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A B S T R A C T

Sloping land represents one of the major biophysical constraints limiting agricultural productivity in Mediter
ranean Europe, particularly in Italy. According to European Union (EU) legislation, non-food crops, like crambe 
(Crambe abyssinica Hochst. ex R.E. Fr.), should be cultivated on marginal lands. Crambe emerged as a promising 
industrial oilseed crop for sloping marginal areas due to its rustic nature, low input requirements, and resilience 
to several biotic and abiotic stresses. This study provides a six-year evaluation of crambe under favorable con
ditions (0% slope) and marginal sites with 15% and 25% slopes in northern Italy. The aim was to assess the 
effects of slope on crop productivity and quality, evaluating the suitability of crambe for marginal land valori
zation. Cultivation on a 15% slope resulted in a 27% reduction in seed yield. Despite the decline in seed yield, 
seed oil content increased significantly under marginal conditions, indicating a compensatory response to 
reduced stand density and productivity. As a result, oil yield was not significantly affected at the 15% slope. This 
suggests that the increase in oil concentration offset the reduction in seed yield. In contrast, under steep slope 
condition (25%), this compensatory mechanism was insufficient, and oil yield showed a marked decline 
(approximately − 60%) compared with the flat site. Erucic acid concentration showed minor variations across 
slope, resulting in a stable parameter. These findings demonstrate that crambe maintains good productivity 
(~1.5 Mg DM ha⁻¹) and stable oil quality on 15% slope sites, highlighting its potential for the valorization of 
Italian sloping marginal lands.

1. Introduction

The third update of the European Bioeconomy Strategy, adopted in 
2025, constitutes a key set of policy instruments through which the 
European Union seeks to achieve climate neutrality by 2050 (European 
Commission, 2025). Together with the Clean Industrial Deal, the EU 
Climate Law, and the revised Renewable Energy Directive (RED III), it 
contributes to the broader EU policy framework supporting this transi
tion (Directive EU 2023/2413; European Commission, 2024). Bio
economy markets are expected to foster the development of increasingly 
advanced bio-based solutions (e.g. biomaterials, biochemicals, and 
biofuels). They offer viable alternatives to fossil-based products and 
accelerate the transition from laboratory-scale solutions to large-scale 
industrial value chains (BIC, 2025; European Commission, 2025). This 
process may also promote the cultivation of industrial crops as sus
tainable feedstock for bio-based industries (Panoutsou and Alexopoulou, 
2020; Panoutsou et al., 2022). Currently, the production of crops dedi
cated to bioenergy and other industrial applications in the EU must 
follow two principles: (i) sustainable intensification through 

intermediated crops, intercropping or relay cropping systems with food 
crops; (ii) the utilization of severely degraded and abandoned land 
(Delegated Directive (EU) 2024/1405). This second principle builds on 
evidence from several recent European projects (e.g., SEEMLA, 
BIOPLAT-EU, MAGIC). These projects have demonstrated that industrial 
crops can be successfully cultivated on marginal agricultural land across 
Europe, thereby restoring their productivity. To standardize the classi
fication of these areas, the Joint Research Centre (JRC) established 
common biophysical criteria applicable across all Member States (Van 
Orshoven et al., 2012). This process aims to enhance industrial 
competitiveness while revitalizing marginal areas. Consequently, this 
approach has emerged as a promising strategy to foster new bioeconomy 
markets, promote crop diversification, and enhance ecosystem services 
(Von Cossel et al., 2019; Zanetti et al., 2024).

In a context where 18% of global vegetable oil production is already 
used for bio-based applications, restrictive environmental policies are 
limiting the development of traditional feedstocks such as palm oil 
(FAO, 2025). Consequently, oilseed crops are expected to play an 
increasingly central role. New oilseed crops such as crambe, Camelina 
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sativa L. Crantz (camelina), Ricinus communis L. (castor bean), and Car
thamus tinctorius L. (safflower) are therefore poised to move beyond their 
current “promising” status and become potential feedstocks for evolving 
bio-based value chains (Von Cossel et al., 2019; Zanetti et al., 2013). 
Indeed, many minor oilseeds crops are known for the quality of their 
oils, which in some cases is even higher than that of traditional feed
stocks, such as soybean (Costa et al., 2024; Wazilewski et al., 2013). 
They are also valued for green chemistry applications and the valori
zation of their protein- and fiber-rich defatted cakes in phytochemical, 
and pharmaceutical sectors (Alberghini et al., 2022; Costa et al., 2024; 
da Silva et al., 2024; Grahovac et al., 2025). However, these consider
ations can only remain theoretical unless the agronomic feasibility of 
these crops in European farming systems is demonstrated (Costa et al., 
2024; Prajapati et al., 2026).

