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Abstract
Industrial oilseed crops provide renewable feedstocks for the bioeconomy, but water deficits in semi-arid
regions can adversely affect physiological performance and seed-oil quality. This three-year field study
evaluated the effects of Camelina sativa–Vicia faba intercropping under irrigated and rainfed conditions,
with particular emphasis on physiological performance, nitrogen acquisition, and seed-oil quality
characteristics relevant to industrial applications. A split-plot experiment compared replacement
intercropping ratios (75:25, 50:50, and 25:75) and additive systems with sole Camelina cropping. Relative
water content, membrane permeability, gas exchange, leaf pigments, nitrogen acquisition patterns, seed
oil content, fatty acid composition, oxidative stability, and total tocopherol concentration were evaluated.
Under irrigation, the balanced 50:50 replacement system generally showed the most favourable
physiological responses, including higher photosynthetic rates and relative water content and lower
membrane permeability. These responses were accompanied by high seed oil content (39.0%), the
numerically highest Rancimat oxidative-stability induction period (7.3 h), and the highest total tocopherol
concentration (768 mg kg⁻¹ oil), together with changes in fatty acid composition and an estimated
cetane number of 48.2. The concurrent responses of physiological traits, tocopherol concentration, and
oxidative stability indicate associations among these characteristics under favourable intercropping and
water conditions, but do not establish direct causal relationships. Likewise, the observed nitrogen-
acquisition patterns based on ¹⁵N dilution do not provide quantitative evidence of biological nitrogen
fixation or direct nitrogen transfer between the component crops. Overall, balanced Camelina–Vicia
intercropping, particularly under irrigation, was associated with favourable physiological performance
and selected seed-oil quality attributes, suggesting potential value as a low-input cropping strategy for
producing Camelina feedstock with characteristics relevant to industrial applications.

1. Introduction
Industrial oilseed crops are central to the emerging bioeconomy, supplying renewable feedstocks for
biofuels, bioplastics, lubricants, and specialty polymers 61. Among these crops, Camelina sativa (L.)
Crantz is increasingly recognised as a low-input industrial oilseed whose seed oil, typically accounting
for 30–40% of seed weight, is rich in polyunsaturated fatty acids, particularly α-linolenic acid (30–40%).
This distinctive oil composition, together with its short growing season, adaptability to marginal
environments, and relatively high drought tolerance, makes camelina a promising feedstock for diverse
bio-based applications 1, 30, 44, 67. Its compatibility with diversified cropping systems further increases its
potential contribution to sustainable agricultural production and rural economic development while
reducing direct competition with conventional food crops 18, 48, 47, 49, 59.

For industrial utilisation, including biodiesel and other bio-based applications, the quality of camelina oil
is determined by a combination of fatty-acid composition, oxidative stability, antioxidant constituents,
and processing characteristics 55. High oxidative stability can improve resistance to lipid oxidation
during storage and processing, while tocopherols contribute to the antioxidant capacity of vegetable oils.
In semi-arid environments such as central Iran, however, irregular rainfall and water deficits can modify
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fatty-acid composition and other seed-quality attributes, potentially affecting the suitability of camelina
oil for different industrial applications 23, 32, 46. In addition to oil content and fatty-acid composition,
glucosinolates represent an important component of camelina seed quality because their accumulation
can respond to environmental and nutritional conditions and has implications for the utilization of both
the seed and the resulting meal 25. Thus, evaluation of camelina for industrial production requires
consideration of multiple quality attributes rather than reliance on a single compositional indicator.

Water limitation and repeated cultivation can further constrain camelina productivity in semi-arid
environments. Under water-deficit conditions, reduced plant water status, photosynthetic activity, and
carbon assimilation may limit biomass and seed production and can modify the accumulation of storage
lipids and secondary metabolites 53. Diversification through intercropping may provide an alternative
strategy for improving resource capture and stabilising crop performance under such conditions 22, 45.
Intercropping camelina with nitrogen-fixing legumes such as Vicia faba may enhance complementary
acquisition of light, water, and nutrients and improve resource-use efficiency at the cropping-system level
19, 31, 50. However, the magnitude and direction of these interactions depend on companion-crop identity,

relative crop density, environmental conditions, and the design of the intercropping system 8, 16, 24, 34, 37,

66.

Recent studies have increasingly examined camelina in association with pulse crops, highlighting the
potential of these systems to improve land-use efficiency while maintaining the productivity of the
component crops. Pagani et al. (2024), for example, evaluated camelina intercropped with field pea and
lentil and showed that the response of camelina depended on the companion crop and cropping
configuration. These findings indicate that the benefits of camelina–legume intercropping cannot be
generalised across systems and that crop identity, relative density, and environmental conditions should
be considered simultaneously 60. In particular, replacement and additive designs represent different
resource-sharing strategies and may therefore produce contrasting effects on camelina growth, yield,
and seed composition.

