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ARTICLE INFO ABSTRACT

Keywords: Intermediate oilseed crops serve a dual purpose by providing feedstock for the biofuel industry while also of-
Cover crop fering ecosystem services and additional income to farmers. Winter intermediate crops, such as camelina
Brassicaceae

(Camelina sativa L.), have been identified as a suitable strategy for northern Italy, meanwhile, there remains a
complete lack of possible alternatives for summer intermediate crops. Nonetheless, winter cereals continue to
spread across a larger growing area. This study aimed to evaluate the agronomic performance of 13 different
varieties of carinata (Brassica carinata A. Braun) provided by Nuseed (Canada), and grown as an intermediate
summer crop in 2021 and 2022 in northern Italy. Carinata was planted in early June and harvested by the end of
September. Key meteorological parameters were also recorded. In 2021, limited precipitation led to early
maturity of carinata, reaching 2130 Growing Degree Days (GDD) in 101 days, from sowing to harvest. In
contrast, in 2022, a wetter growing season resulted in seed maturity at 2885 GDD over 147 days. Carinata seed
yield varied greatly across varieties, between 0.24 Mg ha™! up to 1.92 Mg ha™!, a range likely influenced by
genetic factors. This study demonstrates that carinata presents a promising intermediate summer crop, partic-
ularly when seed yield exceeds 0.96 Mg ha™!, which represents the break-even yield to fully compensate for
cultivation costs. To enhance carinata productivity, selection of the most suitable variety for each pedo-climatic
area can help to overcome damages caused by abiotic (i.e., heat and drought) and biotic (i.e., Altica oleracea,
Nysius cymoides) stresses.
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1. Introduction 2016 across all arable land. In the future, this percentage is expected to
grow further because intermediate crops and cover crops are considered
valid strategies to mitigate greenhouse gas (GHG) emissions (Fendrich

et al., 2023). Currently, most intermediate crops and cover crops are

Intermediate crops are defined as crops cultivated between the
growth cycles of main staple crops (Pieters, McKee, 1938; Brady and

Weil, 1999). In recent years, the potential of intermediate crops and
cover crops has reemerged due to the rising costs of agricultural inputs,
increasing soil degradation, and the need to embrace sustainable man-
agement practices. In addition, intermediate crops can play an impor-
tant role as they are cultivated as a replacement for fallow, thus they can
provide extra income for farmers. Additional beneficial functions of
intermediate cover crops are the ecosystem services they provide, which
include weed control, increase of soil organic matter and nutrients,
protection against soil erosion, and improvement of soil structure
(Sarrantonio and Gallandt, 2003). In the European Union, the percent-
age of utilization of cover crops increased from 6.5 % in 2010 to 8.9 % in
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harvested to produce hay or silage, or are otherwise terminated with
herbicides or mechanical tillage to prepare the soil for the sowing of the
main crop. Nevertheless, intermediate oilseed crops, managed as cover
crops, can provide sustainable feedstocks (seeds and oil) for the biofuel
industry, while also presenting an innovative strategy to pursue Euro-
pean Green Deal goals and related environmental benefits. The Euro-
pean Green Deal [Regulation (EU) 2021/1119] aims to reduce GHG
emissions by at least 55 % by 2030 when compared to 1990 levels, with
the overall goal of achieving carbon neutrality in the European Union by
2050. Moreover, the Renewable Energy Directive III [Directive (EU)
2023/2413] was established to help achieve a target of providing 42.5 %
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of energy from renewable sources in the European Member States by
2030.

In order to avoid Land Use Change (LUC) effect, the production of
biomass for bioenergy must derive from marginal land (Achten et al.,
2012; Campbell et al., 2008). Another strategy to avoid competition for
land and natural resources between non-food and food crops is the
replacement of fallow periods with cultivation of intermediate oilseed
crops, which allows for more efficient use of the limited availability of
productive arable land. According to the definition provided by the RED
II Article 2 (40), the use of intermediate oilseed crops, such as catch and
cover crops, do require additional land and are considered sustainable
sources for producing low-iLUC energy in the rail and road transport
sectors [Directive (EU) 2018/2001]. Meanwhile, the aviation sector is
urgently seeking new alternatives to fossil fuels, hence the European
Commission launched the ReFuelEU Aviation proposal [Regulation (EU)
2023/2405] to achieve a 63 % share of Sustainable Aviation Fuels (SAF)
by 2050. Under the Regulation (EU) 2023/2405, the definition of SAF
includes aviation biofuels, synthetic aviation fuels, and recycled carbon
aviation fuels. To ensure domestic production of biofuels, it is necessary
to identify new, easy-to-grow oilseed crops.