Crambe (Crambe abyssinica Hochst ex R.E.Fr.) is an annual crop 
belonging to the Brassicaceae family, characterized by a unique fatty 
acid composition of its oil. The oil is mainly characterized by a high 
monounsaturated fatty acid content, particularly erucic acid, of which 
crambe oil is recognized as the richest source in nature (Mandal et al., 
2002). Erucic acid is a fatty acid containing 22 atoms of C and it owns 
several unique biobased applications, such as the production of bio
plastics, biolubricants and cosmetics (Samarappuli et al., 2020). The 
very high content of erucic acid (>50%) together with the high gluco
sinolate content in the cake (Lazzeri et al., 1994) makes crambe a typical 
non-food crop, as both these compounds make it not suitable for food or 
feed uses. Another unique trait of crambe is the formation of 
single-seeded siliques, which are harvested as a whole and then used as 
propagation material (Righini et al., 2016). Crambe owns very inter
esting agronomic traits. It shows broad environmental adaptability, 
limited resource requirements, and resilience toward many biotic and 
abiotic stresses. Crambe growth cycle is typically 100–120 d, from 
sowing to harvest, corresponding to roughly 1300–1500 GDD (Growing 
Degree Days), using 5◦C base temperature. As a result, it can be suc
cessfully grown across different pedoclimates in Europe and North and 
South America (Berzuini et al., 2021; Eberle et al., 2024; Cajamarca 
et al., 2018). Consequently, seed yields reported in the literature vary 
widely, ranging from less than 0.5 Mg ha− 1, in Brazil to more than 3.0 
Mg ha− 1, in UK (Samarappuli et al., 2020). Crambe has limited resis
tance to temperatures below 0◦C, so it is usually grown as spring crop in 
northern regions, while it can adapt to fall sowing only in southern 
Mediterranean regions (Zanetti et al., 2016). The mean plant height at 
harvest is often ~1 m, and shorter plants are usually found when sowing 
is delayed, and higher temperatures occur early in the season (Berzuini 
et al., 2021). Recent field trials under marginal conditions (Loew et al., 
2024; Reinhardt et al., 2021) and preliminary assessments of tolerance 
to metal-contaminated soils (Abias et al., 2024; Fernando et al., 2025) 
have highlighted the potential of crambe to grow under unfavorable 
conditions. Nevertheless, within Europe crambe remains less frequently 
considered for such applications compared with other oilseed crops such 
as castor bean (Costa et al., 2024; Testa et al., 2023) and camelina 

(Zanetti et al., 2024). According to Von Cossel et al. (2019) crambe is 
among the most versatile industrial crops and could potentially be 
adapted to about 86% of marginal areas in Europe. Despite this poten
tial, evidence on crambe's performance under marginal conditions in 
Italy remains limited. In Italy, the only study comparing its performance 
on fertile land and on marginal one was conducted by Zanetti et al. 
(2016), who evaluated its productivity on fertile soils in the Po Valley 
and semi-arid soils in Sicily. To the best of our knowledge, however, no 
published studies have specifically addressed the performance of 
crambe on sloping land, the main biophysical constraint affecting mar
ginal agricultural land in Italy (Elbersen et al., 2018; Fiorese and 
Guariso, 2010; Sallustio et al., 2018). In accordance with the definitions 
of marginal land set out in the EU MAGIC project (Elbersen et al., 2018) 
which are based on the parameters identified by the JRC (Eliasson, 
2007; Van Orshoven et al., 2012) land is considered marginal when its 
slope gradient exceeds 15%. This condition affects over 60% of Italian 
marginal land.

Based on its documented tolerance to biotic and abiotic stresses and 
low-input requirements, we hypothesized that crambe would exhibit a 
moderate decline in its productive performance in response to slope. 
Within this framework, the objective of the present study was to eval
uate the agronomic performance of crambe grown on sloping land with 
15% and 25% slope, in comparison with conventional flatland condi
tions. By integrating multi-year field observations, the study sought to 
establish whether crambe can maintain acceptable productivity and oil 
quality under marginal Mediterranean environments.

2. Materials and methods

2.1. Experimental layout

The crambe commercial variety, Galactica (provided by Wageningen 
Research, Netherlands), was tested in 4 experimental fields (Table 1) 
over 6 years (2019–21, 2023–25). All the experimental fields were 
located at the experimental farm of the University of Bologna, in Ozzano 
dell’Emilia, Northern Italy. The fields were identified as follows: 
OZE− 0, OZE− 15, OZE− 15–2, and OZE− 25, Fig. 1.

The OZE− 0 site represented a fertile, flat soil, reflecting the average 
soil conditions of the surrounding area. OZE− 15 and OZE− 15–2 were 
considered marginal due to the presence of a 15% slope, while OZE− 25 
was characterized by an even steeper slope of 25% (Eliasson, 2007). A 
detailed soil characterization was reported in Table 1. OZE− 0 exhibited 
overall higher soil fertility compared with the other sites, with a good 
content of organic matter and nitrogen level. The sloping soils, instead, 
were generally characterized by subalkaline pH and lower levels of 
organic matter, nitrogen, and available phosphorus. Given the greater 
operational complexity associated with sloping areas, crambe was 
cultivated in a single large strip of approximately 1000 m² at each 
experimental field. This ensured realistic field conditions under 
farm-scale management. Within each strip, between four and twelve 

Table 1 
Descriptions of the four experimental sites where crambe was grown during 2019–21 and 2023–25 in Northern Italy.

Ozzano plane 
(OZE− 0)

Ozzano slope 1 (OZE− 15) Ozzano slope 2 
(OZE− 15–2)

Ozzano slope 3 
(OZE− 25)

Coordinates 44◦ 43’ N, 
11◦ 48’ E

44◦ 42’ N, 
11◦ 47’ E

44◦ 41’ N, 
11◦ 47’ E

44◦ 40’ N, 
11◦ 47’ E

Altitude (m a.s.l.) 67 115 200 230
Slope 0% 15% 15% 25%
Texture Silty clay loam Clay loam Sandy loam Loam
pH 6.60 8.02 8.15 8.08
Organic matter (%) 1.70 1.23 1.42 1.21
Total N (‰) 1.39 0.98 0.73 0.73
Available P (ppm) 145 16 20 30
Exchangeable K (ppm) 246 233 226 190
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sampling areas of 2 × 1 m (=pseudo-replicates) were randomly har
vested to account for within-strip variability. The number of sampling 
areas are summarised in Table 2.

