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Carinata (Brassica carinata) is an oilseed crop which, because of its non-edible oil
composition and favorable fatty acid profile, is proposed as a “green” sustainable
aviation fuel. It can be grown as a winter crop in the southeastern USA or as a sum-
mer annual crop in northern latitudes. No crop models exist for carinata because it
is a relatively new crop. The CROPGRO model is a mechanistic crop simulation
of daily crop growth and development as a function of daily weather, soil proper-
ties, crop management, and species parameters. We adapted the CROPGRO model to
simulate carinata based on growth analysis data collected over two seasons at three
sites: Quincy, FL, Jay, FL, and Shorter, AL. The adaptation process required literature
knowledge as well as optimization against field observations. The parameterization
of model sensitivities to climatic factors is presented. The adapted model gave good
simulations of carinata growth dynamics compared to observed growth during differ-
ent seasons and locations and in response to N fertilization. While additional testing
is appropriate, the model is sufficiently ready to be used for various applications. An
example application is presented for the effect of sowing date on carinata yield and

maturity over long-term weather in the Southeastern USA.
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1 | INTRODUCTION

Brassicacarinata (carinata) is a non-food oilseed crop with
potential as a “green” biofuel feedstock because its oil prop-
erties allow for conversion to jet fuel that is equivalent to
petroleum-derived fuels (Cardone et al., 2003). As a non-
edible oilseed, carinata is planted in the offseason and does
not compete with food crops, while the meal after oil ex-
traction can be processed into a high protein animal feed sup-
plement. The carinata production cycle coincides with wheat

(Triticum aestivum L.) and other winter-grown crops in the
Southeastern USA. Due to low wheat profitability, carinata
is an alternative to winter wheat that can be grown on large
areas in the Southeast that are typically in winter fallow. So,
the opportunity exists for fallow acreage to be cropped with
carinata with the goal of providing a local feedstock for pro-
cessing into sustainable aviation fuel, providing an additional
income source for farmers, and serving as a winter-grown
crop to recycle nutrients to be released to the following sum-
mer crop.
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An important aspect of model adaptation is to understand
and appreciate the crop being modeled. Carinata is a cool-season
Crop grown as a summer crop in cool regions or as a winter crop
where winter temperatures are not too severe. The native habitat
of B. carinata is the highland plateaus of Ethiopia, where the
crop grows well in cool environments at 14—18°C temperature
(Malik, 1990). It is stated by Malik (1990) to be photoperiod-
insensitive as well as heat and drought tolerant. Carinata has
a low rosette growth habit with minimal early-season stem
growth, followed by rapid increases in stem growth and height
with the onset of bolting (Seepaul et al., 2021). Its growth habit
is determinate, and the main stem and branches end as floral
racemes. Despite this determinate growth habit, flowering oc-
curs over a relatively long time period. Pods (siliques) contain
9-12 small seeds per pod. Leaves senesce and abscise relatively
early during seed-filling, but the pods are green, capture light,
and carry out photosynthesis (Gammelvind et al., 1996). The si-
liques contribute a considerable amount of assimilates because
of their upper canopy position. Carinata as a non-legume is re-
sponsive to N fertilization as described by Seepaul et al. (2016),
Seepaul, Marois, et al. (2019), Seepaul, Small, et al. (2019).

Crop simulation models have been widely accepted as
tools for evaluating crop response to weather, soils, crop
management practices, and genetic characteristics (Jones
et al., 2017). Mechanistic crop simulation models such as
CROPGRO (Boote et al., 1998; Jones et al., 2003) incor-
porate and synthesize knowledge of crop physiology, phe-
nology, and biology. The CROPGRO model exists within
the Decision Support System for Agrotechnology Transfer
(DSSAT) software system (Hoogenboom et al., 2019), which
provides a convenient system for the input of weather, soils,
management, and crop genetic information, as well as han-
dling model output for graphical, statistical, and application
purposes. The CROPGRO model has been adapted for 18
species so far, including canola (B. napus) which is a winter-
or spring-grown food-quality oilseed (Deligios et al., 2013;
Jing et al., 2016), closely related to carinata. At present, there
are no crop models for carinata; thus, the goal of this research
was to adapt the CROPGRO model for carinata.

The CROPGRO model is a mechanistic crop simulation
model that simulates daily growth and development as a func-
tion of daily weather, soil properties, crop management, and
cultivar/species parameters. The model simulates leaf-level
photosynthesis and processes related to crop carbon (C) balance,
crop-soil nitrogen (N) balance, and crop-soil water balance. Its
leaf-level photosynthesis is coupled within a hedgerow light-
interception model (Boote & Pickering, 1994) that depends
on simulated canopy height, width, and leaf area index (LAI).
Leaf-level photosynthesis is parameterized from measured
light-saturated leaf rates, and photosynthetic response to CO,
follows a simplified rubisco kinetics approach from Farquhar
and von Caemmerer (1982). The water balance uses the tipping
bucket approach of Ritchie (1998), which includes infiltration,

runoff, drainage, root water uptake, and soil water evaporation.
The evapotranspiration options include the Priestley-Taylor
(1972) or FAO-56 methods (Allen et al., 1998). The water bal-
ance processes in the DSSAT models are described by Boote
et al. (2008). CROPGRO shares the soil N balance modules of
DSSAT, and uses either the Godwin (default) or the CENTURY
soil organic carbon (SOC) modules. For this paper, we used the
CENTURY SOC option (Gijsman et al., 2002), which requires
setting the stable fraction of SOC for the respective soils. Jing
et al. (2016) reported that the CENTURY option gave better
performance under zero N fertilization for the CROPGRO-
Canola model. The plant N balance processes in CROPGRO
are described by Boote et al. (2009).