This is the case of Ethiopian mustard (Brassica carinata A. Braun), a
non-food oilseed crop that can contribute to a sustainable energy tran-
sition. Carinata oil is high in erucic acid (40-45 %) and has a low con-
centration of linoleic acid (14-17 %) and oleic acid (6-10 %) (George
et al., 2021). Carinata oil is suitable for many purposes, such as the
production of biofuel, especially SAF, (Seepaul et al., 2021, Del Gatto
et al., 2015). Specifically, the use of carinata-based SAF reduces green-
house gases emissions by at least 65 % compared to conventional
aviation fuel (Liu et al., 2024; Alam et al., 2021). Moreover, the
eco-efficiency of SAF production from carinata depends on obtaining
government incentives and subsidies, as well as the commercialization
of carinata co-products (Karami et al., 2024; Alam et al., 2021). In fact,
carinata seed cake, with low fiber content and high protein content
(18.7-28.3 % protein), could be a valuable ingredient for livestock feed
(Schulmeister et al., 2019). Presumably native to the Ethiopian high
plains, carinata is suited to the Mediterranean climate (Pan et al., 2012).
As a result, the interest in carinata production has spread in southern
European countries such as Italy, Spain, Greece, and the southern part of
France (Seepaul et al., 2021). The increasing interest in carinata corre-
sponds to its adaptability to unfavorable environmental conditions when
compared with other Brassicaceae species such as B. napus. According to
Seepaul et al. (2018), carinata is more tolerant to heat and drought stress
and is resistant to seed shattering when compared with canola
(B. napus). Carinata typically has low water demands and irrigation
treatments can be limited to only reproductive stages to conserve water
(George et al., 2021). As a result of its characteristics, carinata could be
cultivated without affecting food production, confirming that carinata
can be grown as an intermediate crop.

Carinata thrives in a broad spectrum of climatic conditions. In Italy,
old studies identified carinata sown in fall (late October to early
November) and harvested in summer (mid-June to early July) as the
most feasible cropping system for this area when carinata is the main
crop (Cardone et al., 2003, Del Gatto et al., 2015, Montemurro et al.,
2016). Nevertheless, the actual legislation for SAF production and the
consequent demand for new intermediate crops have paved the way for
the present study, which is the first, as far as authors know, in which
carinata is tested as a summer intermediate crop in Italy. The present
work aims to evaluate the agronomic performance of different varieties
of carinata grown as summer intermediate crops in Northern Italy,
where summer is the typical fallow period after winter cereal harvest. So
far, existing research has identified feasible fall/winter intermediate
crops, such as camelina in southern Europe (Berzuini et al., 2024), or
carinata in the southern US (Liu et al., 2024), but there remains a lack of
available research on summer intermediate crops, a part from some
initial attempts for camelina in northern France (Leclere et al., 2018).
Additionally, in the Mediterranean basin, climate change effects are

Industrial Crops & Products 233 (2025) 121427

often highly impactful on summer staple crops, such as corn (Zea mays).
Consequently, farmers are more often adopting cropping systems based
on winter crops, meaning they need summer intermediate crops that
could potentially fill this otherwise fallow period in their rotations.
Therefore, a two-year study was carried out to identify the main chal-
lenges and opportunities regarding the cultivation of carinata in summer
with focus on sustainable agronomic practices.

2. Materials and methods
2.1. Genetic materials, experimental layout, and agronomic practices

The accessions of carinata tested during the two years were provided
by Nuseed (Saskatoon, Canada, Table 1). Field trials consisted of six and
seven varieties cultivated in the summers of 2021 and 2022, respec-
tively. Carinata varieties included experimental breeding lines and an
open-pollinated check from the NUSEED breeding program, as reported
in Table 1. All carinata varieties were screened for the first time under
Northern Italy growing conditions as a summer intermediate crop. Each
season, newly released varieties were included in the trials, keeping two
varieties (i.e., DH-129.B036 and HYB097) in common across both years
to ensure a comprehensive evaluation of their performance. In 2022, an
additional two commercial varieties, NUJET 400 and HYB093, were
included in the experimental trial.

The field experiment was carried out at the Experimental Farm of
Bologna University located at Cadriano (Bologna, 44°33’ lat. N, 11° 21°
E, 32 m a.s.l.), Northern Italy, in summer 2021 and summer 2022. Ac-
cording to historical climate records, the long-term average of summer
precipitation (from June to September) at the study site is ~150 mm.
The soil was classified as a clay loam soil (25 % sand, 50 % clay, 25 %
silt) with high exchangeable potassium (239 mg kg™!), and low assim-
ilable phosphorus (22 mg kgfl) and nitrogen content (1.31 mg kg’l).
The soil presented an alkaline pH of 8.05 and an average organic matter
content of 1.9 %.

