respectively. Wheat was also overestimated (by about 27%), with an observed value of 3 t ha -1 and a predicted value of 3.8 t ha -1 on overage. In the case of grasslands, the estimated value was 1.7 t ha -1 , which is in the range of observed values (1 to a few t ha -1 ). In this way, we achieved levels of accuracy comparable to those obtained by [START_REF] Guillot | Validation du Modèle FarmSim pour le calcul des flux en azote sous parcelles agricoles dans le Doubs. Mémoire de stage du Master Espace Rural et Environnement[END_REF], who reported that the yields calculated by FarmSim are not always globally consistent with literature values for crops, but appear consistent for grasslands. Source: Boussaadi, 2022.

II -Soil organic carbon

Comparison of the estimates with observations

Figure 15 shows the observed and estimated SOC values in 2004 for the 48 pixels of the Italian province of Foggia.

The model underestimated the observations for most of the pixels, as reflected by the positive coefficient of residual mass (CRM=0.39). The model performance was evaluated against all observed SOC values, although the observation of the first pixel in the series, with a value of 3.9%, appears to be an outlier. Source: Boussaadi, 2022.

The relatively high RRMSE (~79%) indicates that the performance of the model for the SOC simulation may not be entirely satisfactory. However, the RMAE is lower (~53%), reflecting inaccuracies associated with one or a few data points. Guillot (2017) also obtained underestimates of soil variables (nitrate and ammonium nitrogen), while we are not aware of any previous use of FarmSim to estimate SOC data.

Soil organic carbon and rotation pattern

The simulated evolution of the SOC over the years for rotation periods and crops (Figure 16) shows a continuous increase from 1994 to 2004 (even clearer in Figure 16).

In all rotation periods, a higher C sequestration potential tends to be associated with years when the soil is occupied by grassland, although the SOC was relatively constant in the three years with grassland (1995, 1998 and 2001).

On the other hand, we obtained for tomato and wheat a continuous increase of SOC in each rotation period, although with lower SOC contents than in the years with grassland.

These results tend to support the hypothesis that diversified crop rotations (including grassland species, ex. Source: Boussaadi, 2022.

Figure 17 shows (all pixels combined) a simulated increase in SOC of ~3.2% over the simulation period (1994 to 2004). 

Conclusions

The present work supports the ensemble modelling approach of the EJP Soil CarboSeq project using the model FarmSim, which takes a point of originality in the set of model used in the project since it couples a field crop model (CERES-EGC) and a grassland model (PaSim). In particular, the objective was to verify the proximity between actual SOC data and the output given by FarmSim (initialised in 1994 and left uncalibrated) at the end of given simulation period (year 2004) in a dataset (48 pixelated data) already collected in a study area of southern Italy. The modelling work was not complex per se. Here, the challenge for the modellers was to learn how to handle generic land-use inputs (beyond soil properties and weather data), and where the crop rotation was designed to document the potential of the model to approximate observations in the absence of a proper calibration step.

The calculated evaluation metrics (CRM=0.39, RRMSE=79%, RMAE=53% indicate that the overall performance of the model cannot be regarded as fully satisfactory, with an underestimation of SOC for most of the pixels studied. Parallel to that, the model-simulated yield showed an overestimation for the field crops (tomato and wheat), with a more coherent estimate for the grassland crop. The simulated overall increase in the SOC content (by about 3.2%) from 1994 to 2004 also indicates a substantial C sequestration potential associated with the reference crop rotation (wheat-tomato-grassland) of the study area.

Based on the results of the first (initialisation) step, recommendations and perspectives can be proposed. Before starting the simulation period, it is advisable to check for model initialisation of different C pools (which is an automatic option in FarmSim). More detailed input data are certainly desirable to help improve the performance of the model (which could be obtained through farmer surveys in the absence of experimental datasets).

Given the limited and uncertain datasets used here, the results of this study are inconclusive and need to be verified in the next steps of the modelling exercise (with the inclusion of detailed land-use information and direct calibration against SOC measurements).

