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A B S T R A C T   

Sunn hemp (Crotalaria juncea L.) is a fast growing, drought tolerant legume crop with potential as a biomass 
feedstock for advanced biofuels in Southern Europe, grown in either a single or double crop system. This study 
presents a new simulation model, SunnGro, which reproduces sunn hemp productivity, while providing a 
detailed description of leaf/branch size heterogeneity and its evolution during the vegetative season. The model 
was calibrated and validated using 20 field datasets collected from 2016 to 2018 in Greece, Spain, and Italy 
under non-limiting soil water conditions. High correlation between the simulated and measured values of branch 
number (R2 = 0.80), leaf number (R2 = 0.92), and biomass accumulation (0.67 < R2 < 0.82) demonstrated good 
model predictivity across sites, seasons, alternative sowing densities, dates, and harvest times. An uncertainty 
analysis was carried out under varying seasonal air temperatures and sowing times in five European locations to 
explore the capability of the model to identify the best agronomic practices for maximizing sunn hemp yield. 
Therefore, the current version of SunnGro is an effective tool for scenario analyses under varying management 
practices and changing climatic conditions.   

1. Introduction 

Fallowing remains a common practice in conventional crop rotation 
in Southern Europe. Crop intensification can prevent soil erosion, reduce 
chemical treatments, and increase the multifunctionality of the agri-
cultural sector [1]. On this basis, the BECOOL project (https://www. 
becoolproject.eu/) was launched to evaluate the biomass production 
potential in rotation systems at the European level, through the intro-
duction of dedicated lignocellulosic crops for advanced biofuels within 
existing food/feed cropping systems. The identification of low input 
annual summer legumes, having the ability to grow as double crops (i.e., 
no competition with food crops), would be beneficial in terms of 
biodiversity, soil fertility, agroecological transition for sustainable 
agriculture [2], and feedstock diversification for the bioenergy sector 
[3]. Among warm-season legumes, sunn hemp (Crotalaria juncea L.) 
stands out in terms of biomass productivity compared to cowpea [4], 
pigeonpea [5], and other tropical legumes [6]. 

Sunn hemp is a fast-growing, C3 drought-tolerant legume crop [7] of 

tropical origin that is suited for growth in a wide range of soils [8,9] and 
is resistant to root-knot and soybean cyst nematodes [10]. It has wide-
spread use in tropical areas as a source of bast fiber and green manure 
[11,12]. Canopy architecture is strongly affected by the emergence rate, 
plant density, and apical dominance, which in turn regulates leaf/-
branch size heterogeneity and number, thus influencing the quantity 
and quality of the biomass at harvest [13,14]. When cultivated as a 
no-tillage double crop, i.e., after wheat, sunn hemp productivity does 
not decrease compared to conventional tillage management (around 7 
Mg ha− 1 in 90 days), with benefits in terms of time- and cost-saving 
management of crop operations [15]. Therefore, sunn hemp can be 
considered a promising summer crop with great potential as feedstock 
for advanced biofuels [16], particularly in multifunctional agricultural 
systems [17]. Cantrell et al. [18] obtained an average yield of 11 Mg 
ha− 1 of dry biomass in a field experiment conducted in Florence (USA), 
which led to an energy yield of approximately 200 GJ ha− 1 by consid-
ering a higher heating value of 19 MJ kg− 1 (dw). 

To date, sunn hemp productivity in humid subtropical environments 
has been poorly investigated [12,19], and information is even scarcer for 
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temperate climates [15,20]. Hence, a comprehensive study on sunn 
hemp productivity under alternative management practices (sowing 
dates and density) in diverse European environments is yet to be 
performed. 

Assessment of case-specific sunn hemp productivity via biophysical 
modeling represents a cost-effective solution to explore the crop po-
tential response across different environments and under alternative 
management practices. Compared to model-based simulation experi-
ments, in vivo multi-year and multi-site open-field trials are more 
expensive and time consuming, being mainly limited to a small number 
of experimental situations [21]. Biophysical models can fulfill these 
goals because of their ability to reproduce non-linear crop responses to 
variable pedo-climatic and management conditions [22]. Before 
local/large-scale models are applied, they are calibrated using reliable 
and representative sets of data for the conditions to be explored, i.e., 
model parameters are adjusted within their biophysical ranges to obtain 
an optimal agreement between the simulated and observed data. Ex-
amples of crop model applications in research studies involve the 
quantification of trade-offs among crop productivity, management, and 
the environment; assessment of climate change impacts on agricultural 
products; support of the implementation of adaptation strategies; impact 
of fungal diseases; and most recently, the evaluation of pre-harvest crop 
quality and design of future crop ideotypes [23]. Although a variety of 
generic (e.g., CROP-GRO [24], APSIM-Legume [25], and STICS [26]) 
and specific models [27–29] have been developed to simulate diverse 
legume species (e.g., common bean, peanut, soybean, cowpea, black 
gram, and chickpea), a process-based model of sunn hemp to investigate 
its biomass productivity potential is still lacking. The few prior modeling 
studies were all performed using a generic simulator, originally devel-
oped for cereals and adapted via parameterization (e.g., EPIC [30]), or 
using empirical relationships between productive/biometric traits (e.g., 
total dry matter, plant height, and stem diameters) and time after 
sowing [31,32]. 

Both generic process-based models and empirical approaches have 
intrinsic limitations. The former are limited because they do not 
explicitly consider the complex canopy architecture and heterogeneity 
typical of sunn hemp (e.g., non-homogeneous vegetation cover, plant 
branching, leaf area emission, and expansion). The latter are limited 
because they do not explain any relationship between agro- 
environmental conditions and crop growth and development. There-
fore, the applicability of the available modeling approaches is limited to 
the conditions in which they were developed or calibrated. The inte-
gration of crop-specific empirical functions reproducing the develop-
ment of sunn hemp canopy architecture into a biophysical process-based 
model for growth and development solves the above-mentioned issues 
and enables the representation of the system as a whole by dynamically 

simulating the interactions among sunn hemp productivity, weather, 
soil, and management practices. 

Therefore, through a new user-friendly model application developed 
on a large dataset available either for public or private stakeholders, the 
assessment of sunn hemp potential would become a cost-effective 
operation for the development of advanced biofuels in Europe. To 
build a complete and reliable database for model calibration and vali-
dation, dedicated experimental field trials were performed under non- 
limiting conditions for water and nutrient availability (University of 
Bologna, UNIBO, for Italy; Research Centre for Energy, Environment and 
Technology, CIEMAT, for Spain; Centre for Renewable Energy Sources 
and Saving, CRES, for Greece), and subsequently, the collated datasets 
were shared with crop modeling partners (Council for Agricultural 
Research and Economics, CREA and UNIBO contribution). 

The aim of the present study was to create a new process-based 
simulation model for sunn hemp, SunnGro, derived from the giant 
reed Arungro model [33], which in turn inherits about 70% of the code 
of the sugarcane DSSAT v4.5 CANEGRO model [34,35]. New algorithms 
reproducing branch and leaf size/number heterogeneity and their evo-
lution over the growing season were developed and coded, and the 
resulting model was then calibrated and validated using field experi-
ments carried out under alternative plant densities and harvesting times 
in Northern Italy, Spain, and Greece. It was then applied in a factorial 
experiment to assess its uncertainty in reproducing biomass accumula-
tion under varying thermal conditions and sowing times/densities in 
five European locations suited for sunn hemp cultivation. 

