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Abstract

Through the re-use of empirical functions and new model development, this study aims at
contributing to the development of advanced biofuels in Europe. Four lignocellulosic crops were
selected and tested in stand-alone (sunn hemp — Crotalaria juncea L.) and rotation system (sunn
hemp, biomass sorghum - Sorghum bicolor x Sorghum sudangrass, kenaf - Hibiscus cannabinus L.
and industrial hemp - Cannabis sativa L.) in different European environments. The first Chapter deals
with a new model development (SunnGro) to reproduce sunn hemp, an interesting summer crop for
advanced biofuels in Europe; in the second Chapter, the same model was used to simulate 20-year
sunn hemp productivity across Europe. The SunnGro model reproduces sunn hemp development and
growth, while providing a detailed description of leaf/branch size heterogeneity and its evolution
during the vegetative season, depending on thermal time accumulation (GDD), sowing time (ST) and
density (SD). The model was calibrated and evaluated using 20 sunn hemp field datasets collected in
Greece, Spain and Italy. Interesting correlations were found between simulated and measured values
of branch and leaf number (0.80<R2<0.92) and biomass accumulation (0.67<R?<0.82). Hence,
SunnGro can be a valuable tool for estimating the potentialities of sunn hemp, either as main or
intercropping, as feedstock for advanced biofuels across Europe.

The third Chapter is dedicated to the in-season growth simulation of first-of-a-kind food/energy crop
rotations aimed at providing lignocellulosic feedstock for advanced biofuels without increasing land
pressure. The rotations with biomass sorghum, industrial hemp and sunn hemp resulted in the highest
biomass yields, whereas kenaf was less productive.

The presented models were developed to provide user-friendly tools to estimate the potentialities of
the selected lignocellulosic crops across Europe. Even though these models need further

ameliorations and extensions, to now, they represent reliable tools for preliminary assessments.



General introduction

The European context

Europe aims at leading the global clean energy transition binding the renewable energy target for the
EU for 2030 to 32%, with possible upward revision by 2023 (ICCT, 2018). The decarbonizing
scenario is lifting this gauntlet to 75% to 2050 for the renewable energy sources in gross final energy
consumption (EC, 2011). In this framework, the advanced biofuels will be double counted in the
share of the renewable energy consumed in road and rail transport with a minimum of 3.5% by 2030
(ICCT, 2018). The advanced biofuels are derived through biochemical or thermochemical processes
of renewable biomass (Balat, 2007) not eligible for food/feed consumption as agricultural and forestry
by-products (e.g. straw, grape marcs, wine lees, bagasse, biomass fraction from agro-industrial waste,
tree pruning, biomass from understory) in order to avoid competition with food/feed products
(Directive EU, 2015/1513). In this context, the European member states will have to dramatically
increase the current production of advanced biofuels from agricultural and forestry by-products from
500 to 10,000 thousand Mg of oil equivalent in ten years’ time, requiring the setting up of about a
hundred cellulosic bioethanol plants with an annual production capacity of 200 million litres (Phillips
et al., 2018). Such ambitious target requires a massive supply-chain development effort starting from
the agricultural sector, going through logistic and ending at the processing bioethanol plants and fuel
distribution (Oehmichen et al., 2018). The global investments on biofuels embrace 65 countries,
which have established blending mandates or targets to increase their production capacity with United

States, Brazil and Europe accounting for the lion’s share (Figure 1).
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Figure 1. Biofuels alignment with the Sustainable Development Scenario (SDS) for 2030. RoW stands for Rest of the
world and ASEAN for Southeast Asian nations (source IEA, 2019).



“A huge mobilization of biomass resources can be expected even in the short term. The obvious
question does, however, arise as to how and where feedstock demand can be satisfied” (BECOOL
project, 2017). In order to do that, several actions were investigated by IRENA (2016) for maximizing
the bioenergy production “without competing with food production or causing land use change” (i.e.
indirect Land Use Change, iLUC). The iLUC is the shift of an area that might have a high carbon
stock (e.g. forest, wetland) to food production due to a former change from food/feed to bioenergy
happening in another area. In this scenario the overall GHG emissions increase (Gawel and Ludwig,
2011). This phenomenon occurs to keep the food production constant in the framework of the global
market.

The majority of feedstock used to produce advanced biofuels is currently derived from wood and
cereals residues. Nonetheless, even with an efficient logistic management, crop residues can hardly
meet the demand for biomass of an advanced biofuel plants; their availability and price are, in fact,
highly influenced by climatic conditions and competing markets, including the animal feed. Potential
biofuels investors will be cautious where there is uncertain biomass availability at no fixed prices;
therefore, in addition to crop residues, the introduction of dedicated lignocellulosic crops, annual and
perennials, is highly recommended to increase the security of feedstock supply. Avoiding the
competition with food crops, paves the way for the recovery of abandoned marginal land, even though
these areas are considered to be inappropriate in meeting the European goals (Allen et al., 2014;
Khawaja and Janssen, 2014). The Final recast of Renewable Energy Directive for 2021-2030 (ICCT,
2018) in ANNEX IXa encompasses non-food cellulosic material as eligible for biofuel conversion.
These non-food cellulosic material is defined in the Directive 2018/2001 of European Parliament and
of the Council (2018) as: “feedstock mainly composed of cellulose and hemicellulose, and having a
lower lignin content than ligno-cellulosic material, including food and feed crop residues, such as
straw, stover, husks and shells; grassy energy crops with a low starch content, such as ryegrass,
switchgrass, miscanthus, giant cane; cover crops before and after main crops; ley crops; industrial
residues, including from food and feed crops after vegetal oils, sugars, starches and protein have
been extracted; and material from biowaste, where ley and cover crops are understood to be
temporary, short-term sown pastures comprising grass-legume mixture with a low starch content to
obtain fodder for livestock and improve soil fertility for obtaining higher yields of arable main crops”.
An innovative idea developed in some European founded project (4FCROPS project, Alexopoulou
et al., 2010; BECOOL project, Christou et al., 2018) for meeting the advanced biofuel caps relies in
the intensification of the land use without threatening food security, neither reducing food land;
otherwise introducing new genetically tailored annual high fibre yielding crops in the long gaps

spared from traditional agriculture. The land intensification through sequentially raising and



harvesting a second crop in a single growing season is called ‘double cropping’. The sum of the
fractions of the yields of a double crop system divided by the yield of the former sole crop system
produced on an equal area is the Land Equivalent Ratio (LER, Verheye, 2006). Hence, the LER shows
the relative area under the sole crop system that would be needed to achieve double crop yields under
the same set of production conditions (Willey, 1979a).

Besides the possibility of introducing dedicated industrial crop for advanced biofuel purposes
represents a viable solution to approach the European target. The introduction of new dedicated
lignocellulosic crop into the agricultural context requires prompt solutions that need to be
scientifically tested and validated to test the feasibility, the potential yields and the best managements
of the new systems. Moreover, transferring knowledge from experiments to industries investments
requires accurate business planning and many years trials. In addition to the market demands for
advanced biofuels, stakeholders need reliable data on the feedstock supply chain for a rationale
decision-making process. Speeding up the data gathering on agronomic cultivation test carried out
across different conditions is possible using dedicated modelling tools in order to predict the outcome
of alternatives systems in the domains of agriculture and environment. Biophysical models are
designed in a software framework and implemented for developing, parametrizing and running
modelling solutions (Porter and Semenov, 2005). Whether correctly parametrized and validated, these
models can extend their range of use to new environments, enabling quick provisions to the selected
systems. One of these modelling platforms, specifically developed by European Commission Joint
Research Centre in 2008 is the Biophysical Model Application (BioMA, Stdckle et al., 2014).

BioMA platform

In the last decade, process-based crop simulation models were increasingly used as supporting tools
for in-season agricultural management, as well as to forecast crop yield at regional to global level.
Moreover, they are considered as the reference tools to predict the future evolution of agricultural
systems in the medium-long term, being capable to forecast crop yield across different environments.
Biophysical Model Application (BioMA, Stdckle et al., 2014), was specifically designed and
developed by European Commission Joint Research Centre (JRC) in 2008. It is an application for
analysing, parameterizing and running modelling solutions based on biophysical models against a
database which includes spatially explicit units (Donatelli et al., 2012) in the domains of agriculture
and environment. BioMA is extendable autonomously by any users adding, modifying modelling
solutions or making use of components already used by the application. The component-based

structure allows BioMA to implement diverse modelling solutions targeted to specific modelling



goals, together with sensitivity analysis and optimizer functions. The purpose of this framework is to
rapidly bridge from prototypes to operational applications, enabling running and comparing different
modelling solutions. A key aspect of the framework is the transparency which allows for quality
evaluation outputs in the various steps of the modelling workflow. The framework is based on
independent components, both for the modelling solutions and the graphical user interfaces. The goal
is not only to provide a framework for model development and operational use also, and of no lesser
importance, to provide a loose collection of re-usable objects either stand alone or in different
frameworks. The software is developed using Microsoft C# language in the .NET framework. What
is shortly called the BioMA platform is, in fact, a set of software layers with bottom-up dependencies.
Each layer has its own tools, features and requirements. A first version of BioMA forecasted with
great accuracy the rice yield in 27 European countries (Donatelli et al., 2012).

Given the rising importance of advanced biofuel crops worldwide, the application of simulation
models to compare the performances of cropping systems in different environments and under
alternative management represents a viable solution to support the development of targeted
agricultural policies, as well as to help farmers in their management choices. Agricultural system
models play increasingly important roles in the development of sustainable land management across
diverse agro-ecological and socioeconomic conditions because field and farm experiments require
large amounts of resources and may still not provide sufficient information in space and time to
identify appropriate and effective management practices (Teng and Penning de Vries, 1992).

At this point some questions arise: what is the state of the art of the conventional cropping systems?

Is there any chance for a more intensive sustainable management of the land?

Crop rotations

Conventional agricultural systems

Monoculture, crop rotations and intercropping are three historical agricultural practices aiming at
feeding the world. All of them leads to advantages and disadvantages in the medium/long term. In
particular, crop rotation has been used since long time, as far as traces of it date back to 3000 years
ago (MacRae and Mehuys, 1985) in the Middle East, nonetheless in the Bible, God instructs the
Israelites to practice a Sabbath of the land, leaving the land fallow once every seven years. The
progress in the development of synthetic fertilizers and pesticides after the Second World War raised
the feeling that crop rotation could be abandoned in favour of less complex systems such as
monoculture (Benson 1985; Schrader et al., 1966). This belief was short-lived since the benefits of
crop rotation effect (still unknown) on yields (> 10 — 25 %, Zeng et al., 2016) was not achievable

through increased agronomical input, that, besides, brought a series of environmental problems,



including air pollution, degraded water quality and increased greenhouse gas emissions (Giller et al.,
1997; Karlen et al., 1994; Malézieux et al., 2009; Tilman et al., 2002; Zegada and Monti, 2011). On
the other hand, the effects of crop rotations paired with a reduced soil tillage is beneficial in terms of:
soil fertility, soil organic matter, soil structure, soil erosion, soil microbial communities, pests,
allelopathy (Bullock, 1992) and furthermore bring environmental benefits such as crop diversification
(Liebman and Dyck, 1993), system resilience and robustness (Li et al., 2019). In order to maximize
the performances of the whole cropping system, the rotation should be carefully planned and tailored
following the site-specific pedo-climatic conditions (Gebremedhin and Schwab, 1998).

At least two thirds of the 100 Mha arable land in EU-28 is dominated by conventional crops rotations,
with a share of 60% of cereals (Barel et al., 2017; Eurostat, 2018). Conventional agriculture deals
with long gaps within crop rotations: winter crops (wheat or rapeseed) are normally sown in autumn
and harvested at the beginning of summer, whereas spring crops (sunflower, sorghum and maize)
cycle go from spring to autumn. The maize based cropping systems are by far the most common in
the southern and western regions of Europe. In the Ebro valley in Spain and in the Po valley in central
Italy the grain/silage maize-fallow-winter wheat rotation acreage reached 100,000 and 700,000 ha in
2011, respectively (Vasileiadis et al., 2011). Hence, fallowing still represents an important practice
in southern Europe, useful in reducing soil nutrient depletion, pests incidence (Connor et al., 2011)
and increasing soil water retention (French, 1978); on the other hand it reduces the farmer income,
increase the soil erosion (Biederbeck and Bouman, 1994) detrimental for soil fertility.

The replacement of fallowing with cash crops on fertile arable lands could lead to a soil organic matter
depletion (Karlen et al., 1994) in a direct proportion to soil tillage intensity: conventional tillage >
reduced tillage > no tillage (Havlin et al., 1990). However, the productivity is not entailed in the
short and medium term (Chatskikh and Olesen, 2007) but rather it is enhanced for the subsequent
crop by a better root penetration through the soil layers. Therefore, the replacement of a fallow/pasture
to crop production will provoke a downward trend in the soil organic matter content raising concerns
about the sustainability of the system. Otherwise, according to Larson et al. (2010), the soil organic
matter drop can be stopped to a new equilibrium point leaving on soil at least 5 Mg ha* y* of residues.
In line with that Johnson et al. (2014) assessed a 6 Mg ha* y* of residues, whereas (Muth et al., 2012)
in a spatially comprehensive assessment of sustainable agricultural residue removal potential across
the USA for bioenergy production found out that 2.3 Mg ha* y* is the average crop residue removal
threshold to leave on the soil for a soil organic carbon sustainable management.

Careful agronomical practices in a LER intensification scenario minimizing the deterioration of the
environment are, therefore, feasible. In order to assess the case-specific crop rotation sustainability

and productivity, the customized agronomic model represent an effective tool to extend a given crop



scheme solution that might be feasible in a certain area to other sites, in order to predict its productive
traits and highlights possible constraints. Furthermore, the advantage of modelling relies in the time
and money-saving compared to lengthy multi-year, multi-site field crop rotations (Teng and Penning
de Vries, 1992). Then, to i) fulfil the mentioned European targets in terms of advanced biofuel, ii)
test near-to-practice solution to increase the biomass mobilization, iii) avoid competition with food
crops, iv) test alternative crop management according to different pedo-climatic conditions v) save
resources reducing field and farm experiences, a possible solution might be to apply a modelling
approach to the design of new cropping systems alongside conventional rotations. Integrating fast
growing, short cycle, high yielding and low input crop in order to enhance the multifunctionality of
agriculture, can help to meet the European bioenergy targets, increase farmers’ income, increase
biodiversity and thrive the economy of rural areas.

In this light, new questions arise: Is it feasible introducing energy crop within food/feed crop
schemes? How much biomass could be yielded? What is the effect of these new crop on the

succeeding ones?

Integrated food-energy crop rotations

The issue of mobilizing high amounts of eligible feedstocks for energy production is addressing
modern agriculture. According to the ICCT report (2014) that assessed a 16% contribution to the road
transport fuel needed in 2030, traditional food crop residues offer inadequate amount of available
feedstocks to bioenergy. The main constraints are related to the annual biomass availability (Table
1), its nature and price, together with a difficult logistic harmonization due to the year-to-year
variability (Scarlat et al., 2010). Overcoming the food crop residues flaws might be possible through
their integration with dedicated cellulosic crops with genetic traits tailored for maximizing the

biomass production, increasing the system overall cellulosic potential.

Table 1. Biomass availability from food crop for a sustainable bioenergy production in EU-28. Grain yield (Schils et al.,
2018), biomass production calculated with the residue to product ratio (Scarlat et al., 2019), sustainable removal rates
(Scarlat et al., 2010).

Crop Grain yield* Biomass production Sustainable removal rates Biomass availability
(Mg ha") (Mg hat) (%) (Mg ha™)

Maize 3.5-10 3-8 25-82 0.8-6.6

Wheat 2.5-74 3-7 15-60 0.5-4.2

Barley 2.2-6.3 2-6 15-60 0.3-3.6

*range between the 10" and 90™ percentile of the observed yields by country in EU-28.