CROPGRO (Boote et al., 1998) is a generic model with
one common FORTRAN code for multiple species that uses
input files to define species traits and cultivar characteristics,
thus allowing easy adaptation to simulate the growth dynamics
for a number of crops, including the legumes and non-legumes.
CROPGRO model adaptations include fababean (Vicia faba L.)
(Boote et al., 2002) and pigeonpea (Cajanus cajan (L.) Millsp.;
Alderman et al., 2015), as well as non-legumes such as to-
mato (Solanum lycopersicum L.; Boote et al., 2012), safflower
(Carthamus tinctorium L.; Singh et al., 2015), and canola
(Brassica napus L.; Deligios et al., 2013; Jing et al., 2016). The
adaptation process requires the relationships and parameters in
the species, ecotype, and cultivar files to be based on literature
knowledge and parameterized based on measured growth and
yield data collected from field experiments. A further advan-
tage of starting with an existing model is that all the ancillary
input/output files for entry of weather, soils, management, and
genetic information are already present, along with the graphi-
cal and statistical analysis of output files.

At present, there are no crop models for carinata, but hav-
ing a model adapted for carinata would provide a tool for
evaluating crop response to weather, soils, management, and
genetic improvement. Therefore, the objective of this re-
search was to adapt the CROPGRO model for carinata based
on growth analysis data collected over two seasons at three
sites in the Southeastern US. We started with the parameters
of the existing CROPGRO-Canola model in DSSAT, because
canola is a similar cool-season species with relatively low
cardinal temperatures for the processes of phenology, photo-
synthesis, pod addition, and seed growth.

2 | MATERIALS AND METHODS
2.1 | Field experiments for growth analysis
data collection

Field experiments were conducted at three sites (Quincy, FL;
Jay, FL; and Shorter, AL) over two seasons (2017-2018; and
2018-2019), during which in-season growth was measured
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(Table 1). There were four replications, and individual plot
sizes were 1.50 X 7.62 m at Quincy, 1.43 X 7.62 m at Shorter,
and 7.32 X 10.67 m at Jay. At the Quincy and Shorter sites,
two cultivars (Avanza 641 and AX17012) were sampled,
while at Jay, FL, only Avanza 641 was sampled. Table 1
lists the latitude, longitude, soil type, sowing dates for each
year, plant density (measured at harvest), and N fertiliza-
tion. Detailed in-season data at the Jay site were collected
on the 90 kg N ha™! rate treatment, which was part of a
larger experiment on N fertilization rates (0, 45, 90, 135, and
180 kg N ha_l) from which total biomass, total N mass, and
vegetative N concentration data from all five treatments were
used to evaluate simulated N response variables. The sowing
dates, soil, and plant density of the larger Jay N rate experi-
ment are in Table 1. The water-holding characteristics, soil
organic carbon, and initial conditions for the three soils are
provided in Table 2. Weather data were taken from weather
stations on-site at Quincy and Jay, while weather for the
Shorter, AL site was accessed from NASA’s POWER data-
base. Sites were rainfed except for one irrigation of 15.2 mm
applied on March 20, 2019 at Quincy, and one irrigation of
19.0 mm applied on November 13, 2017 for establishment
at Jay.

Growth analysis sampling varied by location. At all lo-
cations, total biomass samples were collected at 2—-3 week
intervals, from three of 1 m length of row at Quincy where
row spacing was 0.305 m (0.9144 m’ sampled), two of 1 m
length of row at Jay and Shorter where the row spacing was
0.381 m at Jay (0.762 m’ sampled), and 0.356 m at Shorter
(0.7112 m?). Quincy was an exception to this principle for
mid-season samples in year 1, when only 10 plants were sam-
pled on February 28 and then five plants on March 14 and 28,
2018 (due to workload). This unfortunately caused upward
bias in weight per plant for those dates. Multiplying weight
per plant by plant population was a poor option because up to
half of the plants died over the course of the season (typical
of all sites and seasons, and this was not caused by “winter-
kill”). The plants sampled were not representative of the av-
erage plant, possibly because the human tendency is to ignore
smaller “less typical” plants during sampling. Therefore, we
bias-corrected those three dates in 2017-2018 at Quincy by
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using the 0.9144 m? samples from the last four dates and their
recorded plant population. The bias correction factor was av-
erage weight per plant (from last four 0.9144 m” samples)
divided by the weight per plant of the 5 or 10 plant samples
collected on February 28, March 14, and March 28, 2018.
The bias correction averaged over those three dates was 0.662
for Avanza-641, and 0.730 for AX17012. No bias corrections
were necessary for Jay, Shorter, or the 2018-2019 season at
Quincy. For Quincy and Jay, subsampled plants were sepa-
rated into leaf, stem, and pod, which allowed computing leaf,
stem, and pod fractions. At Quincy, pods were separated into
seeds and podwall, to compute fraction seed (HI), and shell-
ing percent (seed*100/(seed + pod)). Leaf area was measured
with an LI-3100 leaf area meter, and specific leaf area (SLA)
was computed as leaf area (sz) divided by leaf mass (g).
The leaf, stem, pod, and seed mass as kg ha™! and LAI were
computed from the fractions and SLA of the subsamples
multiplied by the total biomass (kg ha™") of the large sample.
Nondestructive LAI was measured with the LA-2200 canopy
analyzer (LI-COR Biosciences) at Jay in 2018-2019 season.
At Jay, 0.762 m’ samples for biomass were taken from all
five N rate treatments, but the fraction and ratio data were
collected only from subsamples from the 90 kg N ha™' treat-
ment. Computed leaf, stem, and pod mass were calculated for
all five N rate treatments based on the assumption that the
fractions and ratios were the same for all N rate treatments.
For the Jay site, vegetative N concentration and total N accu-
mulation were measured for all N rate treatments.

2.2 | Adapting the CROPGRO model:
Methods and statistics

The necessary files were created for running the DSSAT
software. The management information (sowing date, row
spacing, plant population, fertilization, irrigation, prior crop
residue, initial nitrate and ammonium concentrations, soil
type, cultivar, and CENTURY soil organic C method) were
entered into the File X (management file). The collected
growth data were entered into end-of-season and time-series
files.