2. Materials and methods 

A four-step workflow for this study is presented in Fig. 1. 
The Arungro model [33] was used as the basis for the development of 

a new sunn hemp process-based model, SunnGro (Step A, section 2.2). 
Arungro, which provides a simulation of giant reed (Arundo donax L.) 
growth, is an extension of the Canegro model, from which it derives 
most of the algorithms connected to the simulation of phenology, leaf 
expansion, growth, and soil water balance. The main differences be-
tween the two models rely on the following: i) the formalization of tiller 
population dynamics (function of the development stage in Canegro and 
of rhizome biomass in Arungro); ii) the description of total and green 
leaf area index (LAI) dynamics (the maximum number of leaves on a 
tiller is indeterminate in Canegro and determinate in Arungro); iii) PAR 
interception (both models rely on the Lambert–Beer equation; however, 
in Arungro, the extinction coefficient is set at a constant value). We 
chose Arungro as our base because it already provided a detailed rep-
resentation of the canopy structure and its dynamics over vegetative 
growth, compared to mono- and multi-layer crop models. Unlike 
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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 evolu-
tion with species-specific algorithms. The simulation of the photosyn-
thetic 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 subsequently 

carried out using multi-year experimental data collected under different 
sowing times and densities in Northern-Italy (2016–2018), aimed at 
reproducing the dynamics of branch and leaf number, LAI (m2 m− 2), and 
aboveground biomass (AGB, Mg ha− 1) (Step B, section 2.3.1). 

This activity laid the basis for a multi-site model validation (Step C, 
section 2.3.1), in which the calibrated parameter set was applied to 
reproduce AGB measurements from independent field trials carried out 
in three Mediterranean countries (Greece, Italy, and Spain). 

Fig. 1. Activities performed in the present study, with corresponding objectives and methodologies.  

Table 1 
Datasets from Cadriano (Ca, Italy), Guadajira (G, Spain), and Aliartos (A, Greece) used for model calibration (C) and validation (V): phenology (PH), leaf number (LN, 
leaves plant− 1), leaf length (LL, mm), leaf width (LW, mm), branch number (BN, branches plant− 1), plant density (PD, plants m− 2), and aboveground biomass (AGB, 
Mg ha− 1). The overall number of samplings per variable is reported between brackets. Sowing d: sowing density; Tavg: average daily temperature during crop cycle; 
Reps n.: replications number; Rain: cumulative precipitation during crop cycle; Irr.: irrigation water.  

ID Site Year Sowing 
date 

Harvest 
time 

Sowing d 
(seed 
m− 2) 

Reps 
n. 

Plot area 
(m2) 

Measured variables Use Tavg 
(◦C) 

Rain 
(mm) 

Irr. 
(mm)  

1 Ca 2016 18/05 1/08 52 1 64 PH(16), LN (26), BN(26), PD (10), AGB (8) C 23.1 156  
2   23/08 104 1 64 C 23.5 196  
3   52 1 64 C    
4   33 1 70 C    
5   20/09 104 1 64 V 23.7 245  
6   52 1 64 V    
7   33 1 70 V    
8   22/06 25/10 52 1 64 V 22.9 220   

9 Ca 2017 26/06 10/10 52 4 135 PH(4), LN (18), LL (5), LW (5), BN(18), PD 
(7), AGB (5), LAI (6) 

C 24.2 182 174 
10   5/07 26/10 52 4 231 C 24.1 167 201  

11 Ca 2018 8/05 27/09 52 4 41 PH(6), LN (4), BN(4), PD (3), AGB (8), LAI 
(6) 

C 24.0 231  
12   25/05 9/10 52 4 231 C 24.2 221 16 
13   2/07 52 4 231 C 24.5 161   

14 G 2018 1/06 8/10 52 4 120 AGB (2) V 24.2 67 421 
15 G 17/07 11/10 52 4 120 V 26.3 24 347  

16 A 2017 21/05 27/10 13 3 13 PH(8), PD (4), AGB (4) V 24.7 125 415 
17     20 3 13  V    
18     40 3 13  V    
19   20/06  20 4 98  V 25.3 48 344  

20 A 2018 16/06 1/10 20 4 98 PH(2), PD (1), AGB (1) V 25.7 219 209  
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Finally, the model uncertainty to variations in mean seasonal air 
temperatures and sowing date (Step D, section 2.3.2) was assessed in five 
Southern and Eastern European locations suited for sunn hemp culti-
vation, using branch emission, leaf appearance, and AGB accumulation 
as target variables. 

2.1. Field experiments used in model calibration and validation 

2.1.1. Experimental design and agronomic management 
During the 2016–2018 seasons (Appendix B, Fig. B1, B2, B3, and B.4, 

Table 1), the registered sunn hemp variety ‘Ecofix’ was tested in irri-
gated systems across the following three locations (Fig. 2): i) Cadriano, 
Italy (44◦ 33′ N, 32 m a.s.l.); ii) Guadajira, Spain (38◦ 51′ N, 222 m a.s. 
l.); iii) Aliartos, Greece (38◦ 22′ N, 114 m a.s.l.). 

Thirteen samplings were performed in Italy over the 2016–2018 
growing seasons. The soil was clay loam, with a neutral pH (6.6–7.4), 

rich in K2O (~163 mg kg− 1), with average N and P2O5 contents of 
approximately 1.1 g kg− 1 and 82 mg kg− 1, respectively, and 1.2% 
organic matter content. In 2017 and 2018, the experimental design was 
a randomized complete block (n = 4), while in 2016, an exploratory trial 
without replicates was conducted. A firm seedbed preparation was 
assured by two harrowings, and pre-sowing weed control was performed 
by glyphosate treatment (4 L ha− 1). Sunn hemp was sown with a 
pneumatic seeder alongside a granular soil sterilant application of 
lambda-cyhalothrin. 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 plant height reached around 30 cm. Fertilization was not applied 
due to the soil nutritional status (Appendix A, Table A1 in supplemen-
tary material), which was sufficient to meet the crop N-requirements, as 
demonstrated by Parenti et al. [36], in a dedicated study conducted on 
the same crop, field, and period. Sprinkler irrigation was performed in 

Fig. 2. Experimental sites (Gudjr, Cadrn, and Alrts) and additional locations for uncertainty analysis (Touls and Drajn) (yellow circles) with associated climatic 
variability during the sunn hemp growing season (May–October) during 1999–2018. Gudjr: Guadajira, Spain (Step C and D of the workflow presented in Fig. 1); 
Touls: Toulouse, France (Step D); Cadrn: Cadriano, Italy (All Steps); Alrts: Aliartos, Greece (Step C and D), Drajn: Drajna Nouă, Romania (Step D). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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2017, with a volume of 200 mm at 7-day intervals 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 
1999–2018). The abundant precipitation (mean of all the experiments, 
345 ± 71.7 mm; Appendix B, Fig. B1-B4 in supplementary material) and 
high soil water retention capacity prevented supplemental irrigation 
during the 2016 and 2018 growing seasons. 