The goal of the integrated food-energy crop rotations is to meet the European target without reducing

food land. In the northern and southern Mediterranean climates of Europe many agronomical



experiments and projects have been carried out across the last 20 years testing annual summer,
multipurpose, high yielding and fast growing crops with good potential for advanced biofuel (Zegada-
Lizarazu and Monti, 2011) such as industrial hemp (Cannabis sativa) (CROPGEN project, 2004),
kenaf (Hibiscus cannabinus) (BIOKENAF project, Alexopoulou et al., 2004), sweet sorghum
(Sorghum sp.) (SWEETFUEL project, Zegada and Monti 2012; FUTUROL project, Dureuil, 2008;
4FCROPS project, Alexopoulou et al., 2010) and, in a lesser extent sunn hemp (Crotalaria juncea
L.) (BECOOL project, 2017). The mentioned dedicated lignocellulosic crops have the chance to
produce large amounts of lignocellulosic biomass (Amaducci et al., 2000; Danalatos et al., 2010;
Rooney et al., 2007; Struik et al., 2000) in a short growing period preceding a winter cereal. Thus,
these crops could be double cropped (Figure 2) replacing the fallows of the conventional food
rotation. In addition, a biomass crop is flexible in the crop rotation framework, since the harvest time
is not bound to a certain phenological phase, besides the interest relies simply in biomass
maximization and not in mature seeds. This is a relevant point allowing farmers to avoid late soil bed

preparation risks for the subsequent crop and a prompter decision-making.
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Figure 2. Conventional crop rotation with maize in the first year followed by a long gap (>12 months) before wheat
sowing, then another gap (>7 months) for an overall of three crops in four year. On the right a food/energy integrated
rotation with the fallow replaced by energy crops, for an overall of five crops in four-years rotation.

At this point, some questions arise before new cropping systems can take off. It is, indeed, important
to gather data on the amount of biomass potentially available in the intensive agricultural areas of
Europe, on the effective quality of the feedstocks, on the harvesting technology, logistic,
transportation and treatment (BECOOL project, 2017). For instance, it is self-explanatory that in case
of unsatisfactory yields the investment in the bioenergy value chain would be quenched. A
conservative biomass production for a dedicated crop should, at least, be higher than the food crop
residues to bioenergy, which for a maize on fertile lands in Europe can reach up to 10 Mg ha* (Scarlat



et al., 2010). Within the aforementioned lignocellulosic crops able to yield in about 90 days more
than 10 Mg ha! in southern Europe environments one of them is recently raising interest as a result
of its unique characteristics. Sunn hemp is a tropical legume crop with great potential in the temperate
environments of Europe (Parenti et al., 2019) able to combine high biomass production in a short
growing season (Balkcom and Reeves, 2005; Mansoer et al., 1997; Rotar and Joy, 1983; Schomberg
et al., 2007), resilient to pedo-climatic stress (Kamireddy et al., 2013), low input requirements (Rotar
and Joy, 1983) and increase nitrogen into the soil for the subsequent crop through biologically
nitrogen fixation (Ashworth et a., 2015; Mappaona et al., 1995). As far as the agricultural sector
contributes to the 10% of the total EU-28 GHG emissions (EEA, 2015), sunn hemp seems to be able
to provide a win-win strategy aimed at producing adequate feedstock availability with a minimum

input requirement.

Sunn hemp, a tropical legume as a potential advanced biofuel feedstock in rotation with food crops

Among leguminous crops, the tropical sunn hemp is carving out a niche even in temperate
environments with warm summer for its interesting characteristics. In sunn hemp native areal it is
traditionally grown for fiber (Bhardwaj et al., 2005; Montgomery, 1954; Tripathi et al., 2013), albeit
is widely used in the subtropical areas as green manure (Cherr et al., 2006; Mosjidis et al., 2013), soil
amendment, cover crop and in intercropping (Bybee-Finley et al., 2016; Mansoer et al., 1997). Sunn
hemp started to be known in Europe only recently where it has been studied for the weed suppression
properties (Mosjidis and Wehtje, 2011), resistance to nematodes (Wang et al., 2002) and more
recently as an advanced biofuel feedstock (Paul and Chakraborty, 2018) thanks to its fast growth,
high cellulose and hemicellulose stems accumulation in a short growing season (Balkcom and
Reeves, 2005; Schomberg et al., 2007). In case of successful nodulation, sunn hemp can biologically
fix nitrogen (BNF), contributing to a net soil nitrogen gain ranging from 35 kg ha in a temperate
climate to 132 kg ha! in a tropical intercrop system (Ashworth et al., 2015). Hence, a winter cereal
following sunn hemp could inherit additional nitrogen and a lower weed pressure due to the sunn
hemp phytotoxic compounds and ground cover. Moreover, the whole cropping system might improve
water infiltration, organic matter accumulation that reduce the soil bulk density and boost the
formation/cementification of the aggregates across the soil layers due to the different root biomass
production and structure characteristics (Robson et al., 2002; Sumner, 1982). The data on sunn hemp
potential yield and its effect in a rotational system in the temperate environment of Europe are lacking.
Nevertheless, some promising results outcome from an experiment in northern Italy (Parenti et al.,

2018) in which sunn hemp double cropped with winter wheat under no tillage condition improved



the emergence rate, the canopy cover and plant height; moreover reducing the soil preparation cost
by four times compared to a conventional tillage. Sunn hemp does not require nitrogen input on
average soil nutritional status compared to other moderately nitrogen-demanding lignocellulosic crop
such as biomass sorghum (Heitman et al., 2018), industrial hemp (Papastylianou et al., 2018; Zatta et
al., 2012) and kenaf (Bangoo et al., 1986; Webber et al., 1996). The mechanization seems to be
straightforward compared to the challenging field drying phase hampering biomass sorghum harvest
(Colauzzi et al., 2018; Pari et al., 2015) and the need of dedicated machinery for industrial hemp
(Zatta et al., 2012). In this light, saving GHG emissions from input reduction and lowering the
cultivation cost are strengthening the interest on sunn hemp. Otherwise, designing new advanced
biofuel value chain fed by annual summer double crop and food crop residues needs to be deeply
investigated to assess the feasibility of the logistics and transformation plants scale.

The objectives of the following Chapters are to create and re-use specific crop simulation model
targeting four highly promising lignocellulosic crops for advanced biofuel (sunn hemp, biomass
sorghum, kenaf and industrial hemp) in stand-alone and rotation system. The focus is to find tools
able to forecast the yields and the best harvest moment of such crops to support both private and
public stakeholders of agricultural sector in shifting from conventional to integrated food/energy
cropping systems. The road to the implementation of crop model to the whole rotation simulation is
paved in the following Chapters. Thus, some crop specific Logistic models were exploited, and a
preliminary evaluation of the cropping system food/biomass potential is provided.



CHAPTER 1
SunnGro*: a new model to reproduce the morphologic traits, canopy
architecture and biomass yield of sunn hemp

1.1 Introduction

Sunn hemp (Crotalaria juncea L.) is a C3 tropical legume crop (Kamireddy et al., 2013) suitable to
a wide range of soils (Ashworth et al., 2015; Mappaona et al., 1995) and resistant to root-knot and
soybean cyst nematodes (Wang et al., 2002), due to the presence of monocrotaline (i.e. a pyrrolizidine
alkaloid with nematicide effect) in crop seed, leaves and stems (Valenzuela et al., 2002). Canopy
architecture is strongly affected by the emergence rate, plant density and apical dominance, which in
turns regulate leaves/branches size heterogeneity and number, thus influencing the final quantity and
quality of the biomass at harvest (Abdul-baki et al., 2001; Cho et al., 2015). Sunn hemp is popular in
tropical areas as soil improver and source of bast fiber and green manure (Cook and White, 1996;
Rotar and Joy, 1983); recent studies demonstrated that it was able to yield up to 10 Mg ha* in 90-120
days also in more humid subtropical and temperate environments (Balkcom and Reeves, 2005;
Mansoer et al., 1997; Rotar and Joy, 1983; Schomberg et al., 2007) that make this crop an interesting
source for the production of advanced biofuels (Paul and Chakraborty, 2018). Cantrell et al., (2010)
in his experiment conducted in South Carolina assessed a sunn hemp biomass yield of about 11 Mg
ha! that via thermochemical conversion produced an energy yield of 204 GJ ha. Biophysical models
can be used to estimate the potentials of sunn hemp in Europe as main or secondary crop (Porter and
Semenov, 2005). There are several generic (e.g. CROP-GRO, Boote et al., 2002; APSIM-Legume,
Robertson et al., 2002; STICS, Falconnier et al., 2019) and specific models (Sinclair, 1986; Sinclair
et al., 1987; Soltani et al., 1999) designed to simulate the development and growth of diverse legume
species (e.g. common bean, peanut, soybean, cowpea, black gram, chickpea), however, a specific
model for sunn hemp has not been yet provided. The few available modelling studies were performed
using a generic simulator originally developed for cereals adapted via parameterization (e.g., EPIC,
Le et al., 2018), or using empirical relationships between productive/biometric traits (e.g. total dry
matter, plant height, stem diameters) and time after sowing (Bem et al., 2017a,b). In this context, both
approaches have limitations: indeed forcing a generic model to fit crop growth dynamics without

considering algorithms specific for sunn hemp-peculiar traits (e.g. complex canopy architecture and

*Software availability

BioMA component name: UniboCrea.SunnGro.

Developers: Fabrizio Ginaldi, Giovanni Cappelli, Andrea Parenti.

Availability and online documentation: UniboCrea.SunnGro is available as Software Development Kit (SDK) on
http://www.biomamodelling.org/Components/Components.aspx?node=30057. The SDK contains a help file with the
documentation of algorithms and models, and a sample application illustrating how to use the component. UniboCrea.SunnGro
is released as C# libraries compiled for the NET 4.5 platform.




heterogeneity), and/or using empirical models without any relation with the underlying process,
strongly reduce the applicability of existing models outside the conditions for which they are
calibrated.

The aim of the present study is the adaptation of a process-based simulation model to sunn hemp and
the evaluation of its capability in reproducing measured crop biometric data collected under

alternative plant density and harvest times in three European sites.

1.2 Material and methods

This study articulates in a three-step workflow (Figure 1.1), envisaging the development and

evaluation of a new model specific for sunn hemp in different European environments.

Activity Objective Method
. Release of a new model
A:ff{:atr'gr:n%fdg:e able to reproduce the evolution of sunn Model modification
Step A 9 hemp canopy architecture during and simplification

to simulate sunn hemp vegetative season

Demonstrate the capability of the model
to reproduce the year-to-year variability
in crop canopy expansion, leaf area index Multi-start downhill
evolution and biomass accumulation simplex method
under different management (sowing time
and density) in Northern Italy

Single-site calibration
Step B | of the sunn hemp model
using field observations

Demonstrate the capability of the model

Multi-site evaluation to simulate the year-to-year yield Multi-metric
Step C A . .
of the sunn hemp model variability in Mediterranean evaluation of model
using field observations environments (Greece, Italy, Spain) under performances

alternative crop management

Figure 1.1 Activities performed in the present study, with specific objectives and methodology.

The Arungro model (Stella et al., 2015) was used as the basis for the development of a new sunn
hemp process-based model, SunnGro (step A, section 1.2.3). Arungro was chosen since it provides a
more detailed representation of canopy structure and of its dynamics over vegetative growth,
compared to mono- and multi-layer crop models. Unlike Arungro, SunnGro assumes that primary
and secondary branches are representative of the whole stem population, and replaces the original
approaches for handling stem population, leaf number and size evolution with species-specific

algorithms. The simulation of photosynthetic process, biomass accumulation and partitioning of



assimilates have been borrowed from the seminal model, although the number of model parameters
was reduced.

A stepwise automatic calibration of the model was then carried out using multi-year experimental
data collected under different sowing time and density in northern Italy (2016-2018), aimed at
reproducing the dynamics of branch and leaf number, leaf area index (LAI, m? m2) and aboveground
biomass (AGB, Mg ha) (Step B, section 1.2.4).

This activity laid the basis for a multi-site model validation (step C, section 1.2.4), in which the set
of calibrated model parameters was applied to reproduce AGB measurements from independent field

trials carried out in different Mediterranean countries (Greece, Italy, Spain).

1.2.1 Experimental sites and agronomic details

A registered sunn hemp variety ‘Ecofix’ was tested across three locations: i) Cadriano, Italy (44° 33'
N, 32 ma.s.l.), ii) Guadajira, Spain (38° 51' N, 222 m a.s.l) and iii) Aliartos, Greece (38°22'N, 114
m a.s.l.) in the North and South Mediterranean areas (Metzger et al., 2005) in the period 2016-2018
(Figure 1.2, Table 1.1) in irrigated systems.
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Figure 1.2 Experimental sites (yellow circles) and related climate variability during sunn hemp growing season (May-
October) in the period 2016-2018.



Thirteen data points were collected at the experimental farm of the Bologna University in Cadriano
(44° 33'lat N, 11° 21' E, 32 m a.s.l.) in a loam silty soil, neutral (pH 6.6-7.3), rich in KO (~159 mg
kg™), with average N, P,Os and organic matter contents of about 1.1 g kg%, 69 mg kg and 1.3%,
respectively. In 2017 and 2018 experiments, the design was a randomized complete block (n=4),
whereas in 2016 an exploratory trial without replicates was conducted. Two harrowing and one
glyphosate (4 L hat) treatments were performed to achieve a weed-free and firm seedbed preparation;
then sunn hemp was sown with a pneumatic planter alongside a granular soil sterilant application
lambda-cyhalothrin based. The sowing density (SD) was 4.4 cm on the row, with three row spacings:
22.5 cm (high SD), 45 cm (medium SD) and 70 cm (low SD). The plots were kept weed-free by
mechanical weeding when plants height reached around 30 cm. Fertilization was not applied due to
the soil nutritional status (Appendix A, Table A.1 in supplementary material), which was sufficient
to meet the crop N-requirements as demonstrated by Parenti et al. (2019), in a dedicated study
conducted on the same crop, field and period. Sprinkler irrigation was performed in 2017, with a
volume of 200 mm at 7-day interval until two months after sowing, due to the drought conditions (+2
°C of air temperature and -129 mm of precipitation compared to the mean values of the period 2016—
2018) occurred in the first two months after sowing. The abundant cumulative precipitation (mean of
all the experiments=345 + 71.7 mm, Figure 1.2) and the high soil water retention capacity prevented
supplemental irrigations during the 2016 and 2018 growing seasons.

Additional field trials were carried out in Guadajira, a region of Extremadura (Spain, 38° 51" lat. N,
6° 40" W, 222 m a.s.l) following the same experimental design as Cadriano. The soil in Guadajira was
slightly acidic (pH 6.2) and loam, with a N-P-K content of 0.7 g kg?, 14 and 54.7 mg kg*,
respectively; the organic matter content was about 0.8% (Appendix A, Table A.2 in supplementary
material). The seedbed was arranged using a disk plough, a cultivator tiller and a rotary harrow, by
incorporating 32 kg ha* of N, 60 kg ha™* of P,0s and 60 kg ha™ of K,O. Two consecutive treatments
of glyphosate (2 L ha) and Stomp (pendimenthalin 3 L ha*) were applied with a boom sprayer in
pre-sowing. Sunn hemp was drill-seeded at a density of 52 seeds m. Experiment 14 (1D 14 in Table
1.1) was affected by pests (Agriotes spp. and Spodoptera spp.) at the very beginning of the growing
season, thus requiring an additional application of Chlorpyrifos-Methyl 22.4% (m/v). No damage was
observed on ID 15. Sunn hemp was drip-irrigated every three days, with an average amount of 384
mm.