The trials were organized according to a randomized complete block
design (RCBD) with three and four replications in 2021 and 2022,
respectively. Bread wheat (Triticum aestivum) was the preceding crop in
the previous growing seasons in both years. Before sowing, typical
tillage adopted in the region was used, including ploughing 0.3 m deep,
and superficial harrowing. Carinata was sown using a mechanical pre-
cision plot seeder (Vignoli group, Italy), with a seeding rate of 175 seeds
m ™2, which corresponds to about 7.35 kg ha™!. Row spacing was 0.13 m
and seeding depth was adjusted to 10 mm. In 2021, plots were 1.75 m

Table 1
Accessions, main characteristics, and study year of tested carinata varieties
provided by NUSEED.

Experimental Study year
hybrids 2021 2022
DH-129.B036 OP check OP check
HYB062 Test hybrid, EU
Yrl
HYB079 Test hybrid, EU
Yrl
HYB094 Test hybrid, EU
Yrl
HYB096 Test hybrid, EU
Yrl
HYB097 Test hybrid, EU Test hybrid, EU Yr 2
Yrl
NUJET 400 Commercial hybrid
HYB068 Test hybrid, EU Yr 2
HYB087 Early cycle, short stature, high oil

advanced hybrid

HYB093 (NUJET Commercial hybrid
350)

HYB095 Early cycle, short stature, high oil

advanced hybrid
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wide and 10 m long. In 2022, the plot size was adjusted to 1.75 m wide
and 8 m long. Carinata was sown in early June for both 2021 and 2022,
and was harvested in September 2021 and in October 2022, respec-
tively. Nitrogen was applied at a rate of 60 kg ha™! in the form of urea
before stem elongation, approximately 30 days after sowing (DAS).
Weed control and removal was performed by hand, when necessary. In
both years, chemical pest control was performed against Altica oleracea,
while in 2022, pest control was also performed against Nysius cymoides.
These pests were controlled by applying different pyrethroid-based
pesticides as needed. In both years, irrigation was applied with a
sprinkler system, providing approximately 70 mm of water between
sowing and flowering initiation (end of July).

2.2. Measurements

Daily air temperature (min. and max.) and precipitation were
recorded by the weather station of the Experimental Farm of the Bologna
University in Cadriano (Bologna, Italy, 44°33’ lat. N, 11° 21’ E, 32 m a.s.
1.). Growing Degree Days (GDD) were calculated considering the base
temperature for carinata as 4°C (Zanetti et al., 2013). At 20 days after
sowing (DAS), emergence count (plants m?) was assessed in each plot
by counting plants in two 1 m-long rows of each plot. The main
phenological stages were surveyed, according to the BBCH scale for
canola (Lancashire et al., 1991). Carinata soil coverage (%) was evalu-
ated by taking three photos for each plot using the Canopeo mobile
device application (Patrignani, Ochsner, 2015) at the stem elongation
stage (55 DAS). Later, at BBCH 69 (flowering stage), occurring from 59
to 79 DAS in 2021, and from 60 to 71 DAS in 2022, plant height was
assessed by measuring 10 plants in each plot. In the 2022 trial only, at
BBCH 89 (92 DAS), corresponding to the ripening stage, the plants in
two 1-m-long rows of each plot were sampled. The harvested biomass
was then partitioned into leaves, stems, and siliques, and all plant parts
were then weighed separately. Each part was oven-dried at 105°C until
constant weight to determine the residual moisture content; then, the
dry matter weight of leaves (Mg DM ha’l), stems (Mg DM ha!) and
siliques (Mg DM ha™1) was determined.

2.3. Surveys at harvest

Carinata was hand-harvested at full seed maturity, corresponding to
mid-September in 2021 and mid-October in 2022. A sampling area of
6 m in the central portion of each plot was manually harvested to
determine the total biomass. At the same time, plant density was sur-
veyed by counting plants in two 1-m rows in each plot. Seed yield (Mg
DM ha ') was determined by using a plot combine (Wintersteiger,
Austria). Sub-samples of seeds and straw were oven-dried at 105°C until
constant weight to determine the residual moisture content. Then, 1000-
seed weight was measured on representative seed samples of each va-
riety by using the DATA COUNT S-25 seed counter machine at Seed
Research and Analysis Laboratory (LaRAS) of the University of Bologna;
then the precision balance METTLER TOLEDO PC180 was used to
determine the 1000-seed weight.

