
8. General conclusion 

8.1 Agronomic effects of winterkilled cover crops in northern Italy 
During the three-year field trial, white mustard, black oat and their mixture with purple vetch have 

demonstrated a good aboveground biomass production potential (2-3 t DM ha-1), particularly when planted 

before the first half of September. Their nitrogen uptake (45 kg N ha-1 on average, up to 148 kg N ha-1) follows 

the biomass accumulation patterns, while their weed species control ability has proven to be consistently 

high. Cover crop treatments effect on soil resistance to penetration turned out to be variable between trial 

season, while at the end of the three-year trial the mixture treatment significantly increased (+35%) soil 

aggregate stability in the topsoil, thus contributing to improve soil structure stability. Black oat resulted 

particularly suited to accelerate maize stalk degradation on soil surface, reducing their soil cover of the 45% 

with respect to the bare soil, thus simplifying the subsequent soil tillage and sowing operations.  

A relevant inter-species and intra-species variability of winterkill termination of these cover crops was 

measured. For conservation tillage systems with early sowing of the spring cash crop, white mustard var. 

Architect planted early (typically during September) ensures an almost complete destruction (94%) of the 

aerial biomass by frost and no spring regrowth of the cover crop, thus minimising the additional effort that 

cover crop biomass sets on seed bed preparation before the cash crop. The second tested variety of white 

mustard (Octopus) was not as prone to winterkill as Architect (27%). Black oat, despite suffering substantial 

(62%) frost damage in December and January, was able to regrow at the of winter. Therefore, if sowing of 

the spring cash crop is late (e.g. during April), black oat has the advantage of producing additional biomass 

in the spring and providing weed control, while it probably requires a dedicated termination intervention 

before the soil can be prepared for the next sowing. Further research is needed to investigate the relationship 

between cover crop sowing date and the corresponding sensitivity to winterkill termination, as well as 

species frost tolerance temperatures. 

  



8.2 Simulation of cover crops growth and development during autumn with ARMOSA model 
ARMOSA model (Perego et al., 2013) was calibrated and validated using measured data collected over five 

years in five sites in Lombardia plain (North Italy) during field trials involving white mustard and black oat 

cultivation. In the calibration dataset, cover crop sowing dates ranged between August 30 and September 

29, while in the validation dataset, they ranged between September 5 and 25. Overall, the behaviour 

exhibited both by black oat and white mustard cover crops during the field trials belonging to the calibration 

dataset was rather variable, both for aboveground biomass and its nitrogen content (the last on being highly 

variable within N0 and N1 treatments). The variability of crop growth and development patterns, exhibited 

during the field trial years in the different sites, are driven by the interactions between the experimental 

factors and the other variability sources (soil texture and chemical properties and interannual weather 

variability).  

Simulated soil water content and soil temperature reported high performance of the ARMOSA model, and 

the results obtained by existing modelling calibration and validation (Constantin et al., 2015) were 

comparable with the ones obtained with ARMOSA (for soil water content, RRMSE was equal to 9.73 and 

7.63% respectively for black oat and white mustard). The agreement obtained with ARMOSA model, 

considering both calibration and validation datasets, for above-ground biomass and its nitrogen content 

(respectively 35.2% and 25.8% for white mustard, 30.6% and 36.4% for black oat) was also comparable to 

literature results (Constantin et al., 2015). The low accuracy of soil nitrate content simulation obtained with 

ARMOSA model (RRMSE equal to 43.63% and 64.45% for black oat and white mustard respectively) is 

explained by the lower amount of measured data available for nitrogen dilution curve calibration. This 

highlights the need of further field trial, designed to collect measured data to improve crop nitrogen 

absorption simulation.  

Such results attest the parameterization reliability, for both species, for the simulation of crop related 

variables (above-ground biomass and its nitrogen content) and of soil related variables (soil water content 

and temperature) dynamics over time, for the period ranging from sowing date to the beginning of 

December, considering the effect of varying crop management treatments (early or late sowing date, mineral 

and organic fertilisation) and of interannual weather variability.  