The field trials carried out in Guadajira, a region of Extremadura, 
Spain (38◦ 51′ lat. N, 6◦ 40′ W, 222 m a.s.l) followed the same experi-
mental design used in Cadriano 2017–2018. The soil in Guadajira was 
slightly acidic (pH 6.2) and loamy, with N, P, and K content of 0.7 g 
kg− 1, 14 mg kg− 1, and 54.7 mg kg− 1, respectively, and an organic matter 
content of about 0.8% (Appendix A, Table A2 in supplementary mate-
rial). The seedbed was arranged using a disc plough, a cultivator tiller, 
and a rotary harrow by incorporating 32 kg ha− 1 of N, 60 kg ha− 1 of 
P2O5, and 60 kg ha− 1 of K2O. Two consecutive treatments of glyphosate 
(2 L ha− 1) and Stomp (pendimenthalin, 3 L ha− 1) were applied with a 
boom sprayer pre-sowing. Sunn hemp was drill-seeded at a density of 52 
seeds m− 2. Experiment 14 (ID 14 in Table 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 irrigation water amount of 
384 mm. 

Five samplings were performed in Aliartos 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 A3 in sup-
plementary material). The seedbed was prepared using a disc plough 
and a rotary harrow, incorporating 33 kg ha− 1 of N, 45 kg ha− 1 of P2O5, 
and 45 kg ha− 1 of K2O fertilizer. Weed control was performed pre- 
sowing using glyphosate at a concentration of 4 L ha− 1 and post- 
emergence by hand hoeing. Sowing was carried out manually at 50 
cm row spacing and three densities on the row: 5, 10, and 15 cm. A total 
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 during 
the May–October period (average cumulative precipitation of 141 mm 
in Guadajira and 186 mm in Aliartos in 2016–2018, compared to 345 
mm in Cadriano; Appendix B, Fig. B4). 

Daily air temperature (◦C), precipitation (mm), radiation (MJ m− 2 

d− 1), and wind speed (m s− 1) of 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. 

2.1.2. Methodology of field sampling 
The field samplings provided the reference data used for model 

calibration and validation (Table 1). The sowing dates were classified as 
early (May) and late (June, after wheat harvesting). Likewise, harvest 
time was classified as early (i.e., August), medium (September), and late 
(October). 

Phenological observations were collected at 50% emergence and 
50% flowering stages. Plant density (plants m− 2) and AGB (Mg ha− 1) 
were measured twice at post-emergence and at harvest, respectively. 
AGB was assessed by sampling plants in a random 6 m2 region of the 
plot, with subsequent oven-drying of the fresh mass at 105 ◦C until 
constant weight. Additional biometric parameters were monitored 
monthly in the 2017 and 2018 Italian experiments in a random plot area 
of 1 m2, including leaf number (LN, number m− 2), branch number (BN, 
number m− 2), LAI, leaf width (LW, cm), and leaf length (LL, cm). The 
number of branches and leaves of each plant in the sample were sepa-
rately counted for primary and secondary stems. In ID 9 and 10, LW and 
LL were measured at each sampling date on 20 expanding and 20 fully 
expanded leaves. LAI was determined by a destructive method using a LI 
3100C area meter (LI-COR, Lincoln USA). 

2.2. SunnGro: a process-based simulation model of sunn hemp 

The Arungro model, specifically designed for giant reed (A. donax 
L.), was adapted to simulate sunn hemp to provide a new simulation 
model, SunnGro. Arungro simulates gross photosynthesis and respira-
tion costs to estimate net carbon fixation, depending on radiation 
interception and crop transpiration. The original model provides a 
detailed description of LAI dynamics at shoot and plant levels, consid-
ering leaf width/length heterogeneity on a single tiller and among tiller 
cohorts. The evolution of tiller number is simulated based on thermal 
time, with the emission of new stems regulated by rhizome biomass 
during sprouting. While the algorithmic description of Arungro is pro-
vided in the original paper [33], a graphic representation of the pro-
cesses implemented in SunnGro is shown in Fig. 3, which highlights the 
modifications with respect to the original model. 

The SunnGro model was implemented in the BioMA framework 
(http://www.biomamodelling.org/) [37], which consists of 
platform-independent and reusable components, allowing for a modular 
representation of the agricultural systems. The main modifications in 
SunnGro were focused on the following: i) the estimation of flowering 
date via a linear, upper-limited response to daily temperature after 
emergence, optionally corrected for photoperiod [38], wherein the pa-
rameters driving phenological development represent the thermal time 
needed to reach flowering, cardinal temperatures for development (i.e. 
base and cutoff temperature), and 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) 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 dynamics and on the daily rate of gross 
photosynthesis was switched off (in temperate environments sunn hemp 
is not able to reach the maturity stage by the end of the summer season, 
preventing leaf fall and seed formation [20]). 

According to Bem et al. [32], BN (branch plant− 1; Equation (1)) and 
LN (leaf plant− 1; Equation (2)) were dynamically simulated using a 

three-parameter logistic function based on the thermal time (
∑pbp

em
TTi, ◦C 

day) accumulated from emergence (em) to the peak of branch popula-
tion (pbp), according to the following equations: 

BN = 1 +
SBNmax

1 + e
(
− bSB − kSB

∑pbp

em
TTi

) [1]  

where, SBNmax (number plant− 1) is the maximum number of secondary 
branches per plant; bSB and kSB (unitless) are empirical coefficients 
modulating the steepness of BN accumulation and related to the rate of 
maturity/precociousness of the cultivar, respectively. 

LN = 1 +
LNavg

1 + e
(
− bL − kL

∑pbp

em
TTi

) [2]  

where, LNavg (number plant− 1) is the average number of leaves per 
branch; bL and kL (unitless) are empirical coefficients modulating the 
steepness of LN accumulation and related to the rate of maturity/pre-
cociousness of the cultivar, respectively. 

All the functions specific to the giant reed and sugar cane of Arungro 
were removed from SunnGro (i.e., lodging effect on light interception, 
stress days affecting green leaves, and anaerobic stress on root devel-
opment). 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 contrast-
ing rainfall and irrigation regimes were available. The SunnGro model is 
released as a Software Development Kit, including hypertext files doc-
umenting the implemented algorithms and software design and use. It 
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also includes the code of a sample application showing how to use the 
software and run simulations in customized simulation experiments 
(Software availability section). 

2.3. Simulation experiment design 

According to the objectives of the BECOOL project, all simulations 
performed in model calibration and validation, as well as in the uncer-
tainty analysis, 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) [39]. To achieve 

the maximum crop yield potential in the area, sunn hemp was constantly 
irrigated in Greek, Spanish, and some Italian experiments, thus pre-
venting the possible incidence of water stress during critical phenolog-
ical phases. The assumption that nutrient availability is unlimited is 
consistent with the N-fixing ability of the crop and with findings from 
Parenti et al. [36], who proved the absence of significant yield differ-
ences between fertilized and unfertilized sunn hemp in Cadriano. 

2.3.1. Model calibration and validation 
SunnGro was calibrated using the data collected in Cadriano in ex-

periments conducted from 2016 to 2018 (IDs 1–4 and 9–13 in Table 1). 

Fig. 3. Schematic representation of the main processes simulated by SunnGro. The simulation flow traces the execution order of sub-processes in a daily time step. 
The main processes are highlighted in bold, while sub-processes are reported in regular font. Double line boxes highlight changes to the original model. Boxes with a 
light grey border indicate processes that have been excluded from the seminal implementation. 
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The phenological development was set by manually tuning the thermal 
time needed to reach flowering according to field observations. Subse-
quently, the parameters connected to BN, LN, leaf expansion, and 
photosynthesis were varied within the biophysical ranges reported in 
the literature and available from experimental data to increase model 
accuracy (Table 2). The multi-start downhill simplex [40] was used as 
the optimization algorithm to generate a simplex, a geometrical figure 
with N+1 vertices, with N as the parameter number under calibration. 
The average root mean square error [RMSE; minimum (min) and opti-
mum (opt) = 0, maximum (max) = +∞] [41] was chosen as the 
objective function and evaluated after each simulation run. The auto-
matic optimization ended when the difference in RMSE between 
consecutive simulations fell below a tolerance range; 20 simplexes, 100 
iterations, and a tolerance of 0.01% were set as operational settings. 