2.4. Statistical analysis

Statistical analysis of data was carried out by using CoSTAT 6.451
(CoHort software). Before analysis of variance (ANOVA), the homosce-
dasticity of data was verified by performing Barlett’s Test (P < 0.05).
Two types of ANOVA were carried out: i) One-way ANOVA comparing
the surveyed parameters among all the different varieties was performed
for each year (2021 and 2022). ii) Two-way ANOVA only for the com-
mon varieties across different years, with “year” considered as a fixed
factor. When the analysis of variance was significant (P < 0.05), the
Least Significative Difference (LSD) test was used to separate means.
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3. Results and discussion
3.1. Meteorological conditions and crop phenology

The main meteorological data are reported in Table 2. During 2021,
the total precipitation from sowing to harvest was only 26 mm, which
was remarkably lower than the 10-year mean precipitation (150 mm).
Temperatures followed a regular pattern, closely aligning with typical
values for the study site (Table 2). In 2022, the cumulative precipitation,
from sowing to harvest, was 162 mm, which was close to the 10-year
mean precipitation (Table 2). Nonetheless, it is worth highlighting
that only 40 mm of the total precipitation occurred from sowing until
mid-August, when plants were at the end of the flowering phase and the
beginning of the seed formation phase. The summer of 2022 was also
characterized by exceptionally higher temperatures than historical
means during June (+2 °C) and July (+1.3 °C). These conditions likely
led to a massive attack by Nysius cymoides, an alien pest (Scaccini and
Furlan, 2019), which caused relevant damages to carinata, particularly
to earlier-maturing varieties, such as DH-129.B036, which were at
flowering stage when the attack occurred.

According to a previous study conducted in Europe within a winter
sowing cycle (Zanetti et al., 2013), carinata reached physiological
maturity at 2000-2200 GDD, Meanwhile, data for summer sowing of
carinata have not been reported in the literature. In the present study,
the cumulative GDD from sowing to harvest were 2130 GDD in 2021,
corresponding to a 101-d cycle, and 2885 GDD in 2022, corresponding
to a 147-d cycle (Table 2). The main differences between the two
growing seasons regarded the lack of precipitation in 2021 throughout
the whole carinata life cycle, and the very uneven precipitation pattern
coupled with heat waves in 2022. The prolonged drought of the 2021
growing season presumably caused the anticipated maturity of carinata,
as confirmed by Licata et al. (2024). In contrast, the scattered precipi-
tation pattern in 2022, starting in the second half of August, presumably
led to a prolongation of the carinata life cycle. Nevertheless, results for
carinata GDD accumulation were similar between years, while the cycle
length in terms of days was more variable. This response to varying
seasonal weather confirms that carinata is a rustic crop adaptable to
harsh and challenging meteorological conditions, modulating the length
of its cycle accordingly, a highly valuable trait for an emerging crop. The
main phenological phases of carinata were surveyed in the two-year
study and are reported in Table 3. The duration of each phase was
influenced by different environmental factors (i.e., air temperature, soil

Table 2

Monthly average minimum (Tmin °C), maximum (Tmax °C), mean temperatures
(T. avg °C), cumulative precipitation (mm), and Growing Degree Days (GDD)
calculated during the carinata growing cycle in 2021 and 2022 compared with
long-term period (2010-2020).

Month Tmin (°C) Tmax(°C) Tavg(°C)  Precipitation GDD
(mm) *

2021

Jun 17.0 31.5 24.6 4 602

Jul 18.7 32.7 25.9 13.2 657

Aug 17.3 31.9 24.8 8.8 644

Sept 12.6 29.5 21.5 0 228

2022

Jun 16.3 29.7 25.1 11.8 634

Jul 18.6 321 26.9 23.0 711

Aug 18.0 31.9 24.9 80.6 648

Sept 14.2 26.3 19.9 46.2 476

Oct 10.2 19.8 17.4 1.0 416

Long-term data (2010-2020)

June 16.4 29.3 23.0 47.7

July 18.5 31.9 25.4 26.5

August 18.2 32.0 25.1 35.5

September  15.7 28.0 21.6 34.3

October 10.2 19.9 14.7 64.3

" Tbase for GDD calculation: 4°C.
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Table 3
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Bimonthly average minimum (Tmin °C), maximum (Tmax °C), mean temperatures (T. avg °C), cumulative precipitation (mm), phenological stage (BBCH code)
calculated from carinata sowing to harvest, corresponding to June-August in 2021, and June-October in 2022.