2.2. Agronomic management

The preceding crops were: in OZE− 0 winter wheat (Triticum aesti
vum), in OZE− 15–2 and OZE− 25 spontaneous grassland, and in 
OZE− 15 alfalfa (Medicago sativa). Soil tillage included disk harrowing, 
to a depth of 0.3 m, followed by two passes with a rotary tillage in order 
to obtain a fine and firm seedbed. Pre-sowing fertilization was carried 
out applying an organic fertilizer (GUANITO, NPK 6–15–2) at a dose of 
500 kg ha− 1 at all sites. Crambe was sown by means of a mechanical 
cereal seeder (DAMAX) at a rate of 18 kg ha− 1, with rows spaced 0.15 m 
apart as suggested by Zanetti et al. (2016). The crop was managed ac
cording to organic farming practices under rainfed conditions. Together 
with the duration of the growing cycle, the sowing and harvest dates are 
summarised in Table 2.

2.3. Measured parameters

Daily minimum and maximum air temperatures and precipitation 
were recorded by weather stations at the experimental farm of the 
University of Bologna in Ozzano dell'Emilia. Growing degree days 
(GDD) were also calculated with a base temperature (Tbase) of 5◦C for 
crambe (Meijer and Mathijssen, 1996) accumulated between sowing and 
harvest dates, using the following equation: 

GDD = Σ [ (Tmax + Tmin) / 2 – Tbase]                                                   

Where Tmax and Tmin are the maximum and minimum air tempera
tures, respectively.

Crambe was hand-harvested at full maturity. At harvest, final plant 
density (plants m− 2) was determined by counting all plants present 
within each sampling area. Plant height (m) was measured at plant 
maturity on three plants per sampling area, from the base of the plant to 
the top pod on the main branch. All harvested plants from each sampling 
area were then threshed using a plot combine (Wintersteiger, Austria). 
Seed and straw were weighed separately. A sub-samples of both frac
tions were oven dried at 105◦C for 24 h until a constant weight was 
reached to determine the dry matter content. Harvest index (HI) was 
also calculated as the ratio between seed yield and the total above
ground biomass (seed + straw). The weight of 1000-seeds (TKW) was 
determined on a representative sample of cleaned seeds using a seed 
counter (Data Technologies, Israel) at LARAS (seed analysis laboratory 
at the University of Bologna). The seed production (number of seeds 
produced per unit of soil surface) was calculated as the ratio between 
seed yield and TKW.

2.3.1. Seed quality analyses
Qualitative analyses were performed on the harvested seeds to 

determine total oil content and the fatty acid composition. Seed oil 
content was determined on approximately 30 g of crambe seeds previ
ously ground using an electric grinder. An aliquot of 1.5 g of ground 
material was placed in a cellulose thimble (22 × 80 mm; Axiva, Delhi, 
India) and inserted into a 30 mL Soxhlet glass extractor. Oil extraction 
was performed in an in-line multi-unit Soxhlet apparatus (mod. R 306 S, 
Behr Labor-Technik, Düsseldorf, Germany) using 60 mL of n-hexane as 
solvent for 2 h from the first solvent reflux. Oil yield was calculated as 
the product of seed yield and oil content.Fatty acid composition was 
determined by gas chromatography (GC–FID, model 7820 A, Agilent 
Technologies, Santa Clara, CA, USA) after transesterification according 
to Christopherson and Glass (1969). The analysis was carried out using a 
BPX70 capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness; 
SGE, Ringwood, Australia). Gas chromatography separation was per
formed on a BPX70 capillary column (30 m × 0.25 mm i.d., 0.25 µm 
film thickness; SGE, Ringwood, Australia). Detector temperature was set 
at 250◦C. Fatty acids were identified by comparing retention times with 
those of standard FAME mixtures, and their relative proportions were 
calculated from individual peak areas. Erucic acid yield was calculated 
as the product of seed yield and erucic acid content.

2.4. Statistical analysis

Statistical analyses were performed using R software (version 4.3.0). 
Prior to analysis, the dataset was screened for outliers using the inter
quartile range (IQR) method. For each variable, observations falling 
below Q1 − 1.5 × IQR or above Q3 + 1.5 × IQR were considered 

Fig. 1. Location of the four experimental fields (OZE− 0, OZE− 15, OZE− 15–2 
and OZE− 25) at the University of Bologna experimental farms in Ozzano del
l'Emilia (Northern Italy). Red dots indicate the experimental fields. The scale 
bar is expressed in kilometres (km).

Table 2 
Sowing and harvest dates, growing cycle duration, total precipitation, mean minimum (Tmin), and mean maximum (Tmax) air temperatures, and growing degree days 
(GDD) and number of sampling areas surveyed during the crambe growing cycle at the different experimental sites (ID) in Ozzano dell'Emilia, Italy, from 2019 to 2025.