Despite increasing interest in camelina–legume intercropping, systematic field-scale comparisons of
replacement and additive configurations under contrasting rainfed and irrigated conditions remain
limited, particularly in semi-arid environments. Moreover, the relationships among plant water status,
photosynthetic performance, pigment characteristics, nitrogen acquisition, and changes in seed-quality
traits have not been sufficiently resolved. It remains uncertain whether favourable physiological
responses under intercropping are consistently accompanied by changes in oil content, fatty-acid
composition, tocopherol concentration, oxidative stability, and glucosinolate accumulation when water
availability varies among seasons. The potential contribution of intercropping to nitrogen acquisition
also requires careful interpretation because relative nitrogen acquisition or isotopic dilution does not by
itself provide a quantitative estimate of biological nitrogen fixation or direct nitrogen transfer between
component crops.
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The industrial relevance of camelina further extends beyond conventional biodiesel applications to other
bio-based and renewable-fuel pathways. Camelina oil has attracted attention as a potential biodiesel
feedstock because of its fatty-acid composition and suitability for low-input production systems.
However, biodiesel quality cannot be inferred directly from seed-oil composition alone. Fatty-acid
composition, oxidative stability, cetane-related characteristics, oil extraction, transesterification, and
subsequent fuel processing all contribute to the properties of the final biodiesel. Therefore, changes in
camelina seed composition induced by field management should be interpreted as changes in biodiesel-
relevant feedstock characteristics rather than as direct evidence of improved properties of the finished
fuel 11. Camelina also has potential for renewable aviation-fuel pathways, for which crop productivity,
input requirements, and downstream processing are important determinants of overall sustainability 54.

A key novelty of the present study is the integration of crop configuration, water regime, plant
physiological performance, nitrogen acquisition, and multiple seed-quality attributes within a single
three-year field experiment. Specifically, we compared replacement and additive Camelina–Vicia faba
intercropping configurations under both irrigated and rainfed conditions in a semi-arid environment.
Rather than evaluating intercropping solely in terms of agronomic performance, we examined whether
differences in plant water relations, photosynthetic performance, and pigment status were associated
with changes in seed oil content, fatty-acid composition, total tocopherol concentration, glucosinolate
accumulation, oxidative stability, and estimated cetane number. This integrated approach provides an
opportunity to evaluate how intercropping configuration and water availability jointly influence the
physiological performance and industrially relevant characteristics of camelina oil.

The present three-year field study therefore evaluated replacement (75:25, 50:50, and 25:75
Camelina:Vicia faba) and additive (100% camelina combined with 25–100% Vicia faba) intercropping
patterns under irrigated and rainfed conditions in a semi-arid environment. We hypothesised that
balanced intercropping configurations would favour resource acquisition and physiological performance
under adequate water availability and would be associated with favourable changes in selected seed-
quality traits, including oil content, tocopherol concentration, oxidative stability, and fatty-acid
composition. We further hypothesised that intercropping would modify relative nitrogen acquisition and
that these responses would vary according to cropping configuration and water regime. The specific
objectives were to (i) quantify physiological and relative nitrogen-acquisition responses across water
regimes, (ii) compare replacement and additive intercropping configurations using statistical and
multivariate analyses, and (iii) determine how intercropping and water availability affect camelina seed
composition and oil-quality attributes relevant to industrial and biodiesel-feedstock applications.

2. Materials and Methods
To assess the influence of intercropping patterns and irrigation regimes on physiological performance,,
seed oil content, and fatty acid composition of Camelina sativa, a three-year field experiment was
conducted during the 2022–2023, 2023–2024, and 2024–2025 growing seasons at the experimental
station of Feridounshahr, Isfahan Province, Iran (32° 56′ N, 50° 07′ E, 2490 m a.s.l.). This location
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represents a typical semi-arid highland climate with limited and variable water availability, making it
suitable for evaluating low-input industrial oilseed systems 46, 67.

2.1. Site Characteristics
Soil samples were collected from the 0–30 cm depth before planting in each season and analyzed for
physical and chemical properties (Table 1). The soil was classified as clay loam, slightly alkaline, with
low electrical conductivity and moderate nutrient levels characteristic of semi-arid rainfed agriculture. No
agronomic mineral or organic nitrogen fertilizer was applied as a treatment during the experiment.
However, uniformly applied ¹⁵N-enriched ammonium sulfate (10 atom% ¹⁵N; equivalent to 50 kg N ha⁻¹)
was used at sowing as an isotopic tracer to characterize treatment-related differences in nitrogen
acquisition. The same amount of labeled N was applied uniformly to all experimental plots; therefore, it
was not included as an experimental nitrogen-fertilization factor. Nevertheless, because the tracer
supplied mineral N to the soil, its potential contribution to the soil mineral-N pool is acknowledged and
the results are interpreted as relative differences in ¹⁵N enrichment and nitrogen acquisition rather than
as evidence of absolute nitrogen fixation or nitrogen transfer 5, 12, 20, 21, 33. Monthly meteorological data,
including air temperature, precipitation, and frost occurrence, for the three growing seasons (2022–2023,
2023–2024, and 2024–2025) are presented in Fig. 1. Based on the monthly precipitation data shown in
the figure, total precipitation during the growing season was approximately 345, 450, and 530 mm in
2022–2023, 2023–2024, and 2024–2025, respectively. The corresponding average air temperatures over
the November–May period were approximately 6.4, 6.8, and 7.7°C, respectively. The 2024–2025 season
received the greatest precipitation, whereas the 2022–2023 season had the lowest precipitation.
Seasonal temperature patterns also differed among years, with the lowest temperatures occurring
during January and February and a gradual increase from March toward May. Overall, these
meteorological conditions provide an important environmental context for interpreting seasonal
variation in Camelina sativa responses to irrigation and intercropping.