Five samplings were performed in Aliartos (38° 22" lat. N, 23° 10" E, 114 m a.s.l.) in a randomized
complete block design (n=4) in the period 2016-2018. The soil was moderately alkaline (pH 7.9-8.4)
and sandy loam (Appendix A, Table A.3 in supplementary material). The seedbed was prepared with

a disc plough and a rotary harrow, incorporating 33 kg ha* of N, 45 kg ha* of P,0s and 45 kg ha* of



K20 fertilizer. Weed control was performed in pre-sowing using glyphosate at a concentration of 4 L
hat and in post-emergence by hand hoeing. Sowing was carried out manually, at 50 cm row spacing
and three densities on the row, i.e. 5, 10 and 15 cm. A total amount of 323 mm of irrigation water
was applied via drip irrigation during each growing season. Irrigation in Spanish and Greek
experimental sites aimed at avoiding crop water stress, given the low precipitation in the period May-
October (average cumulative precipitation of 141 mm in Guadajira and 186 mm in Aliartos in 2016-
2018 compared to 345 mm of Cadriano; Figure 1.2).

Daily air temperature (°C), precipitation (mm), radiation (MJ m d*) and wind speed (m s™) referred
to the three experimental sites were downloaded by the Prediction of Worldwide Energy Resources
(POWER) at the NASA Langley Research Centre (Stackhouse, 2006), at a spatial resolution of 0.5°
latitude by 0.5° longitude.

1.2.2 Methodology of field samplings

The field samplings provided the reference data used for model calibration and evaluation (Table
1.1). The sowing dates were classified as early (May) and late (June, after wheat harvesting).
Likewise, the harvest time was classified as early (i.e. August), medium (September) and late
(October).

Phenological observations were collected at 50% emergence and 50% flowering stage. Plant density
(PD, plants m?), and AGB were measured twice, in post-emergence and at harvest, respectively.
AGB was assessed by sampling plants in a random 6 m? area of the plot, and then oven-drying the
fresh mass at 105°C until constant weight. Additional biometric parameters were monthly monitored
in the 2017 and 2018 Italian experiments in a random plot area of 1 m, including leaf (LN, number
m-2) and branch (BN, number m) number, LAI (m? m?), and leaf width (LW, cm) and length (LL,
cm). LN and BN of each plant in the sample was counted, separately for primary and secondary stems.
In experiments ID 9, 10 LW and LL were measured at each sampling date on 20 expanding and 20
fully expanded leaves. LAI was determined by destructive method using a LI-COR LI 3100C area

meter.



Table 1.1 Datasets from Cadriano (C, Italy), Guadajira (G, Spain) and Aliartos (A, Greece) used for model calibration
(C) and evaluation (E): phenology (PH), leaf number (LN, leaves per plant), leaf length (LL, mm), leaf width (LW, mm),
branch number (BN, branches per plant), plant density (PD, plants m2), aboveground biomass (AGB, Mg ha!). Sowing
d=sowing density; Tavg=average daily temperature during crop cycle; Reps n.=replications humber; Rain=cumulative
precipitation during crop cycle; Irr.=irrigation water.

ID Site  Year Sowing Harvest Sowing d Reps Plot Measured Use Tavg Rain Irr.
date time (seed m?) n. area variables °C)  (mm) (mm)
1 C 2016 18/05 1/08 52 1 64 PH, LN, Cc 23.1 156
2 23/08 104 1 64 BN, PD, Cc 235 196
3 52 1 64 AGB Cc
4 33 1 70 Cc
5 20/09 104 1 64 E 23.7 245
6 52 1 64 E
7 33 1 70 E
8 22/06 25/10 52 1 64 E 229 220
9 C 2017 26/06 10/10 52 4 135 PH, LN, Cc 24.2 182 174
10 5/07 26/10 52 4 231 LL, LW, Cc 24.1 167 201
BN, PD,
AGB,
LAI
11 C 2018 8/05 27/09 52 4 41 PH, LN, C 24.0 231
12 25/05 9/10 52 4 231 BN, PD, C 24.2 221 16
13 2/07 52 4 231 AGB, Cc 245 161
LAI
14 G 2018 1/06 8/10 52 4 120 AGB E 24.2 67 421
15 G 17/07 11/10 52 4 120 E 26.3 24 347
16 A 2017  21/05 27/10 13 3 13 PH, PD, E 24.7 125 415
AGB
17 20 3 13 E
18 40 3 13 E
19 20/06 20 4 98 E 253 48 344
20 A 2018  16/06 1/10 20 4 98 PH, PD, E 257 219 209
AGB
1.2.3 Adaptation of the Arungro model to simulate sunn hemp

The Arungro model, specifically designed for giant reed (Arundo donax L.), was adapted to simulate
sunn hemp to give a new simulation model, SunnGro. Arungro simulates gross photosynthesis and
respiration costs to estimate net carbon fixation, depending on radiation interception and crop
transpiration. The original model provides a detailed description of LAl dynamics at shoot and plant
levels, considering leaf width/length heterogeneity on a single tiller and among tiller cohorts. The
evolution of tiller number is simulated based on thermal time, with emission of new stems regulated
by rhizome biomass during sprouting. While the algorithmic description of Arungro is provided in
the original paper (Stella et al., 2015), the graphic representation of the processes implemented in
SunnGro is shown in Figure 1.3, which highlights the modifications with respect to the original

model.
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The SunnGro model was implemented in the BioMA framework (Donatelli et al., 2014), which
consists of platform-independent and re-usable components, allowing for a modular representation
of the agricultural systems. The main modifications in SunnGro concerned i) the estimation of

flowering date, through a linear, upper-limited, response to daily temperature after emergence,



optionally corrected for photoperiod (Stockle et al., 2003): the parameters driving phenological
development are the thermal time needed to reach flowering, the cardinal temperatures for
development (i.e. base and cutoff temperature), and the day length for insensitivity and to inhibit
flowering; ii) the simulation of the evolution of primary and secondary branches of sunn hemp,
instead of considering the tiller population as in Arungro (Equation 1); iii) the formalization of a
specific function to estimate the number of leaves per plant (Equation 2); iv) the consideration of the
elliptical shape of sunn hemp leaves, which were triangular in Arungro, in order to compute the leaf
area; v) the impact of leaf senescence on LAI dynamic and on the daily rate of gross photosynthesis
was switched off (in non-tropical environments the shortness of the warm season does not allow sunn
hemp leaves to senescence and prevents seed formation; Mansoer et al., 1997). BN (branch plant™;
Equation 1) and LN (leaf plant™; Equation 2) were dynamically simulated according to Bem et al.

(2017a), using three-parameter Logistic function based on the thermal time ( %m , °C day™) daily

accumulated from emergence (em) to peak of branch population (pbp).

SBN,,

BN =1+ -
{*%B*ksa ZTT.]
l+e em

[1]

Where SBNmax (number plant?) is the maximum number of secondary branches per plant; bsg and

ksg (unitless) represent empirical coefficients modulating the steepness of BN accumulation and

related to the site and to the rate of maturity/precociousness of the cultivar, respectively.
LN

LN =1+ =

pbp
[7bfkL ZTT,]
l+e e

[2]

Where LNayg (number plant™) is the average number of leaves per branch; b. and k. (unites) represent
empirical coefficients modulating the steepness of LN accumulation and related to the site and to the
rate of maturity/precociousness of the cultivar, respectively.

All the functions specific for giant reed and sugar cane of Arungro were removed from SunnGro (i.e.
lodging effect on light interception, stress days affecting green leaves, anaerobic stress on root
development). The algorithms accounting for the impact of water stress on root and branch
development and on plant assimilation and growth were switched off until experimental datasets

collected under contrasting pluviometric and irrigation regimes will be available.



1.2.4 Model calibration and evaluation

All the simulations performed in model calibration and evaluation were carried out under non-limiting
conditions for water, nutrients, pests and weeds, thus considering only temperature and radiation as
limiting factors (i.e., potential level, van Ittersum and Rabbinge, 1997).

SunnGro was calibrated using the data collected at Cadriano in 2016-2018 experiments (IDs 1-4 and
9-13 in Table 1.1). The phenological development was set by manually tuning the thermal time
needed to reach flowering according to field observations. Then, the parameters connected to BN,
LN, leaf expansion and photosynthesis were varied within the biophysical ranges reported in literature
and available from experimental data to increase model accuracy (Appendix C, Tables C1 of the
supplementary materials). The multi-start downhill simplex (Acutis and Confalonieri, 2006; Nelder
and Mead, 1965) was used as optimization algorithm, which generates a simplex, a geometrical figure
with N+1 vertexes, with N as the parameter number under calibration. The average root mean square
error (RMSE, minimum and optimum=0; maximum=-+oo, it quantifies the average difference between
simulated and measured data in the unit of the analysed variable; values lower than half of the
standard deviation of the measurements reveal good results, Moriasi et al., 2007) was chosen as
objective function and evaluated after each simulation run. The automatic optimization ended when
the difference of RMSE between consecutive simulations felt below a tolerance range; 20 simplexes,
100 iterations and a tolerance of 0.01% were set as operational settings.

A multi-site evaluation was carried out to test the accuracy of SunnGro across experimental sites. The
parameter set derived from model calibration was used and SunnGro performances were tested using
the AGB measurements from field trials carried out in Cadriano (IDs 5-8), Guadajira (IDs 14-15) and
Aliartos (IDs 16-20) in the period 2017-2018 as reference variables.

The model performances in calibration and validation were quantified with standard metrics in crop
modelling studies, i.e., RMSE, relative root mean square error (RRMSE, minimum and
optimum=0%; maximum=+oo, Jorgensen et al., 1986; performances can be rated as very accurate
when lower than 10% of the mean, good when between 10 and 20%, acceptable if between 20 and
35 % and poor if higher than 35%, Jamieson et al., 1991; Domeneghetti et al., 2018), coefficient of
residual mass (CRM, minimum=-co, maximum=+ oo, optimum=0, unitless, Loague and Green 1991,
if positive indicates model underestimation and vice versa), the modelling efficiency (EF, minimum=-
oo, optimum and maximum=1, unitless, Nash and Sutcliffe, 1970; if positive, the model is a better
predictor than the mean of measured values and results can be considered acceptable, Moriasi et al.,
2007), the coefficient of determination (R?, minimum=0, optimum and maximum=1), and Pearson’s
correlation coefficient (r, minimum=-1, maximum=+1; extremes reveal a perfect negative or positive

linear relationship; if r is equal to O, no linear relationship occurs, unitless; in absolute value,



correlations can be considered weak when lower than 0.35, moderate when between 0.36 and 0.67,

strong if greater than 0.68 and very strong when higher than 0.9, Taylor, 1990).

1.3 Results

The simulated dynamics of BN (branches plant™) vs LN (leaves plant™) and AGB (Mg ha?) vs LAI
(m? m) in the field trials carried out in 2016-2018 are presented in Figure 1.4 and 1.5 respectively,
along with measured field data and evaluation metrics. SunnGro correctly reproduced the measured
dynamics of the plant variables considered in calibration under alternative combinations of sowing
density (SD) and harvest time (HT), with a RMSE on flowering date equal to 3.6 days (number of
trials, n=5). The model accurately simulated the evolution of biometric traits (i.e. BN and LN) along
the vegetative season (Figure 1.4) in all experiments, with slight errors for the LN (RMSE=2.09
branches plant™ for BN and 35.83 leaves plant™ for LN; RRMSE=37.04% for BN and 27.24% for
LN). Indeed, SunnGro explained the 80% and 92% of the year-to-year variability of BN and LN
(EF=0.80 for BN and 0.92 for LN; r=0.90 for BN and 0.96 for LN). Larger errors corresponded to
the early harvested experiment in 2016, where SunnGro underestimated LN (i.e. -95 leaves plant™),
despite BN was correctly simulated (i.e. -3 branches plant™®). CRM values indicated no systematic
bias for BN and LN (CRM=0.067 for BN and 0.021 for LN). Nevertheless, simulation results denoted
a frequent underestimation of BN at early vegetative stages (around 750 GDD from emergence),
which resulted in an underestimation of LN at the same phenological stage.

The proper simulation of BN and LN led to good results for LAI and AGB dynamics during the
growing season (Figure 1.5; RMSE=1.35 m? m for LAl and 1.8 Mg ha™* for AGB; RRMSE=33.10%
for LAl and 21.36% for AGB). SunnGro was capable to describe the trends of observed AGB data in
six out of nine experiments (EF=0.78; r=0.91), i.e. with the exception of ID 2, 4 (medium harvest)
and 10 (late harvest), where it overestimated reference data. The LAI simulation was slightly less
accurate than AGB, with EF=0.62 and r=0.84. Compared to LN, the model explanatory power was
lower and decreased to 82% for AGB and 71% for LAI. The underestimation of LN in the early
vegetative phase delayed the LAI increase (e.g. ID 9 and 13 in Figure 1.5) before the maximum

number of branches was reached.



ID 1: DS=52 HT=Early = ID 2: DS=104 HT=Medium ID 3: DS=52 HT=Medium

501 BN LN -500
RRMSE 37.04% 27.42%
40- CRM 0.07 0.02 400
EF 0.80 0.92

301 r 0.90 0.96 © 300

20- . / h -200

10- ) ; P -100

I / e 0

ey ID 4: DS=33 HT=Medium  ID 9: DS=52 HT=Late ID 10: DS=52 HT=Late -
£ 50- | i 1500 3
e I ' o
.y - E Q
g 40 ¢ 400 o
@ ' - 2
£ 30 o : -300 8
- H D
8 20- J 200 &
0 ,l Q
S 101 — 100 2
F- 2 R i =1
E 0 0 4
z ID 11: DS=52 HT=Late ID 12: DS=52 HT=Late ID 13: DS=52 HT=Late -

50+ -500

40- | 400

| -300

-200

-100

0

0 1000 2000 0 1000 2000 0 1000 2000
Growing degree days (°Cd)

Figure 1.4 Model performances in reproducing the dynamics of the number of branches (BN, continuous line, main axis)
and of leaves (LN, dashed line, secondary axis) per plant during the vegetative season of sunn hemp (May-October).
Measured BN (black dots) and LN (empty dots) were collected in the period 2016-2018 at Cadriano (northern Italy) from
plots with different combinations of sowing densities (SD, plants m2) and harvest times (HT). Vertical bars correspond
to the standard deviation of sampled mean (n=4). The evaluation metrics reported in the top left corner are: the relative
root mean square error (RRMSE, %), the modelling efficiency (EF, unitless), coefficient of residual mass (CRM, unitless)
and Pearson’s correlation coefficient (r, unitless). IDs are listed in Table 1.1.
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Figure 1.5 Model performances in reproducing the dynamics of the leaf area index (LAI, continuous line, main axis) and
of aboveground biomass (AGB, dashed line, secondary axis) during the vegetative season of sunn hemp (May-October).
Measured LAI (black dots) and AGB (empty dots) were collected in the period 2016-2018 at Cadriano (northern Italy)
from plots with different combinations of sowing densities (SD, plants m) and harvest times (HT). Vertical bars
correspond to the standard deviation of sampled mean (n=4). The evaluation metrics reported in the top left corner are:
the relative root mean square error (RRMSE, %), the modelling efficiency (EF, unitless), coefficient of residual mass
(CRM, unitless) and Pearson’s correlation coefficient (r, unitless). IDs are listed in Table 1.1.

SunnGro accurately reproduced the decrease in LAl and AGB according to lower SD, from high (i.e.
104 plants m) to medium and low (i.e. 52 and 33 plants m2) SD (e.g. ID 2, 3 and 4 in Figure 1.5),
as well as the higher AGB in late harvesting at medium SD (e.g. ID 1, 9 and 13 in Figure 1.5).



In summary, Step A activities (Figure 1.1) led to a detailed and accurate representation of the plant
development and growth while markedly reducing the number of parameters from 84 (Arungro) to
38 (SunnGro).

1.3.1 Multi-site model evaluation

The comparison of measured and simulated AGB (Mg ha™?) in the Aliartos, Guadajira and Cadriano
experiments in the period 2016-2018 is shown as scatterplot in Figure 1.6. The model evaluation

was carried out applying the model parameter set calibrated in Step B of this study (Figure 1.1).
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Figure 1.6 1:1 plot between measured and simulated values of aboveground biomass (AGB) of sunn hemp in Aliartos
(black circles), Cadriano (empty circles) and Guadajira (grey circles) in the period 2016-2018. Samples are labelled with
trial 1D. Circle size is proportional to sowing density (plant m). Horizontal bars correspond to the standard deviation of
sampled mean (n=4). The evaluation metrics reported in the bottom right corner are: relative root mean square error
(RRMSE, %), coefficient of residual mass (CRM, unitless) and Pearson’s correlation coefficient (r, unitless). The dotted
line is the 1:1 line (perfect fit).

