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ABSTRACT

Evidence based crop diversification requires modelling for crops that are currently neglected or underutilised.
Crop model calibration is a lengthy and resource consuming effort that is typically done for a particular variety
or a set of varieties of a crop. Whilst calibration data are widely available for major crops, such data are rarely
available for underutilised crops due to limited funding for detailed field data collection and model calibration.
Subsequently, the lack of evidence on their performance will lead to the lack of interest from the policy and
regulatory communities to include these crops in the agricultural development plans. In order to motivate further
research into the use of state of the art techniques in modelling for less known crops, we have developed and
validated an ideotyping technique that approximates the crop modelling parameters based on already calibrated
crops of different lineage. The method has been successfully tested for hemp (Cannabis sativa L.) based on a well-
known crop model. In this paper we present the method and provide an impetus on the way forward to further
develop such methods for modelling the performance of minor crops and their varieties.

e The approach works based on modelling the performance of hemp using the knowledge from an existing model
that was developed for sugar cane.

e The customisation uses one of the most prominent models (AquaCrop) to approximate growth coefficients for
hemp (Cannabis sativa L.).

e A sequential procedure was used to approximate the phenological stages in the growth model that performs
well in the calibration and validation steps.
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Background and study rationale

Crop models are important tools for assessing the performance of crop species or cultivars in
regard to different management practices and growing conditions [1]. With the increasing concern
over climate change, land use and potential utilization of unexploited crops that can become crops
of the future, crop modelling approaches are gaining popularity. Currently, several crop models with
different levels of complexity exist that are designed to simulate pre-determined and tested crop
species and varieties/ cultivars. For example, the latest versions of DSSAT (v4.7.5) [2,3], APSIM (7.10)
[1] and AquaCrop (6.1) [4] can simulate 42, 39 and 15 crops respectively. Most of these models
however, simulate a few major crop types while neglecting minor and underutilised crops. Lack of
detailed field experimental data (parameterization and validation) is a major reason for the slow
pace of developing new crop models in crop modelling platforms. Furthermore, inclusion of a new
crop into an existing model is rather difficult and needs extensive field work along with software
development. Crop simulation modules are already established for major food and fibre crops such
as maize, wheat, rice, soybean, potato and cotton [1,2,4-6]. The existing models can be customised
using experimental data and/or secondary data gathered from the literature, where good or enough
observed data are not available. Crop models are site and crop specific, therefore, their application
ahead of the conditions they were originated from or tested in, can be seen as an inherent risk [7].
Furthermore, unavailability of accurate input data such as appropriate weather and soil characteristics,
water balance and management factors will also limit the applicability of crop models [8]. However,
data related to the growth and development of a certain crop can be easily obtained from the
literature. Also, highly accurate environmental data are increasingly available for diffenet part of
the world. This provides an opportunity to parameterize the models and provide an evidence for
the performance of economically important but unexploited crop species that would otherwise be
impossible to obtain.

Out of the few fibre crops, Hemp (Cannabis sativa L.) is a high potential multipurpose crop
which is illegal to cultivate in many parts of the world, therefore, it has received less attention
from crop modelling communities. However, more and more cases are being made for hemp as an
economically viable crop, particularly in temperate and tropical environments. In December 2020, The
UN Commission on Narcotic Drugs (CND) decided to remove Cannabis from the ‘most dangerous’ list
of drugs. This, along with many initiatives worldwide, has given rise to further interest from research
and policy communities. So far, no crop module is available for hemp in widely used crop models such
as APSIM, DSSAT and Aquacrop. Whilst the development of hemp model in APSIM was initiated two
decades ago [9], the model is still not available in the current version of APSIM (7.10). The ‘Simple,
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Easy to use, Modelling Language’ (SEMola) platform was calibrated for hemp and used in Italy [10].
However, this model needs extensive input data and specific knowledge for simulations. Therefore, in
order to provide initial impetus to further development of hemp as a crop for the future, simulation
of its growth and development needs quick attention.

Detailed soil and climate suitability assessment [11] has shown that hemp has a potential to be
cultivated in tropical environments such as Malaysia [12]. However, due to the unavailability of user-
friendly and simple crop models, understanding the dynamics of growing hemp in these environments
remains difficult. Therefore, we propose a crop model customisation approach that can potentially
be used in simulations of new crops or crops that are currently not available in crop models. The
AquaCrop model [4,13] was used as a proxy in this crop modelling exercise.