Overall, it was an interesting exercise to become familiar with the strengths and weaknesses of the model and to identify ways to improve the modelling practice, ex. (1) entering weather data year by year can be an excessively time-consuming exercise when the simulation period is long, and would be better exploited if there was the possibility of entering a single weather file for all simulation years; (2) a modification of the graphical user interface is needed to allow soil properties to be changed from the soil library. 

Table of figures

Table of tables

II. Introduction

The FarmSim (Farm Simulation model) is the result of a process aimed at standardising greenhouse gas (GHG) emission calculations from European farms. The general structure of FarmSim (Farm-scale Resource Management SIMulator) shows the three support modules of the model (Figure 01). It considers the balance of the GHGs emitted by livestock at barn (HOUSING-IPCC), the grassland simulation model PaSim (Pasture Simulation model), which studies and the crop model CERES (Crop Environment Resource Synthesis). They simulate, at the plot scale, the growth and carbon-nitrogen fluxes of grasslands (PaSim) or arable crops (CERES) in response to climate, soil, genotypes and management (Basso et al., 2016). FarmSim extends the simulation from the plot level to the farm level where it can assess the GHG balance (Martin, 2018).

The purpose of this manual is to describe the basic structure and use of FarmSim.

III. FarmSim submodels

Pasture Simulation model

The Pasture Simulation model (PaSim) is a grassland ecosystem model. Written in Fortran 90, it simulates the daily fluxes of carbon, nitrogen, water and energy at the interface between the soil, vegetation, animals and atmosphere on a plot scale (Martin, 2018). To do this, it needs information on weather conditions, soil composition and plot management (fertilisation, mowing, animal load) (Figure 02). 

Crop Environment REsource Synthesis model

The Crop Environment REsourcee Synthesis model (CERES) is a crop model. Like PaSim, it is written in Fortran 90. It simulates the dvelopment and growth of many crops (maize, wheat, barley, rapeseed, sorghum, sunflower, peas, beets and soybean) and is able to simulate rotations between these crops, including fallow and catch crops (Gabrielle, 2006). As well, it simulates the dynamics of water, carbon and nitrogen in the soil and gas exchanges with the atmosphere (N2O, ammonia, nitric oxide) (Gabrielle et al. 1995). For this, meteorological data, soil properties and site characteristics are required (Figure 03). 

Housing-IPCC

The HOUSING model is static because it simply uses the emission factors proposed by the IPCC methodology (IPCC, 1997) to calculate CH4 and N2O emissions from the treatment and storage of animal manure, enteric fermentation of stalled animals and crops. The main limitation of these coefficients is their large margin of uncertainty, because they do not consider the effect of environmental conditions such as the weather (Martin et al, 2011). 

IV. Historical evolution of FarmSim

Soil file

FarmSim has its own soil library, which currently contains 51 soil format types (Annex 01) and can be used via the model interface. Two soil types were added in 2019 and 49 other soil types were added in 2022. The soil files are in xml format (Annex 02), which were created by an R script leaving open the possibility to create new soil types.

While information on six soil layers is required to run stand-alone versions of CERES-EGC and PaSim, FarmSim user is allowed to enter information for any number of layers (Figure 05). This facilitates its use where soil information is only available for a few soil layers. In addition, some missing soil data can be filled by estimating their values from pedo-transfer functions using the rate of organic carbon, the fraction of silt or clay, or the amount of gravel. Some data, such as the concentration of different types of carbon and nitrogen in the soil, are also estimated using the estimation functions provided by R scripts. 

Graphical User Interface

It is possible to use FarmSim with its graphical interface. It allows the user to create or modify the files needed for a simulation. It also allows the user to run the model and obtain the results in a csv file.

The interface has eight tabs. The six first tabs correspond to the inputs and specifics of the farm, such as soil and crop parameters, and management including the herd management in the case of pastures. The others two tabs are related to the results and parameters of PaSim: the user can choose the model he/she wants to use to run the simulations. All this will be explained in the following sections.