GS ID Sowing Date Harvest Date Cycle Precipitation (mm) Tmin (◦C) Tmax (◦C) GDD Sampling areas

2019 OZE− 0 05 March 20 June 107 315 9.2 20.1 1057 4
OZE− 25 05 March 20 June 107 315 9.2 20.1 1057 12

2020 OZE− 0 26 February 28 June 123 65 9.3 21.0 1295 4
OZE− 15 26 February 28 June 123 65 9.3 21.0 1295 10
OZE− 25 26 February 28 June 123 65 9.3 21.0 1295 10

2021 OZE− 0 03 March 29 June 118 157 9.0 20.6 1178 11
OZE− 15 03 March 29 June 118 157 9.0 20.6 1178 8
OZE− 25 03 March 29 June 118 157 9.0 20.6 1178 6

2023 OZE− 15–2 09 March 05 July 118 554 10.9 22.4 1368 12
2024 OZE− 15–2 25 March 07 July 99 109 12.0 23.8 1292 12
2025 OZE− 0 21 March 03 July 104 176 12.6 24.5 1435 12

OZE− 15–2 21 March 03 July 104 176 12.6 24.5 1435 12

A. Ferreira et al.                                                                                                                                                                                                                                Industrial Crops & Products 250 (2026) 123937 

3 



outlying observations and removed from the dataset. Given the unbal
anced experimental design, a Type III one-way ANOVA was used to 
determine the effect of the slope considering slope as a fixed factor, and 
year as a random factor. This was done to identify whether the slope 
influenced crop performance (both quantitative and qualitative perfor
mance). The normality of residuals and homogeneity of variances were 
assessed. Particular attention was paid to homoscedasticity, as its 
violation significantly increases the risk of Type I errors (false positives). 
Therefore, both assumptions were carefully evaluated through graphical 
inspection and formal tests (Shapiro–Wilk and Levene's tests). When 
these assumptions were not met, the data were transformed according to 
the Box–Cox transformation. For parameters where the ANOVA results 
showed statistically significant differences (p ≤ 0.05), the Least Signif
icant Difference (LSD) post hoc test was used to separate the means. In 
addition, three separate Principal Component Analyses (PCA) were 
performed to investigate how slope affects the relationships between the 
two most abundant fatty acids (oleic and erucic acids) and the main 
traits, including seed yield, straw yield, seed production (seed P), plant 
density, plant height, HI, TKW and oil content. Prior to PCA, the pres
ence of outlier was assessed (as previously described for the ANOVA) 
and, when detected, outlying observations were removed from the 
dataset. All variables were scaled and centered. The PCA was performed 
using the prcomp function in R. The number of principal components 
(PCs) to retain was determined according to several criteria: the Kai
ser–Guttmann criterion (eigenvalues > 1), the cumulative percentage of 
explained variance, and the scree plot. Variable loadings were then 
examined to identify those fatty acids contributing most to each selected 
PC, with particular attention to the highest absolute values.

3. Results

3.1. Meteorological data

The meteorological parameters surveyed at Ozzano dell’Emilia are 
reported in Table 2. Compared with the long-term means (2008–2018), 
during the six-year experimental period (2019–2025), temperatures 
increased progressively. Between 2019 and 2025, minimum tempera
tures increased by ~3.4◦C, average seasonal temperatures increased by 
~4◦C, and maximum temperatures rose by approximately 4.4◦C.

Cumulative precipitation in the long-term reference period averaged 
335 mm during the crambe growth cycle. In contrast, precipitation 
during the experimental period showed high interannual variability. 
Very dry conditions were recorded in 2020, with cumulative precipita
tion of 65 mm, whereas in 2023 total precipitation exceeded 550 mm, 
with heavy and exceptional rains, mainly concentrated in May. In the 
remaining years (2021, 2024, and 2025), cumulative precipitation 
ranged between 150 and 175 mm, remaining well below the long-term 
average.

3.2. Crambe productive performances

Plant height varied slightly depending on slope, ranging from 0.96 m 
under the steepest conditions to 1.16 m under flatland conditions 
(Table 3). Notably, plant height exhibited lower variability across slope 
conditions compared with other measured traits, with a coefficient of 
variation (CV) of approximately 10% (Table 4). Plant density at harvest 

was also significantly affected by slope (Table 3). The highest density 
was recorded under flat conditions (130 plants m⁻²), while 103 and 90 
plants m⁻² were recorded at 15% and 25% slopes, respectively. Plant 
density variability increased with slope from a CV of 23% under flat 
conditions to 33% under 25% slope, respectively (Table 4). Slope 
significantly (P ≤ 0.05) affected crambe productivity (Fig. 2 A). Under 
flat conditions, crambe achieved the highest seed yield (1.83 Mg DM 
ha⁻¹), while at 15% and 25% slope, it significantly decreased by 27% and 

Table 3 
Plant height at harvest (m), final plant density (plant m− 2), seed production (seed m− 2) and thousand seed weight (TKW, g) of crambe obtained under different slopes: 
0 = 0% slope site, 15 = 15% slope sites, 25 = 25% slope site. Different letters: statistically different means for P ≤ 0.05, LSD test.

SLOPE (%) Plant height (m) Plant density (plant m− 2) Seed production (seed m− 2) TKW(g)

0 1.16 a 130 a 33904 a 5.41 a
15 1.08 b 103 b 24392 b 5.46 a
25 0.96 b 90 b 12099c 5.43 a

Table 4 
Coefficient of variation (CV, %) of seed yield, straw yield, harvest index, final 
plant density, plant height at harvest, and thousand seed weight (TKW) surveyed 
in crambe grown under different slopes: 0 = 0% slope site, 15 = 15% slope sites, 
25 = 25% slope site.