A multi-site validation 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 quanti-
fied with standard metrics used in crop modeling studies: the RMSE, 
relative root mean square error (RRMSE, min and opt = 0%; max =+∞) 
[42], coefficient of residual mass (CRM, min = − ∞, max =+∞, opt = 0, 
unitless) [43], modeling efficiency (EF, min = − ∞, opt and max = 1, 
unitless) [44], and coefficient of determination (R2, min = 0, opt and 
max = 1, unitless) [45]. 

2.3.2. Exploring SunnGro behavior under different agro-environmental 
conditions 

An uncertainty analysis of SunnGro outputs was carried out at five 
European sites by performing simulations during 1999–2018. The aim 
was to explore model responses under varying climatic and management 
conditions, in order to investigate model behavior and derive agronomic 
indications on crop suitability and on the most promising management 
strategies in European environments. In this context, the introduction of 
a new high-yield, low-input, and multi-purpose species represents an 
interesting option to increase crop diversification and the multi- 
functionality of the agricultural sector. 

With respect to the scope, three out of five simulation sites were the 
same as those used in calibration/validation (i.e., Cadriano, Guadajira, 
and Aliartos), while two additional locations were selected in South 
Western (Toulouse, France; 43◦36′ lat. N, 1◦ 26′ E, 141 m a.s.l.) and 
South Eastern (Drajna Nouă, Romania; 44◦25′ lat. N, 27◦ 25′ E, 37 m a.s. 
l.) Europe (Fig. 2). The choice of sites was driven by study of the 
available information on i) European climate classification according to 
the Köppen-Giger taxonomy (KGT) [46], ii) presence of reliable, 
consistent and accessible data sources for weather and crop manage-
ment, and iii) potential suitability of the crop to agro-climatic condi-
tions. The analysis of the most represented KGT climate in South 
Western and Eastern Europe led to the identification of three different 
climate zones, corresponding to a hot-summer Mediterranean climate 
(Csa, Aliartos and Guadajira), marine west coast climate (Cfb, Toulouse), 
and humid subtropical climate (Cfa, Drajna Nouă and Cadriano). While 
Cfa and Cfb climates are characterized by very favorable precipitation 
amounts during the sunn hemp growing season (average always higher 
than 310 mm), as well as suboptimal growth temperature (19.4 ◦C <
mean temperature < 21.6 ◦C, mean standard deviation, SD, of 4.7 ◦C), 
Csa is drier (average precipitation of 160 mm, SD = 51.7 mm) but 
characterized by thermal regimes that are closer to the optimum for the 
species (22.7 ◦C < mean temperature < 23.6 ◦C, SD = 5 ◦C) [30]. The 
site-specific daily mean air temperature (◦C), radiation (MJ m− 2), and 
precipitation (mm) data in the period were retrieved from the NASA 
POWER database at a 0.5-degree resolution, as in the case of calibration 
and validation activities. Data are validated, bias-corrected, and 
harmonized automatically according to the international guidelines for 

hydro-meteorological data, and thus, are not affected by inconsistencies 
related to the adoption of i) different measurement instruments and 
calibration methods and ii) alternative data reconstruction procedures 
in the presence of outliers, missing data, and/or even when key target 
variables are not measured. In addition to the well-known reliability as 
input data for agricultural studies at both regional and national spatial 
scales [47], NASA POWER data proved to be representative of local 
temperature and radiation trends in the study areas, although they do 
not explicitly account for sub-grid scale issues related to clouds or 
topography. A comparison between the meteorological station and 
NASA POWER data for the three experimental sites is shown in Ap-
pendix C, Fig. C1 in the supplementary material. In brief, as the data 
measured by Italian and Spanish stations presented several mis-
sing/aberrant temperature/radiation data, we decided to use NASA 
POWER products. Greek station data were rejected because radiation 
measurements were not available and the distance between the exper-
imental plot and the closest meteorological station was more than 14 
km, which is regarded as the “maximum threshold beyond which it was 
no longer possible to consider the weather described by the station as 
being sufficiently representative of that of the field” [48]. An overview 
of weather variable patterns in all sites in the period 1999–2018 is given 
in Fig. 2. 

For each experimental site, the simulated i) AGB at harvest, ii) time 
to reach the peak of BN (TPBN, days), and iii) the total number of days in 
which new leaves are emitted (TPLN, days) were selected as target 
variables, while average air temperature and sowing time were selected 
as explanatory weather and management factors, respectively. For 
temperature, the range of variation was defined using the 20 mean 
yearly values in the period 1999–2018 (May–October), corresponding to 
a thermal interval between 19 and 27 ◦C. A climatic series of 20 years 
was considered representative of the current daily, seasonal, and inter- 
annual weather fluctuations, as well as most of the less frequent 
climate events that may occur in a given agro-ecosystem [49,50]. Nine 
planting strategies were tested, by anticipating/delaying the standard 
sowing time (June 15, day of the year 166, DOY) by 1–4 weeks (i.e., 
from May 18, DOY 138 to July 13, DOY 194). 

Although very few studies are available in the literature on the 
cultivation of sunn hemp in Mediterranean countries, all locations are 
suited for growing soybean, which is part of the same botanical family 
and has similar physiological and agronomic requirements (cultivation 
period, plant density, and fertilization) to those of sunn hemp [12,51]. 

The model outputs were analyzed using boxplots; ggplot2 R package, 
version 0.9.3 [52] and contour plots (NCSS Statistical software; htt 
ps://www.ncss.com/). 

Boxes expand from the 25th to 75th percentile (interquartile dis-
tance, IQD), with the centerline fixed at the 50th percentile; whiskers 
expand to the most extreme data points, the distance to which is 1.5 
times lower or higher than the length of the box. Outliers are repre-
sented as points. Contour plots are graphical representations of the re-
lationships among three numeric variables in two dimensions. 

3. Results 

3.1. Model performances in reproducing sunn hemp development and 
growth 

The simulated dynamics of BN and LN and AGB and LAI for the field 
trials used for calibration are presented in Figs. 4 and 5, respectively. 
SunnGro correctly reproduced the observed dynamics under alternative 
combinations of SD and harvest time (HT), with an RMSE on the flow-
ering 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 (Fig. 4) in all experiments, with slight errors 
for the LN (RMSE = 2.09 branches plant− 1 for BN and 35.83 leaves 
plant− 1 for LN; RRMSE = 37.04% for BN and 27.24% for LN). Indeed, 
SunnGro explained 80% and 92% of the year-to-year variability of BN 
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Table 2 
SunnGro parameter list. Parameter values marked with an asterisk were set to defaults reported in the literature, while the remaining ones were calibrated within 
ranges defined by the literature or obtained from experimental results (E).  