Period Tmin (°C) Tavg Tmax (°C) Precipitation (mm) Phenological stage BBCH code
[§9)

2021

Jun 1-15 16 22.5 29.3 4 Germination 00-09
Jun 15-30 17.8 26.2 33.3 0 Leaf development/Stem elongation 10-39
Jul 1-15 17.6 25.4 323 0.6 Inflorescence Emergence 50-59
Jul 15-30 19.8 26.5 33.0 12.6 Flowering/Development of Fruit 60-79
Aug 1-15 18.8 26.7 34.1 2 Development of Fruit/Ripening 79-89
Aug 15-30 15.9 23 29.9 6.8 Ripening 81-89
2022

Jun 1-15 16.4 23.2 29.7 11.8 Germination 00-09
Jun 15-30 185 26.5 33.1 0.2 Leaf development 10-29
Jul 1-15 17.5 26.1 33.4 22.8 Stem elongation 30-39
Jul 15-30 19.8 27.8 35.1 0.2 Inflorescence Emergence 50-59
Aug 1-15 18.6 26.4 33.7 6.4 Flowering 60-69
Aug 15-30 18.3 24.2 30.8 73.6 Flowering/Development of Fruit 60-79
Sept 1-15 17.0 23.3 29.9 12.6 Development of Fruit 71-79
Sept 15-30 10.9 17 23.4 34.2 Ripening 81-89
Oct 1-15 12.2 17.7 24.1 0.4 Ripening 81-89

temperature, precipitation) and possibly differing maturation speeds
between varieties. As reported in the literature for oilseed rape, tem-
perature influences crop physiology, but drought stress at early stages
could severely affect establishment (Pullens et al., 2019). As is the case
for canola, it is possible to hypothesize that temperature is one of the
most important environmental factors regulating the phenological
development of carinata (Morrison and Stewart, 2002).

3.2. Agronomic results

The results of the one-way ANOVA are reported in Table 4. Plant
emergence was surveyed at ~20 DAS in 2021 and the mean value was
46 plants m~2, with no statistically significant differences observed
among varieties. In 2022, statistically significant differences emerged
among varieties with plant emergence ranging from 19 plants m~2 for
DH-129.B036, up to 55 plants m~2 for line HYB093 (Fig. 1). Interest-
ingly, when analyzing the results for the two varieties common across
the two years (i.e., DH-129.B036 and HYB097, Table 5), the effect of
year, but not variety, was found significant and plant count was more
than double (+113 %) in 2021 than in 2022 (Table 6). A study con-
ducted by Gesch et al. (2019) indicated a baseline value for plant count
at emergence carinata, ranging from 34 up to 117 plants m~2, which
aligns with the results obtained in the present study. The seeding rate
adopted (175 seeds m~2) was significantly higher than the common
values reported in the literature (129 seeds m~2) (Kumar et al., 2020).
The increased seeding rate was considered appropriate for the experi-
mental conditions, as summer intermediate crops grown in the Medi-
terranean basin would certainly face biotic and abiotic factors during
their cycle. During the two-year trial, maximum air temperatures higher
than 30°C and the scarcity of precipitation in the first part of the carinata
life cycle led to a lower-than-expected emergence and consequent plant
count. Carinata planted in the fall can benefit from higher precipitation
at early stages and usually achieve a much better establishment (Hossain
etal., 2019). On the other hand, as a result of delaying the sowing to late
spring/summer, soil moisture is often inadequate to support quick and

Table 4

even germination. According to Patane and Tringali (2011), low or high
temperatures combined with low soil water availability could negatively
influence seed germination. However, according to Kebreab and Mur-
doch (1999), seedling survival is supported by faster germination at high
temperatures in drying soil.

In the present study, carinata growth until the flowering phase was
characterized by a lack of precipitation and high temperatures. In 2021,
the mean crop coverage at the stem elongation phase (BBCH 39) was
65 % and statistical analysis revealed no significant differences among
varieties. In 2022, soil coverage was lower than expected, with a mean
value of 34 %. (Table 4). The highest soil coverage values were observed
in plants able to form a large rosette of leaves, while the varieties
showing the lowest soil coverage were earlier in reaching the stem
elongation stage. To confirm this, HYB095, which obtained the lowest
soil coverage value (24 %) had tall plants (0.81 m). When analyzing the
year effect on the common varieties (i.e., DH-129.B036 and HYB097),
soil coverage was almost double in 2021 (66 %) than in 2022 (36 %)
(Table 6). In 2022, the extremely high temperatures that occurred
during June and July, coupled with high pest pressure, negatively
affected the early-developing variety DH-129.B036 in particular, with a
consequent impaired ability to cover the soil. Plant height was influ-
enced by variety choice (Table 4, Fig. 2). The mean plant height was
0.70 m and the lowest value was observed in line DH-129.B036 in 2021
(0.63 m) and 2022 (0.43 m), respectively. The pest attack on DH-129.
B036, at early growth stages, corresponding to leaf development
(BBCH: 00-29), presumably reduced photosynthesis and the capacity of
plants to allocate resources for stem elongation, both of which nega-
tively affected final plant height. In 2021, the tallest plants were sur-
veyed in line HYB097 at a height of 0.84 m; meanwhile, in 2022, the
tallest varieties were HYB095 (0.81 m) and HYB068 (0.80 m), followed
by HYB097 (0.76 m). Thus, concerning the two varieties grown in both
years (Table 6), HYB097 produced tall plants with similar height in both
years, while DH-129.B036 had taller plants in 2021 (0.63 m in 2021 vs.
0.43 m in 2022). The present results on plant height do not align with
values reported in the available literature, for example, in carinata

One-way ANOVA results (F-values) of the main parameters surveyed in 2021 and 2022 trials conducted at the Bologna experimental station. Surveyed parameters
were: emergence count (plants m~2), soil coverage (%), plant height (m), total biomass (Mg DM ha™?), seed yield (Mg DM ha™!), and 1000-seed weight (g).