The FarmSim interface has four boxes (File, Run, Mode and Language) (Figure 06 

II -Meteo tab

The atmospheric concentrations of CO2 and NH3 are set to predefined values. The next step is to retrieve the weather files, which have been previously created and placed in the meteo folder of FarmSIm containing each year in csv format and presented as follows (Figure 09, Figure 10 and Figure 11): Before uploading the weather file, it is needed to choose the type of data (daily/hourly) and the year. Once the weather file is uploaded, another table that contains the most important weather components, is uploaded. 

III -Plot tab

This tab allows the user to add a plot in FarmSim. By clicking on Add, new features appear to be able to fill in the name of the plot, its description, its surface, its slope, its aspect, its altitude and the associated soil (if it is already entered into the soil library of the model) (Figure 12). By clicking OK, the added plot appears on the right-hand side of the tab in a plot list section (Figure 22). At this time, the user can add another tab, delete or change the details of previous plots. 

The plots List

By clicking on a "Copy current year" button, a new pop-up tab appears, displaying all years except the current year. It is thus possible to choose one or more years (Figure 15). 

Housing

This tab gives the user the opportunity to choose the type of herd, the waste produced and the type of housing (Figure 16). 

Feed

This tab is composed of four tables (Figure 17 

V -Plots management

This tab gives the user the opportunity to create and detail all the events that can occur in a crop cycle and also allows to create a rotation event. The different farming practices are in the same tab, which makes it easy to spot a change between croplands and grasslands in the same year.

To the right of this tab there are buttons for creating major events (cropland or grassland), and other three buttons -"add", "modify" and "delete" -which would thus allow simple management of the elements and would have an effect on the selected element.

A list on the left side of the screen containing the available plots is updated as plot are added and deleted (Figure 18). It is structured on a plot view. The events (cropland /grassland) would then all be displayed in the same place in chronological order, together with their sub-events (fertilization, mowing, plowing, meadows, irrigation, sowing day, tillage day) to give a detailed tree structure of events. This structure, which gives an overview of all the practices of the plot, make it clearer, more visually efficient and easier to access the general data of a plot (Figure 19).

Each of these sub-events, except the day of the crop is sown, contains the details of the sub-events, such as the date of fertilization and the type of fertilizer, the day and the amount of irrigation, or the dates of mowing or plowing.

Create major events

Management of the events

List of the available plots In contrast to a cropland, grasslands contain, in addition to fertilisation and irrigation, grazing, plowing and cutting sub-events (Figure 20) 

Creation of a cropland (major event)

To create a cropland, the user has to click on new cropland, and a pop-up window appears (Figure 21) contains all the details about:

 Crop: start date, end date, cropland type (species), cropland variety and surface;  Sowing property: date, density and depth;  Residues management: day of tillage (after harvest), incorporation of residues into the soil (straw management rate) and percentage of residues incorporated into the soil. 

Creation of a grassland (major event)

To create a grassland, the user has to click on new grassland and a pop-up window appears (Figure 22) contains the start date, end date, name and surface. 

Addition of a sub-event

To add an event, a pop-up window opens (Figure 23) that allows the user to configure an event. For example, if the user selects a fertilization and clicks on the "Add" button, a window to configure a fertilization opens. There is one type of window per event category, but cutting and ploughing, which only require a date, are configured via the same window.

Modification of a sub-event

For the modification, the user proceeds in the same way as for the addition, with the difference that here, he/she needs to have access to a particular event. It is thus not a change for major events. If the user chooses to modify the sowing day of a crop, the crop setting window appears, since this is also where the user sets the sowing.

Deletion of a sub-event

To delete events, the user simply finds the event in the corresponding list, selects it and remove it from the list by clicking on "Remove".

Cycle management

It is common in agriculture that activities on a plot of land, such as growing crops and grasslands, are organized in a cycle (rotation). This sub-tab gives the possibility to create several rotations that can be saved and loaded, as well as to implement a library of common rotation. This cycle creation system applies to the plot concerned for all years of the farm simulation. This option saves considerable time and greatly improves the FarmSim user experience.

To do this, in the plot management tab there is a bottom "Create a cycle", which opens a pop-up window containing an interface (Figure 24). The events of the cycle are displayed in the same place, which allows a simple and efficient management (Figure 25). The starting year of the cycle will be done when applying the cycle to the plot in a specific dialog window. Only the cycle duration is specified and all years are displayed in N.