Parameter CV (%)

0 15 25

Seed yield 28 39 82
Straw yield 30 40 97
Harvest Index 24 28 29
Plant density 23 29 33
Plant height 10 11 12
TKW 8 8 8

Fig. 2. A) Crambe Seed yield (Mg DM ha− 1) and B) Straw yield (Mg DM ha− 1) 
obtained under different slopes: 0 = 0% slope site, 15 = 15% slope sites, 
25 = 25% slope site. Vertical bars: standard errors. Different letters: statistically 
different means for P ≤ 0.05, LSD test.
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66%, respectively. Yield stability progressively decreased with steep
ness, in fact the CV ranged from 28% to 82% in flatland and at 25% 
slope, respectively (Table 4).Increasing slope also negatively affected 
straw yield (Fig. 2 B). The highest straw yield was recorded in the flat 
conditions (3.08 Mg DM ha⁻¹), whereas under 15% and 25% slope, straw 
yield was respectively 26% and 69% lower. As observed for seed yield, 
straw yield variability increased with slope steepness (Table 4). This 
result was further confirmed by the analysis of the HI. HI was signifi
cantly higher under the steepest slope condition (0.42) compared with 
both the favourable (0.34) and the 15% (0.35) slope (Fig. 3). Under 25% 
slope, the reduction in straw biomass was proportionally greater than 

the reduction in seed yield, resulting in an increase in HI of ~25%. Seed 
production (seeds m⁻²) was significantly affected by slope (P ≤ 0.05; 
Table 4). TKW was not affected by slopes reporting a mean value of 5.43 
(± 0.72) g (Table 3). The highest seed production was recorded under 
flat conditions, followed by the 15% slope conditions, while the lowest 
value was observed under the 25% slope condition (Table 3).

3.3. Crambe seed quality

Seed oil content (% DM) was affected by slope. The highest seed oil 
content was recorded under 25% slope, while the lowest content was 
observed in flatland (Fig. 4 A). Oil yield (Mg DM ha− 1) showed an 
opposite trend than seed oil content (Fig. 4 B). Under 25% slope, oil 
yield was less than half of than that measured under 15% slope and flat 
conditions. Slope also affected the fatty acid composition of crambe oil: 
oleic and erucic acid contents significantly changed with slope. Linoleic, 
and linolenic acids were not affected by slope (Table 5). Erucic acid was 
the most stable fatty acid ranging from 53.9% to 55.1%. It showed, the 
lowest coefficient of variation among fatty acids (Table 5). Due to the 
markedly lower oil production under 25% slope, erucic acid yield was 
significantly lower at 25% slope compared to the other two conditions 
(Fig. 5).

3.4. Multivariate analysis

To investigate how slope influenced the relationships between the 
main parameters surveyed, principal component analyses (PCA) were 
performed separately for each condition (0%, 15%, and 25% slope) 
(Fig. 6 A-C). The analysis included the main parameters surveyed: seed 
yield, seed production, straw yield, plant density, plant height, TKW, HI, 
seed oil content, and the two most abundant fatty acids (oleic and erucic 
acid). In the PCA for 0% slope (Fig. 6 A), the first two principal com
ponents explained 61.6% of the total variance. PC1 was positively 
associated with seed yield, erucic acid, oil content, plant height, seed 

Fig. 3. Crambe Harvest index (HI) surveyed under different slopes: 0 = 0% 
slope site, 15 = 15% slope sites, 25 = 25% slope site. Vertical bars: standard 
errors. Different letters: statistically different means for P ≤ 0.05, LSD test.

Fig. 4. A) Crambe Seed oil content (%) DM and B) Oil yield (Mg DM ha− 1) 
surveyed under different slopes: 0 = 0% slope site, 15 = 15% slope sites, 
25 = 25% slope site. Vertical bars: standard errors. Different letters: statistically 
different means for P ≤ 0.05, LSD test.

Table 5 
Main fatty acid composition (oleic, linoleic, linolenic and erucic acid) of crambe 
seed oil obtained under different slopes: 0 = 0% slope site, 15 = 15% slope sites, 
25 = 25% slope site. Different letters: statistically different means for P ≤ 0.05, 
LSD test and coefficient of variation (CV, %).

Slope Oleicacid Linoleic acid Linolenic acid Erucic acid

0 17.20 b 8.44 a 4.69 a 54.90 a
15 17.60 a 8.07 a 4.68 a 53.90 b
25 17.40 ab 8.76 a 5.02 a 55.10 a
CV (%) 6.0 8.3 9.8 3.9

Fig. 5. Crambe Erucic acid yield (kg ha− 1) obtained under different slopes: 
0 = 0% slope site, 15 = 15% slope sites, 25 = 25% slope site. Vertical bars: 
standard errors. Different letters: statistically different means for P ≤ 0.05, 
LSD test.
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production, plant density, TKW and HI. PC1 was negatively associated 
with oleic acid and straw yield. PC2 was positively associated with TKW, 
HI and plant density. Negative associations were observed between PC2 
and straw yield, seed production, erucic acid, plant height, seed yield 
and oil content. In the PCA for 15% slope (Fig. 6 B) the first two principal 
components explained 61.8% of the total variance. PC1 was positively 
associated with seed yield, seed production, straw yield, erucic acid, 
plant height, and plant density, and HI. PC1 was negatively associated 