Parameter name Description Min Max Value Unit Reference 

Phenology 
TBaseEmerg Base temperature for emergence from planting 8 (3) 9.2 (16) 9.47 ◦C [53], ([54]) 
TCutOffEmerg Optimum temperature for emergence from planting 28 43 30 ◦C [54] 
TTEmergFlower Thermal time from emergence to flowering 47.34 63.94 63 ◦Cd Ea,b 

TBaseFlower Base temperature for flowering 8 11 9.41 ◦C [55] 
TCutOffFlower Optimum temperature for flowering 27 29 28 ◦C [55] 
DayLenghtIf Day length threshold above which no accumulation of physiological time occurs   14* hour [38] 
DayLenghtIns Day length threshold below which maximum physiological time accumulation 

occurs   
6* hour [38] 

TTPlantEmerg Thermal time from planting to emergence 47 64.29 59.15 ◦Cd Ea,c 

Branch emission 
TBaseBranchDevelop Base temperature for branch population development 5.95 8.05 6.72 ◦C [56] d 

TCutOffBranchDevelop Optimum temperature for branch population development 30 45 (even 
>) 

38.35 ◦C [56] 

TTEmergPeakBranchPop Thermal time from emergence to peak branch population 1037 1500 1318.48 ◦Cd Ea 

SBNmax Maximum number of secondary branches per plant 2 36 25.87 unitless E 
kSB Empirical parameter of the logistic function for branch emission – – 0.007683 unitless Ee 

bSB Empirical parameter of the logistic function for branch emission – – − 9.4960 unitless Ef 

Leaf appearance 
TBaseLeafEmission Base temperature for leaf emission 8.9 10.9 9.48 ◦C [53] 
TCutOffLeafEmission Optimum temperature for leaf emission 30 35 30.45 ◦C [57] 
LNavg Average number of leaves per branch 2 87.5 25.87 unitless E 
kL Empirical parameter of the logistic function for leaf appearance – – 0.0651 unitless Eg 

bL Empirical parameter of the logistic function for leaf appearance – – − 7.6870 unitless Eh 

Leaf area extension 
MaxNumGreenLeavesWW Maximum number of green leaves per branch under well water conditions   30* unitless cd 
MeanLeafLength Mean leaf length 3.06 11.9 11.65 cm Ei 

MeanLeafWidth Mean leaf width 6 32.4 29.86 mm Ej 

Photosynthesis 
TBasePhotosynthesis Base temperature for photosynthesis 0 10 5.88 ◦C [56] 
FractGrossPhotoGroResp Fraction of gross photosynthesis lost for growth respiration 0.19 0.31 0.238 unitless [56] 
TBaseRootExtension Base temperature for root extension 0 10 6.22 ◦C [56] 
TCutOffRootExtension Optimum temperature for root extension 24 33 30.45 ◦C [58] 
RefMaintResp Maintenance respiration at 10 ◦C 0.01 0.03 0.011 Mg Mg− 1 

d− 1 
[56] 

MaxPartFractAerialDM Maximum partition fraction to aerial dry mass 0.5 1 0.987 Mg Mg− 1 E 
MaxRadConvEfficiency Maximum radiation conversion efficiency 0.95 8.68 6.55 g MJ− 1 d− 1 [59,60] k 

PARExtCoeff PAR extinction coefficient 0.826 0.91 0.83 unitless [61] 
PartCoeff Coefficient of the exponential function for aerial dry mass partitioning 0.51 0.69 0.497 unitless [33] l 

MinPartFractAerialDM Minimum partition fraction to aerial dry mass 0 0.19 0.0483 Mg Mg− 1 E 
RootLengthMassRoot Root length per unit root mass 7650 10350 9014 cm g− 1 [38] m 

MaxRootLengthDensity Maximum root length density 1 2.8 1.858 cm cm− 3 [62] n 

MinRootLengthDensity Minimum root length density 0.4 0.8 0.724 cm cm− 3 [62] o 

RootDepthIncreaseGDD Root depth increase per growing degree day 0 1.2 0.57 cm ◦Cd [57] p 

CropCoeff Crop water use coefficient   1.05* unitless [63] 
Q10ForMaintResp Fractional increase in respiration rate per 10 ◦C rise in temperature   2* unitless [57] 

Literature pertaining to Crotalaria juncea L.: [53]; Vigna unguiculata (L.) Walp.: [54–56,58,61–63]; Glycine max (L.) Merrill: [56,57]; Pisum sativum L.: [59]; generic 
defaults: [33,38,60]; cd) custom defined. 
Notes. 

a Tbase = 10 ◦C, Tcutoff = 25 ◦C. 
b Range: ±15% around experimental default (55.69). 
c Range: ±15% around experimental default (55.9). 
d Range: ±15% around default value (7). 
e Autotune calibration (AC) performed starting from experimental default (0.0084). 
f AC performed starting from experimental default (− 7.1463). 
g AC performed starting from experimental default (0.0111). 
h AC performed starting from experimental default (− 10.3421). 
i Boundaries estimated as experimental mean value (7.48) ± 1.5SD. 
j Boundaries estimated as experimental mean value (19.2) ± 1.5SD. 
k Boundaries 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 l, min: 1.67, max: 2). 
l Range: ±15% around default value (0.6). 
m Range: ±15% around default value (9000). 
n Upper layer. 
o Lower layer. 
p Upper limit. 
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and LN (EF = 0.80 for BN and 0.92 for LN). Larger errors corresponded 
to the early harvested experiment in 2016, where SunnGro under-
estimated LN (i.e., − 95 leaves plant− 1), despite BN being correctly 
simulated (i.e., − 3 branches plant− 1). CRM values indicated no sys-
tematic bias for BN and LN (CRM = 0.067 for BN and 0.021 for LN). 
Nevertheless, the simulation results indicated a frequent underestima-
tion of BN at the early vegetative stages (around 750 GDD from emer-
gence), 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 (Fig. 5; RMSE = 1.35 m2 m− 2 

for LAI and 1.81 Mg ha− 1 for AGB; RRMSE = 33.10% for LAI and 21.36% 
for AGB). Thus, SunnGro was capable of describing the trends observed 
for the AGB data in six out of nine experiments (EF = 0.78), with the 
exception of ID 2, 4 (medium harvest), and 10 (late harvest), where it 
overestimated the reference data. The LAI simulation was slightly less 

accurate than that of the AGB, with EF = 0.62. Compared to LN, the 
model explanatory power was lower, decreasing 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 Fig. 5) before the maximum 
number of branches was reached. 

SunnGro accurately reproduced the decrease in LAI and AGB ac-
cording to the lower SD, from high (i.e., 104 plants m− 2) to medium and 
low (i.e., 52 and 33 plants m− 2) SD (e.g., ID 2, 3, and 4 in Fig. 5), and was 
also able to model the higher AGB in late harvesting at medium SD (e.g., 
ID 1, 9, and 13 in Fig. 5). 

In summary, Step A activities (Fig. 1) led to a detailed and accurate 
representation of plant development and growth, while markedly 
reducing the number of parameters from 84 (Arungro) to 38 (SunnGro; 
Table 2). 

Fig. 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 density (SD, plants m− 2) and harvest time (HT). The 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, %), modeling 
efficiency (EF, unitless), coefficient of residual mass (CRM, unitless), and coefficient of determination (R2, unitless). IDs are listed in Table 1. 
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3.2. Multi-site model validation 

The comparison of measured and simulated AGB (Mg ha− 1) in the 
Aliartos, Guadajira, and Cadriano experiments in the period 2016–2018 
is shown as a scatterplot in Fig. 6. The model validation was carried out 
by applying the model parameter set calibrated in Step B of this study 
(Fig. 1; Table 2). 