Two event management interfaces are built that manage the addition, modification and deletion of events, although the events of a cycle and a plot are not contained in the same list. However, the cycle management interface has some additional features.

Firstly, there is the cycle management aspect, with the possibility of configuring and then modifying its duration. If the cycle duration is reduced, for example, events whose years exceed the cycle length are deleted.

To configure the dates of the event, the user needs to enter the day and month in a text field, then the years are determined with a drop-down list containing all the years available for the cycle. This cycle system allows the user to specify a cycle from a list of existing events. The button "Indicate a cycle" below the "Create a cycle" button will allow the user to choose a start and end year to determine the period over which the cycle will be built (Figure 26). For example, if the user chooses to build the cycle between 2000 and 2005, events starting between these two years will be added to the list of activities of a new cycle. 

VI -Inputs

This tab accumulates all the inputs used in the farm (Figure 27) and the data are predefined by the expert mode: 

VII -PaSim parameters

This tab is predefined by the expert mode and is used to adjust some PaSim input parameters (Figure 28). 

VIII -Results

This tab is where the outputs are given as ready-to-load graphs (Figure 29). However, the data are presented in a csv file, on a daily basis. These output variables are multiple and are classified into six major parts:

1. General data, including plot name, surface area, crop grown, year and day of the simulation, yield, daily milk production and daily integrated dry matter; 2. The amounts of carbon in the five pools of soil organic matter (active, slow, passive, metabolic and structural fractions); 3. Primary production (gross and net), amount of biomass produced, ecosystem exchanges, respiration (soil and ecosystem) and leaf area index; 4. Nitrous oxide, methane and ammonia fluxes, nitrate losses and water drainage; 5. Nitrogen mineralization in the soil and uptake rate of ammonium ,nitrate and nitrogen by plant roots; 6. The quantities of NH4 and NO3 in the soil and their distribution in each of the horizons. 
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 01 Figure 01. Overall structure of FarmSim. The type of information required as inputs to the model is shown at the bottom of the figure; the outputs at the top.



  vegetation: photosynthesis, biomass allocation, development stages and turnover of plant dry matter, effects of various stresses;  microclimate: radiation interception, canopy and soil energy balances;  herd: production of milk or meat;  soil biology: biological processes in the soil;  soil physics: water cycle and temperature in the different soil horizons (Graux and al., 2011).
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 02 Figure 02. Conceptual diagram of PaSim.

  As deterministic and process-based model, CERES is articulated with different modules:  Biological: photosynthesis, biomass allocation and growth, plant development, turnover of plant matter, comparison of plant demand with the availability of items in the ground.  Physical: transfers of heat, water and solutes in the soil and water balance.  Microbiological: biological processes in the soil (Lehuger, 2009). Developed since 1993 within the Unité Mixte de Recherche Environnement et grandes cultures (which became UMR EcoSys in 2015) of the former INRA (Institut National de la Recherche Agonomique), an advanced version of CERES, CERES-EGC, makes it possible to predict both the productivity and the environmental balance of crops as a function of agricultural practices.
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 03 Figure 03. Conceptual diagram of CERES-EGC.