TABLE 1 Location, soil type, sowing date, plant density at harvest, and N application during two seasons at three sites

Site Latitude/Longitude Soil type

Quincy, FL 30.60N, 84.40W Norfolk sandy loam
Quincy, FL 30.60N, 84.40W Norfolk sandy loam
Jay, FL 30.78N, 87.14W Red Bay sandy loam
Jay, FL 30.78N, 87.14W Red Bay sandy loam
Shorter, AL 32.44N, 85.90W Eustis loamy sand
Shorter, AL 32.44N, 85.90W Eustis loamy sand

Plant density N applied
Sowing date (plants m_z) (kg N ha_l)
4 December 2017 63.0 89 (2 splits)
9 January 2019 50.0 111 (2 splits)
2 November 2017 37.1 90 (2 splits)
12 December 2018 16.0 90 (2 splits)
16 November 2017 93.3 124 (3 splits)

1 February 2019 36.0 90 (3 splits)
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TABLE 2 Soil profile properties and

Depth  SLOC  Initial N SLLL SDUL SSAT SRGF SSKS . .. . . .
initial conditions of inorganic N for Quincy,
cm % g Mg_l cm’ [water]/cm3[soil] emh™! FL., Jay, FL., and Shorter, AL. Initial
inorganic N are reported values for Quincy
NH, NO;

and Jay, but are outcomes of CENTURY

Norfolk Sandy Loam (Quincy, FL) spin-up for Shorter, AL

5 1.16 0.2 10.6 0.101 0.249 0.498 1.000  1.32
15 1.16 0.2 4.3 0.101 0.249 0.498 1.000  1.32
25 1.16 0.2 33 0.101 0.249 0.498 1.000  1.32
43 0.30 0.1 1.4 0.173 0.303 0.439 0.400 0.23
66 0.30 0.0 0.6 0.173 0.303 0.439 0400 0.23
91 0.13 0.0 0.6 0.203 0.329 0.444 0210 0.23

127 0.07 0.0 04 0.212 0.333 0.437 0.110 023
142 0.13 0.0 0.4 0.214 0.339 0.444 0.070  0.23
203 0.07 0.0 0.4 0.205 0.316 0.422 0.040 0.23
Red Bay sandy loam (Jay, FL)
15 0.89 1.3/1.4*  4.1/2.2° 0.103 0.218 0.326 1.000  2.59
20 0.89 0.8/1.0 2.1/1.5 0.103 0.218 0.326 1.000  2.59
35 0.32 0.8/1.0 2.1/1.5 0.125 0.239 0.333 0.600  2.59
60 0.04 0.8/1.0 2.1/1.5 0.147 0.261 0.337 0.100 043
90 0.04 0.8/1.0 2.1/1.5 0.147 0.261 0.337 0.100 043
128 0.04 0.8/1.0 2.1/1.5 0.147 0.261 0.337 0.100 043
150 0.02 0.8/1.0 2.1/1.5 0.125 0.236 0.332 0.020 2.59
Eustis loamy sand (Shorter, AL)

5 0.94 0.3 0.8 0.055 0.177 0.302 1.00 33
15 0.94 0.1 1.3 0.055 0.177 0.302 1.00 33
18 0.94 0.1 3.1 0.055 0.177 0.302 1.00 33
30 0.5 0.1 2.5 0.055 0.177 0.302 0.85 33
45 0.5 0.1 3.8 0.055 0.177 0.302 0.85 33
60 0.3 0.1 4.5 0.055 0.177 0.302 0.40 33
90 0.3 0.0 4.6 0.054 0.172 0.313 0.30 33

120 0.2 0.0 3.6 0.054 0.172 0.313 0.20 33
147 0.2 0.0 2.6 0.054 0.172 0.313 0.20 33
172 0.1 0.0 3.0 0.054 0.172 0.313 0.15 33

Abbreviations: NH,, ammonium; NOs, Nitrate; SDUL, soil water content at drained upper limit; SLLL, soil
water content at lower limit of plant extractable soil water; SLOC, soil organic carbon; SRGF, soil root growth
factor, 0.0 to 1.0; SSAT, Soil water content at saturation; SSKS, Sat. hydraulic conductivity.

*Values in year 1 and year 2 for Jay.

The model adaptation followed a logical sequence as de-
scribed by Boote et al. (2002) for adaptation of CROPGRO for
faba bean (Vicia faba). The following approach was used: (1)
values and relationships from the literature were used where
available, (2) simulated outputs were compared to observed
time-series data from the carinata experiments and model
parameters optimized to improve the statistical fit. The adap-
tation involved setting tissue compositions, and especially the
shape of temperature-dependent processes for the rate of leaf
appearance, rate of progress to phenological events, photosyn-
thesis, pod addition, and seed growth rate, all parameterized in
the species file of CROPGRO. Cultivar parameters adjusted

include photothermal phase durations, duration to end of leaf
area expansion, duration of pod addition, leaf photosynthe-
sis, seed size, seed protein, seed lipid, and single seed-filling
duration. The GBUILD graphical interface of DSSAT com-
putes observed and simulated means, root mean square error
(RMSE), and d-statistic of model fit. These were used, along
with visual evaluation, to guide the model adaptation process.
Because carinata is related to canola (also a winter-grown cool-
season oilseed crop), we used an existing template from the
CROPGRO-Canola model (V4.6.5, Hoogenboom et al., 2015)
as the starting point followed by modification of the species,
ecotype, and cultivar files. There were multiple iterations in a
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general sequence: (1) entering composition and literature val-
ues; (2) simulating phenology timing (cultivar parameters);
(3) simulating biomass accumulation, LAI, and specific leaf
area (based on species and cultivar parameters); (4) simulating
biomass partitioning among leaf, stem, and root tissue (mostly
based on species parameters) and iteration to adjust LAI and
biomass; (5) simulating the onset, partitioning intensity, and du-
ration of the pod and seed growth (using cultivar parameters);
(6) setting leaf and stem protein thresholds and N mobilization
(species parameters) to mimic vegetative N concentration over
time. There was considerable iteration among the listed param-
eters associated with: (1) modification of cardinal temperatures
for photosynthesis, leaf appearance rate, pod addition, and seed
growth to mimic growth during cold winter periods or warm
late spring; and (2) adjusting the stable soil organic carbon
pool (SOM3) for all three sites, especially for the N response
treatments at Jay. The SOM3 pool was calibrated to be 0.76,
0.78, and 0.83 as a fraction of the total SOC at Quincy, Jay, and
Shorter, respectively.