SunnGro performances in simulating AGB were positive (R2 = 0.67), 
confirming its ability to reproduce the large inter-annual variability of 
the field experimental data in the explored conditions (RMSE = 3.02 Mg 
ha− 1, RRMSE = 20.39%, EF = 0.6, and CRM = 0.08). The model slightly 
underestimated the higher AGB in the Aliartos experiments (14.00 Mg 
ha− 1<AGB<21.67 Mg ha− 1), while correctly reproducing the increasing 
trend from low (31.5 plant m− 2) to medium (46.3 plant m− 2) and high 
(89 plant m− 2) SD, as well as the lowest AGB in the late sowing exper-
iment (ID 20, Fig. 6). In Guadajira, SunnGro simulated lower AGB (7.06 

Mg ha− 1<AGB<9.6 Mg ha− 1), despite a systematic overestimation of the 
experimental data (about 3.4 Mg ha− 1). The model also succeeded in 
simulating the Cadriano experiments (8.91 Mg ha− 1<AGB<18.79 Mg 
ha− 1), except in late sowing and the late harvest time trial in 2016 (ID 8 
Fig. 6, underestimation of 5.2 Mg ha− 1), and in the early sown, medium 
harvested trial in 2018 (ID 7; Fig. 6, overestimation of 3.34 Mg ha− 1). 
The average differences between the simulated and reference data 
fluctuated around − 2.4 Mg ha− 1 for Cadriano (− 5.23 Mg ha− 1<

AGB<3.34 Mg ha− 1), 3.45 for Guadajira (2.78 Mg ha− 1<AGB< 4.12 Mg 
ha− 1), and − 1.93 for Aliartos (− 2.23 Mg ha− 1<AGB < − 1.65 Mg ha− 1) 
and were always smaller than the standard deviation of sampled mean 
(Fig. 6). 

3.3. Uncertainty analysis 

While both the boxplots and contour plots of AGB are presented in 

Fig. 5. Model performances in reproducing the dynamics of the leaf area index (LAI, continuous line, main axis) and 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 density (SD, plants m− 2) and harvest time (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, %), modeling 
efficiency (EF, unitless), coefficient of residual mass (CRM, unitless), and coefficient of determination (R2, unitless). IDs are listed in Table 1. 
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this section, those referring to i) the time to reach the peak of BN and ii) 
the total number of days in which new leaves are emitted are reported in 
the supplementary material (Appendix D, Fig. D1, D2, D4, and D5). 

Fig. 7 presents the simulated AGB in the long-term simulation 

experiments carried out in Guadajira, Aliartos, Cadriano, Drajna Nouă, 
and Toulouse in the period 1999–2018 to analyze model uncertainty. 
The results revealed two distinct groups of sunn hemp productivity, the 
former corresponding to the simulations performed in Aliartos and 
Guadajira, with the 20-year average AGB in the range 12.1–14 Mg ha− 1 

(average = 13.27 Mg ha− 1), with a small variability (0.44 < average 
IQD< 0.84 Mg ha− 1; mean = 0.64 Mg ha− 1). The second group included 
simulations performed in Cadriano, Drajna Nouă, and Toulouse, leading 
to AGB values ranging from 8.4 to 11.9 Mg ha− 1 (average = 10.41 Mg 
ha− 1), with a larger variability (on average 0.73 < IQD<1.38 Mg ha− 1; 
mean = 0.97 Mg ha− 1). Guadajira was the site where simulated AGB was 
the highest and more stable, whereas the simulated AGB in Cadriano 
(average IQD of 1.23 Mg ha− 1, 67% higher than the mean of the other 
sites) and Toulouse (average AGB of 9.87 Mg ha− 1, 17% lower than the 
mean of the other locations) were the lowest and the most variable. 

The simulated average AGB increased with SD level, from low 
(10.33 Mg ha− 1), to medium (11.57 Mg ha− 1) and high (12.71 Mg ha− 1). 
Conversely, AGB variability decreased from high (IQD = 0.95 Mg ha− 1) 
to medium (0.82 Mg ha− 1) and low SD (0.74 Mg ha− 1). The only 
exception was in Toulouse, where AGB variability did not vary among 
SD levels, with IQD ranging from 0.77 to 0.81 Mg ha− 1. Simulated AGB 
decreased linearly as the sowing date was delayed, ranging from 14.13 
Mg ha− 1 at DOY 138 (May 18) to 9.22 Mg ha− 1 at DOY 194 (July 13), 
while the average IQD increased from 0.78 to 0.97 Mg ha− 1. The most 
marked IQD linear increases were achieved in Guadajira and Cadriano 
(linear slope of about 0.062 Mg ha− 1; 0.57 < R2 < 0.62), and to a lesser 
extent, in Aliartos and Drajna Nouă (linear slope of about 0.025 Mg 
ha− 1; 0.27 < R2 < 0.68), while in Toulouse it remained practically un-
changed (linear slope of 0.009 Mg ha− 1 and R2 very close to 0). 

The combined effect of temperature and sowing date on the vari-
ability of sunn hemp productivity was further investigated using contour 
plots (Fig. 8). 

In general, the simulated AGB progressively increased from late to 
early sowing, and from lower to higher average air temperatures, 
following the order Toulouse < Drajna Nouă < Cadriano < Aliartos <
Guadajira for the sites and low < medium < high for SD. 

In Guadajira and Aliartos, the postponing of the sowing date had a 
larger effect than temperature, leading to lower AGB variability 

Fig. 6. A 1:1 plot between measured and simulated values of aboveground 
biomass (AGB) of sunn hemp in Aliartos (black circles), Cadriano (empty cir-
cles), and Guadajira (grey circles) in the period 2016–2018. Samples are 
labelled with trial ID. Circle size is proportional to sowing density (plant m− 2). 
Horizontal bars correspond to the standard deviation of sampled mean (n = 4). 
The evaluation metrics reported in the bottom right corner represent the rela-
tive root mean square error (RRMSE, %), coefficient of residual mass (CRM, 
unitless) and coefficient of determination (R2, unitless). The dotted line rep-
resents the 1:1 fit (perfect fit). 

Fig. 7. Distribution of aboveground biomass (AGB, Mg ha− 1) simulated at harvest in Guadajira (Spain; red box), Aliartos (Greece; orange box), Cadriano (Italy; 
yellow box), Drajna Nouă (Romania; green box), and Toulouse (France; blue box) in the period 1999–2018, by adopting different sowing dates (nine periods between 
DOY 138 and 194) and densities (low = 33 plants m− 2, medium = 52 plants m− 2, and high = 104 plants m− 2). Color gradient (i.e., from red to blue) mirrors the 
increasing trend of cumulative radiation during sunn hemp season (May–October). Each box is derived from the values simulated at harvest for each of the 20 years. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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compared to Cadriano, Drajna Nouă, and Toulouse. 
In Guadajira and Aliartos, early sowings (before DOY 160 at high SD, 

150 at medium SD, and 140 at low SD) led to the highest AGB, regardless 
of temperature conditions, during the growing season and reduced the 
AGB uncertainty (expressed as IQD) from 8.33 to 2.5 Mg ha− 1 at Gua-
dajira and from 7.6 to 2.5 Mg ha− 1 at Aliartos. In both sites, late sowings 
(i.e., after DOY 180) allowed the collection of similar AGB values than in 
Cadriano, Drajna Nouă, and Toulouse using standard planting dates 
(DOY 166) and medium/high SD. Cadriano, Drajna, and Toulouse pre-
sented similar and larger AGB variability compared to Guadajira and 
Aliartos because of the higher temperature effect on sunn hemp pro-
ductivity. The uncertainty due to temperature on AGB variability 
increased in delayed sowing, ranging from 2.27 Mg ha− 1 (DOY 138) to 
4.39 Mg ha− 1 (DOY 194) at Cadriano, from 2.48 Mg ha− 1 (DOY 138) to 
3.1 Mg ha− 1 (DOY 194) at Drajna Nouă, and from 2.4 Mg ha− 1 (DOY 
138) to 2.7 Mg ha− 1 (DOY 194) at Toulouse, with slight differences 
among sowing densities. For a 1 ◦C temperature increase, the variability 
of simulated AGB at medium SD increased in a range from 0.70 (Tou-
louse) to 0.76 Mg ha− 1 (Drajna Nouă) at DOY 138 and from 0.89 
(Toulouse) to 1.4 Mg ha− 1 (Cadriano) at DOY 194. 