SunnGro performances in simulating AGB were positive (r=0.82; R2=0.67), confirming its capability
of reproducing the large inter-annual variability of the field experimental data in the explored
conditions (RMSE=3.0 Mg ha, RRMSE=20.39%, EF=0.6, CRM=0.08). The model correctly
simulated higher AGB in the Aliartos experiments (14.0 Mg ha! < AGB < 21.7 Mg ha?), with an



increasing trend from low (31.5 plant m) to medium (46.3 plant m?2) and high (89 plant m?2) SD,
and the lowest AGB in the late sowing experiment (ID 20, Figure 1.6). In Guadajira, SunnGro
simulated lower AGB (7.0 Mg ha't <AGB <9.6 Mg ha!), despite a systematic overestimation of the
experimental data (about 3.4 Mg ha). The model also succeeded in simulating Cadriano experiments
(8.9 Mg ha! < AGB <18.8 Mg hal), except in late sowing and late harvest time trial in 2016 (ID 8
Figure 1.6, underestimation of 5.2 Mg hal) and in the early sown, medium harvested trial in 2018
(ID 7; Figure 1.6, overestimation of 3.3 Mg ha™). The average differences between simulated and
reference data fluctuated around -2.4 Mg ha* for Cadriano (-5.2 Mg ha< AGB < 3.3 Mg hal), 3.4
for Guadajira (2.8 Mg ha'< AGB < 4.1 Mg ha!) and -1.9 for Aliartos (-2.2 Mg ha''< AGB < -1.7 Mg

ha') and were always smaller than standard deviation of sampled mean (Figure 1.6).

1.4 Discussion
1.4.1 Rationale for model development and parameterization

SunnGro parameters related to phenology and growth were adjusted in model calibration within their
biophysical ranges of variation, using literature and the experimental data collected in Cadriano.
When no data for sunn hemp were available, the parameter ranges were taken from other legume
crops, i.e., cowpea, pea and soybean. The base temperature for emergence (9.5 °C) was consistent
with Qi et al. (1999), whereas the optimum temperature was set to 30 °C according to available data
on cowpea (Craufurd et al., 1996). The thermal sum from sowing to emergence was set to 59 GDD
and the range of variation of this parameter (47-64 GDD) was set according to field measurements
(ID 9). A dedicated function was introduced in SunnGro to simulate the flowering date considering
the photoperiod sensitivity of the short-day sunn hemp crop (Stockle et al., 2003). The base and cutoff
temperature for flowering were set at 9.4 and 28 °C according to Craufurd et al. (1997), whereas
minimum and maximum day length were set at 14 and 6 hours, respectively (Stéckle et al., 2003).
The dynamic of branches was reproduced via a three-parameter logistic function (Bem et al., 2017a)
based on thermal time accumulation from emergence to the peak of branch population, with base
(6.72 °C) and optimum temperature (38.35 °C) in line with Boons-Prins et al. (1993) and VVan Heemst
(1988) for soybean. The average number of leaves per plant was set at 26, varying base and optimum
temperature coherently with Qi et al. (1999) on sunn hemp and Boons-Prins at al. (1993) on soybean.
Average leaf length (11.7 cm) and width (3 cm) were set according to field measurements (ID 9). The
maximum conversion coefficient of intercepted PAR into dry matter was calibrated to 6.55 g MJ d-
! (Lecoeur and Ney, 2003; Van Oijen et al., 2010), reflecting the higher productive attitude of sunn



hemp compared to other legume crops. The base temperature for photosynthesis (5.9 °C), the fraction
of gross photosynthesis lost for growth respiration (23.8%), the maintenance respiration at 10 °C
(0.011 Mg Mg* d?) and the base temperature for root extension (6.22 °C) were consistent with
measurements of Van Heemst (1988) on cowpea and soybean. The optimum temperature for root
extension (30.45°C), the increase in root length per unit of root biomass (9014 cm g1), the root depth
increase per growing degree day (0.57 cm °Cd™) and the maximum (1.858 cm cm-3) and minimum
(0.724 cm cm™) root length density were consistent with data reported by Dart and Mercer (1965),
Stockle et al. (2003), Boons-Prins et al. (1993) and Moroke et al. (2005), respectively. The maximum
(0.987 Mg Mg™) and minimum (0.0483 Mg Mg™) partitioning coefficients of aerial dry mass were
set according to reference experimental data and studies from Bem at al. (2017a,b) and Abdul-baki
etal. (2001). The PAR extinction coefficient was derived applying the Lambert-Beer equation to LAI
measurements and light intercepted data from the ID 9 experiment and were in line with the reference
value for cowpea (Littleton et al., 1979). Fractional increase in respiration rate per 10°C rise in
temperature (Q10) was left to default value according to Boons-Prins et al. (1993) for Pisum sativum
L. The only range taken from the Arungro model was related to the coefficient of the exponential

function for aerial dry mass partitioning (between 0.51 and 0.69).

1.4.2 Model performance

The accuracy of SunnGro in simulating biometric and growth variables was higher than in most
modelling studies available in literature. Best results were achieved by Bem et al. (2017a,b) who
estimated leaf number per plant and total dry matter (TDM) content in the Brazilian Rio Grande do
Sul State with R? ranging from 0.71 to 0.85 for LN and 0.53 to 0.69 for TDM. The lower accuracy of
these models was probably due to the use of empirical relationships based on the number of days
from sowing, without explicitly considering i) the variability of pedo-climatic conditions, ii) the
processes connected to growth and development, and iii) the interactions between environment and
management practices. Furthermore, the empiricism characterizing available models reduces their
range of applicability, which is limited to the conditions in which they were developed (Donatelli and
Confalonieri, 2011). This is an essential prerequisite for model reuse on other species/varieties,
regions/locations, spatial scales (smaller/larger than in calibration) (Adams et al., 2013) as well as for
climate change impact assessment studies (Cappelli et al., 2018).

A low accuracy (R?=0.37) was obtained by Le et al. (2018), who used the EPIC model to simulate
the rainfed yield of sunn hemp grown as single cover crop or intercropped with millet, in diversified

crop rotations in Cambodia. These results were affected by the high complexity of the conservation



system simulated, by the oversimplified approach used to represent canopy structure/development
and by the lack of extensive datasets for model calibration (ten experiments). Indeed, EPIC is a
generic simulator which does not consider neither the simulation of leaf size heterogeneity nor the
representation of the dynamic daily evolution of branch/leaf population depending on weather and
management conditions, in turns affecting light interception, photosynthesis rate and biomass
accumulation. Furthermore, the calibration dataset did not include multiple in-season measurements
of phenology and growth variables, as well as detailed information to define crop management and
model parameterization.

All these considerations supported the development of a specific process-based model accounting for
the heterogeneity of sunn hemp canopy architecture and its evolution over time. Our methodology
implied the formalization of new algorithms targeting crop-specific traits and a novel
parameterization supported by an extensive literature search and field data collection. This is a
standard procedure in crop modelling studies, already applied for oilseed crops (Cappelli et al., 2019;
Gilardelli et al., 2016; Zeleke et al., 2014) and legume species (Falconnier et al., 2019; Robertson et
al., 2002). Our study allowed achieving very accurate results in simulating sunn hemp productivity
across environments, while decreasing the complexity of the original model by halving the number
of parameters. At field scale, the generic legume models explained about 60-81% of inter-annual
AGB and yield variability, with increasing uncertainty from potential to water- and nitrogen-limited
conditions. Compared to generic simulators, specific legume models (Sinclair et al., 1987; Soltani et
al., 1999) performed even better, although tested with calibration datasets including a limited number

of varieties and in a few sites and years.

1.4.3 Limitations and areas of improvement

In our study, the multiple-site collection of detailed input data and growth variables along crop season,
allowed for an accurate and robust model development, calibration and validation under potential
conditions, but does not allow extrapolating results to areas with different constraints to productivity.
Although sunn hemp is a low-input crop well-adapted to different agro-environmental conditions
(Lepcha et al., 2018), it shows appreciable yield decreases when exposed to severe water/nitrogen
shortage and pest attacks (da Silva et al., 2016). In this context, the simulation of the impact of soil
N on sunn hemp is actually constrained by the availability of i) a dedicated module for the simulation
of N in soil-plant system and interactions with farming practices and ii) calibration datasets in which
contrasting management and/or environmental conditions occur. Despite some approaches are

available for the simulation of soil N (Benbi and Richter, 2002), crop N uptake and



partitioning/remobilization to plant organs (Ma et al., 2008), their use is partly limited by a general
level of empiricism (i.e. most of them do not explicitly consider the dynamics of the soil microbes
and fungi involved in the N soil cycle; Donatelli and Confalonieri, 2011) and requires the collection
of ad hoc field data to support the nitrogen-limited model implementation and evaluation.

The availability of growth data collected under different pluviometric regimes, together with i)
information on soil physical (e.g. soil texture) and hydrological properties (e.g. volumetric water
content at wilting point and field capacity) along the soil profile and ii) in-season multiple
measurements of volumetric soil water content in the rooted zone would allow to activate and
calibrate the water-limited simulation mode. This would further extend the model capability to
capture the detrimental effects of low water availability in drought periods or drought-sensitive areas,
which is topical under a climate change perspective. Nevertheless, the use of the hydrological model
was not necessary here, since soil water retention capacity, mean seasonal cumulative precipitation
(average = 224.5 mm £ 110.17 mm) and rescue irrigation, all contributed to prevent any substantial
water limitation to sunn hemp production at all the experimental sites.

Significant biases in model accuracy derived instead from the lack of consideration of plant-pest
interactions at the Spanish sites, where Agriotes spp. and Spodoptera spp. insects caused 10-20%
yield losses due to early-season infestations (Sastre et al., 2018). Despite specific and generic insect
models have been developed (Donatelli et al., 2017), the use of integrated plant-insect approaches is
still limited by two main bottlenecks: i) the population dynamics are often not explicitly simulated
and ii) the simulation of the impact on plants (e.g. on leaf area or assimilation reduction) is mostly
simplistic and need observations on insect damages as input to the model (Donatelli and Confalonieri,
2011).

Another limitation of the study relies on the application of the model to a single variety. In this
context, our future perspective is to extend the application of SunnGro to ‘Tropic Sunn’, a highly
productive, long season variety, widely used in the subtropical climates of America (Schomberg et
al., 2007). Despite SunnGro can be adapted via parameterization to other cultivars, the achievement
of this target is currently hampered by the lack of detailed reference datasets including all the
information needed to evaluate model accuracy at field level (i.e. dynamic measurements of crop
phenology, LAI, BN, LN, AGB). In this perspective, the ideal dataset would include a multi-year

experiment consisting of the same varieties grown in contrasting agro-environmental conditions.



1.5 Conclusions

SunnGro model proved to be capable to reproduce sunn hemp morphological traits related to canopy
architecture and aboveground biomass under different combinations of management practices and
pedo-climatic conditions. The main innovation in our rationale is represented by the implementation
of specific algorithms to simulate crop development and the evolution of leaf size/number and branch
population along the growing season, getting an excellent balance between goodness of fit, model
complexity and system representation. Compared to available sunn hemp models our approach
provided more accurate predictions for all simulated variables and especially for aboveground
biomass, which represents the most attractive crop trait for green energy sector and related activities
- i.e. bioethanol production. Furthermore, the developed modelling solution can be used to test the
sunn hemp suitability to southern Europe environment, in order to assess the effect of different
agronomic managements to the final yield potential into the existing site-specific cropping schemes.
In this regard, the modular approach at the core of BioMA allows for an easy model application to
other varieties, and fosters new model implementation, model reuse and cross-domain model
integration, as well as the link with georeferenced database at an optimal spatial resolution with
information on weather (current and future scenarios), soil and management practices in the area of
interest. The model is fully documented and released with a sample application showing how to use
it (http://www.biomamodelling.org/Components/Components.aspx?node=30057).

This study set the stage for a deeper assessment of sunn hemp productivity across other European
sites during a long-time window, in order to evaluate the crop potential productivity as advanced

biofuel feedstock.



CHAPTER 2
European multi-site -year sunn hemp productivity simulation under
alternative management practices

2.1 Introduction

Non-biophysical sunn hemp modelling tools had been built to reproduce sunn hemp development,
through generic simulator (Le et al., 2018) or empirical relationship between productive/biometric
traits and time after sowing (Bem et al., 2017a,b). The limitations of the mentioned modelling
approach rely in the low level of extensibility outside the specific site/year in which the model is
calibrated as far as there are no specific functions relating the empirical functions to the crop
biological processes. Conversely, the SunnGro process-based model (Chapter 1) was deliberately
developed with tailored algorithm implementing a gross photosynthesis approach to estimate net
carbon fixation, depending on PAR interception, gross CO2 assimilation, transpiration, growth and
maintenance respiration. SunnGro demonstrated his ability in reproducing the crop response to
variable pedo-climatic and management conditions. Nevertheless, the sunn hemp biomass potential
awareness is still weak. The importance of investigating sunn hemp suitability to European
environments relies in the raising interest out of the legume native areas for its multiple uses such as
cover crop (Balkom and Reeves, 2005), nematicide (Wang et al., 2002), biofumigant, weed
suppressor (Cho et al., 2015; Mosjidis and Wehtje, 2011), source of nitrogen (Schomberg et al., 2007)
and, above all, advanced biofuel (Cantrell et al., 2010; Paul and Chakraborty, 2018). Sunn hemp
grows fast in warm summer and can reach high biomass yields in a short time (Mansoer et al., 1997;
Rotar and Joy, 1983). The quick sunn hemp growth together with the urgent European demand for
advanced biofuels (ICCT, 2018; Phillips et al., 2018) may set the stage for its introduction into
existing cropping systems (increasing the Land Equivalent Ratio) as dedicated lignocellulosic crop
to maximize the availability of local advanced biofuel feedstocks (BECOOL project, 2017).
Becoming a valuable bioenergy crop is binded to yield at least as much as the food crop residues to
bioenergy, which for a maize on fertile lands in Europe can reach up to 10 Mg ha! (Scarlat et al.,
2010). Hence, this threshold can be adopted as a rationale reference to legitimate a food/bioenergy-
based cropping system. However, there are few available studies dealing with sunn hemp cultivation
in warm summer climate of Europe, among which a northern Italy one-year experiment (Parenti et
al., 2019) reporting yields around 14 Mg ha™. Besides, various experiments have been carried out in
three locations of southern Europe along three years (Chapter 1) under different management,
outcoming aboveground dry yields ranging from 6 to 20 Mg ha*. However, the real crop potential

coming from the multi-year cultivation assessment, and the impact of varying the agronomical



management is not clear. The understanding of the crop response to varying agro-management
practices requires time and found consuming studies that can be pre-screened by the developed
sample application (Chapter 1). Moreover, the mentioned trials in two out of three sites, required high
watering amount realistically unsustainable for an advanced biofuel dedicated crop. Hence, a further
crop productivity assessment across other European environments performed with the mentioned
modelling tools aid and aimed at testing the yield response in potential rainfed, low input sustainable
cultivations under varying management will present a deeper insight for the crop potential to
European temperate environments.

The objective of this study is to forecast sunn hemp potential suitability in a multi-site and -year
simulation experiment as a function of the daily average temperature at variables sowing dates and
densities, to pave the way for identifying the best site-specific agronomic management to maximize

the biomass production, for tackling the advanced biofuel EU-28 target.