Aquacrop model

This model is an evolution of Doorenbos and Kassam'’s [14] initiative, published in FAQ’s Irrigation
and Drainage Paper No.33. According to Greaves and Wang [15], in this model crop grows in a soil-
crop-atmosphere environment which is characterized by the relatively small amount of input data.
When AquaCrop performs the simulation function, four files are utilized, namely; soil file, crop file,
climate file, and management file.

AquaCrop’s main distinguishing features from previous approaches include (i) the ability to use
a simple canopy growth and senescence equation to (ii) separate evapotranspiration (ET) into soil
evaporation (Es) and crop transpiration (Tr), (iii) calculate yield (Y) as a function of biomass (B) and
harvest index (HI), and (iv) to segregate the effects of water stress into four components - canopy
growth, canopy senescence, stomatal closure and HI.

Another evolution relates to AquaCrop is the use of cumulative transpiration (Tr) and a normalized
water productivity (WP) parameter to calculate biomass (B):

B=wWpP Y Tr (1)

Water productivity is normalized by dividing the daily Tr. WP’s normalization makes it more
conservative and applicable to diverse locations, seasons and climates, and even different levels of
management practices [16]. The equation runs on a daily time step [4,13], which brings it closer
to the time scale of crop responses to water stress [17]. The model can also run using monthly or
mean decade temperature, rainfall and ETo records which it approximates into daily time steps when
running [13]. This leads to the model’s simplicity which is coupled with the model’s fewer input
requirements relative to other crop models [4,18,19]. These properties make the model applicable in
areas with limited data sets.

Model calibration

Specific crop module for hemp is not available in Aquacrop. Therefore, the initial step was to
select a suitable crop that matches the growth, development and yield of hemp. However, no crop
is available in Aquacrop which is exactly similar to hemp. As a way forward, we aimed to identify
an existing parameterized crop that is similar to the growth habit of hemp and calibrated the key
parameters such as the canopy and harvest index (HI) attributes. To ensure a module’s suitability,
simulations were conducted using various crops (barley, maize, sorghum) to select the best matched
growth habit. It was found that sugarcane module is the best option as it closely resembles hemp in
terms of growth habit [20].

The sugarcane crop module was iterated by initially modifying the crop life cycle parameters
such as phenology, including calendar days: from sowing to emergence, maximum rooting depth,
flowering, beginig of senescence and maturity (length of crop cycle) and length of the flowering stage.
Subsequently, where simulations disagreed with observations, the sugarcane module’s parameters
were modified in a sequential approach following the order proposed by Boote et al. [21]. The steps
were: (1) rate of canopy development, (2) leaf area index, and harvest index and lastly, (3) onset,
rate, and duration of harvest index built up. Parameter modifications were made based on a literature
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Table 1
Preliminary input parameters for the hemp grain and fibre crop in AquaCrop model.
Parameter Description Default value Grain Fibre
Thase Base temperature ( °C) 9.0 15 1.5
Tupper Cut-off temperature ( °C) 32.0 40.0 40.0
CCx Maximum canopy cover (%) 95 920 95
7T max Maximum rooting depth (m) 1.80 2.00 2.00
Zr min Minimum rooting depth (m) 0.30 0.30 0.30
Canopy growth coefficient Increase in canopy cover 0.12548 0.24917 0.11917
(CGC) (fraction soil cover per day)
Canopy decline coefficient Decrease in canopy cover (in 0.07615 0.09615 0.09615
(CDC) fraction per day)
Calendar Days: from sowing to 0 74 72
flowering
Calendar Days: from sowing to - 10 10
emergence
Calendar Days: from sowing to 60 60 60
maximum rooting depth
Calendar Days: from sowing to 330 105 105
start of senescence
Calendar Days: from sowing to 365 140 140
maturity
Length of the flowering stage - 17 17
(days)
Length of Harvest Index (HI) 20 15 15
build up
Normalized water productivity 30 25 18
(WP) g m~2
HI (percentage) 35 23 100
Positive effect of HI as result of Moderate Moderate Moderate
limited growth in vegetative
period
Positive effect of HI as result of Moderate Moderate Moderate
water stress affecting leaf
expansion
Water stress during flowering - 0.90
(p-upper)
Negative effect on HI as a Moderate Strong Strong
result of water stress inducing
stomatal closure
Aeration stress Sensitive Sensitive Sensitive
Planting date 31st July
Plant population (plants ha=1) 140 000 140 000

review. Data on phenology, canopy development and HI were sourced from Amaducci et al. [22-
24]. Data from Tang et al. [25,26] were used for model validation. The crop parameters used to
parameterize the hemp are summarized in Table 1.