Year Factor Emergence count (plants Soil coverage Plant height Total biomass (Mg DM Seed yield (Mg DM 1000-seed weight
m) (%) (m) ha ") ha ") @®
2021  Genotype  0.36™ 0.79™ 5717 0.99™ 0.65™ 0.24™
2022 3.67" 2.10" 46.5" 2.54" 3.98™ 14.9”

** significant for P < 0.05; ns = not significant
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DH-129.B036 HYB097 NUJET 400

HYB068

HYBO087 HYB093 HYBO095

Fig. 1. Emergence count (plant m~2) of the seven different carinata varieties grown at Bologna in 2022. Different letters: significantly different values (P < 0.05,

LSD test).

Table 5

Two-way ANOVA results (F-values) of the main parameters surveyed in two
varieties (i.e., DH-129.B036 and HYB097) in common in the two-year screening
trial conducted at Bologna experimental station. Surveyed parameters were:
emergence count (plants m~2), soil coverage (%), plant height (m), total biomass
(Mg DM ha’l), seed yield (Mg DM ha’l), and 1000-seed weight (g).

Table 6

Results for emergence count (plants m’2), soil coverage (%), plant height (m),
total biomass (Mg DM ha™1), seed yield (Mg DM ha') and 1000-seed weight (g)
of the 2 common carinata varieties (i.e., DH-129.B036 and HYB097) grown at
Bologna in the two consecutive growing seasons (2021-2022). Different letters:
significant different values (P < 0.05, LSD test).

Factor Emergence Soil Plant Total Seed 1000-
count coverage height  biomass yield seed
(plants m) (%) (m) (Mg DM (Mg weight

ha™) DM @
ha™1)
Genotype 1.37™ 0.02"™ 335 N/A* N/A* N/A*
(A) o
Year (B) 19.0* 19.6°* 8.68 0.45" 10.3 0.10™
AxB 0.07™ 0.41™ 1.51™ N/A* N/A* N/A*

" The two-way ANOVA was not performed for total biomass, seed yield, and
1000-seed weight since variety DH-129.B036 did not reach harvest stage due to
the strong attack of pests.

" significant for P < 0.05; ns = not significant

Seepaul et al. (2021) indicated a plant height of 1.16 m at the flowering
stage and 1.34 m at harvest. In a study conducted in Northern Italy,
carinata plants reached a final height of 1.61 m which was lower than
the results reported for Southern Italy (1.87 m) (Del Gatto et al., 2015).
The main difference between the aforementioned results and the present
ones relate to the sowing season. As a consequence of drought and high
temperatures, the limited water availability presumably resulted in
extensive root growth as a strategy to fulfill carinata water requirements
(Hossain et al., 2018). This condition might have led to a greater
development of below-ground biomass at the expense of the
above-ground biomass. The decrease in carinata aboveground biomass
and consequent plant height, in response to drought, could be linked to
biochemical limitations, as demonstrated in studies conducted on
Brassica napus (Sangtarash et al., 2009). Despite the application of

Parameter Year

2021 2022
Emergence count (plants m~') 49.3° 23.2°
Crop coverage (%) 66.2% 36.2°
Plant height (m) 0.74° 0.60°
Total biomass. (Mg DM ha™') 5.29% 5.957
Seed yield (Mg DM ha™!)* 0.38" 1.13°
1000-seed weight (g)* 4.49% 4.57%

" Total biomass, seed yield and 1000-seed weight results refer only to variety
HYB097, since DH-129.B036 did not reached harvest stage due to the strong
attack of pests.

external irrigation to support the development of carinata in summer,
the crop seems to require a prolonged rehydration period to achieve
complete growth (Galmés et al., 2007).

From the biomass partitioning (leaves, stems, siliques) (Fig. 3),
performed only in 2022, stem biomass was on average 5.2 Mg DM ha™!,
while leaves and siliques produced both a biomass of 1.1 Mg DM ha ™},
each. According to the literature, the dry biomass of different plant parts
is affected by water deficit (Husen et al., 2014). Furthermore, high
temperature can also affect biomass production, particularly for siliques
(Angadi et al., 2000), while leaf biomass is influenced by the
self-defoliation that occurs during the reproductive stages as a strategy
to redirect plant resources toward seed production (Seepaul et al.,
2018).