  Neuhauser (2012) updated the coefficients and equations developed by the IPCC (Intergovernmental Panel on Climate Change), and improved FarmSim by enabling the model to support multilingualism. One of the main improvements of the model was to enable multi-year GHG simulations in a farm. Eza et al (2014) modified FarmSim to make it more stable and developed a platform to run spatialised simulations. The main improvement of the model was the implementation of the rotation mechanism. In 2014, a new version of the model was developed that allows the selection of PaSim simulating tropical grasslands (Martin et al, 2014). Most of the other work consisted in improving and reorganising the model interface (Blanchard et Noyer, 2018; Bernabé, 2021; Tessiore, 2021). Tessiore (2021), in particular, integrated a new version of CERES-EGC into the farm model (Figure 04).
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 05 Figure 05. Aerial view of the study-area. Yellow pins indicate soil profiles for which sample data are available.
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 07 Figure 07. Form for organising the Meteo csv file.
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 08 Figure 08. Screenshot of some GitLab issues created by, and/or attributed to, Amel Boussaadi.
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 09 Figure 09. The overview tab of the FarmSim graphical interface filled with a pixel of the Italian province of Foggia.
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 10 Figure 10. Météo tab of the FarmSim graphical user interface filled with data from the Italian province of Foggia for the year 1994.
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 11 Figure 11. Plot tab of the FarmSim graphical user interface filled with data of a plot (pixel) of the Italian province of Foggia.
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 12 Figure 12. Plot management tab of the graphical user interface filled with the Foggia rotation system.
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 14 Figure 14. Observed and estimated (FarmSim) mean yield values for each land use (tomato, wheat, grassland).
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 15 Figure 15. Observed and estimated (FarmSim) soil organic carbon (SOC) values in 2004 for the 48 pixels.
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 16 Figure 16. Soil organic carbon content estimated by FarmSim for each rotation period from year 1994 to 2004.

Figure 17 .

 17 Figure 17. Simulated soil organic carbon (%) in 1994 (start of the simulation) and in 2004 (end of the simulation) for the 48 pixels of the Italian province of Foggia.
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  As a deterministic, process-based model(Martin et al., 2011), PaSim consists of several modules representing the different processes within the following compartments:  vegetation: photosynthesis, biomass allocation, development stages and turnover of plant dry matter, effects of various stresses;  microclimate: radiation interception, canopy and soil energy balances;  herd: production of milk or meat;  soil biology: biological processes in the soil;  soil physics: water cycle and temperature in the different soil horizons(Graux and al., 2011).
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 02 Figure 02. Conceptual diagram of PaSim. Source: Graux et al, (2011).

  As deterministic and process-based model, CERES is articulated with different modules:  biological: photosynthesis, biomass allocation and growth, plant development, turnover of plant matter, comparison of plant demand with the availability of items in the ground.  physical: transfers of heat, water and solutes in the soil and water balance.  microbiological: biological processes in the soil (Lehuger, 2009). Developed since 1993 within the Unité Mixte de Recherche Environnement et grandes cultures (which became UMR EcoSys in 2015) of the former INRA (Institut National de la Recherche Agonomique), an advance version of CERES, CERES-EGC, makes it possible to predict both the productivity and the environmental balance of crops as function of agricultural practices.
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 03 Figure 03. Conceptual diagram of the CERES-EGC model Lehuger, (2009).

The

  Farm Simulation model (FarmSim) was developed in Visual Basic by UREP in the framework of the EU-FP6 GREENGRASS project (2002-2004) (Salètes et al., 2004), and recoded in JAVA in 2007 (Duretz, 2007). As PaSim is one of the components of FarmSim component, the updates of FarmSim (Karel, 2009) have integrated the latest versions of PaSim (Neuhauser, 2012). Kpamegan (2009) also updated the Java code documentation, fixed interface anomalies (e.g. for ready access to soil data via the "soil" tab) and implemented a data verification system.As well, integrated the XML files for the setting of the simulated farms. Neuhauser (2012) updated the coefficients and equations developed by the IPCC (Intergovernmental Panel on Climate Change), and improved FarmSim by enabling the model to support multilingualism. One of the main improvements of the model was to enable GHG simulations in a farm over several years. Eza et al (2014) modified FarmSim to make it more stable and developed a platform to run spatialised simulations. The main improvement of the model was the implementation of the rotation mechanism. In 2014, a new version of the model was developed that allows the selection of PaSim simulating tropical grasslands (Martin et al, 2014). Most of the other work consisted in improving and reorganising the model interface (Blanchard et Noyer, 2018; Bernabé, 2021; Tessiore, 2021). Tessiore (2021), in particular, integrated a new version of CERES-EGC into the farm model (Figure 04).
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 04 Figure 04. Major evolutionary changes applied to FarmSim over the years (source: Boussaadi, 2022)
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 05 Figure 05. Soil configuration of the FarmSim graphical user interface.