2.2  Materials and methods

The SunnGro model component as described in Chapter 1 was used to assess the uncertainty in the
model’s response varying the three driving factors that utmost influence the final aboveground
biomass (AGB): i) the mean seasonal air temperatures ii) the sowing density and iii) the sowing date,
focusing on the new developed functions for branch emission and leaf appearance as well as on AGB
accumulation, in five locations of southern Europe, particularly suited for sunn hemp cultivation. The
simulation was run along the last 20 years in order to capture the variability of the outputs. The
Italian, Spanish and Greek sites were chosen due to their tested suitability for the crop as demonstrated
by the previous Chapter, whereas a French and a Romanian sites were added to the simulation in
order to assess the crop suitability in the far East and West of Europe encompassing different climates.
To identify the additional sites of interest we crossed information related to the i) European climate
classification according to the Koppen-Geiger taxonomy (Peel et al., 2007), ii) the presence of
reliable, consistent and accessible data sources for weather and crop management and iii) the potential
crop suitability to agro-climatic conditions. Although no studies are available in literature on the
cultivation of sunn hemp in southern and eastern Europe, both locations are actually very suited for
growing soybean crop, which shares the botanical family, similar physiologic and agronomic
requirements (cultivation period, plant density, fertilization) with sunn hemp (Ciampitti et al., 2016;
Rotar and Joy, 1983).



2.2.1 Simulation sites

The climatic data series 1999-2018 were all retrieved from the Prediction of Worldwide Energy
Resources (POWER) at the NASA Langley Research Centre (Stackhouse, 2006), which provides
global coverage at a spatial resolution of 0.5° latitude by 0.5° longitude (Figure 2.1). These data were
hence pinned within the Képpen-Geiger taxonomy (KGT, Peel et al., 2007). The Guadajira (38° 51'
lat. N, 6°40"W, 222 m a.s.l.) and Aliartos (38° 22’ Iat. N, 23° 10" E, 114 m a.s.1.) sites fall in arid
steppe cold climate (Bsk), characterized by high mean annual temperature and low precipitation with
a marked dry summer season (mean annual temperature = 16.6 and 17.5 °C and mean annual
precipitation = 506 and 492, respectively). Conversely, Cadriano in northern Italy (44°33' lat. N, 11°
21' E, 32 m a.s.l.) and Toulouse in southern France (43°36' lat. N, 1° 26' E, 141 m a.s.l.) are in the
temperate area of Europe, the former in a more continental position with hotter summer (Cfa), and
the latter in a marine west coast climate with higher mean annual precipitation and warm summer
(Cfb). Drajna Noua (44°25' lat. N, 27° 25' E, 37 m a.s.l.) in Romania is marked by summer humid
subtropical climate and cold winter (Dfa).

The five selected environments cover a wide range of different temperatures, global solar radiation
and cumulative precipitation for the southern regions of EU-28 (Figure 2.1). The simulation is
performed going from utmost dry summer where a constant supplemental irrigation between 300 and
400 mm for the vegetative season was required in order to obtain an even crop establishment and
development and to avoid water limiting conditions not simulated by the SunnGro model (Chapter 1)
to more temperate areas, in which that amount of water is usually coming from the summertime

precipitations (average of 312 mm in Drajna Noua and 341 mm in Toulouse).
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2.2.2 Analysis of model uncertainty

To explore model response to changes in main agro-climatic input variables determining potential
BN, LN and AGB under current climate conditions, simulated outputs were visually inspected via
boxplot and contour plot analyses. Uncertainty analysis was repeated for every validation site, i.e. in
Italy, Spain, Greece, France and Romania.



Boxplots were drawn with ggplot2 R package, version 0.9.3 (Wickham, 2009). Boxes expand from
25" to 75™ percentiles (interquartile distance, 1QD), centerline is fixed at 50" percentile, whiskers
expand up to the most extreme data point which is 1.5 times lower/higher than the length of the box
away from the box; outliers are represented as points.

The boxplots and contour plots of i) AGB, ii) the time to reach the peak of BN and iii) the total
number of days in which new leaves are emitted are presented in the results section. A contour plot
IS a graphic representation of the relationship among three numeric variables in two dimensions. For
each experimental site, simulated outputs from Chapter 1 were used, one at a time, as target variable
whereas average air temperature and sowing time were selected as explanatory weather and
management input variables. For temperature, the range of variation was defined using the mean
values during sunn hemp growing season in the period 1999-2018, setting 1 °C between 19 and 27
°C as class interval. As a matter of fact, a series of 20 years is usually considered enough to capture
daily, seasonal and inter-annual weather fluctuations, as well as most part of the less frequent climate
events that may occur in a given agro-ecosystem (Semenov and Barrow, 2002; Stockle et al., 1999).
Nine planting strategies were tested, by anticipating/delaying the standard sowing time (15 June,
DOY 166) of 1-4 weeks (i.e. from 18 May - DOY 138 - to 13 July - DOY 194).

2.3 Results

The AGB values obtained from the long-term simulation experiment carried out in Spain, Greece,
Italy, Hungary and France in the period 1999-2018 are presented in Figure 2.2. The AGB values were
very heterogeneous and showed a large variability depending on the site, sowing date and sowing
density considered. The results revealed two distinct groups of productivity, with a first group
including Aliartos and Guadajira showing high average AGB values (12.1<AGB<14.0 Mg ha*;
mean=13.3 Mg ha) and reduced variability (0.44<average interquartile distance, IQD< 0.8 Mg ha’
:mean=0.6 Mg ha) and a second group including the remaining sites with low (8.4<AGB<11.9 Mg
ha’; mean=10.4 Mg ha) and more uncertain (0.7<IQD<1.4 Mg ha; mean=1.0 Mg ha!) AGB data.
While Guadajira reported both the highest and the less variable AGB data, the most uncertain and the
lowest ones were achieved at Cadriano (average 1QD of 1.2 Mg ha, 67 % higher than the mean of
the other sites) and Toulouse respectively (average AGB of 9.9 Mg ha!, 17 % lower than the mean
of the other locations).

In general, AGB values increase from low (mean AGB=10.3 Mg ha), to medium (mean AGB=11.6
Mg ha!) and high (12.7 Mg ha) sowing density, whereas 1QD decrease from 1.0 to 0.8 and 0.7 Mg
ha! following the same order. The only exception is represented by Toulouse site, in which AGB



variability remained practically constant at different sowing densities, with 1QD ranging from 0.8 to
0.8 Mg ha™. Regardless the sowing density, average AGB values decrease linearly with delayed
sowing date from 14.1 Mg ha at DOY 138 to 9.2 Mg ha! at DOY 194, while average IQD increased
from 0.8 to 1.0 Mg ha’. In this context, the most marked 1QD linear increases were achieved in
Guadjira, Aliartos and Cadriano (0.57<R?<0.67) and, to a lesser extent, in Drajna Noui (R?=0.27)
whereas in Toulouse it remained practically unchanged (R? very close to 0).
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Figure 2.2 Boxplots of aboveground biomass (AGB, Mg ha') values simulated in Guadajira (Spain - violet box), Aliartos (Greece - light blue box), Cadriano (Italy - emerald green
box), Drajna Noua (Hungary, green box) and Toulouse (France - coral box) in the period 1999-2018, by adopting different sowing times (nine dates between DOY 138 and 194)
and densities (low=33 plants m-2, medium=52 plants m?and high=104 plants m-2). Each box is derived from the values simulated at harvest for each of the 20 years.



To investigate the combined effect of temperature and sowing date on the variability of sunn
hemp productivity at different sites and sowing density simulated AGB data were mapped as

contour plot in Figure 2.3.
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Figure 2.3 Simulated aboveground biomass (AGB, Mg ha™?) as a function of (i) daily mean air temperature during
the crop cycle (y-axis, °C) and ii) sowing time (x-axis; nine dates between DOY 138 and 194) at the Spanish
(Guadajira), Greek (Aliartos), Italian (Cadriano); Hungarian (Drajna Noua) and French (Toulouse) sites in the
period 1999-2018. SD=Sowing density (low=33 plants m-2, medium=52 plants m2and high=104 plants m).

In general, AGB values progressively raised from late to early sowing and from low to high
mean air temperatures, with increases represented by the following order: Toulouse < Drajina
< Cadriano < Aliartos < Guadajira and low < medium < high sowing density.

For Guadajira and Aliartos the reduced range of colors explored along the y-axis revealed the
predominance of the sowing on temperature effect and a general lower uncertainty of AGB
values compared to Cadriano, Drajina and Toulouse locations.

At Spanish and Greek locations, early sowings (before DOY 160 at high SD, 150 at medium
SD and 140 at low SD) led to achieve the highest AGB values regardless of temperature
conditions experienced by the crop during the growing season, while reducing average
uncertainty from 8.3 to 2.5 Mg ha* at Guadajira and from 7.6 to 2.5 Mg ha at Aliartos. At
both sites, late sowings (i.e. after DOY 180) allowed to obtain similar values of those achieved
at Italian, Hungarian and French locations using reference planting dates (DOY 166) and
medium/high sowing densities. The sites of Cadriano, Drajna and Toulouse presented very
similar patterns in terms of AGB variability, characterized by higher uncertainty compared to



Spanish and Greek sites, because of a more pronounced temperature effect on productivity. In
this context the uncertainty due to temperature effect on AGB variability increases by delaying
sowing from 2.3 Mg ha (DOY 138) to 4.4 Mg ha (DOY 194) at Cadriano, from 2.5 Mg ha”
1 (DOY 138) to 3.1 Mg ha (DOY 194) at Drajna and from 2.4 Mg ha™* (DOY 138) to 2.7 Mg
hal (DOY 194) at Toulouse, with very slight differences among sowing densities. For each
degree increase in temperature, the variability of AGB values simulated at medium SD
increased in a range between 0.7 (Toulouse) and 0.8 Mg ha* (Drajna) at DOY 138, and between
0.9 (Toulouse) and 1.4 Mg ha* (Cadriano) at DOY 194.

The simulation of days required to reach the peak of the branches number is presented in Figure
2.4. The Toulouse site requires an average of 11, 16, 19 and 22 more days in comparison to
Drajna Noua, Cadriano, Guadajira and Aliartos, respectively. The values decrease from the
early sowings to a minimum corresponding to about mid-June, then from the end of June to
mid-July the days required increase again to the original values. This trend is also displayed in
the contour plot, where the effect of the average daily temperatures reduces the number of days
around mid-June sowing dates. The IQD from early sowings to the late ones increases from a
minimum of 0.3 to 11.5 days for Toulouse to Drajna Noua, respectively, except for Guadajira
in which the IQD decreases by 0.8 days.
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Figure 2.4 Boxplots of the time to reach the peak of branches number (above) simulated in Aliartos (Greece —
coral box), Guadajira (Spain - green box), Cadriano (Italy - emerald green box), Drajna Noua (Hungary, light blue
box) and Toulouse (France - violet box) in the period 1999-2018, by adopting different sowing times (nine dates
between DOY 138 and 194). Below, the corresponding contour plot as a function of (i) daily mean air temperature
during the crop cycle (y-axis, °C) and ii) sowing time (x-axis; nine dates between DOY 138 and 194) at the
Spanish (Guadajira), Greek (Aliartos), Italian (Cadriano); Romanian (Drajna Noud) and French (Toulouse) sites
in the period 1999-2018. Sowing density has no effect on the time to the peak of branches number per plant.

The 1QD of the days to peak leaves number from early sowings to the late ones increases from
a minimum of 1.75 to 9 days from Aliartos to Toulouse (Figure 2.5). The mean number of days
required to reach the full leaves population has similar values in early and late sowing, whereas
in the mid-June ones the number decreases to 62, 64, 68, 71 and 83 for Aliartos, Guadajira,

Cadriano, Drajna Noua and Toulouse, respectively. It is remarkable to notice how in Toulouse



contour plot the effect of daily low temperatures at the late sowing dates (194 DOY) foresee a

sharp reduction in the required days from about 60 to 32.
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Figure 2.5 Boxplots of the time to reach the peak of leaves number (above) simulated in Aliartos (Greece — coral
box), Guadajira (Spain - green box), Cadriano (Italy - emerald green box), Drajna Noua (Hungary, light blue box)
and Toulouse (France - violet box) in the period 1999-2018, by adopting different sowing times (nine dates
between DOY 138 and 194). Below, the corresponding contour plot as a function of (i) daily mean air temperature
during the crop cycle (y-axis, °C) and ii) sowing time (x-axis; nine dates between DOY 138 and 194) at the
Spanish (Guadajira), Greek (Aliartos), Italian (Cadriano); Romanian (Drajna Noud) and French (Toulouse) sites
in the period 1999-2018. Sowing density has no effect on the time to the peak of leaves number per plant.

In Figure 2.6 the reduction of the crown size as a function of the sowing date displays how the
delay of the sowing affects the final canopy of the plants. From DOY 173 the thermal time
accumulation does not allow to reach the attainable final crown size with different degrees of
severity following the order Toulouse > Drajna Noua > Cadriano by a 48, 36 and 16 %,



respectively. The Greek and Spanish sites are only marginally affected by the sowing delay

with a reduction of about 3 %.
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Figure 2.6 Actual crown size at harvest, expressed as percentage of the size attainable by completing thermal
time accumulation, simulated in Aliartos (Greece — coral line), Guadajira (Spain - green line), Cadriano (ltaly -
emerald green line), Drajna Noua (Hungary, light blue line) and Toulouse (France - violet line) in the period 1999-
2018, by adopting different sowing times (nine dates between DOY 138 and 194). Each point is the mean over 20
years.

2.4 Discussion

The simulation of sunn hemp as a single crop is the starting point for the evaluation of the
performances of the species in conventional and/or unconventional crop rotations, in terms of
biomass production, amount of inputs required (water, nitrogen) and agronomic operations. In
the framework of the BECOOL project (BECOOL project, 2017), the University of Bologna
is collecting data to evaluate all these aspects, with the aim of providing input data for in-silico
simulation experiments for the design of new food/energy cropping systems. In this context,
the modular structure of the BioMA framework is aimed at fostering the extension of simulated
i) processes, ii) production levels and iii) interactions between components of the systems,
allowing for an easy realization of customized modelling solutions at an optimal spatial
resolution, with the latter being dependent on the study purposes and available input layers.
Moreover, it should be mentioned that BioMA provides to the user advanced tools for
sensitivity analyses and multi-site automatic calibrations, which both can greatly facilitate



model adaptation to other varieties and its application outside the conditions for which they are
calibrated.

In this perspective, the results from the simulations and the analysis of uncertainty provide
some general indications, which can be explained by considering the high thermal needs of
sunn hemp, a species that is well-adapted to tropical, subtropical and warm temperate
environments (Lepcha et al., 2018). The results point out the following sunn hemp productivity
gradient Guadajira > Aliartos > Cadriano > Drajna Noua > Toulouse. Indeed, while in hot-
summer Mediterranean Spanish and Greek environments the crop is already well-suited
reaching yield peaks close to the potential for the species, in marine west coast (i.e. Toulouse)
and humid subtropical climates (Cadriano and Drajna Noua) productions are quite penalized
under current climate by constraints to photosynthesis due to sub-optimal temperatures. In the
latter countries, projected temperature raises are expected to establish more favorable
conditions for the crop by reducing the thermal limitation to solar radiation conversion and
fastening leaf area expansion in the early season and, in turns, enhancing light interception.
Conversely, in Aliartos and Guadajira a warmer scenario would presumably exacerbate the
increase in irrigation water consumption, given that, 300-400 mm of irrigation water are
already needed to reach yield potential under current scenario. The combination of sowing
density and sowing time influence on the final AGB is utmost relevant. According to the initial
assumption of setting AGB to 10 Mg ha* as threshold for a rationale bioenergy system, Figure
2.2 shows how the pre-condition to sunn hemp cultivation is satisfied at each site at 145, 159
and 180 DOY sowing date for the low, medium and high sowing density, respectively. Hence,
considering the opportunity to double crop sunn hemp after a cash crop, the model showed that
sunn hemp sowing at its highest rate can be delayed to the end of June at the latest for Cadriano,
Drajna Noui and Toulouse. Otherwise, at Aliartos and Guadajira the 10 Mg ha* are reached
up to the mid-July (194 DOY) sowing date. Indeed, the AGB decreases, grouping in two: i)
Cadriano, Toulouse and Drajna Noua; ii) Aliartos and Guadajira. The Spanish and Greek
locations are the most suited for sunn hemp cultivation due to the fast thermal time
accumulation that even in late sowing forecasts AGB around the convenience threshold. The
issue with the latter sites is related to the high water required as supplemental irrigation that
challenges the cultivation sustainability in these two dry environments (see Table 1.1, Chapter
1). On the other hand, the Italian, Romanian and French environment results suitable for sunn
hemp early season sowing, providing a lower AGB compared to the Spanish and Greek,
although realistically in rainfed condition (Figure 2.1). Furthermore, the late sowings,

simulated to test a subsequent wheat-sunn hemp scheme, results in a general increased



uncertainty in final AGB due to a higher sensitivity to the year-to-year climatic variability. The
simulation of the number of days to the peak of branch and leaf numbers (Figures 2.4 and 2.5)
produced an alike increased uncertainty trend going from the early to the late sowings.
Similarly, the reduction of the crown size (Figure 2.6) highlights that from 180 DOY sunn
hemp starts to suffer the low thermal time accumulation from sowing to harvesting in
comparison to the optimal thermal time accumulation required for flowering (around 1300
GDD) with different severity degrees for the different environments. It is worth to remark how
the days to maximum branches number (Figure 2.4) trend decrease in every location around
the end of May to mid-June, possibly due to the occurrence of the optimal temperatures for
sunn hemp emergence. Indeed, a successful and quick emergence may influence the plant
standing and boost the apical dominance, forcing the plants to an utmost stem elongation and

consequently an overall lower number of branches that is reached in less time.