At harvest, carinata total aboveground biomass was on average 4.29
Mg DM ha~! and 8.99 Mg DM ha~! in 2021 and 2022, respectively,
without reporting statistical differences among varieties (Table 4). In
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Fig. 2. Plant height (m) of the six and seven different carinata varieties grown at Bologna in 2021 and 2022, respectively. Different letters: significantly different
values (P < 0.05, LSD test). Italic letters refer to the year 2021, while regular letters refer to the year 2022.
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Fig. 3. Biomass partitioning of leaves (Mg DM ha™1), stems (Mg DM ha 1), and siliques (Mg DM ha™?) of the seven different varieties grown at Bologna in summer

2022. Different letters: significantly different values (P < 0.05, LSD test).

other studies conducted in Italy in fall/winter sowing (Del Gatto et al.,
2015), the biomass production yielded about three times higher in
comparison with the present results, presumably due to the concurrent
effect of both heat and drought stress (Licata et al., 2024), together with
the shortened life cycle as a response to summer sowing. In 2021, car-
inata seed yield was on average 0.34 Mg DM ha !, without statistical
differences among varieties (Table 4). In 2022, the average seed yield
was remarkably higher (grand mean: 1.32 Mg DM ha ') and variety
choice played a significant role. Seed yield varied greatly among

varieties, ranging between 0.70 Mg DM ha~! (NUJET 400) up to 1.92 Mg
DM ha~! (HYB087), confirming the presence of genetically superior
varieties in this second screening trial (Table 4, Fig. 4). It is noteworthy
that variety DH-129.B036 recorded a seed yield of 0.4 Mg ha™! in 2021,
while in 2022 it was not harvested due to major pest injury. In partic-
ular, the alien pest, Nysius cymoides, caused relevant damages to the
siliques, leading to abortion and seed malformation. Productivity losses
might be also related to the early damage caused by other pests at the
seedling stage, such as flea beetles (Altica oleracea). Flea beetles attack
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Fig. 4. Seed yield D.M (Mg DM ha™1) of the seven different carinata varieties grown at Bologna in 2022. Different letters: significantly different values (P < 0.05, LSD

test). The red line represents the break-even yield for carinata of 0.96 Mg DM ha

plants at the cotyledon stage and, after their dissemination, also cause
injury to young carinata stems. However, several pesticide applications
were performed during the carinata life cycle, but pests persisted in
causing significant damages. Furthermore, pesticides were sprayed
directly after the visual detection of flea beetles, which was presumably
too late to prevent the spread of the pest.

In a study conducted on some carinata varieties sown in the fall in
Northern Italy under different input levels (Zanetti et al., 2009),
resulting seed yields were remarkably higher (2.73 Mg ha™!) than the
ones obtained in the present study. According to Del Gatto et al. (2015),
the seed yield of three different carinata varieties was on average 1.92
Mg ha~! in Northern Italy, a value in line with the results obtained in the
present study but only for the most productive varieties in 2022.
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, calculated to compensate the cultivation costs in the present study.

Meanwhile in Central and Southern Italy, carinata achieved seed yields
0f 0.91 Mg ha~! and 3.10 Mg ha™!, respectively. Considering the variety
HYB097, which was grown across the two years, seed yield was signif-
icantly higher in 2022 (1.13 Mg ha™!) than in 2021 (0.38 Mg ha™1),
mainly due to the higher precipitation availability during the final part
of its cycle, and the consequent prolonged life cycle duration (Table 6).
Nevertheless, it is important to note that in 2022 carinata emergence
and soil coverage were lower than in 2021, thus confirming the
outstanding capacity of the crop to cope with environmental stressors
and compensate for low plant population by increasing branching and
flowering potential. Carinata seed yields of approximately 2 Mg DM
ha™! in summer sowing represent an outstanding result for a summer
intermediate crop, particularly in the harsh environmental conditions

a
b
I c I

HYB097 NUIJET 400 HYBO068

HYBO08&7 HYB093 HYBO095

Fig. 5. Thousand seed weight (g) of the seven different carinata varieties grown at Bologna in 2022. Different letters: significantly different values (P < 0.05,

LSD test).
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found in Northern Italy. This result confirms the great potential of some
carinata varieties (i.e., HYB068 and HYB087) for this type of sustainable
cropping system.