4. Discussion 

4.1. Rationale and methodology of model parameterization 

SunnGro parameters related to phenology and growth were adjusted 
within their biophysical ranges of variation during model calibration, 
using data from the literature and the experimental data collected in 
Cadriano (Table 2). When no data for sunn hemp were available, the 
parameter ranges were taken from other legume crops, such as cowpea, 
pea, and soybean. The base temperature for emergence (9.5 ◦C) was 
consistent with that identified by Qi et al. [53], while the optimum 
temperature was set to 30 ◦C according to the data available on cowpea 
[54]. The thermal sum from sowing to emergence was set to 59 GDD, 
and the range in variation of this parameter (47–64 GDD) was set ac-
cording to field measurements (ID 9). A dedicated function to simulate 
the flowering date considering the photoperiod sensitivity of the 

short-day sunn hemp crop was included in SunnGro [38]. The base and 
cutoff temperatures for flowering were set at 9.4 and 28 ◦C, respectively, 
according to Craufurd et al. [55], whereas the minimum and maximum 
day lengths were set at 14 and 6 h, respectively [38]. The dynamics of 
branches were reproduced by a three-parameter logistic function [32], 
based on thermal time accumulation from emergence to the peak of the 
branch population, with base (6.72 ◦C) and optimum temperatures 
(38.35 ◦C) in line with Boons-Prins et al. [57] and Van Heemst [56] for 
soybean. The average number of leaves per plant was set at 26, varying 
the base and optimum temperatures coherently with Qi et al. [53] on 
sunn hemp and Boons-Prins et al. [57] on soybean. Average leaf length 
(11.7 cm) and width (3 cm) were set according to the field measure-
ments (ID 9). The maximum conversion coefficient of the PAR inter-
cepted into dry matter was calibrated to 6.55 g MJ− 1 d− 1 [59,60], 
reflecting the higher productive attitude of sunn hemp compared to 
other legume crops. The base temperature for photosynthesis (5.9 ◦C), 
fraction of gross photosynthesis lost for growth respiration (23.8%), 
maintenance respiration at 10 ◦C (0.011 Mg Mg− 1 d− 1), and base tem-
perature for root extension (6.22 ◦C) were consistent with the mea-
surements of Van Heemst [56] on cowpea and soybean. In addition, the 
optimum temperature for root extension (30.45 ◦C), increase in root 
length per unit of root biomass (9014 cm g− 1), root depth increase per 
growing degree day (0.57 cm ◦C day), and maximum (1.858 cm cm− 3) 
and minimum (0.724 cm cm− 3) root length density were consistent with 
data reported by Dart and Mercer [58], Stöckle et al. [38], Boons-Prins 
et al. [56], and Moroke et al. [62], respectively. The maximum (0.987 
Mg Mg− 1) and minimum (0.0483 Mg Mg− 1) partitioning coefficients of 
aerial dry mass were set according to reference experimental data and 
data from studies by Bem et al. [31,32] and Abdul-baki et al. [13]. The 
PAR extinction coefficient was derived by applying the LAI measure-
ments and light intercepted data from the ID 9 experiment to the 
Lamber-Beer equation and were in line with the reference value for 
cowpea [61]. The fractional increases in respiration rate per 10 ◦C rise in 
temperature (Q10) was left to the default value according to Boons-Prins 
et al. [57] 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). 

Fig. 8. Simulated aboveground biomass (AGB, Mg ha− 1) as a function of mean air temperature during the crop cycle (y-axis, ◦C) and sowing time (x-axis; nine dates 
between DOY 138 and 194) at the Spanish (Guadajira), Greek (Aliartos), Italian (Cadriano), Romanian (Drajna Nouă), and French (Toulouse) sites in the period 
1999–2018. SD: Sowing density (low = 33 plants m− 2, medium = 52 plants m− 2, and high = 104 plants m− 2). 
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4.2. Model performance in reproducing field experiments 

The accuracy of SunnGro in simulating biometric and growth vari-
ables was satisfactory and in line with modeling studies available in the 
literature. Bem et al. [31,32] estimated the leaf number per plant and 
total dry matter (TDM) content in the Brazilian Rio Grande do Sul State, 
with R2 values ranging from 0.71 to 0.85 for LN and 0.53 to 0.69 for 
TDM. The poor accuracy in simulating late sowing datasets obtained by 
these models was probably due to the use of empirical relationships 
based on the number of days from sowing, without explicitly consid-
ering i) the variability of pedo-climatic conditions, ii) processes con-
nected to growth and development, and iii) interactions between 
environmental 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 [64]. 
This is an essential prerequisite for model reuse on other species/vari-
eties, regions/locations, spatial scales (smaller/larger than in calibra-
tion) [65], and climate change impact assessment studies [66]. 

Low accuracy (R2 = 0.37) was obtained by Le et al. [30], who used 
the EPIC model to simulate the rainfed yield of sunn hemp grown as a 
single cover crop or intercropped with millet in diversified crop rota-
tions in Cambodia. These results were affected by the following: the high 
complexity of the conservation system simulated, the oversimplified 
approach used to represent canopy structure/development, and lack of 
extensive datasets for model calibration (ten experiments). Indeed, EPIC 
is a generic simulator that does not consider either the simulation of leaf 
size heterogeneity or the representation of the dynamic daily evolution 
of branch/leaf populations depending on weather and management 
conditions, in turn 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 support 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 litera-
ture search and field data collection. This is a standard procedure in crop 
modeling studies and has already been applied for oilseed crops [67–69] 
and legume species [25,26]. Our study produced 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 the 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 [27,29] per-
formed even better, although tested with calibration datasets, including 
a limited number of varieties and in a few sites and years. 