2.5 Conclusion

The results provide exhaustive examples of how SunnGro could support farmers in finding the
best trade-off between crop management and productivity under current climate, as well as in
anticipating crop responses to temperature variability depending on sowing date and density in
different European environments. The performed simulations together with the uncertainty
analysis shows that moving northern the sunn hemp aboveground biomass in optimal
conditions decreases rapidly. According to the existing climatic and agronomical framework
Cadriano, Drajna Noua and Toulouse areas represent a rational choice for sunn hemp
cultivation even as double crop. The balance between the warm summer paired with the
adequate precipitations allow the crop to outperform the AGB reference threshold of 10 Mg
ha! up to 14 Mg ha?, realistically in rainfed conditions and delayed sowings. On the other
hand, Aliartos and Guadajira showed the best average temperatures for the crop growth, even
though the amount of required water to balance the crop evapotranspiration is not sustainable
at a field scale.

This study may therefore represent the basis to support both private and public stakeholders of
agricultural sector in shifting from conventional to integrated sunn hemp-based cropping
systems, while evaluating both related feasibility and sustainability in light of global warming.
In this context, the consideration of key processes involved with nitrogen and water balance in

the plant-soil system, pest-plant interaction and management operations (i.e. crop rotations)



would allow quantifying both positive (e.g. nitrogen biological fixation) and negative (e.g.
GHG emission) externalities associated with the agricultural system as a whole, and thus

maximizing production via a responsible use of agricultural inputs.



CHAPTER 3

Modelling dedicated lignocellulosic annual crops integrated in a
food/energy rotation in northern Italy: biomass yields and preliminary
overall system performances

3.1 Introduction

At least two thirds of the 100 Mha arable land in EU-28 is dominated by conventional crops
rotations, with a share of 60% of cereals (Barel et al., 2017; Eurostat, 2018). In 2011, in the
Ebro valley in Spain and in the Po valley in central Italy the maize-fallow-winter wheat rotation
acreage was 100,000 and 700,000 ha, respectively (Vasileiadis et al., 2011) with the soil left
uncovered for many months. The chance of filling the gaps between the food crops through the
cultivation of lignocellulosic crops on the same land (Land Equivalent Ratio intensification)
would increase the crop diversification, the local biomass availability and contribute to the EU-
28 biofuels target fulfilment (ICCT, 2018) without restricting food land. Moreover, the crop
rotation diversification can contribute to the control of pests and disease, amelioration of soil
structure and increase crop yield (Li et al., 2019; Liebman and Dyck, 1993). According to
Gorchs et al. (2017) an industrial hemp effect on a subsequent wheat is beneficial in terms of
grain yield in the first two years. Kenaf (Robinson and Cook, 2001; Russo et al., 1997; Zhang
and Noe, 1996), industrial hemp (Struik et al., 2000; Zatta et al., 2012) and sunn hemp
(Mosjidis and Whetje, 2011; Wang et al., 2002) have the potential to reduce weed and
nematode population for the subsequent crop. For these reasons, the best-known energy crop
fitting such food/energy rotations investigated in various European experiments and projects
carried out in the last years in temperate environments (CROPGEN project, 2004; BIOKENAF
project, Alexopoulou et al., 2004; SWEETFUEL project, Zegada and Monti 2012; FUTUROL
project, Dureuil, 2008; 4FCROPS project, Alexopoulou et al., 2010; BECOOL project,
Christou et al., 2018) are biomass sorghum (Sorghum bicolor x Sorghum sudangrass), kenaf
(Hibiscus cannabinus L.), industrial hemp (Cannabis sativa L.) (Zegada-Lizarazu and Monti,
2011) and sunn hemp (Crotalaria juncea L.) (Parenti et al., 2018; see Chapter 2). Under
optimal pedo-climatic conditions biomass sorghum, kenaf and industrial hemp were able to
reach up to 30, 20 and 23 Mg ha?, respectively (Alexopoulou et al., 2000; Amaducci et al.,
2000; Danalatos et al., 2010; Struik et al., 2000; Zegada-Lizarazu and Monti, 2012). Besides,
sunn hemp was also able to yield around 14 Mg ha in a single experiment in norther Italy

(Parenti et al., 2019), although showing a wider adaptability to European climate in multi-year,



multi-sites simulation experiment (Chapter 2). Each of the mentioned crops have the potential
to produce up to double or triple the lignocellulosic feedstock on an annual basis compared to
the potential peak of 10 Mg ha of a maize residue to bioenergy (Scarlat et al., 2010). This
threshold could be adopted as a breakeven point, in order to assess the effective biomass surplus
production of the new cropping system. However, little is known on the effect of the
lignocellulosic crops on a subsequent cereal grain and biomass production (Gorchs et al., 2017,
Robson et al., 2002; Roth et al., 2000; Schlegel et al., 2002; Unger, 1984). Tracking down the
biomass accumulation of the lignocellulosic crops is feasible through agricultural system
models that, besides can help farmers identify the best management options as harvest time or
reducing agronomic input improving the overall system performance. At a higher level, models
can support policymakers and entrepreneurs in gathering important information across space
and time to plan the evolution of the multifunctionality of agriculture (Jones et al., 2017). A
three-parameters Logistic model using empirical relationships between productive/biometric
traits and thermal time sum or time after sowing was successfully used to describe the sunn
hemp productive traits such as number of leaves and branches (Chapter 1), aboveground
biomass, plants height, stem diameter and root biomass (Bem et al., 2017a,b) demonstrating
good performances in reproducing the biomass accumulation. The Logistic model limitation is
due to the lack of any relation with the underlying process that strongly reduce the applicability
of existing models outside the conditions for which they are calibrated. They can, otherwise,
be implemented in more complex, biophysical simulation models as shown in Chapter 1. This
biophysical crop simulation models can then be used as supporting tools for in—season
agricultural management, as well as to forecast crop yield at regional to global level (Donatelli
et al, 2002; Sinclair and Seligman, 2000). Moreover, they are used to predict the future
evolution of agricultural systems in the medium-long term, being capable to forecast crop yield
across different environments.

In this study an empirical Logistic model (Bem et al., 2017a,b) was used to describe the
aboveground biomass and plant height dynamics of sunn hemp, biomass sorghum, kenaf and
industrial hemp grown within a maize-lignocellulosic crop-wheat cropping system in a
temperate European environment. The SunnGro model was set aside to compare the four
lignocellulosic crops with the same tool. Moreover, SunnGro was developed to potentially
estimate the suitability of unknown European environments to sunn hemp cultivation and in
this context to test the different management and climatic variability effect on the final yield.
Conversely, in this Chapter the interest relied in comparing sunn hemp to other lignocellulosic

crops grown in a well-known environment on a single-year with the already investigated best



agro-management for the northern Italy area. Furthermore, the Logistic functions might be used
as a starting point to integrate biophysical model component for biomass sorghum, kenaf and
industrial hemp simulation in rotation with food crops.

The aim of the present study is to i) evaluate the goodness of a Logistic model in describing
sunn hemp, biomass sorghum, kenaf and industrial hemp height and aboveground biomass
dynamics during one growing season in an integrated food/energy cropping scheme in northern
Italy; ii) use the developed functions for practically help decision-making at farm-scale; iii)
pave the way for the integration of such developed Logistic functions within a new biophysical
model for the whole cropping systems productivity simulation and iv) give a preliminary

evaluation of the cropping system food/biomass potential.

3.2  Materials and methods

The Logistic model was chosen to reproduce the aboveground biomass (AGB) and plant height
(PH) of the four dedicated lignocellulosic crops within the ongoing rotation framework. The
simulation of the crop dynamics in a simple three-parameters Logistic function is the first step
for the integration of the whole cropping schemes in a composition of coupled biophysical
models tailored for the entire rotation. In Chapter 1 (see 1.2.2 section) likewise the Logistic
model was fitted to describe the branches and leaves appearance along the growing season.
Then, the two Logistic non-linear functions were implemented as a component of a more
complex, biophysical process-based SunnGro model able to extend the simulation to variable
sites and years. The present study deals with the development of non-linear functions that will
be part of the modification to the rotation model simulator.

3.2.1 Logistic model and competition metrics

The Mischan and Pifio (2014) Logistic model was fitted to simulate the AGB and the PH of
the four dedicated lignocellulosic crops as a function of the days after sowing (DAS). The DAS
were then represented as days of the year (DOY) for an easier graphical display, with the aim
of comparing the crops behavior to the same reference time frame. The Logistic model was

given by the following equation:

yi=ax* e(_e(b_c*xo)



Were, yiis the ith observation of the dependent variable, with 1 =1, 2, ..., n and n is the number
of the observation; x; is the ith observation of the independent variable; a is the asymptotic
value; b is a location parameter without direct practical interpretation but with the aim of
maintaining the sigmoidal shape of the model; c is a parameter associated with growth and the
asymptotic plateau and e is the base of the neperiano logarithm. The Logistic model fitting was
carried out through the Solver Microsoft Excel® component, setting as objective cell to
minimum the sum of the square of the errors between observed and simulated data. The variable
cells were set to the three model parameters (a, b, and c).

The Logistic model inflection point (IP) was calculated by:

. —b
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Maximum acceleration point (MAP):
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The MAP indicates the moment at which the increase (acceleration) in the growth rate
(velocity) is maximum. Then the IP (i.e the point at which the curve changes from being convex

to concave to convex), when the production rate (velocity) tends to decay (decelerate). The



MDP indicates the moments at which the decrease (deceleration) in the growth rate (velocity)
is maximum. Whereas, the ADP indicates the moment of harvest at which increases in
production become insignificant (Giacomini Sari et al., 2019). Finally, the breakeven point
(BEP) was fixed at 10 Mg ha AGB assuming a conservative literature value as assessed by
Scarlat (2010).

The model performances in calibration and validation were quantified with standard metrics in
crop modelling studies (as Chapter 1), i.e., RMSE, relative root mean square error (RRMSE,
minimum and optimum=0%; maximum=+oo, Jargensen et al., 1986; performances can be rated
as very accurate when lower than 10% of the mean, good when between 10 and 20%,
acceptable if between 20 and 35 % and poor if higher than 35%, Jamieson et al., 1991;
Domeneghetti et al., 2018), coefficient of residual mass (CRM, minimum=-co, maximum=+ oo,
optimum=0, unitless, Loague and Green 1991, if positive indicates model underestimation and
vice versa), the modelling efficiency (EF, minimum=-o0, optimum and maximum=1, unitless,
Nash and Sutcliffe, 1970; if positive, the model is a better predictor than the mean of measured
values and results can be considered acceptable, Moriasi et al., 2007), the coefficient of
determination (R2, minimum=0, optimum and maximum=1), and Pearson’s correlation
coefficient (r, minimum=-1, maximum=+1; extremes reveal a perfect negative or positive
linear relationship; if r is equal to 0, no linear relationship occurs, unitless; in absolute value,
correlations can be considered weak when lower than 0.35, moderate when between 0.36 and
0.67, strong if greater than 0.68 and very strong when higher than 0.9, Taylor, 1990). The
model was fitted using the Solver function of Microsoft Excel, setting to minimum the sum of
the square of the errors as objective cell and the three equation parameters as variable cells.
The absolute growth rate (AGR) is the growth of a crop in a given time period and it was
calculated from the fitted model on a daily basis with the following formula:

M, — My

thp—t

AGR =

where M2 and M are the mass of the plant at time t> and t1, respectively.

3.2.2 Agronomic practices

The cropping schemes were established in 2017 at the experimental farm of the University of
Bologna in Cadriano (32 a.s.l., 44° 33’ N, 11° 21” E) in a loam silty soil, neutral (pH 6.6-7.3),
rich in K20 (~159 mg kg™), with average N, P.Os and organic matter contents of about 1.1 g



kg™, 69 mg kg and 1.3%, respectively. The annual average temperature and precipitation
during the rotational experiment resulted 0.5 °C higher and 58 mm lower than the 20 years data
series (1999-2018). Four innovative rotations were established and compared to a control
rotation in a randomized block design with four replications. Each plot was settled in order to
allow a complete mechanical management for the simulation of near-to-practice solutions at a
field scale. The plots were 231 m? each, with an overall area per treatment of 924 m?. The five
systems during the three years rotation (2017-2019) were designed as follow: i) maize-fallow-
wheat (C, control), i) maize-sunn hemp-wheat (R1, rotation one), iii) maize-biomass sorghum-
wheat (R2, rotation two), iv) maize-kenaf-wheat (R3, rotation three), v) maize-industrial hemp-

wheat (R4, rotation four).

First year rotation (maize)
A winter ploughing, a spring disc harrowing paired with a basal fertilization with 115 kg of N

as urea and a rotary harrowing were performed in order to get a firm seedbed preparation before
the rotation’s settlement. One chemical weed control was carried out at the end of the winter
by spraying 4 kg ha of glyphosate and a second one was required straight after maize sowing
on the 22" of March 2017 (DOY 81) by spraying a S-Metolachlor, Atrazine, Mesotrione based
pre-emergence herbicide at 4 kg ha™® dose. A FAO class 500 maize (Pioneer 1028) (Zea mais)
was sown (9 seeds m2) with a pneumatic planter alongside a granular soil sterilant application
lambda-cyhalothrin based 10 kg ha* and a mineral P,Os fertilizers 16 kg ha™* (with additional
8, 2 and 22 kg ha! of CaO, MgO and SO, respectively). A mechanical weed control was
performed about 8 weeks after sowing together with an additional 140 kg ha? of N
broadcasting. An insecticide treatment was required in the first week of July and 55 mm were
sprinkled split in three different moments due to an abnormal drought occurred in June and
July (+1.9 °C of air temperature and -45.7 mm of precipitation compared to the mean values
of the period 1999-2018). Finally, the maize was harvested on the 24" of August 2017. The
soil was hence tilled before wintertime, to follow the conventional agronomical practices of

the area (one ploughing and two harrowing).