Carinata model adaptation proceeded along the prior de-
scribed sequence, via manually modifying parameters (no
automated algorithm was used). Model performance during
successive steps was evaluated based on visual plotting of
time-series outputs against observations, giving equal con-
sideration to both root mean square error (RMSE; Equation
1) and the Willmott agreement index (d-statistic; Equation 2;
Willmott, 1982; Willmott et al., 1985).

RMSE = lz (Y,.—?.)z e))

where N is the total number of data points for comparison, Y; are
the observed values, and f/, are the simulated values. A smaller
RMSE represents a better model prediction. The Willmott
agreement index is given by:

N2
N (Y.— Y.>
i=1 i 1

d=1- ,
RS (RIS (¥

0<d<1 (2

where N is the total number of data points for comparison, Y;
are the observed values, ?l are the simulated values, and ¥ is the
mean of the observed data. For good model prediction, the d
index should be near 0.90, that is, close to 1.

2.3 | A regional application of the
CROPGRO-Carinata model

One of the reasons for developing the CROPGRO-Carinata
model is to evaluate management strategies such as sowing
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date that affect yield response in the Southeastern USA.
Long-term weather data (1984-2019) were accessed for eight
sites: Quincy and Jay (Florida), Tifton, Midville, and Plains
(Georgia), and Shorter, Brewton, and Fairhope (Alabama).
The respective soils for these sites were: Norfolk sandy loam
(Quincy), Red Bay sandy loam (Jay), Tifton loamy sand
(Tifton), Clarendon sandy loam (Midville), Faceville sandy
clay loam (Plains), Eustis loamy sand (Shorter), Benndale
fine sandy loam (Brewton), and Marlboro very fine sandy
loam (Fairhope). Available volumetric water-holding capac-
ity was in the range of 10%—13%, except for the Marlboro
soil which had 14%-15% available water. The CENTURY
organic carbon module was used, and the fraction SOM3
ranged from 0.78 to 0.85, mostly at 0.80. Model simulations
were initiated with the profile at field capacity, and the initial
soil inorganic nitrate and ammonium, and amount of residue
incorporated prior to sowing were assumed the same as that
used at Jay, FL. Following recommendations for economic
optimum N rate (Seepaul, Marois, et al., 2019), N fertiliza-
tion of 33 kg N ha™' was applied at sowing and 57 N kg ha™"
at 78 days after sowing. Plant population of 48 plants m™
was used (average of six trials in Table 1). Sowing dates
of October 16, November 6, November 27, December 18,
January 9, and January 30 were simulated to determine effect
on seed yield and maturity dates over long-term weather (35
seasons).

3 | RESULTS AND DISCUSSION
3.1 | Model adaptation — Cardinal
temperature relationships

Starting with the CROPGRO-Canola model, changes were
made in functions that described temperature dependency of
simulated processes. Table 3 contrasts the temperature de-
pendencies of the CROPGRO-Carinata model to those used
for CROPGRO-Canola. This comparison is valuable because
canola is a similar species for which there is more published
data, and also because the CROPGRO-Canola model has
been evaluated for several environments. The rate of leaf
appearance was better predicted by increasing the optimum
temperature (Topt) by 3—4°C. The temperature dependency
of rate of progress to anthesis and maturity was unchanged
from canola because Jing et al. (2016) found the temperature
functions worked well for canola. For leaf photosynthesis,
the optimum temperature for the leaf rate was increased from
25 to 30°C with less reduction at higher temperature. This
was needed to successfully simulate growth during the rela-
tively warm month of May at these sites. Not listed in Table
3 is the effect of minimum night temperature (7,,;,) on the
next day's photosynthesis. A two-point asymptotic function
(—4°C and +7°C) describes the point of zero rate (when T,
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TABLE 3 Cardinal temperatures (°C): base (Ty), first optimum (7). second optimum (7). and ceiling failure (7;) used for development,
photosynthesis, pod addition, and seed growth rate of CROPGRO-Carinata compared to default for CROPGRO-Canola. Development functions
use hourly temperatures with linear lookup with interpolation, while pod addition and seed growth rate use quadratic function on hourly

temperature
Carinata Canola

Growth/development process Ty, Toptl Topt2 Tt Ty, Toptl Topt2 T et
Vegetative development 5 25 29 39 5 22 25 35
Reproductive development 0 21 25 35 0 21 25 35
Light saturated leaf photosynthesis 0 30 31 39 0 25 28 35
Leaf area expansion 0 10° 20 = (0 10° 20 =
Height/width increase 0° 10 20 — 0° 10 20 —
Pod and seed addition 2 12 20.3 29.8 0 9.5 20.3 29.8
Seed growth rate 1 15 24.5 355 0 14 24.5 35.5

“Relative expansion of 0.23 at 0°C.
PRelative expansion of 0.80 at 10°C.

“No ceiling temperature used.

dRelative expansion of 0.25 at 0°C.
“Relative internode increase of 0.40 at 0°C.

fRelative internode increase of 0.50 at 10°C.

is —4°C or less) to unlimited maximum rate (if 7, is +7°C
or above). That function had been —3°C and +8°C for canola.
For rate of pod and seed addition, the base temperature (7},
and T, were increased by 2°C, while the T}, and T, for
seed growth were increased by 1°C, both to improve model
performance. Leaf area expansion and internode elongation
are temperature-dependent processes that were not changed.
Those expansion processes are reduced when hourly temper-
atures are less than 20°C, using the linear look-up function
in Table 3.