4.3. Scenario analysis 

The potential of sunn hemp as feedstock for advanced biofuel or as a 
soil improver in Europe needs to be primarily investigated from an 
agronomic standpoint, especially from the perspective of climate 
change. Indeed, the ideal energy crop should i) provide the highest 
biomass yields when cultivated as a double crop, in order to ii) avoid 
competition with food/feed crops and iii) provide stable (or even 
increasing) yields in the long-term, possibly minimizing the inputs/cost 
needed to achieve these yields. The presented scenario analysis (Fig. 7) 
was intended to both explore model behavior and answer these research 
questions. This provides the basis for the use of SunnGro as a supporting 
tool for farmers and green energy sector stakeholders/researchers to 
optimize management practices and to assess AGB trends across 
geographical areas and climatic scenarios in light of biogas and bio-
ethanol production. For these reasons, AGB was simulated in five 

environments representative of Southern and Eastern Europe using 20 
years of weather data and different sowing densities and dates. In this 
light, sunn hemp productivity as a main or double crop can be estimated 
by using the May and July sowings as representatives for the two use 
cases, respectively. Indeed, since winter cereals in the study areas are 
generally harvested in June, sunn hemp sown as a double crop at the 
beginning of July could be a valid option to increase the productivity of 
existing cropping schemes [15]. In this regard, potential biomass pro-
ductivity fluctuated around 17 Mg ha− 1 as the main crop and 10 Mg 
ha− 1 as a double-crop in Aliartos and Guadajira, and about 15 Mg ha− 1 

and 7 Mg ha− 1 in Cadriano, Drajna Nouă, and Toulouse. Indeed, while in 
hot-summer Mediterranean Spanish and Greek environments, sunn 
hemp demonstrated a high yield potential, our simulations show that 
sub-optimal temperatures limit its productivity in the marine west coast 
(i.e., Toulouse) and humid subtropical climates (Cadriano and Drajna 
Nouă). In the latter countries, projected temperature increases are ex-
pected to favor the crop by reducing the thermal limitation and has-
tening leaf area expansion in the early crop stages, in turn enhancing 
light interception. Conversely, in Aliartos and Guadajira, climate change 
conditions would presumably increase the crop water requirements, 
given the 300–400 mm of irrigation water needed under the current 
climatic conditions. Finally, in a sustainable low-input sunn hemp 
cultivation scenario, stakeholders must comply with the following 
guidelines: i) select areas where precipitation can meet sunn hemp re-
quirements (similar to the sites in Cadriano and Drajna Nouă); ii) 
perform quick seedbed preparations after the main crop and plant as 
soon as possible to enlarge the sunn hemp growth cycle; iii) choose high 
sowing densities, regardless of site and sowing time, to maximize yields 
and approach the potential yield of 15 Mg ha− 1 reached in Cadriano. 

4.4. Final remarks and areas of improvement 

The collection of reference experimental data and growth variables 
carried out at multiple sites under optimal agronomic management for 
sunn hemp prevented the testing of the impact of abiotic and biotic 
stresses on biomass accumulation. Furthermore, the capability of 
SunnGro to simulate the impact of soil nitrogen availability on sunn 
hemp is constrained by the availability of i) a ready-to-use module for 
the simulation of N in the soil-plant system and interactions with 
farming practices, as well as ii) calibration datasets in which contrasting 
management and/or environmental conditions occur. Although some 
approaches are available for the simulation of soil N [70], crop N uptake, 
and partitioning/remobilization to plant organs [71], 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 [64]). However, the simulation of non-limiting con-
ditions for N availability is consistent with the information available 
from experiments performed by Parenti et al. [36], who demonstrated 
that very low fertilization rates are sufficient to guarantee potential 
production levels in the study area. Therefore, the N-fixing ability was 
not measured considering the complexity of the biological process that 
would have required a larger dataset, even though it may have played a 
role in increasing crop N availability [8]. The coupling of the crop model 
with a soil hydrological model was not necessary under the explored 
conditions because the combination of soil water retention capacity, 
mean seasonal cumulative precipitation (average = 224.5. ± 110.17 
mm), and supplemental irrigation prevented any substantial water 
limitation to sunn hemp production at all experimental sites. 

Even though the dataset used in the present model comes from 
variable field plot sizes, samples were carefully collected following the 
guidelines provided by Galezewski [72] to avoid overestimations and 
preserve plot representativeness (at least three border rows per side 
were excluded from each sampling area at the different locations). This 
would reduce yield overestimations from 23.5% to 2.3% in a 12 m2 plot 
planted with legumes [72]. Significant biases in model accuracy were 
derived from the lack of consideration of plant-pest interactions in 
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Guadajira, where Agriotes spp. and Spodoptera spp. insects caused 
10–20% yield losses due to early-season infestations [73]. Despite the 
development of specific and generic insect models [74], the use of in-
tegrated plant–insect approaches is still limited by two main bottle-
necks: i) the population dynamics are often not explicitly simulated and 
ii) simulation of the impact on plants (e.g., leaf area or assimilation 
reduction) is mostly simplistic and requires observations on insect 
damage as input [64]. Another limitation of the study is the focus on a 
single variety. In this context, our perspective is to extend the applica-
tion of SunnGro to Tropic Sunn, a highly productive long season variety, 
widely used in the subtropical climates of America [19]. SunnGro could 
be adapted to other cultivars via parameterization, given the availability 
of field experimental datasets, including dynamic measurements of crop 
phenology, LAI, BN, LN, and AGB. From this perspective, the ideal 
dataset would include a multi-year experiment consisting of the same 
varieties grown in contrasting agro-environmental conditions. 

5. Conclusions 

The new SunnGro model was proven capable of reproducing the 
canopy architecture and the aboveground biomass accumulation in sunn 
hemp under varying management practices and pedo-climatic condi-
tions. In particular, the aboveground biomass was correctly simulated in 
Greece and Italy, especially at high sowing densities, while it was 
overestimated when low sowing rates and early harvest were adopted 
together in Italian conditions. A slight systematic overestimation of AGB 
occurred in Spain, but this was partly explained by early season pest 
attacks affecting one of the two experiments performed. The main 
innovation is the formulation of algorithms to simulate crop develop-
ment and the evolution of leaf size/number and branch populations 
along the growing season, which achieved a balance between the ac-
curacy of fit and model complexity. Compared to the available models, 
our approach provided more accurate predictions of aboveground 
biomass, which is crucial for the green energy sector and related activ-
ities, such as biogas and bioethanol production. The model can provide 
guidance to farmers in optimizing the sowing date and sowing density to 
maximize crop production in different European environments. It can 
also provide important indications for the potential biomass achievable 
using sunn hemp as a main or double crop under the explored condi-
tions. Furthermore, compared to previous studies, SunnGro was 
demonstrated to be more accurate in predicting sunn hemp biomass 
yield when crop nitrogen and water requirements during the growing 
season were met. This study provides a decision support tool for private 
and public stakeholders in the agricultural sector. The modular 
approach at the core of BioMA allows for easy application of the model 
to other varieties, and fosters new model implementation, model reuse, 
and cross-domain model integration, as well as the link with georefer-
enced 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 (Software availability sec-
tion). In this context, a user guide, illustrating the step-by-step proced-
ure to launch the software, run the model, and create/modify the input 
and parameter files, drives the users in building customized simulation 
experiments according to their specific research/operational needs 
(Appendix E in supplementary material). 
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Supplementary data to this article can be found online at https://doi. 
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Software availability 

BioMA component name: UniboCrea.SunnGro. 
Developers: Fabrizio Ginaldi, Giovanni Cappelli, Andrea Parenti. 
Availability and online documentation: UniboCrea.SunnGro is 

available as a Software Development Kit (SDK) on http://www.biom 
amodelling.org/Components/Components.aspx?node=30057. The 
SDK contains a help file comprising documentation for the algorithms 
and models, as well as a sample application illustrating how to use the 
component. A user guide explaining the step-by-step procedure to 
launch the software, run the model, and create/modify input and 
parameter files in order to build customized simulation experiments is 
given in Appendix E (supplementary material). UniboCrea.SunnGro is 
released as C# libraries compiled for. NET 4.5 platform. 
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