The data from Averinki [20,21] was part of hemp phenological datasets collected in the years
1996-1999 and 2003-2005 from separate field trials. According to Amaducci et al. [23], all trials
were carried out at Cadriano Experimental station of the University of Bologna, Italy (latitude:
44°33"” North; longitude: 11°21” East; altitude: 32 masl). The model was developed and tested using
meteorological and phenological data from medium maturing hemp cultivars of different origin,
sexual type and maturity group (See Table 2 in Amaducci et al. [23]. Trials from Tang et al. [25,26]
were carried out at the research facilities of the Universita Cattolica del Sacro Cuore (45°00” N, 9°10”
E, 60 masl; Piacenza, Italy). Both experimental sites were located in the same bioclimatic conditions.

Climate

The climate file requires input files of maximum and minimum air temperature (*.TMP), rainfall
(*.PLU) and reference evapotranspiration (*.ETo). Daily weather parameters (maximum and minimum
air temperature, relative humidity, solar radiation, wind speed, rainfall, and ETo) for the experiments’
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duration were recorded and collected from automatic weather station located within 100-m radii from
the research facilities of the Universita Cattolica del Sacro Cuore, Piacenza, Italy (45.0° N, 9.8° E, 60 m
asl).

Soil

AquaCrop’s soil file (*.SOL) requires input parameters for soil texture, permanent wilting point
(PWP), field capacity (FC), saturation (SAT) and saturated hydraulic conductivity (Ksat). Tang
[27] described the soils at the Universita Cattolica del Sacro Cuore’s research facilities as deep clay
loam soils with good drainage. The default clay loam soil file in AquaCrop was selected.

Method validation: model performance

For model calibration and validation, crop simulation model was evaluated by comparing simulated
versus observed values for grain yield and biomass. Data to validate the model was sourced from Tang
et al. [25,26]. The crop models were evaluated using root mean square error (RMSE). The simulation
was considered excellent when RMSE < 10%, good if 10%-20%, acceptable or fair if 20%-30%, and poor
if >30% of the observed mean [28,29]. Table 2 shows the summary of the model performance. The
observed and simulated values for grain and fibre hemp for validation of model phenology is shown
in Fig. 1.

Table 2
Calibration and validation results for observed and simulated outputs for grain and fibre hemp for final biomass and yield.
Observed (t ha) Simulated (t ha™1) RSME (t ha™1)
Calibration
Grain crop
Seed yield-2014 1.8 2.1 0.1
Biomass-2014 71 83 12
Fibre crop
Biomass-2014 114 133 0.2
Validation
Grain crop
Seed yield-2015 21 2.2 0.1
Biomass-2015 9.8 9.5 0.3
Fibre crop
Biomass-2015 12.5 12.3 0.2
o Grain Hemp ——01:01 ® Fibre Hemp 0101
. 180
g 160 7 f 160 _
8 140 . B 140 =
éﬁ 1 '.D :;uu o i
- P < 120
~® 6 ' 100 46
; 80 o4 5 80 7 i
& 60 v R*=0.99 j &0 P 2 R%=0.99
4 1 RMSE = 6.5 40 3 RMSE =6.27
= /_ D-Index = 0.99 ’ D-Index = 0.99
' N4 20 e
4 o1
o
o 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Observed days for phenological event Observed days for phenological event

Fig. 1. Comparison of observed and simulated values for grain and fibre hemp for phenology model validation. The numbers
represent the phenological phase as described in AquaCrop. Number 1-6 and 7 represent the number of days for sowing to
emergence, sowing to maximum rooting depth, sowing to flowering, length of the flowering stage, length of Harvest Index (HI)
build-up, sowing to start of senescence and sowing to maturity respectively.
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Fig. 2. Process flow of crop model ideotyping.