with oleic acid, TKW and oil content. PC2 was positively associated with 
seed yield, seed production, straw yield, erucic acid, TKW, HI and oleic 
acid. Negative associations were observed between PC2 and oil content, 
plant height, and plant density. In the PCA for 25% slope (Fig. 6 C) the 
first two principal components explained 68.1% of the total variance. 
PC1 was positively associated with erucic acid, plant density, TKW and 
HI, and negatively associated with seed yield, plant height, straw yield, 
seed production, oleic acid, and oil content. PC2 was positively associ
ated with TKW, oleic acid, seed yield, seed production, plant height and 
HI. PC2 was negatively associated with erucic acid, plant density, straw 
yield and oil content. The multivariate analysis indicated that slope 
affected not only individual parameters, as previously shown, but also 
the relationships among variables. Several associations remained stable 
across all slope conditions. For example, seed yield and seed production 
were consistently associated in all PCA biplots. Plant height, seed pro
duction and seed yield were always strongly associated under all slope 
conditions. In addition, oleic and erucic acids consistently displayed a 
strong negative relationship. In contrast, the relationships involving HI 
and straw yield varied with increasing slope. Under flat conditions, HI 
and straw were almost perpendicular, whereas at 25% slope HI was 
almost opposite to the straw yield vector (Fig. 6 C). Furthermore, the 
relationship between HI and plant height varied with increasing slope: 
under flat conditions HI and plant height were correlated. Under slope 
conditions, this relationship progressively weakened and became almost 
opposite at 25% slope, as observed for HI and straw. Under flat condi
tions (Fig. 6 A), plant density, plant height, seed production and seed 
yield were closely aligned. However, with increasing slope (Fig. 6 B–C), 
the plant density vector progressively diverged from the vectors of plant 
height, seed production and seed yield.

4. Discussion

Climate change effects are not only impacting agricultural produc
tion in the Mediterranean basin, but they are further exacerbating crop 
growth limitation under marginal soils. This has recently led to huge 
land abandonment in southern EU countries, such as Italy. Growing 
resilient crops under marginal conditions might represent an opportu
nity for farmers to bring abandoned land back into cultivation. In the 
present long-term study, crambe confirmed its suitability to marginal 
land with moderate slope (15%). Even under the 25% slope condition, 
although seed yield was markedly reduced, the crop completed its cycle 
and never failed. Thermal accumulation was mainly driven by interan
nual temperature differences rather than slope. On average, crambe 
required 1239 (± 128) GDD from sowing to harvest across all slope 
conditions, a value well aligned with literature (Falasca et al., 2010; 
Righini et al., 2016; Zanetti et al., 2013). As expected, slope negatively 
affected crambe productivity (Fig. 2 A-B), as under flat conditions 
crambe achieved the highest performance, with an average seed yield of 
1.83 Mg DM ha⁻¹. This value falls within the range for Italy, reported by 
Samarappuli et al. (2020) under conventional farming practices. The 
reported range in this study varies between 1.35 and 2.67 Mg ha⁻¹. 
Similar results were reported by Berzuini et al. (2021), who evaluated 
crambe across multiple conventional flatland sites in Europe (Italy, 
Greece, and Poland), who identified Italy as the most suitable site with 
an average seed yield of 2.11 Mg DM ha⁻¹. Therefore, the yield obtained 
in the present study under non-marginal conditions aligns with the 
typical productive potential of crambe in Italy. This is particularly 
relevant in the context of rising temperatures and the growing occur
rence of drought and extreme weather events (Table 2) affecting the 
Mediterranean region (Lazoglou et al., 2024).

To the best of our knowledge, no field studies have explicitly tested 
crambe on marginal land with slope constraints. Previous studies 
emphasized the ability of crambe to grow under different marginal 
conditions. Reinhardt et al. (2021) reported two studies conducted in 
Brazil carried out under unfavourable soil types, characterized by high 
clay content, reporting seed yield ranging between 0.49 and 1.70 Mg 

Fig. 6. PCA biplots for the first two principal components (PC1 and PC2), 
showing the multivariate relationships among crambe seed oil content, oleic 
and erucic acid and key yield-related traits (Seed, Straw, Density, Height, TKW 
and Seed production (Seed P)). Panels represent the three slope conditions: (A) 
0% slope, (B) 15% slope, and (C) 25% slope. Points correspond to individual 
samples in each different condition.
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ha⁻¹ . Similarly, a study conducted on shallow and stony soils of the 
Swabian Alb in Germany reported yield levels of approximately 1.2–1.5 
Mg DM ha⁻¹ (Schlecht et al., 2025; Loew et al., 2024). These findings 
confirmed the good crambe suitability to grow under diverse and mar
ginal pedoclimatic constraints. Although slope had a negative effect on 
crambe yield, the reduction was not as pronounced as reported in other 
comparable situations involving different oilseed crops. For instance, 
camelina exhibited an 80% seed yield reduction at 25% slope under the 
same slope conditions examined in the same study area (Zanetti et al., 
2024). Under the steepest slope conditions, straw production 
decreased more than proportionally compared to seed yield leading to 
an increase of HI (Fig. 3). The highest plant density was recorded under 
flat conditions compared to sloping ones (Table 3). Under slope, agro
nomic operations, such as sowing, were more difficult to perform with 
precision and uniformity, than under flat condition. Comparable man
agement constraints under 25% slope condition were previously docu
mented in camelina by Zanetti et al. (2024), where the crop never 
reached satisfactory soil coverage. Therefore, it cannot be excluded that 
under the conditions investigated here sowing efficiency decreased, 
leading to reduced plant density. In contrast, seed weight (TKW) was not 
affected by slope and remained a stable parameter, with a mean of 5.4 
(± 0.72) g. This value is in line with those typically reported for crambe 
under favourable conditions, ranging between 6 and 10 g (Falasca et al., 
2010; Reinhardt et al., 2021; Righini et al., 2016). It is also fully 
consistent with values reported for the same crambe variety cultivated 
in the same area of Emilia–Romagna (Berzuini et al., 2021). Given this 
stability of crambe seed weight across conditions, the reduction in seed 
yield observed under slope cannot be attributed to limitations during the 
seed filling phase, but rather to other processes.