3.2 | Model adaptation—Tissue
compositions, protein, oil, and tissue
N dynamics

Because CROPGRO can simulate N uptake from the soil as a
non-legume, the N balance in the model requires setting criti-
cal tissue N (protein) compositions of the different organs.
The model requires setting the approximate compositions
of the different organs in terms of proteinaceous, cellulose-
carbohydrate, lipid, lignin, organic acid, and ash, because
it computes growth respiration following the approach of
Penning deVries et al. (1974). The lipid, lignin, organic acid,
and ash compositions remained as set for canola, but protein
composition was modified, as shown in Table 4, based on
comparison to observed vegetative N concentration of the
Jay site experiments (N concentration data were not available
for the Quincy and Shorter experiments). The canola default
value for luxury protein of leaf (PROLFI) was much too high
at 0.418 (mass/unit tissue mass), and was reduced to 0.340,
while the luxury protein of stem (PROSTI) was reduced

slightly from 0.274 to 0.264. Concurrently the luxury pro-
tein of pod (wall) was increased from 0.071 to 0.121 to be
more accurate for this modified leaf structure. The “luxury”
protein values represent the upper limit of protein in tissues
under high “luxury” N supply. These two changes are likely
also needed for the canola model. The cellulose-carbohydrate
fraction was adjusted up or down, because it is the comple-
ment that changes when protein is parameterized (and indeed,
also during the simulations when N deficit causes tissue pro-
tein to be reduced in any vegetative organ). Seed protein and
lipid concentrations were separately parameterized at 0.300
and 0.440, respectively (see cultivar file, Table 5), and can
vary under N deficit and in response to temperature. We have
low confidence in these two effects on seed composition, as
the code was created initially for soybean (Glycine max (L.)
Merr.).

The CROPGRO model makes use of the PROLFI,
PROLFG, and PROLFF (defined in Table 4) in the following
manner during N balance dynamics. The PRO__I values for
tissues set the growth demand for N uptake, and if daily root
N uptake is not limiting, then new tissues are grown at this
high “luxury” value each day. As daily N uptake reaches suf-
ficient uptake to meet daily N demand, then new tissues are
grown at the PROLFG concentration. When daily N uptake
is not sufficient to grow at PROLFG concentrations, tissue
N concentration is reduced, growth is reduced, and carbohy-
drate accumulates in leaves and stems (allocated by a ratio of
0.78 to stem and 0.22 to leaf). This accumulated carbohydrate
pool is mobilized at relative rate of 0.035 per day, and can be
used later when N uptake recovers. Simulated daily N uptake
may not match daily photosynthesis, thus resulting in a fluc-
tuating N stress (ratio of N supply to N demand). N stress also
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TABLE 4 CROPGRO tissue compositions (mass per unit tissue dry mass), definitions, initial (canola) values, and calibrated carinata values for

leaf, stem, shell, and seed

Compound

PRO_ _I
PRO__G
PRO__F
PCAR_ _
PLIP_ _
PLIG_ _
POA_ _
PMIN_ _

Compound

PRO_ _I
PRO__G
PRO__F
PCAR_
PLIP_ _
PLIG_ _
POA

PMIN_ _

Protein (luxury)
Protein (grow)

Protein (final)
Carbohydrate-cellulose
Lipid

Lignin

Organic acid

Mineral

Protein (luxury)
Protein (grow)

Protein (final)
Carbohydrate-cellulose
Lipid

Lignin

Organic acid

Mineral

Tissue—Initial values from canola

Leaf (LF) Stem (ST) Root (RT) Shell (SH) Seed (SD)
0.418 0.274 0.079 0.071 0.230
0.210 0.170 0.065 0.066

0.160 0.054 0.048 0.053

0.620 0.640 0.710 0.660 0.220
0.040 0.011 0.008 0.019 0.480
0.011 0.011 0.011 0.011 0.060
0.036 0.024 0.036 0.036 0.010
0.081 0.035 0.045 0.042 0.010
Tissue—Calibrated values for carinata

Leaf (LF) Stem (ST) Root (RT) Shell (SH) Seed (SD)
0.340 0.264 0.075 0.121 0.300
0.210 0.170 0.060 0.076

0.160 0.054 0.048 0.053

0.492 0.655 0.825 0.771 0.180
0.040 0.011 0.008 0.019 0.440
0.011 0.011 0.011 0.011 0.060
0.036 0.024 0.036 0.036 0.010
0.081 0.035 0.045 0.042 0.010

TABLE 5 Genetic coefficients of carinata, Avanza-641 cultivar, as defined in the cultivar file of the CROPGRO model, after calibration, and

compared to canola

Genetic coefficients

Critical long daylength above which reproductive development progresses as rapidly as possible with
no daylength effect (CLDL) (h)

Slope of the relative response of development versus photoperiod (PP-SEN) (1 h™h

Time between emergence and flower appearance (EM-FL) (ptd)

Time between first flower and beginning rachis/bud/pod (FL-SH) (ptd)

Time between first flower and beginning seed (FL-SD) (ptd)

Time between beginning seed and (beginning) physiological maturity (SD-PM) (ptd)

Time between first flower and last leaf expansion (FL-LF) (ptd)

Maximum leaf photosynthetic rate at 30°C, 350 uL. L™' CO,, and high light (LEMAX) (mg CO, m” s~}
Specific leaf area of cultivar under standard growth conditions (SLAVAR) (cm2 g’l)

Maximum size of fifth full leaf (SIZLF) (sz)

Maximum fraction of daily growth that is partitioned to seed + shell (XFRT)
Maximum weight per seed (WTPSD) (g)
Seed-filling duration for seed cohort under standard conditions (SFDUR) (ptd)
Seed number per pod (SDPDV)

Duration of pod addition under standard conditions (PODUR) (ptd)

Threshing percentage [seed (seed + shell)_l] (THRSH)
Fraction protein in seeds (SDPRO) [g (protein) g (seed)’l]

Fraction oil in seeds (SDLIP) [g (oil) g (seed)fl]

Abbreviation: ptd, Photothermal days.

“Genetic coefficients for canola from Jing et al. (2016).

Carinata

16.00

—-0.012
42.0
8.0
19.5
38.5
7.00
1.11
280.0
95.0
0.96
0.006
27.0
9.0
11.3
63.0
0.300
0.440

Canola®

16.00

—0.011
28.5
13.0
19.0
26.5

3.00
1.28
300.0
100.0
1.00
0.003

36.0
22.0
10.0
81.0

0.230
0.480
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triggers an increase of assimilate allocation to roots (Boote
et al., 2009). The model has a relative rate of N mobilization
(NMOBMX) from all vegetative tissues, which drives N mo-
bilization from old to new leaves, and this is increased during
seed growth. The NMOBMX is 0.205 (during seed-fill), but
is less by the fraction (NVSMOB = 0.20) during the vegeta-
tive phase prior to seed growth (thus giving a relative rate of
0.041 per thermal day during vegetative). The N dynamics of
the CROPGRO model are described in detail by Boote et al.
(2009).