The general process flow of crop model idoetyping is shown in Fig. 2. The model was successfully
applied to simulate hemp yield under current and future climates and yield mapping [12]. The
detailed model applications are described in Wimalasiri et al., 2020 (INDCRO-D-20-06,680) [12].

Conclusion

Modelling the performance of a crop provides valuable initial information for the economic
performance of the crop at a particular location. Modelling the underutilised crops has been difficult
due to unavailability of data and robust calibration methods. This article shows basic steps that were
followed to parameterise the Aquacrop model for hemp as an exemplar underutilised crop for the
tropics. Following a literature review and modelling campaign, we chose a combination of crop and
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phenology that closely resembles that of hemp. The model was then parameterised and evaluated for
both hemp seed and fiber using the data collected from the literature. The calibrated model can now
be used to predict initial levels of hemp productivity across Malaysia given that environmental data
such as weather and soil is available. Similar procedures can be followed to develop other models for
underutilised crops in locations where no insight about the crop performance is available using data
that are collected from literature.

Acknowledgement

The authors gratefully acknowledge Dr Francesco Danuso from University of Udine, Italy and
Dr Kailei Tang from Wageningen University and Research, Netherlands, who shared their observed
weather data with us. This research was funded by European Union’s Horizon 2020 research and
innovation programme, grant agreement No. 774234.

Declaration of Competing Interest

None.

References

[1] D.P. Holzworth, N.I. Huth, P.G. deVoil, EJ. Zurcher, N.I. Herrmann, G. McLean, K. Chenu, EJ. van Oosterom, V. Snow,
C. Murphy, A.D. Moore, H. Brown, ..M. Whish, S. Verrall, ]. Fainges, LW. Bell, A.S. Peake, PL. Poulton, Z. Hochman,
PJ. Thorburn, D.S. Gaydon, N.P. Dalgliesh, D. Rodriguez, H. Cox, S. Chapman, A. Doherty, E. Teixeira, ]J. Sharp, R. Cichota,
I. Vogeler, EY. Li, E. Wang, G.L. Hammer, M.J. Robertson, J.P. Dimes, A.M. Whitbread, ]J. Hunt, H. van Rees, T. McClelland,
PS. Carberry, J.N.G. Hargreaves, N. MacLeod, C. McDonald, ]. Harsdorf, S. Wedgwood, B.A. Keating, APSIM - evolution
towards a new generation of agricultural systems simulation, Environ. Model. Softw. 62 (2014) 327-350, doi:10.1016/].
envsoft.2014.07.009.

[2] JW. Jones, G. Hoogenboom, C.H. Porter, KJ. Boote, W.D. Batchelor, L.A. Hunt, PW. Wilkens, U. Singh, AJ. Gijsman,
J.T. Ritchie, The DSSAT cropping system model, Eur. J. Agron. 18 (2003) 235-265, doi:10.1016/S1161-0301(02)00107-7.

[3] G. Hoogenboom, C.H. Porter, KJ. Boote, V. Shelia, PW. Wilkens, U. Singh, J.W. White, S. Asseng, J.I. Lizaso, L.P. Moreno,
W. Pavan, R. Ogoshi, L.A. Hunt, G.Y. Tsuji, ].W. Jones, The DSSAT crop modeling ecosystem, in: Advances in Crop Modeling
For a Sustainable Agriculture, Burleigh Dodds Science Publishing, Cambridge, United Kingdom, 2019, pp. 173-216, doi:10.
19103/AS.2019.0061.10. (accessed January 30, 2021).

[4] P. Steduto, T.C. Hsiao, D. Raes, E. Fereres, Aquacrop—the FAO crop model to simulate yield response to water: i. concepts
and underlying principles, Agron. J. 101 (2009) 426-437, doi:10.2134/agronj2008.0139s.

[5] N. Brisson, B. Mary, D. Ripoche, M.H. Jeuffroy, F. Ruget, B. Nicoullaud, P. Gate, F. Devienne-Barret, R. Antonioletti, C. Durr,
G. Richard, N. Beaudoin, S. Recous, X. Tayot, D. Plenet, P. Cellier, .M. Machet, J.M. Meynard, R. Delécolle, STICS: a generic
model for the simulation of crops and their water and nitrogen balances. i. theory and parameterization applied to wheat
and corn, Agronomie 18 (1998) 311-346, doi:10.1051/agro:19980501.