  ): The File box allows the user to open or create an xml file for the farm, name a new farm and save the added changes, and exit the interface;  The Run box allows the user to run the simulations and to choose with which model he/she wants to run his/her simulation (PaSim/CERES-EGC/FarmSim) and also an exit button that allows to quit the software;  The Mode box corresponds to a normal mode;  The Language box allows the user to switch from English to French or vice versa.
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 06 Figure 06. The four boxes of the FarmSim graphical user interface.
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 09 Figure 09. Form for organising the Meteo csv file.
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 2 Figure 2. Meteo tab of the FarmSim graphical interface.
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 11 Figure 11. Importing weather files from the Meteo folder of FarmSim.
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 32 Figure 32. Plot tab of the FarmSim graphical interface.
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 13 Figure 13. Multiple plots in the FarmSim plot list.
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 15 Figure 15. Dialog box to copy the current year.
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 16 Figure 16. Housing sub-tab of the FarmSim graphical user interface.



  ): Feed grazing concentrate  Feed grazing roughage  Feed housing concentrate  Feed housing roughage
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 17 Figure 17. Feed sub-tab of the FarmSim graphical user interface.
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 18 Figure 18. Plot management tab of the FarmSim graphical interface.
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 19 Figure 19. Major event and sub-events of the Plot management tab in the FarmSim graphical interface.
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 4 Figure 4. Sub-events of a grassland in the FarmSim graphical interface.
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 21 Figure 21. Cropland configuration pop-up window.
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 22 Figure 22. Grassland configuration pop-up window.
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 53 Figure 53. Configuration of fertilization and irrigation sub-events.
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 24 Figure 24. Cycle configuration tab of the FarmSim graphical user interface.

Figure 25 .

 25 Figure 25. Cropland and grassland cycle configuration events of the FarmSim graphical interface.
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 26 Figure 26. Creating and marking a cycle in the FarmSim graphical interface.



  Fuel : Domestic fuel, Diesel, Essence;  Electricity: Low voltage electricity, Average electricity;  Gaz: Natural Gaz, Butane and Propane;  Seeds: Wheat, Durum, Barley, Triticale, Maize, Rye, Protein pea, Potato, Rapeseed, Sunflower, Beet;  Pesticides: Fungicide, Herbicide, Insecticide, Cruise and Other Substance.

Figure 27 .

 27 Figure 27. Inputs tab of the FarmSim graphical user interface.
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 28 Figure 28. PaSim parameters tab of the graphical interface of FarmSim.
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 29 Figure 29. Result tab of the FarmSim graphical interface.
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Table 01 : Land-use data needed for model initialisation provided by the Italian Council for Agricultural Research and Economics (CREA). Land use Sowing date Harvest date Fertilisation Date of transplant Irrigation Yield Green biomass Harvest index Crop residues

 01 

	Durum wheat	November-December	June	100 kg N ha -1	/	/	3 t ha -1 DM	/	/	/
	Industrial tomato	/	August 400 kg N ha -1	April	1000 mm	4.34 t DM ha -1	85 t ha -1 of green biomass	0.65	0.5 to 3 t DM ha -1 of crop residues
	Temporary grassland	November	June harvest ed only year once a	Unfertilised	/	Rainfed	One to ha -1 a few t DM	/	/	/
					Source: CREA, 2022.				

Table 02 : Description of the case tests created to understand FarmSim.

 02 

	Test

TestTemporaryGrassland1Irrigatied

This test represents a one-year temporary grassland with an irrigation event in 29/03/2000 with a quantity of 50 mm. It starts in 01/01/2000 and ends on 14/12/2001. The objective is to test the effect of an irrigation on yield, N leaching and drainage.

TestTemporaryGrassland1MineralFertelization

This test represents a one-year temporary grassland with a mineral fertilisation event in 09/01/2000 with a quantity of 59 kg N ha -1 . It starts on 01/01/2000 and ends on 14/10/2001. This test is used to compare the effect of mineral fertilisation on soil N mineralisation, the rate of ammonium N uptake by roots and the rate of nitrate N uptake by roots.