Finally, 1000-seed weight was on average 4.4 g in both 2021 and
2022, a value higher than those reported in the literature by Seepaul
et al. (2021), who indicated a mean 1000-seed weight of 4.12 g, and by
Del Gatto et al. (2015), who investigated three different varieties of
carinata in three locations (Northern, Central and Southern Italy) and
reported a mean 1000-seed weight of 4.0 g. In 2022, among the different
varieties, the 1000-seed weight ranged from 3.94 g (NUJET 400) up to
4.74 g (HYB095) suggesting that this trait is mainly under genetic
control rather than influenced by biotic or abiotic factors (Fig. 5). This
hypothesis is supported by variety HYB097 which obtained a 1000-seed
weight of about 4.5 g in both years (Table 6).

Based on the findings of the present study, to determine whether
carinata as summer intermediate crop can represent a sustainable source
of income for farmers, it would be essential to compare the cultivation
costs and the potential revenues derived from carinata seed sales. Ac-
cording to Basili and Rossi (2018), the production cost of
carinata-derived biodiesel in Italy is estimated at 801.31 € Mg™!, with
the farming stage accounting for 501.70 € Mg~ '. In the present study,
the data for the calculation of the cultivation are summarized in Table 7.
The total production cost was 685.30 € ha~!. However, farmers may
receive additional revenues for cultivating intermediate crops between
primary food crop cycles depending on local agricultural policies. For
instance, in Italy, according to the CAP 2023-2027 [Regulation (EU)
2021/2115], the GEAC 7 established crop rotation obligation and,
through the Eco-scheme 4, provides an extra payment of 110 € ha™! for
farmers who introduce specific crops, such as oilseeds and legumes, into
their rotation to preserve soil fertility and biodiversity. When including
this payment, the total production cost of carinata could decrease up to
575.30 € ha'. Currently in Europe, there is no established market for
carinata seeds to produce SAF, therefore no directly observable selling
price is available. However, an alternative benchmark price could be
based upon camelina seeds, certified according to RED III (Annex IX)
[Directive (EU) 2023/2413] and eligible for SAF production, which are
commonly traded at an average price of 600 € Mg~ 'of seeds. From this
rough calculation, the farmer profit from carinata seed sales could be as
high as 564.70 € ha™! for the most productive variety, i.e., HYBO87
which achieved a seed yield of 1.92 Mg ha™! in 2022. In contrast, in
2021, the mean seed yield of the entire screening trial was 0.34 Mg ha~!
which would lead to a loss of 371.3 € ha™! for farmers. The break-even
yield of carinata, defined as the minimum seed yield required to cover
production costs as a summer intermediate crop, was calculated to be
0.96 Mg ha™L. This value was achieved in 2022 by almost all the tested
carinata varieties (Fig. 4).

4. Conclusions

In the Mediterranean basin, drought and heat waves are becoming
more frequent, and finding resilient crops adaptable to harsh climatic
conditions is essential to fortify sustainable agriculture. In particular, as
staple winter crops are likely to expand in the near future, the identifi-
cation of summer intermediate crops is still very limited or completely
absent. A summer intermediate crop, such as carinata, could provide
raw material for the expanding bio-based industry sector while offering
an additional income to farmers. The present study, to the best of the
authors’ knowledge, is the first on carinata as a summer intermediate
crop in the Mediterranean region, highlighting several interesting op-
portunities as well as a few drawbacks. For example, variety selection is
still in its infancy and would need to be further developed to produce
elite-performing varieties that are available for other crops. The variety
DH-129.B063 proved unsuitable to summer sowing in Northern Italy,
mainly due to an extremely short life cycle and high susceptibility to
pests. On the other hand, HYB068 reached the highest seed yield while
soil coverage was quite low, thus possibly exposing the crop to high
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Table 7
Total costs of carinata production as summer intermediate
crop as calculated in the experimental trials.

Item Cost (€ ha™1)
Sowing 70.0
Carinata seeds 54.0
Fertilization 55.0
Fertilizer 36.0
Spraying 55.0
Pesticide 4.0
Irrigation™ 144.0
Water* 27.3
Harvesting 240.0

Total cost (€ ha™!) 685.30

* Irrigation treatment was assumed to be applied twice
per hectare per growing season, giving 35 mm of water per
application, as the typical amount used in the study area.

weed competition. Overall, HYBO87 was the best variety when grown as
a summer intermediate crop in the present experimental conditions,
reporting high seed yield and soil coverage. In general, any variety able
to provide seed yields higher than 1 Mg ha™! might represent a variety
with potential, as any variety meeting this could cover all cultivation
costs. In conclusion, while the inclusion of carinata into traditional
cropping systems ensures crop diversification and a source for new bio-
based feedstocks, it is necessary to carefully consider methods of agro-
nomic management to couple cost reduction with sustainable produc-
tion. In addition, new eco-friendly solutions to control flea beetles are
required to overcome the problem of chemical products which are
largely banned in Europe. Moreover, the perfect timing for pesticide
applications is essential to eradicate the pest and ensure desired yields in
the summer season.
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