8.3 Development of a new module for the simulation of surface crop residue decomposition 
A new simulation module that explicitly simulates the decomposition of surface residues has been developed 

and later integrated into the ARMOSA cropping system model. The new module represents the most relevant 

dynamics of surface residue decomposition, and their influence on surface water balance (residue water 

retention and residue influence on soil evaporation) and soil properties (e.g., carbon and nitrogen balance). 

The algorithms describing biomass partitioning between standing and laying residues (based on crop and 

cutting height), standing biomass decomposition (as influenced by rain and temperature) and its conversion 

to the flat biomass (due to the action of wind and snow) as well as the soil covering level provided by standing 

and flat residues (possibly affected by soil tillage operations) were derived from WEPP model (Alberts et al., 

1987). The decomposition of the flat component of surface residue (whose potential decomposition rate of 

surface residues is limited by temperature, C:N ratio of the residues, soil-residues contact degree, and soil 

moisture) employs APSIM algorithms (Thorburn et al., 2001). In ARMOSA implementation, the regulating 

factors act separately on the actual decomposition rate of the three (standing stems residue, flat stems, and 

flat leaves residue) pools that, differently from APSIM approach, have different susceptibility to 

decomposition. Carbon and nitrogen fluxes from surface residues decomposition are allocated into stable 

soil carbon and mineral soil nitrogen. Lastly, the STICS approach (Justes et al., 2009) was employed to 

simulate residue water retention (limited by incident rainfall and influenced by residue wettability), residue 

evaporation demand (based on the flat residue soil cover) and to subsequently adjusting soil evaporation to 

fulfil the unsatisfied evaporation request. A sensitivity analysis (Morris, 1991) was carried out and revealed 

that the most relevant parameters of the new module, optimum soil temperature (Topt) and minimum soil 

water content (SWCmin), describe the environmental conditions for an optimal decomposition process. 

Additionally, the residue biomass quantity (Bf_crit) significantly influences the decomposition process. The 

decomposition rates of the two flat residues pools, PDRf and PDRf (leaves), had minor importance, 

highlighting that, when setting crop specific values, other environment-related parameters are more relevant 

for the actual decomposition rate. The outcome of the sensitivity analysis allowed us to identify the most 

relevant parameters of the module, for its future calibration for cover crop species and to evaluate its 

behavior under variable environmental and operational conditions.  



8.4 Development of a new module for the simulation of winterkill termination 
A literature review led to the collection of eight frost damage models, mainly dedicated to winter wheat: 

winter survival model (Byrns et al., 2020), FROSTOL model (Bergjord et al., 2008), the model proposed by 

Lecomte et al. (2003), ALFACOLD model (Kanneganti et al., 1998), CERES-Wheat model (Ritchie, 1991), EPIC 

model (Sharpley and Williams, 1990), APSIM-Wheat model (Zheng et al., 2015) and STICS model (Brisson et 

al., 2009). To compare the behaviour of the first three above-mentioned models, that appeared suited to 

adaptation to cover crops, they were applied in two locations with different climatic conditions (temperate 

climate: Sant’Angelo Lodigiano, Italy, and continental climate: Saskaatoon, Canada) for two differently frost 

tolerant winter wheat varieties. From the results of the literature review and of the model comparison, the 

model by Byrns et al. (2020) was selected to be implemented in ARMOSA model as a frost damage module, 

to simulate cover crop species winterkill termination. This module simulates a frost tolerance temperature 

(lethal temperature 50, LT50, °C) below which the 50% of the plants are killed in an artificial freeze test: it is 

decreased by low temperature hardening (that increases frost tolerance) and decreased by de-hardening, 

whose extents are influenced by crop development. The new module was subjected to a global sensitivity 

analysis study with Sobol method (Saltelli et al., 2010) as there were none in literature. The sensitivity 

analyaia was performed by applying the model in different scenarios involving three sowing dates and three 

climates (Cfa, Cfb and Dfb): each combination of these factors was tested for 20 years. In all the simulated 

scenarios (sowing date x site combinations) the minimum LT50 was primarily depending on the crop potential 

frost tolerance parameter (LT50c), while the number of days needed to reach the minimum LT50 value 

depended strongly on higher grade parameter interactions, involving the parameters describing crop 

development (PHOTOcrit, VRTfct2).  