[6] CA. Jones, PT. Dyke, J.R. Williams, J.R. Kiniry, V.W. Benson, RH. Griggs, EPIC: an operational model for evaluation of
agricultural sustainability, Agric. Syst. 37 (1991) 341-350, doi:10.1016/0308-521X(91)90057-H.

[7] J.L. Monteith, The quest for balance in crop modeling, Agron. ]J. 88 (1996) 695-697, doi:10.2134/agronj1996.
00021962008800050003x.

[8] KJ. Boote, J.W. Jones, N.B. Pickering, Potential uses and limitations of crop models, Agron. J. 88 (1996) 704-716, doi:10.
2134/agronj1996.00021962008800050005x.

[9] S.N. Lisson, NJ. Mendham, PS. Carberry, Development of a hemp (Cannabis sativa L.) simulation model 1.general
introduction and the effect of temperature on the pre-emergent development of hemp, Aust. . Exp. Agric. 40 (2021)
405-411 (200AD), doi:10.1071/EA99058.

[10] M. Baldini, C. Ferfuia, F. Zuliani, F. Danuso, Suitability assessment of different hemp (Cannabis sativa L.) varieties to the
cultivation environment, Ind. Crops Prod. 143 (2020) 111860, doi:10.1016/j.indcrop.2019.111860.

[11] E. Jahanshiri, N.M. Mohd Nizar, T.A.S. Tengku Mohd Suhairi, PJ. Gregory, A.S. Mohamed, E.M. Wimalasiri, S.N. Azam-Ali, A
land evaluation framework for agricultural diversification, Sustainability 12 (2020) 3110, doi:10.3390/su12083110.

[12] E.M. Wimalasiri, E. Jahanshiri, V.G.P. Chimonyo, N. Kuruppuarachchi, T.A.S.T.M. Suhairi, S.S. Mohd Sinin, N.M. Mohd Nizar,
S.N. Azam-Ali, PJ. Gregory, A framework for the development of hemp (Cannabis sativa L.) as a crop for the future in
tropical environments, Ind Crops Prod (2021) (Under revision (INDCRO-D-20-06680)).

[13] D. Raes, P. Steduto, T.C. Hsiao, E. Fereres, Aquacrop—the fao crop model to simulate yield response to water: ii. main
algorithms and software description, Agron. J. 101 (2009) 438-447, doi:10.2134/agronj2008.0140s.

[14] J. Doorenbos, A. Kassam, Yield Response to Water, Food and Agriculture Organisation, Rome, 1979.

[15] G.E. Greaves, Y.M. Wang, Assessment of FAO aquacrop model for simulating maize growth and productivity under deficit
irrigation in a tropical environment, Water 8 (2016) 557 (Basel), doi:10.3390/w8120557.

[16] P. Steduto, T.C. Hsiao, E. Fereres, On the conservative behavior of biomass water productivity, Irrig. Sci. 25 (2007) 189-207,
doi:10.1007/s00271-007-0064-1.

[17] E. Acevedo, E. Fereres, T.C. Hsiao, D.W. Henderson, Diurnal growth trends, water potential, and osmotic adjustment of
maize and sorghum leaves in the field, Am. Soc. Plant Biol. 64 (1979) 476-480, doi:10.1104/pp.64.3.476.


https://doi.org/10.1016/j.envsoft.2014.07.009
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.19103/AS.2019.0061.10
https://doi.org/10.2134/agronj2008.0139s
https://doi.org/10.1051/agro:19980501
https://doi.org/10.1016/0308-521X(91)90057-H
https://doi.org/10.2134/agronj1996.00021962008800050003x
https://doi.org/10.2134/agronj1996.00021962008800050005x
https://doi.org/10.1071/EA99058
https://doi.org/10.1016/j.indcrop.2019.111860
https://doi.org/10.3390/su12083110
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0012
https://doi.org/10.2134/agronj2008.0140s
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0014
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0014
https://doi.org/10.3390/w8120557
https://doi.org/10.1007/s00271-007-0064-1
https://doi.org/10.1104/pp.64.3.476

8 E.M. Wimalasiri, E. Jahanshiri and V. Chimonyo et al./MethodsX 8 (2021) 101420

[18] H.J. Farahani, G. Izzi, T.Y. Oweis, Parameterization and evaluation of the aquacrop model for full and deficit irrigated cotton,
Agron. ]. 101 (2009) 469-476, doi:10.2134/agronj2008.0182s.