The PCA biplots provide further insight into these observations. 
Under flat conditions (Fig. 6 A) plant density, plant height, seed pro
duction and seed yield are closely aligned, indicating that higher yields 
were associated with both higher plant density and taller plants. How
ever, slope altered the structure of these relationships. With increasing 
slope (Fig. 6 B–C), the plant density vector progressively diverged from 
those of seed production, seed yield and plant height. This indicates that 
under sloping conditions, seed yield variability becomes less controlled 
by plant density and increasingly dependent on the ability of individual 
plants to maintain vegetative vigour and reproductive development. 
This ability of individual plants to compensate across different plant 
densities is a known phenomenon in other Brassicaceae crops, such as 
oilseed rape (Brassica napus L. var. oleifera) and Brassica carinata 
(Seepaul et al., 2021; Roques and Berry, 2016). In contrast to plant 
density, the plant height vector remained consistently associated with 
seed production and seed yield across all slope conditions (Fig. 6 B–C). 
Therefore, the decrease in plant height observed under slope conditions 
(Table 4) was directly associated with reduced seed production and seed 
yield. This interpretation is consistent with previous findings, i.e., Zoz 
et al. (2018) reported that taller plants produced a greater number of 
branches and, consequently, more grains per plant resulting in a higher 
seed yield. Since crambe is characterized by single seeded siliques, with 
stem nodes forming for each single seeded siliques, reduced seed pro
duction might reflect a limited capacity of the crop to develop secondary 
branches and reproductive structures under slope conditions (Meijer 
et al., 1999; Zanetti et al., 2016). Seed oil content, under sloping con
ditions increased compared with flat conditions by 9% (Fig. 4 A). This 
trend could be explained by a compensatory effect, where reducing seed 
yield and plant density are associated with an increase in seed oil con
centration (De Marins et al., 2024). Similar results have been reported 
for other Brassicaceae species such as camelina, where a decline in seed 
yield under marginal conditions was accompanied by an increase in oil 
content (Reinhardt et al., 2022; Zanetti et al., 2024). However, when 
considering oil yield significant differences among slope conditions 
emerged (Fig. 4 B). Despite the lower seed yield under the 15% slope 
conditions, oil yield did not differ significantly from that of the flat 
conditions. This indicated that the increase in seed oil concentration 

compensated the reduction in seed yield, resulting in a comparable oil 
yield under 15% slope conditions. In contrast, oil yield was significantly 
reduced under steep slope, despite the increase in oil content. Slope 
negatively affected not only the main productivity parameters but also 
crop stability. The analysis of the CV revealed a clear gradient of 
increasing interannual variability with slope steepness across the six 
growing seasons (Table 4). The increase in variability differed markedly 
between the two slope conditions. The CV observed under the 15% slope 
condition compared with flat conditions indicated that even moderate 
slope constraints negatively affected crop stability. However, the effect 
became much more pronounced under 25% slope, particularly for seed 
yield (CV = 82%) and straw yield (CV = 97%). This was further 
confirmed by the multivariate analysis. Fig. 6 A-C shows a progressive 
increase in sample dispersion from 0% to 25% slope conditions, indi
cating increasing crop heterogeneity with slope severity. These findings 
suggested that the impact of slope on the stability of productive traits 
intensified progressively with increasing slope steepness. In contrast, 
across the different slope conditions and growing seasons, crambe seed 
quality showed marked stability in oil composition. Among all fatty 
acids, erucic acid was the most stable, exhibiting the lowest coefficient 
of variation. Similar findings were reported by Vollmann and 
Ruckenbauer (1993) and later confirmed by Laghetti et al. (1995). 
Previous studies conducted in Italy reported comparable erucic acid 
concentrations within the range observed in the present study 
(53.9–55.1%) (Bondioli et al., 1998; Berzuini et al., 2021; Zanetti et al., 
2016). Despite oil compositional stability, erucic acid yield was strongly 
affected by the 25% slope, following the decreasing trend of seed yield 
(Fig. 5). Overall, these findings indicate that crambe preserved high 
stability in its key qualitative characteristics, including oil composition 
and seed weight. Even though increasing slope severity significantly 
reduced productivity and increased variability in plant traits, these 
characteristics remained stable.

More than half of the Emilia-Romagna region is classified as hilly or 
mountainous (ISTAT, 2014). In these areas agricultural production is 
frequently constrained by slope. The results of the present study indicate 
that crambe maintained oil yield and oil quality under the 15% slope 
condition at levels comparable to those observed on flat land. These 
findings suggest that crambe may represent a suitable crop for sloping 
agricultural areas in Emilia-Romagna with 15% slope, providing a 
valuable option for diversifying crop rotations thereby supporting the 
productive use of sloping land, where land abandonment is widespread.