8.5 Simulation of winter cover crops: growth, development, frost damage 
This work aimed at assessing the frost damage module and superficial residue decomposition modules within 

the ARMOSA model framework, and at performing ARMOSA frost module calibration for white mustard and 

black oat crops in North Italy. Furthermore, a comparison between the new and the original ARMOSA model 

versions was needed to verify the convenience of the new modules integration. The model by Byrns et. al 

(2020) was modified (prior to its implementation in ARMOSA) to improve its applicability to cover crop 



species: the minimum air temperature was used as main driving variable, and an additional function was 

added to estimate the percentage of damaged-AGB for sub-zero temperatures higher and lower than the 

simulated LT50.  

The calibration dataset comprised six sites (between 45° 16’ N and 45° 36’ N, and between 9° 21’ E and 10° 

17’ E) and several measured data: frost-damaged and non-damaged aboveground biomass and its nitrogen 

content, leaf area index and crop height, soil water content and temperature. Measured data derived both 

from the three-year field trial performed from 2019 to 2021, and from a white mustard field monitoring 

campaign, that was carried out during the 2021-2022 autumn-winter season in six commercial farm fields. 

Cover crops sowing dates ranged between September 5 and October 20, while the soil of the six sites ranged 

from sandy-loam to silty-clay (according to the USDA soil texture classification). Model calibration for white 

mustard was performed by dividing the calibration dataset in two groups of mustard varieties (moderately 

frost tolerant and frost sensitive varieties), on the base of the observed trends of AGB damage. The 

parameters, belonging to the module by Byrns et. al (2020) that were subjected to calibration were LT50c, 

VRTfct2 and LT50i (the lethal temperature initial value); while the newly developed AGB damage function 

also required its parameters calibration.  

Overall, ARMOSA model correctly simulated these species development by means of BBCH value progress: 

average relative root mean squared error (RRMSE, %) value was equal to 27.3 and 29.5% respectively for 

black oat and white mustard. White mustard BBCH was more accurately simulated in early (September) 

sowing date simulations than for late (October) sowing date simulations. The accuracy of aboveground 

biomass and its nitrogen content simulation was higher for black oat (47.4 and 40.8%) and for the moderately 

frost tolerant white mustard variety (47.0 and 27.5%), while it was lower for the frost sensitive mustard 

varieties (77.5 and 60.0%). The new ARMOSA model version successfully simulated both aboveground 

biomass carbon content and its C:N ratio, with an average accuracy of 27.5 and 33.1% respectively. The 

simulation of cover crops leaf area index was satisfactory for black oat (34.2%) and less adequate for white 

mustard (60.5%) due to its higher AGB fluctuations after winterkill events. The simulation of soil water 

content and temperature, with the new ARMOSA model version, was overall satisfactory and reported an 



optimal accuracy. On average, accuracy was higher for soil water content (8.4%) than for soil temperature 

(19.2%) at all the considered depths. 

The employment of the new ARMOSA version to simulate black oat and white mustard cultivation, generally 

improved significantly both aboveground biomass simulation (RRMSE was decreased by 56.3% in comparison 

to the use of the original model version), leaf area index (RRMSE reduction of 31.6%) and C:N ratio 

simulations (RRMSE reduction of 8.8%). The convenience of the new model version employment was 

assessed in a wide range of sites (six sites of several provinces of Lombardy region in northern Italy), 

pedological conditions (soil textures from sandy-loam to silty-clay), weather conditions (calibration seasons 

ranged from 2019/2020 to 2021/2022) and management practices (minimum and no till seed bed 

preparation, slurry application, early and late sowing dates). To summarize, the new model version was able 

to successfully capture the main crop-related variables trends over time, as well as to correctly reproduce 

soil water content and temperature dynamic. 

Overall, these results will allow the use of ARMOSA model for cover crop management scenario evaluations, 

both in conventional and minimum tillage cropping systems of the studied area.  
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