[19] E. Vanuytrecht, D. Raes, P. Willems, Global sensitivity analysis of yield output from the water productivity model, Environ.
Model. Softw. 51 (2014) 323-332, doi:10.1016/j.envsoft.2013.10.017.

[20] J. Averink, Global Water Footprint of Industrial Hemp Textile, University of Twente, 2015 Info:Eu-
Repo/Semantics/Masterthesis https://essay.utwente.nl/68219/(accessed August 12, 2020).

[21] KJ. Boote, M.I. Minguez, F. Sau, Adapting the CROPGRO legume model to simulate growth of faba bean, Agron. J. 94 (2002)
743-756, doi:10.2134/agronj2002.7430.

[22] S. Amaducci, M. Errani, G. Venturi, Plant population effects on fibre hemp morphology and production, J. Ind. Hemp 7
(2002) 33-60, doi:10.1300/J237v07n02_04.

[23] S. Amaducci, M. Colauzzi, G. Bellocchi, S.L. Cosentino, K. Pahkala, T.J. Stomph, W. Westerhuis, A. Zatta, G. Venturi, Evaluation
of a phenological model for strategic decisions for hemp (Cannabis Sativa L.) biomass production across European sites,
Ind. Crops. Prod. 37 (2012) 100-110, doi:10.1016/j.indcrop.2011.11.012.

[24] S. Amaducci, M. Colauzzi, G. Bellocchi, G. Venturi, Modelling post-emergent hemp phenology (Cannabis sativa L.): theory
and evaluation, Eur. J. Agron. 28 (2008) 90-102, doi:10.1016/j.eja.2007.05.006.

[25] K. Tang, P.C. Struik, X. Yin, C. Thouminot, M. Bjelkova, V. Stramkale, S. Amaducci, Comparing hemp (Cannabis sativa L.)
cultivars for dual-purpose production under contrasting environments, Ind. Crops Prod. 87 (2016) 33-44, doi:10.1016/j.
indcrop.2016.04.026.

[26] K. Tang, A. Fracasso, P.C. Struik, X. Yin, S. Amaducci, Water- and nitrogen-use efficiencies of hemp (Cannabis sativa L.)
based on whole-canopy measurements and modeling, Front. Plant Sci 9 (2018), doi:10.3389/fpls.2018.00951.

[27] K. Tang, Agronomy and Photosynthesis Physiology of Hemp (Cannabis Sativa L.), Wageningen University & Research, 2018
PhD.

[28] J. Granderson, P.N. Price, Development and application of a statistical methodology to evaluate the predictive accuracy of
building energy baseline models, Energy 66 (2014) 981-990, doi:10.1016/j.energy.2014.01.074.

[29] PD. Jamieson, J.R. Porter, D.R. Wilson, A test of the computer simulation model ARCWHEAT1 on wheat crops grown in
New Zealand, Field Crops Res. 27 (1991) 337-350, doi:10.1016/0378-4290(91)90040-3.


https://doi.org/10.2134/agronj2008.0182s
https://doi.org/10.1016/j.envsoft.2013.10.017
https://essay.utwente.nl/68219/(accessed
https://doi.org/10.2134/agronj2002.7430
https://doi.org/10.1300/J237v07n02_04
https://doi.org/10.1016/j.indcrop.2011.11.012
https://doi.org/10.1016/j.eja.2007.05.006
https://doi.org/10.1016/j.indcrop.2016.04.026
https://doi.org/10.3389/fpls.2018.00951
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0027
http://refhub.elsevier.com/S2215-0161(21)00213-2/sbref0027
https://doi.org/10.1016/j.energy.2014.01.074
https://doi.org/10.1016/0378-4290(91)90040-3

	Crop model ideotyping for agricultural diversification
	Background and study rationale
	Aquacrop model
	Model calibration
	Climate
	Soil

	Method validation: model performance
	Conclusion
	Acknowledgement
	Declaration of Competing Interest
	References