Second year rotation (dedicated lignocellulosic crops)
In 2018 the five cropping schemes started to differentiate each other, due to the sowing of the

four dedicated lignocellulosic crops. Each dedicated lignocellulosic crop was sown with a
pneumatic planter (varying the settings in order to obtain different sowing densities and depth

according to the crop-specific characteristics). Excluding industrial hemp in R4, the other crops



received a granular soil sterilant application lambda-cyhalothrin based 10 kg ha* at sowing. A
preliminary glyphosate application was carried out at 4 kg ha* to the whole experimental area,
then the ‘Futura 75’ variety of industrial hemp (Cannabis sativa L.) (R4) plots were fertilized
with about 60 kg ha* of N and 92 kg ha™ of P.Os, harrowed and sown at 157 seeds m? on the
24" of April 2018 (DOY 114). Four days later, the ‘Bulldozer’ (by KWS) biomass sorghum
hybrid (Sorghum bicolor x Sorghum sudangrass) (R2) was sown at 19 seeds m? on the 27" of
April 2018 (DOY 117). About one month later the R2 plots were mechanically weeded and
fertilized incorporating 120 kg ha® of N. In R3 plots the Indian ‘H328” kenaf (Hibiscus
cannabinus) variety was coated with an iprodione based fungicide and sown (25 seeds m?) on
the 8" of May 2018 (DOY 128). About one month later kenaf was mechanically weeded and
fertilized adding 37 kg ha® of N. Finally, on R1 plots an additional 4 kg ha? glyphosate
spraying on the 25" of May 2018 (DOY 145) occurred, and the same day the ‘Ecofix’ variety
of sunn hemp (Crotalaria juncea) was sown at 52 seeds m?. Likewise, sunn hemp was
mechanically weeded between the rows about one month after sowing, even though it didn’t
receive any further nitrogen input. The late sunn hemp sowing occurred due to wild rabbit that
destroyed the first crop establishment at the beginning of May, hence a metallic fence was
placed around R1 plots for the first month after emergence. The late R1 sowing, required a
supplemental 15 mm of sprinkler irrigation on the 30" of May. On the 6" of July a violent
storm caused a severe lodging to the biomass sorghum, whereas the other crops did not report
any damage. On the 20" of August 2018 (DOY 232) industrial hemp was manually and
mechanically harvested, whereas for hemp and sunn hemp, biomass sorghum and kenaf the
harvest occurred on the 25" of September 2018 (DOY 268).

Third year rotation (wheat)
Straight after harvesting, the plots were all tilled with a spading machine and each of them was

immediately sown on the 19" November 2018 (DOY 323) with a medium-early winter wheat
(Triticum aestivum) ‘Starpan’ variety (marketed by RAGT) at 200 kg seeds ha? with a
mechanical seeder. Along the vegetative wheat growing season three nitrogen fertilization were
applied in i) mid-January (69 kg ha* of N), ii) during the elongation in mid-March (100 kg ha"
1'N) and iii) at the inflorescence emergence (40 kg ha N). One herbicide treatment was
performed in mid-March encompassing both broad and narrow leaf weed control. Two
insecticide and two fungicide treatments were applied in mid- and the end of May, following
the agronomical practices of the neighbor farmers. The harvest was carried out on the 2" of
July 2019.



3.2.3 Field measurements

Plant density (PD, plants m) and dry AGB (Mg ha) were measured post-emergence and at
harvest, respectively on a representative randomly selected area per reps of 8 m? for maize (on
the 24" of August 2017), sunn hemp, biomass sorghum, kenaf (25" September 2018) and
industrial hemp (20" August 2018), conversely on 1 m? on wheat (02 July 2019). The harvest
was carried out by manually cut and weight the plants in the sample area at about 3 cm from
the soil surface. Then, the dry biomass was determined by oven-drying the fresh mass at 105°C
until constant weight. Ten plants per rep were then selected and weighted for the leaves, stems
and grain components partitioning. Additional biometric parameters were periodically
monitored in 2018 on the dedicated lignocellulosic crops in order to calibrate the Logistic
model. The height (PH) was monitored measuring ten randomly selected plants five times
during the vegetative season. The AGB, plant components and Leaf Area Index (LAI) were
recorded four times about once per month sampling an area of 0.3 m? per plot, at each sampling
date. The LAI was determined by destructive method using a LI-COR LI 3100C area meter.

3.3  Result

Logistic model evaluation
The Logistic model correctly reproduced the measured dynamics of the plant variables

considered (Figure 3.1). The model performances in simulating the evolution of PH and AGB
along the vegetative season proved to be accurate for all the four dedicated lignocellulosic
crops, with slight deviations from the measured data, especially for PH (RMSE=23.08 cm for
PH and 0.4 Mg ha! for AGB; RRMSE=16.23% for PH and 4.28% for AGB). Indeed, the
Logistic model that will be implemented in composition of biophysical model for the whole
rotation, succeeded in reproducing the variability of the different crops (EF=0.998 for AGB
and 0.959 for PH; r=0.9994 for AGB and 0.982 for PH) with an exploratory power of about 99

and 98%, respectively.
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Figure 3.1 Reproduction of the dynamics of the aboveground biomass (AGB, continuous line, main axis) and of
plants height (dashed line, secondary axis) during the vegetative season (May-October) of sunn hemp (R1),
biomass sorghum (R2), kenaf (R3) and industrial hemp (R4). Measured AGB (black dots) and plants height
(empty dots) were collected in 2018 at Cadriano. The lignocellulosic crops were sown at different days of the year
(DOY, horizontal axis). Horizontal line represents the breakeven point, assumed as reference for a satisfactory
biomass production. Vertical bars correspond to the standard deviation of sampled mean (n=4).

Major differences between simulated and observed values emerged at the first sampling dates,
which showed a slight overestimation for AGB (CRM=-0.01) and underestimation for PH
(CRM=0.03). However, CRM values were very close to 0 revealing no systematic bias in the
simulation of the two variables. In general, the differences between simulated and reference
AGB data (Figure 3.2) fluctuated around 0.5 Mg ha for sunn hemp (0.2 Mg ha’l< AGB <
0.8 Mg ha?), 0.06 for biomass sorghum (-0.02 Mg ha'< AGB < 0.09 Mg ha?), 0.02 for kenaf
(-0.003 Mg ha'< AGB < 0.026 Mg ha) and 0.7 for industrial hemp (-0.7 Mg hal< AGB <
0.7 Mg ha) and were always smaller than standard deviation of sampled mean. Likewise, the
PH simulated against observed data ranged around 41 cm for sunn hemp (=70 cm< PH < 12
cm), 32 for biomass sorghum (-30 cm< PH < 34 cm), 18 for kenaf (-20 cm< PH < 15 c¢m) and
16 for hemp (-16 cm< PH < 16 cm).
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Figure 3.2 1:1 plot between measured and simulated values of aboveground biomass (AGB, left-side) and plants
height (PH, right-side) of sunn hemp (dots), biomass sorghum (rhombus), kenaf (triangle) and hemp (square). The
evaluation metrics reported in the bottom right corner are: relative root mean square error (RRMSE, %), modelling
efficiency (EF, unitless), coefficient of residual mass (CRM, unitless) and Pearson’s correlation coefficient (r,

unitless). The dotted line represents the 1:1 line (perfect fit). Horizontal bars correspond to the standard deviation
of the observed sampled mean (n=4)

Lignocellulosic crops growth dynamics and model critical points
The Logistic model insight on AGB accumulation of the simulated crops (Figure 3.2), allows

to inference the time required to the breakeven point (BEP) to the adequate AGB yields for
each simulated crop (Table 3.1).



Table 3.1 Model parameters (a, b, c), Inflection point (IP), Maximum acceleration point (MAP), Maximum
deceleration point (MDP), Asymptotic deceleration point (ADP), Breakeven point (BEP) and the criteria for the
evaluation of the fitting quality: relative root mean square error (RRMSE, %), root mean square error (RMSE,
Mg ha), modelling efficiency (EF, unitless) and coefficient of determination (R?, unitless).

Unit Sunn hemp Biomass sorghum Kenaf Hemp
a unitless 16.5 313 10.1 19.8
b unitless -35 -5.8 -6.0 -8.1
c unitless 0.05 0.09 0.09 0.14
IP Xi DAS 73 74 64 59
yi Mg ha'! 8.3 15.6 5.1 9.9
MAP Xi DAS 45 57 50 50
Vi Mg ha't 3 7 2 4
MDP Xi DAS 100 91 78 69
yi Mg ha? 13 25 8 16
ADP Xi DAS 120 103 88 76
yi Mg ha'! 15 28 9 18
BEP Xi DAS 82 65 114 60
i Mg ha' 10 10 10 10
RRMSE % 111 0.3 0.4 4.2
RMSE unitless 0.534 0.043 0.013 0.446
EF unitless 0.992 0.99999 0.99999 0.997
R? unitless 0.999 0.99999 0.99999 0.997

Industrial hemp turned out to be the quickest in reaching the BEP, requiring only 60 DAS (174
DOY) to be able to provide 10 Mg ha* of dry mass, whereas biomass sorghum, sunn hemp and
kenaf 65, 82 and 114 DAS (182, 227 and 242 DQOY), respectively. The PH in relation to the
BEP varied widely between the four dedicated crops, indeed it was met at 161 cm for biomass
sorghum, 174 cm for sunn hemp, 205 cm for kenaf and 213 cm for industrial hemp. However,
the difference in the absolute time from the maximum acceleration point (MAP) to the
maximum deceleration point (MDP) and from MAP to the asymptotic deceleration point
(ADP) highlighted a different speed chart in the AGB accumulation. Industrial hemp was
capable of an utmost rough acceleration in the MAP-MDP and MAP-ADP interval
accumulating 12 and 14 Mg ha® of AGB in 19 and 26 days, respectively (Table 3.1) with a
peak absolute growth rate (AGR) of 0.7 Mg ha* d* at 173 DOY (Figure 3.3). Biomass sorghum
had a MAP-MDP and MAP-ADP interval in which it grew 18 and 21 Mg ha* AGB in 34 and



46 days, with a peak AGR of 0.6 Mg ha™ d* at 191 DOY. Sunn hemp registered the widest
growth MAP-MDP and MAP-ADP interval (55 and 75 days, in which it accumulated 10 and
12 Mg ha* of AGB) reaching an AGR of 0.2 Mg ha™ d! at 218 DOY. Conversely, kenaf in the
MAP-MDP and MAP-ADP interval accumulated the lowest AGB, 6 and 7 Mg ha in 28 and
38 days, respectively, with an AGR of 0.2 Mg ha* d*! at 192 DOY.
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Figure 3.3 Absolute growth rate (AGR, Mg ha* d') of AGB during the second-year rotation (2018) for sunn
hemp (R1, long dash dot dot line), biomass sorghum (R2, dash line), kenaf (R3, continuous line) and hemp (R4,
round dot line), plotted against the day of the year (DOY) during the growing season.

The AGB components (i.e leaf and stems) and LAI (Figure 3.4) at the final harvest for sunn
hemp outcame with 12.4, 2.8 Mg ha! of stems and leaves dry biomass, respectively (stems
representing the 82% of the AGB). Biomass sorghum produced 25.8 Mg ha* of stems, 3.7 of
leaves and 1.7 of grain dry biomass (stems about 83% of AGB). Kenaf averaged 8.6, 1.5 Mg
hal of stems and leaves dry biomass, respectively (stems about 85% of AGB). Finally,
industrial hemp yielded 15.2, 3.9 Mg ha! of stems and leaves dry biomass (stems about 80%
of AGB). The final LAI was greatest for industrial hemp that reached 10.7 m? m™, then sunn

hemp, kenaf and biomass sorghum with 7.3, 4.6 and 2.4 m? m™ respectively.
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Figure 3.4 Stems (black dots with continuous trendline), leaves (empty triangles with square dot trendline) dry
biomass and LAI (empty squares with dash dot trendline) at each of the four sampling dates. The data were
collected during the second-year rotation (2018) for sunn hemp (R1), biomass sorghum (R2), kenaf (R3) and
industrial hemp (R4).

The productive traits of the five tested crop rotations are presented in Figure 3.5. The left
column is to indicate the total amount of food produced by each rotation during the whole
cropping system. No statistically significant differences (P <0.05) were found in the grain

production in any of the three year, with each rotation averaging about 16 Mg ha™* of dry grain.

Preliminary rotations results
However, looking at the cumulative biomass mobilization capacity, the R2 was able to reach

44.5 Mg hat dry AGB, (average of about 14.8 Mg ha* per year). R4 and R1 were able to yield
a similar amount of AGB, 33.7 and 30.4 Mg ha!, respectively (11.2 and 10.1 Mg ha* per year).
R3 resulted to have the lowest overall AGB production within the higher LER schemes,
yielding 25.4 Mg ha along the three years and 8.5 Mg ha* average per year. The control
rotation mobilized an overall AGB of 14.9 Mg ha* (5.0 Mg ha* per year).
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Figure 3.5 Cumulated grain yields (left-column) and AGB (right-column) by rotation. The solid-color pattern
stands for the first-year rotation (2017), the dotted pattern for the second-year (2018), the vertical and diagonal
stripes pattern for the third-year (2019). All parameters were subjected to the analysis of variance (P < 0.05) and
the LSD test was used for means comparison separately for grain and AGB production.

The gap between the biomass mobilization of the five systems is chiefly due to the diverse
AGB accumulation of the dedicated bioenergy crop during the growing season (see dots in
Figure 3.1). Biomass sorghum was able to outperform industrial hemp, sunn hemp and kenaf
by yielding 63, 105 and 209% more AGB. Regardless, the effect of the dedicated
lignocellulosic crop on the subsequent wheat produced a significant decrease in the harvested
wheat straw at the end of the rotation for the R3 compared to R4 and R1 by 3.5 and 3.4 Mg ha’
1 respectively; whereas similar to R2 and C. Otherwise, the wheat grain production was

unaffected.

3.4 Discussion

Given the scope of the present study the most effective way to compare the four lignocellulosic
crops was the choice of a common tool. SunnGro was designed to simulate sunn hemp
potentiality in unknown environment under different pedo-climatic and agro-management. The
Cadriano site is well-known and already used in the SunnGro calibration dataset, besides
SunnGro is unable to simulate biomass sorghum, kenaf and industrial hemp. Due to these
reasons the Logistic function (Bem et al., 2017a,b), previously used in Chapter 1 (see section
1.2.2) that proved high performances in simulating leaf and branch population based on the
thermal time daily accumulated from emergence, was chosen. A further step will be to include

SunnGro in a modelling solution able to simulate the whole crop rotation. In this context, the



new modelling solution will contain a suite of crop models each one specifically designed to
reproduce the crop cycle of one or more species along the rotation.

According to Jamieson (1991) and Domeneghetti (2018) the fitted three-parameter Logistic
function was able to simulate AGB and PH of the four dedicated lignocellulosic crops with a
‘very accurate’ and ‘good’ rating, respectively. The other model evaluation parameters support
the goodness of the fitting with low RMSE, high EF, R? and CRM very close to 0. According
to Taylor (1990) the Pearson’s correlation coefficient higher than 0.9 highlighted a ‘very strong
linear’ correlation between measured and observed data both for AGB and PH. The calculation
of the critical curve points MAP, IP, BEP, MDP, ADP allow an in-field ready-to-use tool that
can help increase farmers decision-making efficiency. In particular, the BEP represents the
ideal moment in which the AGB of the lignocellulosic crop exceed the biomass yield to
bioenergy of a grain/silage maize. Likewise, the ADP is of utmost importance as far as it
indicates the moment at which the harvesting should be carried out since increases in
production become insignificant. The fitted AGB curves display marked differences in biomass
accumulation between the four crops. Industrial hemp was the quickest in reaching the BEP
fixed to 10 Mg ha* not only because it was the first crop to be sown, but rather due to the
highest AGR. The mid-late April sown for industrial hemp is a feasible practice in northern
Italy, due to its lower germination temperature requirement compared to the others. The early
sowing allows industrial hemp to benefit from the higher soil water content, precipitations and
lower weed competition. Hence, industrial hemp was able to meet the BEP the 24" of June and
on the 10" of July reached the ADP with 18 Mg ha™. The importance of an early harvest is the
key to an optimal and fast field drying window, providing to farmers longer time-frame for the
following crop soil preparation. Biomass sorghum is slightly slower in the AGR than industrial
hemp, although it is the absolute highest biomass yielding crop of the experiment. The ADP
was reached on the 8" of August at 28 Mg ha™* AGB, suggesting that the optimal harvesting
for biomass maximization was met early in the season, allowing a longer field drying phase.
Nevertheless, the entire plots were completely lodged hampering the manual harvest and most
likely, slowing down the mechanical one, demonstrating a higher biomass sorghum
susceptibility to lodging compared to the other crops. Sunn hemp and kenaf flatter growth
curve suggest that their temperature requirements are not fully accomplished during the
growing season. However, sunn hemp reached high AGB, overtaking the BEP much earlier
than kenaf on the 15" of August versus the 30" of August, even though it was sown 17 days
later. The AGB components reveals the fibrous nature of the dedicated lignocellulosic crops

with a high (about 4:1) stems to leaves ratio, which means that the feedstock for advanced



biofuel is to a higher extent made of stems. The stems tissues mineral composition has a higher
advanced biofuel conversion suitability with regard to leaf tissues (Angelini et al., 2014;
Cantrell et al., 2010; Fernando et al., 2007; Monti et al., 2008; Singh et al., 2012). The PH
simulation represents an easy and quick estimation of the overall production at a field-scale,
allowing prompt action in order to plan the best harvest time during the season without delaying
the subsequent crops. It was, indeed, very practical to know with an utmost accuracy that when
sunn hemp, biomass sorghum, kenaf and industrial hemp reached about 256, 354, 141 and 260
cm height they were approaching the AGB accumulation plateau in a growing season with +0.7
°C and -19 mm of precipitations compared to the average 20 years data series of the Cadriano’s
site. The model usefulness is stressed from the perspective of the crop sequencing time which
in a crop intensification scenario is of utmost importance. In this light, the Logistic model and
its calculated critical points gives practical information on the lignocellulosic crops, allowing
to save time for a better soil bed preparation of the succeeding crop. Indeed, the whole cropping
system will benefit from more efficient and conscious management.