TestTemporaryGrassland1OrganicFertilization

This test represents a one-year temporary grassland with an organic fertilizstion event on 12/02/2000 with a quantity of 55 kg N ha -1 . It starts on 01/01/2000 and ends on 11/11/2001. This test is used to compare the effect of mineral fertilization on N soil mineralization, the rate of ammonium N uptake by roots and the rate of nitrate N uptake by roots.

Table 03 : Land-use data used to initialise FarmSim.
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	Land use	Variety	Sowing date	Sowing density	Sowing depth	End date		Fertilisation		Irrigation	Tillage date	Rate of straw management
	Industrial tomato	Foggia 1	01/01/1994 01/04/1997 01/04/2000 01/04/2003	3 plants m -²	2.5 cm	24/09/1994 24/09/1997 24/09/2000 24/09/2003	400 kg N ha -1 (ammonium nitrate), at a depth of 2 cm, fractioned on four periods in the year of 01/07 01/04, 01/05, 01/06, cultivation as followed:	1000 mm fractioned on 10 irrigation periods in each simulation year the time 13/07, 25/07, 06/08, 18/08. 26/05, 07/06, 19/06, 01/07, as followed: 02/05, 14/05, between one irrigation and other is 15 days represented	24/09/1994 24/09/2003 24/09/1997 24/09/2000	100%
			04/11/1994			30/06/1995	100	kg	N	ha -1	30/06/1995
	Durum wheat	CARIBO	04/11/1997 04/11/2000	250 plants m -²	2.5 cm	30/06/1998 30/06/2001	(ammonium nitrate), at a depth of 2 cm, once a year	Rainfed.	30/06/1998 30/06/2001	50%
			04/11/2003			30/06/2004	on 01/02			30/06/2004
	Temporary grassland	RYE_ GENERIC	01/11/1995 01/11/2001 01/11/1998	80 plants m -²	2.5 cm	30/06/1996 30/06/2002 30/06/1999		Unfertilised		Rainfed.	30/06/1996 30/06/2002 30/06/1999	0%
						Source: Boussaadi, 2022.		

Table 01B :
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FarmSim simulations III -How to fill in the files 1. Weather file

Weather variables files can be provided as hourly or daily data. The following tables (Table 01A and Table 01B) provide details of the variables required in both cases. 

Hourly weather data

Organising tabs

The FarmSim interface is divided into eight tabs (Figure 07), each with its own group of parameters/data to fill in.

1. Overview: this tab includes a brief description of the plots, the annual rainfall and mean annual temperature of the site, the farm location and the model components used by FarmSim (PaSim, CERES-EGC and HOUSING-IPCC); 2. Meteo: this tab contains the most important weather inputs that the model needs; 3. Plot: this tab manages the creation, modification and deletion of different plots, by assigning them various parameters (name, description, surface, slope, aspect and elevation) as well as an associated soil; 4. Herd management: this tab includes information for managing the housing and feeding of the herd; 5. Plots Management: this tab allows the user to add crop types and management or to create a rotation of arable crops or arable crops and grasslands; 6. Inputs; This tab allows th user to add all the imputs used during the years of simulations. 7. PaSim parameters: this tab is used to adjust some of the input parameters of PaSim; 8. Results: this tab allows he user to visualise the results of the models displayed in graphical form. 

I -The Overview tab

The Overview tab contains the general data of the farm (Figure 08), namely:  a short description of the farm system, annual rainfall, start and the end dates of the simulations, annual rainfall and mean annual temperature;  the location of the farm (latitude);  the possibility to replace the model components of FarmSim (CERES-EGC, PaSim, HOUSING-IPCC). 

IV -Herd management

This tab (Figure 14) allows the storage of objects of the same type as a list on the left-hand side of the screen, while in the middle there are three sub-tabs -"Herd", "Housing" and "Feed" -dealing with the various data considered.

The list contains the herds available throughout the year and can be updated as herds are added or removed and the year selected. Each herd tab has its own list containing the same herds, so creating a single list for all three tabs.

herd:

 Type of herd: dairy or suckler  Average number of animals  category (cows, calves, heifers, baby beefs, steers)  number of heads  LU coefficients per category  Performance of the heard 

FarmSim model input data