3.3 | Model adaptation—Setting
cultivar traits

Cultivar traits defined in Table 5 for carinata (cv. Avanza-641)
are compared to canola cv. Kabel. Compared to canola, we
assumed similar sensitivity to daylength (long days acceler-
ate progress), but carinata required more photothermal days
(ptd) to first flower (EM-FL). Photothermal days are a func-
tion of thermal days using the relative temperature sensitivity
in Table 3 multiplied by the daylength sensitivity in Table 5.

1 (@) LAI & PLAI (leaf+pod area), 20172018, Quincy
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c 3 r
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e B LAl - Avanza - Obs
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s 21
)
|
1
0 n i 1
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(b) LAI, 2018-2019, Quincy
4 |
— Al - AX17012
x = =-LAl - Avanza 641
% 3 @ LAI-AX17012 - Obs
£ B LAI-Avanza - Obs
©
e
©
- 2
®©
Q
-
1
0 - . . . : . ;
20 40 60 80 100 120 140 160 180
Days after sowing
FIGURE 1 Simulated (lines) and observed (points) leaf area

index and pod area index over time for two cultivars in: (a) 2017-2018
season, and (b) 2018-2019 season at Quincy, FL.

One ptd is accumulated in one calendar day if daylength is
longer than the critical long daylength (CLDL in Table 5) and
the temperature is optimum all day (between 7, and T'y,0).
The ptd accumulated during a calendar day will be less than
1.0 if daylength is less than CLDL and temperature is not op-
timum. Using EM-FL of 42 ptd resulted in the correct flow-
ering date, and along with FL-SH (8.0 ptd from first flower
to first pod) and FL-SD (19.5 ptd from first flower to onset
of seed), gave correct observed onset of pod and seed mass
growth for the Quincy location (other sites lacked sufficient
pod and seed sampling). The time to maturity was poorly
observed in the field because the phenology observations
were infrequent (biweekly) and lacked the precision needed
to determine when the first seeds matured and when most of
the seeds (e.g., 90%) were mature. So the SD-PM parameter
(38.5 ptd) for the onset of seed growth until physiological
maturity was set approximately based on achieving maxi-
mum pod and seed mass based on biweekly growth samples.
The light-saturated leaf photosynthesis rate (LFMAX) value
in Table 5 was set typical of C-3 species, and is close to un-
published values measured at Jay (personal communications,
M. Bashyal and Noia Junior). The SLAVR (Table 5) was cal-
ibrated from the SLA values over time and was comparable

12,000
(@) crop & Pod Mass, 2017—2018, Quincy e
]
10,000 ——Crop - AX17012 (]
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(b) Crop & Pod Mass, 2018-2019, Quincy
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FIGURE 2 Simulated (lines) and observed (points) crop and pod
mass over time for two cultivars in: (a) 2017-2018 season and (b)
2018-2019 season at Quincy, FL
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FIGURE 3 Simulated (lines) and observed (points) stem and seed
mass over time for two cultivars in: (a) 2017-2018 season and (b)
2018-2019 season at Quincy, FL
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FIGURE 4 Simulated (lines) and observed (points) shelling

percentage (seed X 100%/(seed + podwall)) over time for two cultivars
in: (a) 2017-2018 season and (b) 2018-2019 season at Quincy, FL

to that for canola. The XFRT value of 0.96 (Table 5) was set
based on the time course and final magnitude of pod harvest
index, along with fitting the stem, pod, and seed mass ac-
curately. An XFRT of 1.00 implies total physiological de-
terminacy. The PODUR of 11.3 ptd was needed to create a
sufficiently rapid rise in the pod harvest index over time, and
compares to 10 ptd for canola. THRESH was calibrated at
63% for Avanza-641 from the final shelling percentage of
pods as well as the time course of shelling percentage. The
SFDUR parameter was set to 27 ptd to mimic the rapid rise in
the shelling percentage over time. We believe the THRESH
value and the long SFDUR for canola are incorrect, but may
compensate for each other. SDLIP and SDPRO were set to
mimic final seed composition based on Jay, FL data.

3.4 | Model evaluation: Time course
dynamics of LAI, biomass, pod, stem, and seed

The Quincy location had the most complete data, particularly
for LAI and partitioning to leaf, stem, pod, and seed. Figure
1 illustrates the LAI for the Avanza-641 and AX17012
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FIGURE 5 Simulated (lines) and observed (points) for: (a)
Mainstem node number (V-stage) and (b) canopy height over time for
Avanza-641 cultivar in 2017-2018 and 2018-2019 seasons at Quincy, FL.
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cultivars in two seasons. Model simulated LAI was cali-
brated to match observed LAI only during the first half of
the life cycle, similar to the approach of Jing et al. (2016)
for canola, because leaves begin to senesce and abscise rela-
tively early during seed-filling as reported by Gammelvind
et al. (1996), yet there is considerable green pod area at the
top of the canopy that intercepts radiation and performs pho-
tosynthesis. Jing et al. (2016) used a photographic technique
to estimate total plant area index, comprised of green leaves,
pods, and stems. They concluded that green pods contributed
to canopy photosynthesis. Therefore, they calibrated LAI to
mimic observed total plant area index, thus creating a mimic
of a “false” simulated LAI that remained relatively high from
its peak until maturity despite the loss of leaves. We meas-
ured only observed LAI at Quincy and Jay in the two seasons,
but we were able to separately measure the pod area index in
the 2017-2018 season at Quincy, FL; thus, Figure 1a shows
reasonable model simulations against the sum of leaf area
plus pod area. Therefore, we followed the approach of Jing
et al. (2016) to obtain accurate predictions only for the earli-
est two-thirds of the season (evident in Figure la,b), and to