5. Conclusions

This study provided the first long-term study on crambe cultivated 
under marginal sloping conditions. These conditions represented a 
major constraint affecting large areas of the Italian agricultural land
scape and had so far received limited attention. Across six growing 
seasons, slope negatively affected crambe growth and yield stability, 
primarily through reductions in plant height, final plant density and 
seed production. Crambe exhibited a limited capacity to compensate for 
plant density reduction, leading to lower seed yield under sloping con
ditions, although acceptable productivity was maintained under the 
15% slope conditions. This reduction in seed yield, was accompanied by 
improvement in seed quality. In particular, oil concentration increased 
with increasing slope, resulting in comparable oil yields between the flat 
and the 15% slope conditions. Moreover, the stability of fatty acid 
composition over the six-year experimental period represented a rele
vant agronomic advantage. This ensured a consistent and standardized 
raw material suitable for industrial applications even under marginal 
conditions. Taken together, these findings indicated that slopes up to 
approximately 15% provided a reasonable compromise between pro
ductivity and seed quality. From an agronomic management perspec
tive, adjusting seeding rates in sloping areas may help compensate for 
lower seedling establishment. However, increases in plant density 
should be carefully calibrated to avoid excessive intra-specific 
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competition and reduced yield potential at the individual plant level.
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Guedes, C.L.B., Guimarães, M.F., 2018. Evaluation of various species of winter 
oleaginous plants for the production of biodiesel in the State of Parana, Brazil. Ind. 
Crops Prod. 126, 113–118. https://doi.org/10.1016/j.indcrop.2018.10.003.

Christopherson, S.W., Glass, R.L., 1969. Preparation of milk fat methyl esters by 
alcoholysis in an essentially nonalcoholic solution. J. Dairy. Sci. 52 (8), 1289–1290. 
https://doi.org/10.3168/jds.S0022-0302(69)86739-1.

Costa, E., Valdrez, I., Almeida, M.F., Alvim-Ferraz, M.C., Dias, J.M., 2024. Nonedible 
crops as alternative raw materials for biodiesel production: An overview. 
Agroenergy. Elsevier, pp. 41–91. https://doi.org/10.1016/B978-0-443-21430- 
1.00017-X.

da Silva, C., Schmitz, J.A., Raspe, D.T., Stevanato, N., Hoscheid, J., Gimenes, M.L., 
Bolanho Barros, B.C., Cardozo-Filho, L., 2024. Application of the biorefinery concept 

in the processing of Crambe abyssinica seed defatted meal in a pressurized medium. 
Plants 14 (3), 326. https://doi.org/10.3390/plants14030326.

De Marins, A.C., Secco, D., Ruffato, G.G., Bassegio, D., Tiruneh, G.A., Reichert, J.M., 
2024. Soil chemical properties affecting grain yield and oil content of crambe biofuel 
crop. Soil. Sci. Soc. Am. J. 88 (5), 1891–1908. https://doi.org/10.1002/saj2.20741.

Eberle, C., Scott, D.A., Forcella, F., Gesch, R.W., Weyers, S., Johnson, J.M.F., 
Schneider, S., 2024. Planting date impact on flowering, pollinator visitation and 
yield of mass flowering oilseed crops in the Northern Corn Belt. Agr. For. Entomol. 
26, 534–545. https://doi.org/10.1111/afe.12644Digital.

Elbersen, B.S., van Eupen, M., Boogaard, H.L., Mantel, S., Verzandvoort, S.J.E., 
Mücher, C.A., Ceccarelli, T., Elbersen, H.W., Bai, Z., Iqbal, Y., von Cossel, M., 
McCallum, I., Carrasco, J., Ramos, C., Monti, C.D., Scordia, D., Eleftheriadis, I., 
2018. Methodological approaches to identify and map marginal land suitable for 
industrial crops in Europe (Deliverable 2.6, MAGIC Project). & Research / ISRIC - 
World Soil Information. Wageningen University. https://magic-h2020.eu/reports-de 
liverables/.

Eliasson, Å., 2007. Review of land evaluation methods for quantifying natural constraints 
to agriculture (Joint Research Centre. Institute for Environment and Sustainability). 
Publications Office. https://data.europa.eu/doi/10.2788/17545.

European Commission, 2024. The Clean Industrial Deal: A joint roadmap for 
competitiveness and decarbonisation. https://eur-lex.europa.eu/legal-content/EN/ 
TXT/?uri=CELEX%3A52025DC0085.

European Commission, 2025. Communication on a new EU Bioeconomy strategy: 
Towards a Circular, Regenerative and Competitive Bioeconomy, 2025. Publications 
Office of the EU. EUR-Lex - Ares. https://eur-lex.europa.eu/legal-content/EN/TXT/? 
uri=intcom%3AAres%282025%292559560, 2559560 - EN - EUR-Lex. 

Directive (EU) 2023/2413 of the European Parliament and of the Council of 18 October 
2023 on the promotion of the use of energy from renewable sources (recast) 2023 
Official Journal of the European Union, L. 2023/2413 https://eur-lex.europa.eu/eli/ 
dir/2023/2413/oj.

Falasca, S.L., Flores, N., Lamas, M.C., Carballo, S.M., Anschau, A., 2010. Crambe 
abyssinica: An almost unknown crop with a promissory future to produce biodiesel 
in Argentina. Int. J. Hydrog. Energy 35 (11), 5808–5812. https://doi.org/10.1016/j. 
ijhydene.2010.02.095.

FAO, 2025. OECD-FAO Agricultural Outlook 2025-2034. OECD Publishing / FAO. 
https://doi.org/10.1787/601276cd-en.

Fernando, A.L., Abias, M., Gomes, L.A., Costa, J., 2025. Improving the sustainability of 
the production of crambe oil when cultivated in soils contaminated with heavy 
metals. In. Proceedings of the 33rd European Biomass Conference and Exhibition 
(EUBCE 2025), 9–13 June 2025. Poster Area B, Session 1DV.4 Sustainable Integrated 
Agricultural Management Practices, Lisbon, Portugal. 

Fiorese, G., Guariso, G., 2010. A GIS-based approach to evaluate biomass potential from 
energy crops at regional scale. Environ. Model. & Softw. 25 (5), 702–711. https:// 
doi.org/10.1016/j.envsoft.2009.11.008.
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