Even though the mentioned inference could be considered a good reality approximation, it is
worldwide known that many biological, environmental and agronomic drivers interacts in the
year-to-year crop production variability. For this reason, the future simulation of the whole
integrated rotation will take into account some of the biophysical factors improving the
extensibility of the prediction capacity through time and space. The flaws of the empirical
Logistic function are related to the lack of any relation between the parameters with the
underlying process, that strongly reduce the applicability of the models outside the conditions
for which they are calibrated. In this light, the agronomic data presented in this research were
collected to supplement the modelling output, allowing a deeper insight in the lignocellulosic
biomass components (highly valuable for advanced biofuel purpose) and to preliminary
evaluate the rotation production potential. These additional agronomic data were presented as
far as they will be the benchmark of the calibration/validation of the further modelling activity.
The lignocellulosic crops AGB and PH simulation for streamlining the harvest time is
important in a crop rotation framework where the management of the preceding crop is
reflected on the yield of the subsequent one. Indeed, wheat was sown quite late (19" of
November) compared to the usual timing for the area (mid-October) to allow the precedent
lignocellulosic crops to grow longer and fit the Logistic model. The performed simulation
demonstrates that at least industrial hemp, biomass sorghum and kenaf could have been
harvested much earlier without affecting their AGB production. Sowing wheat in mid-October

seems to be a feasible practice even though it is subsequent to biomass sorghum, kenaf or



industrial hemp. Conversely, sunn hemp seems to require up to mid-September to reach its
ADP. Wheat sown was not differentiated across the five rotations, hence the reduction in the
wheat straw biomass assessed in R3 compare to R1 and R4 is related to the rotational effect of
kenaf on wheat. According to Gorchs et al. (2017) an industrial hemp effect on a subsequent
wheat is beneficial in terms of grain yield in the first two years, whereas no information are
available on the other dedicated lignocellulosic crops preceding wheat (Zegada and Monti,
2011) regardless the effect on the reduction of weed pressure, insects and nematodes (sunn
hemp, kenaf and industrial hemp), increase of crop diversification (sunn hemp, kenaf and
industrial hemp) and soil structure amelioration (industrial hemp). Moreover, sunn hemp,
might have add some biologically fixed nitrogen (Ashworth et al., 2015; Mappaona et al., 1995)
into the soil for the following wheat.

Finally, the AGB and grain three-years overall yields for the four integrated rotations
demonstrated the chance to significantly increase the local biomass availability at the farm-
scale without affecting the subsequent cereal grain yield. Further studies are needed in order to
investigate the long-term effect of such cropping schemes on soil organic matter, nutrient
contents, water flows and AGB.

3.5 Conclusion

The Logistic function provides high performances in the annual simulation of dedicated
lignocellulosic crops aboveground biomass and plants height. The leverage is given by the
easiness of a three-parameter function quickly adaptable through the Solver Excel function
from case to case. By contrast, the main limit of logistic functions are the low level of
extensibility outside the site/year in which the model is generated as far as there are no specific
links relating the empirical model to the crop biological processes. Practically speaking, some
site-specific biometric/productive measured data will always be needed to implement the
Logistic functions. Nevertheless, their extensibility will be given by the implementation within
tailored biophysical model for the cropping schemes simulation. In general, the new crop
rotations resulted in 1.5 to 3 higher biomass productions compared to reference scenario
(maize/wheat), without decreasing food production. The maize-industrial hemp-wheat rotation
provided interesting results; however, industrial hemp harvesting seems a serious technical
constrain for this crop. Although sunn hemp produced half biomass than biomass sorghum, a
number of potential advantages should be taken into account for this species: sunn hemp, being

a legume, does not require N fertilization, it was less prone to lodging than sorghum, and last



but not least it may couple the lignocellulosic production with protein production once the site-
specific variety has been selected. The fitted functions can support farmers decision-making

for setting up the best agricultural practices.



General conclusions and future perspectives

If 1 was to see a rationale behind the study, this would be: “in the future, we cannot imagine
two separate ‘agricultures’ for food and biofuels (or more generally, bioenergy), but smart
agriculture in which conventional (food/feed) and new uses of agricultural products are
integrated and synergic”.

On this basis, the present study aimed at providing innovative cropping schemes for Europe to
increase lignocellulosic feedstocks per unit land without reducing food or feed land use. The
model SunnGro was developed to simulate sunn hemp productivity across Europe, an
interesting legume crop that may be introduced into conventional crop rotations enable to
increase lignocellulosic biomass without reducing land for food/feed crop land. By
implementing SunnGro model, the sunn hemp productivity was estimated in different
European environments for 20 years. The innovation relies in the possibility to test sunn hemp
through a simple, open-source and user-friendly Software Development Kit (SDK) available
on http://www.biomamodelling.org/Components/Components.aspx?node=30057. The SDK
contains a help file with the documentation of algorithms and models, and a sample application
illustrating how to use the component. The model input to provide are a meteo.xIxs and a
soil.xlxs files, then a sowing date, harvest time and sowing density. The findings support the
introduction of sunn hemp in three out of the five tested environments even though its
integration into food/enegy crop rotations requires additional investigations.

In this light a further step was carried out in Chapter 3 in which sunn hemp together with other
3 best-known lignocellulosic crops were simulated within a rotation framework. Sunn hemp,
biomass sorghum, kenaf and industrial hemp comparison as potential feedstocks for advanced
biofuel within a food/energy integrated crop rotation is first-of-a-kind study to the best of our
knowledge. Overall, the rotation with biomass sorghum resulted the highest in biomass yield;
the rotations with industrial hemp and sunn hemp are also very promising in the north Italian
environment.

This study may therefore represent the basis to support both private and public stakeholders of
agricultural sector in shifting from conventional to integrated food/biofuel systems. Significant
environmental benefits associated with such innovative crop rotations should be also
recognized (nitrogen and water balance, pest-plant interaction, biodiversity and crop
diversification, GHG emission, etc.). A further step will be to include all four lignocellulosic
crop simulations in a modelling solution able to simulate the whole crop rotation. In this

context, the new modelling solution will contain a suite of crop models (e.g. SunnGro,



CropSyst v4,..), each one specifically designed to reproduce the crop cycle of one or more
species along the rotation, coupled with the same water balance component dealing with the
simulation of crop water uptake and soil water redistribution in the soil profile. In this regard,
the modular approach at the core of BioMA allows for an easy model application to other
varieties, and fosters new model implementation, model reuse and cross-domain model
integration, as well as the link with georeferenced database at an optimal spatial resolution with
information on weather (current and future scenarios), soil and management practices in the

area of interest.
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Appendices

Appendix A. Pedological conditions of the experimental trials

Table A.1. Main soil physical and chemical properties at Cadriano (Italy) in the period 2016-
2018.

ID Sand Silt Clay pH Total Active  Organic Organic  Total P20st  KOf CIN
CaCOz# CaCOs® carbon®  mattere Nd

% % % % % g kg? % gkg? mgkg mg
1 kg-l
1-8 35 47 18 7.30 1.20 1.20 NA 1.58 1.10 59 144 8.30

9,11 11 56 33 6.57 1.15 1.13 7.09 1.22 1.40 56 176  5.06
10,12,13 31 45 24 6.73 0.62 0.60 7.19 1.24 0.95 100 146 7.59

Determination method: 2Dietrich-Fruehling, *Drouineau, ‘Walkley-Black, “Dumas, *Olsen, 'M.13.5 DM 13-9-
99.

Table A.2. Main soil physical and chemical properties at Guadajira (Spain) in 2018.

ID Sand Silt Clay pH Total Active  Organic  Organic  Total N¢ P20s® K:0f  CIN
CaCOs* CaCOs® carbon®  matterc

% % % % % g kgt % g kgt mg kgt  mgkg?
14 44 35 21 6.85 7.16 NA 5.6 0.76 0.60 15 43 9.33
15 44 35 21 6.90 6.95 NA 5.7 0.78 0.61 14 43 9.34

Table A.3. Main soil physical and chemical properties at Aliartos (Greece) in the period
2017-2018.

ID Sand Silt Clay pH Total Active  Organic  Organic Total P20s¢ K:0f  CIN
CaCO3* CaCOsz® carbon®  matter Nd

% % % % % g kgt % gkg! mgkg mg
1 kg-l
16-20 63 25 12 7.9- NA NA NA 0.5 0.8 NA NA NA

8.4




Appendix B. Climate variability at the Spanish (Guadajira), Italian (Cadriano), and
Greek (Aliartos) experimental sites in the period 2016-2018.

Figure B.1. Maximum air daily temperature (°C) during sunn hemp growing season (May-
October).

Aliartos Cadriano Guadajira

46
44
42
40
38
36

32
30
28
26
24
22

20

18

16
14
12
10

2016 2017 2018 2016 2017 2018 2016 2017 2018

Figure B.2. Minimum air daily temperature (°C) during sunn hemp season (May-October).
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Figure B.3. Daily global radiation (MJ m d™) during sunn hemp growing season (May-
October).
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Appendix C. SunnGro model parameters

Table C.1. Parameter values marked with an asterisk were set to defaults reported in literature
while the remaining ones were calibrated within ranges defined by literature or experimental

results (E).

Parameter name Description Min Max Value Unit Reference
Phenology
TBaseEmergence Base temperature for emergence from planting 8(3) 9.2(16) 9.47 °C a,(b)
TCutOffEmerg Optimum temperature for emergence from 28 43 30 oc b
planting
TTEmergFlower Thermal time from emergence to flowering 47.34 63.94 63 °Cd E316
TBaseFlower Base temperature for flowering 8 11 9.41 °C q
TCutOffFlower Optimum temperature for flowering 27 29 28 °C q
DayLenghtlf Day Iength threshold _abovg Whl_ch no 14* hour c
accumulation of physiological time occurs
DayLenghtins Day _Iength thrgshold below Whlch maximum 6 hour c
physiological time accumulation occurs
TTEmergPlant Thermal time to emergence for a plant crop 47 64.29 59.15 °Cd EL3
Branch emission
TBaseBranchDevelop Base temperature for branch population 595 8.05 6.72 oc @
development
TCutOffBranchDevelop Optimum temperature for branch population 30 45 38.35 oc d
development (even >)
TTEmergPeakBranchpop | nermal time from emergence to peak branch 1057 1500 131848 °cd E?
population
SBNmax IF\)/Ils:tlmum number of secondary branches per 2 36 25.87 unitless E
KSB Empirical para_lmfeter of the Logistic function ) ) 0007683  unitless g
for branch emission
Empirical parameter of the Logistic function ) ) ) . s
bSB for branch emission 9.4960  unitless E
Leaf appearance
TBaseLeafEmission Base temperature for leaf emission 8.9 10.9 9.48 °C a
TCutOffLeafEmission Optimum temperature for leaf emission 30 35 30.45 °C e
LNavg Average number of leaves per branch 2 87.5 25.87 unitless E
Empirical parameter of the Logistic function ) ) . 6
kL for leaf appearance 0.0651 unitless E
bL Empirical parameter of the Logistic function ) ) 76870 unitless 7
for leaf appearance
Leaf area extension
Maximum number of green leaves per branch " .
MaxNumGreenLeavesWWwW under well water conditions 30 unitless f
MeanLeaflength Mean leaf length 3.06 11.9 11.65 cm E8
MeanLeafWidth Mean leaf width 6 324 29.86 mm E®
Photosynthesis
TBasePhotosynthesis Base temperature for photosynthesis 0 10 5.88 °C d
FractGrossPhotoGroResp Fraction of gross photosynthesis lost for 0.19 031 0.238 unitless g
growth respiration
TBaseRootExtension Base temperature for root extension 0 10 6.22 °C d
TCutOffRootExtension Optimum temperature for root extension 24 33 30.45 °C h
RefMaintResp Maintenance respiration at 10°C 0.01 0.03 0.011 Mg Mgtd? g
MaxPartFractAerial DM Maximum partition fraction to aerial dry mass 0.5 1 0.987 Mg Mg* E
MaxRadConvEfficiency Maximum radiation conversion efficiency 0.95 8.68 6.55 gMJtd? i1
PARExtCoeff PAR extinction coefficient 0.826 091 0.83 unitless m
Coefficient of the exponential function for . "
PartCoeff aerial dry mass partitioning 0.51 0.69 0.497 unitless n
MinPartFractAerial DM Minimum partition fraction to aerial dry mass 0 0.19 0.0483 Mg Mg™! E
RootLengthMassRoot Root length per unit root mass 7650 10350 9014 cmg? ct?
MaxRootLengthDensity Maximum root length density 1 2.8 1.858 cmcem® o®
MinRootLengthDensity Minimum root length density 04 0.8 0.724 cmcm’® ot
RootDepthIncreaseGDD Root depth increase per growing degree day 0 1.2 0.57 cm °Cd*? els
CropCoeff Crop water use coefficient 1.05" unitless p



Fractional increase in respiration rate per 10°C

o 2" unitless e
rise in temperature

Q10ForMaintResp

Literature pertaining to Crotalaria juncea L.: a) Qi et al., 1999; Vigna unguiculata (L.) Walp.: b) Craufurd et al.,
1996; g) Van Heemst, 1988; h) Dart and Mercer, 1964; m) Littleton et al., 1979; 0) Moroke et al., 2005; p) Allen
etal., 1998; q) Craufurd et al., 1997; Glycine max (L.) Merrill: d) Van Heemst, 1988; €) Boons-Prins et al., 1993;
Pisum sativum L.: i) Lecoeur and Ney, 2003; generic defaults: c) Stockle et al., 2003; f) custom defined; I) Van
Oijen et al., 2010; n) Stella et al., 2015.

Notes: ‘range: +15% around experimental default (55.9); 2range: +15% around default value (7); *Tbase=10°C,
Tcutoff=25°C; “autotune calibration (AC) performed starting from experimental default (0.0084); SAC performed
starting from experimental default (-7.1463); 8AC performed starting from experimental default (0.0111); AC
performed starting from experimental default (-10.3421); 8boundaries estimated as experimental mean value
(7.48) + 1.5SD; °boundaries estimated as experimental mean value (19.2) = 1.5SD; °oboundaries of gross
photosynthesis (GP) rate were estimated by multiplying net photosynthesis (NP) rate’ boundaries (min:0.57,
max:4.34 as reported in i) by GP/NP ratio (derived from I, min:1.67, max:2) *range: +15% around default value
(0.6); ?range: +15% around default value (9000); *upper layer; “lower layer; Supper limit; *range: +15% around
experimental default (55.69).
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