Pod Mass, 2017—2018, N Rate Study, Jay, Florida
6000
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o 2000 u Obs-135N

® Obs-180N
0

20 40 60 80 100 120 140 160 180
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FIGURE 6 Simulated (lines) and observed (points) pod mass over
time for N rate treatments in 2017-2018 at Jay, FL

allow a “false” over-prediction of LAI and leaf mass for the
latter part of the season only. We measured photosynthesis
of leaves averaging 0.97, 1.08, and 1.17 mg CO, m2s™! for
0, 90, and 180 kg N ha™' treatments during the 2018-2019
season at Jay. These rates closely match the LFMAX input
of 1.11 mg CO, m~2 s~! for Avanza 641. Measured rates on
green pods averaged 0.40 mg CO, m~%s™!, a rate that is 37%
of leaves. Gammelvind et al. (1996) measured photosynthe-
sis of leaves and green pods of winter oilseed rape, and found
that pods had a rate 38% that of leaves. We did not include
photosynthesis of green pods in our simulations explicitly,
but we conclude that photosynthesis of green pods is impor-
tant to consider for future code modification similar to that
done by Timsina et al. (2007).

The crop biomass and pod mass were well simulated for
Quincy for 2017-2018 (Figure 2A) and 2018-2019 (Figure
2B). The 2017-2018 season was longer and more delayed
because of earlier sowing and cooler winter temperatures.
The two cultivars, Avanza 641 and AX17012, had relatively
similar performance for biomass, although AX17012, hav-
ing been selected for early maturity, was earlier for pod
growth (FL-SH = 6.6 ptd, FL-SD = 19.0 ptd) and was
somewhat more determinate (XFRUIT of 0.97 vs. 0.96)
with shorter time for pod addition of 11.2 ptd versus 11.3
ptd. AX17012 was assigned a higher leaf photosynthesis
(LFMAX of 1.15 compared to Avanza 641 at 1.11), but the
difference was small. Figure 3a,b show that the AX17012
cultivar was somewhat more determinate with slightly ear-
lier onset of seed and less stem mass than Avanza, but the
difference in seed growth was small. Figure 4a,b illustrate
the shelling percentage of the two cultivars in the two sea-
sons at Quincy. Shelling percentage is seed mass divided by
the mass of podwall + seed, defined as percentage. The ge-
netic potential shelling percentage (THRESH) of AX17012
was less than that of Avanza (62 vs. 63%), but the differ-
ence is small and would have minor effects on yield. This
was calibrated to time series as well as final shelling per-
centage at maturity.

TABLE 6 V-stage dependencies: vegetative partitioning to leaf, stem, and root; and canopy internode height and width parameters as a

function of main stem leaf number (XLEAF is same as V-stage)

XLEAF 0.0 5.0 S 10.0 12.0 14.0 16.0 18.0 Final

YLEAF! 0.74 0.69 0.51 0.42 0.27 0.15 0.08 0.08 0.06

YSTEM* 0.05 0.10 0.24 0.40 0.59 0.71 0.78 0.78 0.82

YROOT? 0.21 0.21 0.25 0.18 0.14 0.14 0.14 0.14 0.12

XLEAF 0.00 1.00 4.00 6.00 8.00 10.00 14.00 16.00 20.00 40.00
YVSHT® 0.0250 0.0270 0.0290 0.0340 0.0660 0.0850 0.0850. 0.0780 0.0630 0.0080
YVSWH® 0.0290 0.0360 0.0440 0.0540 0.0600 0.0600 0.0550 0.0450 0.0200 0.0010

“Fraction partitioning.
®Internode length, m.
‘Width, m.
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3.5 | Model evaluation: Height, width, and
partitioning among vegetative components are
a function of V-stage progression

The number of fully expressed leaf nodes on the main stem
over time was measured at all three sites, and is shown in
Figure 5a for two seasons for Avanza 641 at Quincy. The
cool weather effect of delayed node appearance was obvious
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Veg N %, 2017—2018, N Rate Study, Jay, Florida ——VegN%-45N
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FIGURE 7 Simulated (lines) and observed (points) vegetative N
concentration over time for N rate treatments in 2017-2018 at Jay, FL
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during 2017-2018, but the final main stem node number was
the same at 18—19. AX17012 had a very similar rate of node
appearance and final node number as Avanza 641. The rate
of leaf appearance is well simulated based on the TRIFL
parameter of 0.42 (rate of leaf appearance per thermal day)
and the cardinal temperatures given in Table 3. Simulating
the vegetative stage (number of leaves on the main axis,
XLEAF = V-Stage) is a useful type of thermal accumulator in
the model. Vegetative stage is important to several functions
in the model: (1) it allows phenological control of fraction
daily partitioning to leaf, stem, and root growth, (2) it drives
canopy height and width, which can be calibrated by setting
internode length against main stem node number (the arrays
in Table 6). The rates of height and width increase over time
are important for creating hedgerow canopy size for light
capture. Figure 5b illustrates the canopy height increase for
Avanza 641 for the two seasons in Quincy. Height increase
is slow early because of rosette growth behavior along with
cool temperatures, but then height increases rapidly after 60—
70 days after six to eight nodes have appeared, but reaches
a determinate plateau when final node number is expressed.
The model is sensitive to plant population and row spacing
(but that is not testable with present data). The model ability
to simulate canopy height and width would mimic lower light
capture and production as the row spacing becomes greater.

TABLE 7 Comparison of means of observed and simulated crop variables over all time-series data over 2 years at three sites, 7 = number of

observations, root mean square error (RMSE), and d-statistic

Number of d-

Crop variable observations” Observed mean Simulated mean RMSE statistic
Leaf area index (LAI) 4 1.283 1.309 0.705 0.672
Specific leaf area (SLA), cm” g~ 4 2457 248.2 57.0 0.358
Total crop mass, kg DM ha™' 5 3321 3107 1062 0.966
Stem mass, kg DM ha™! 5 2685 2133 1107 0.777
Leaf mass, kg DM ha ™' 5 548 693 398 0.533
Pod mass, kg DM ha™" 5 2210 2440 706 0.906
Seed yield, kg DM ha™" 2 1294 1138 421 0.949
Pod harvest index 5 0.272 0.316 0.122 0.864
Seed harvest index 2 0.149 0.126 0.048 0.937
Shelling percentage, % 2 29.83 29.97 6.09 0.974
Node number (V-stage) 6 8.20 8.45 1.75 0.905
Canopy height (m) 5 0.835 0.828 0.142 0.641
N Rate study at Jay, Florida

Veg N over time, % of DM 10 3.22 3.39 0.707 0.872

Crop N over time, kg N ha™ 10 46.3 54.2 325 0.880

Crop mass over time, kg ha™" 10 2332 2214 1337 0.936

Final seed yield, kg ha™' 10 2138 2198 473 0.919

Seed oil, % of DM 5 433 442 1.00 0.440

Seed N, % of DM 5 4.21 3.92 0.42 0.235

*For sites with five observations, the Shorter, AL 2018-2019 season was deleted.
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Important to the model is that partitioning among leaf,
stem, and root are controlled as a function of V-stage (number
of mainstem leaves). Partitioning to leaf is high and that to stem
is low for seedling plants, whereas after the plant reaches V7,
the partitioning to stem increases rapidly and that to leaf rapidly
declines. Root receives the complement (100 minus partition-
ing to leaf and stem), and is programmed to decline over time,
being about 12% of the daily assimilate by the beginning seed-
fill. The partitioning look-up function in Table 6 describes the
allocation among vegetative tissues; but in fact, once pods and
seeds begin to grow, those reproductive organs have first prior-
ity for assimilates; thus, the leaf, stem, and root share in any re-
mainder (possibly reaching zero by the time of a full seed load).

3.6 | Model evaluation: Response to N
fertilization at Jay site

The growth and yield responses to N fertilization were evalu-
ated at the Jay site. The model, with parameterization of the
stable C pool of CENTURY at 78% of total organic C, was

successful in simulating the pod yield response to the five
N fertilization rates (Figure 6). The model also satisfactorily
reproduced the vegetative N concentration over time for the
different treatments (Figure 7).

3.7 | Model evaluation: Statistical
evaluation of model simulations

Table 7 lists the simulated and observed means, RMSE, and d-
statistics for time-series observations across 2 years over three
sites after model adaptation. The number of observations in the
time-series simulations varies because only biomass was meas-
ured at all sites, while pod and LAI were measured over 2 years
at two sites (not Shorter, AL). All sites and years of data were
used for model calibration. Most of the time-series crop vari-
ables were well simulated with a d-statistic exceeding 0.90, es-
pecially the total crop biomass with d-statistic of 0.936 for Jay
location and 0.966 for 5-treatment set (Quincy, Jay, Shorter).
Pod mass over time was well simulated with a d-statistic of
0.906. Exceptions include LAI leaf, stem, and SLA, but there



BOOTE Et AL.

3I0ENERGY _

are reasons for the statistical disagreement on these vegetative
components because we intentionally overestimated leaf weight
and LAI during seed-filling to offset early leaf abscission, while
stem is likely too low to offset the fact that simulated leaf and
LAI were maintained high (thus giving total biomass a good fit).
The simulation of vegetative N concentration and total N accu-
mulation for the 10 treatments of the N rate study at Jay showed
acceptable outcomes with d-statistics of 0.872 and 0.880, re-
spectively. This shows promise that the model can capture N re-
sponse adequately, although setting CENTURY’s soil organic
C pools will always be a soil-specific issue. Simulated seed oil
concentration was 44.2% compared to 43.3% observed.

3.8 | Regional application: Simulated
response to sowing dates at eight Southeastern
US sites

Simulated seed yield and maturity date are shown in
Figures 8 and 9 for six sowing dates at eight sites in the
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Southeastern USA. The interannual distribution of yield
and maturity are caused by seasonal variation in tempera-
ture and rainfall. Simulated yields were generally higher
for the earlier sowing dates. The October 16 date gave
the highest yield for five of the eight sites, although the
November 6 date was highest yielding at three sites (Figure
8). With yields in the median range of 2200-2800 kg ha™!
and oil at 46%, the simulated oil yields would range from
1100 to 1400 L ha™'. For the more northerly locations
(Tifton, Midville, Plains, Shorter, Brewton), it is reasonable
to recommend sowing between October 16 and November
6, both to achieve high yield, and to avoid maturity later
than May 31 (day of year 151 in Figure 9). Timely maturity
and harvest are important to allow second crops, such as
cotton, peanut, soybean, and sorghum to follow. For the
more southerly sites closer to the Gulf (Quincy, Jay, and
Fairhope), the sowing date range for high yield and reason-
able maturity is broader and stretches from October 16 to
November 27. Table S1 gives the mean, minimum, maxi-
mum Yyields, and times to maturity for these sowing dates
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at eight sites as well as the risk of freeze kill assuming a
threshold of —11°C. The simulated freeze risk is greater
for Plains, Shorter, and Brewton, but caution is warranted
here, as the parameterization of the killing temperature is
somewhat uncertain. In addition, the life cycle progression
and maturity dates depend on temperature and daylength,
but definitive research on the cardinal temperatures is lack-
ing, and the extent of long-day acceleration of life cycle,
while parameterized, is also uncertain. Additional research
on these factors is needed along with additional field data,
to facilitate future model improvement.

4 | CONCLUSIONS

The CROPGRO-Carinata model was successfully adapted
based on growth analyses data from three sites. The adapted
model provided good simulations of growth dynamics of cari-
nata during different seasons and locations and in response to
N fertilization. Model application illustrates reasonable yield
and maturity responses to sowing date, allowing to recom-
mend that sowing should be timely (in late October to early
November) for high yield and sufficiently early maturity to
fit with following summer row crops. While additional test-
ing is appropriate, the model is sufficiently ready to be placed
in the DSSAT system and to be used for various applications
to evaluate management strategies and weather effects on the
production of carinata. The model and these data are appro-
priate to use for carinata production in the Southeastern USA
as this promising commodity comes to market.
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