2.2. Experimental Design and Crop Management
The experiment was conducted over three consecutive growing seasons using a split-plot arrangement
based on a randomized complete block design with three replications. Irrigation regime (irrigated and
rainfed) was assigned to main plots, and cropping system was assigned to subplots. The camelina
cultivar ‘Soheil’ was used in this study. The cultivar is owned by Dr. Danial Kahrizi and was provided by
Bistoon Shafa Medicinal Plants Cultivation and Development Company, Iran. The faba bean (Vicia faba
L.) cultivar ‘Shadan’ (G-Faba-133; F6/Latt/338/08), a locally adapted cultivar commonly grown in the
study region, was used in the experiment. Cropping treatments included sole Camelina sativa and sole
Vicia faba, three replacement intercropping ratios (75:25, 50:50, and 25:75, based on the recommended
sole-crop plant densities of approximately 150–200 plants m⁻² for camelina and 30–40 plants m⁻² for
Vicia), and four additive intercropping treatments consisting of 100% Camelina combined with 25%, 50%,
75%, and 100% of the recommended Vicia density.
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Each subplot consisted of six rows, 4 m in length, with a row spacing of 25 cm. The gross plot area was
6.0 m². Camelina and Vicia faba were sown manually on 4 November and 4 November, respectively,
during the 2022–2023 growing season, on 8 November and 8 November during 2023–2024, and on 5
November and 5 November during 2024–2025. Standard agronomic practices, including weed and pest
control, were applied uniformly across all treatments to avoid confounding effects. For seed-yield
determination, the central four rows were harvested over a length of 3 m, corresponding to a net
harvested area of 3.0 m² per subplot. The harvested plants were dried, threshed, cleaned, and weighed to
determine seed yield, which was expressed as kg ha⁻¹.

Under irrigated conditions, irrigation was applied when soil moisture in the top 30 cm, determined
gravimetrically, declined to approximately 60% of field capacity. The amount of water applied at each
irrigation event was calculated to restore soil moisture to field capacity, corresponding to approximately
25–35 mm per irrigation depending on seasonal conditions. Rainfed plots received no supplemental
irrigation and relied solely on natural precipitation.

No additional nitrogen fertilizer was applied during the growing season to avoid interference with
nitrogen dynamics among treatments. Harvest was conducted at physiological maturity. Border rows
were excluded to minimize edge effects, and the central rows of each plot were used for measurements
and sampling.

2.3. Measurements
For each measurement, five randomly selected plants per plot were sampled and averaged for statistical
analysis. The dates and corresponding developmental stages of physiological measurements and seed
harvesting across the three growing seasons are provided in Table S1.

Leaf pigments (chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids) were quantified at full
flowering using spectrophotometric analysis following 80% acetone extraction, with pigment
concentrations calculated from absorbance measurements according to established equations 9.
Absorbance readings at 663, 645, and 470 nm were used to calculate concentrations with standard
equations. Membrane permeability was assessed by measuring electrolyte leakage from leaf discs
following Kaya (2025), with electrolyte leakage used as an indicator of cell membrane damage and
stability, and relative water content (RWC) was measured using the standard fresh weight–turgid
weight–dry weight method at midday. Gas exchange parameters (net photosynthesis, transpiration,
intercellular CO₂ concentration) were recorded at flowering under ambient light (PAR 1200–1500 µmol
m⁻² s⁻¹) with a LI-6400XT portable photosynthesis system (LI-COR, USA). Leaf temperature was
measured at midday on the youngest fully expanded leaves using a handheld infrared thermometer
immediately before gas-exchange measurements under the same environmental conditions 51.

Seed oil content was estimated non-destructively by near-infrared spectroscopy (NIR) calibrated against
Soxhlet extraction (R² = 0.96). For fatty acid composition, oxidative stability, and tocopherol analyses,
seed oil was extracted from cleaned seeds using the Soxhlet method with n-hexane as solvent,
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consistent with the NIR calibration protocol. Fatty acid methyl esters (FAMEs) were prepared and
analyzed by gas chromatography–flame ionization detection (GC-FID) on a CP-Sil 88 column with
temperature programming. Peaks were identified using authentic FAME standards. The oven
temperature was programmed from 140°C to 220°C at 4°C min⁻¹. Helium was used as the carrier gas at
a constant flow rate of 1 mL min⁻¹. The injection volume was 1 µL with a split ratio of 1:50. The
concentrations of palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic (C18:2), α-linolenic (C18:3),
eicosenoic (C20:1), and erucic (C22:1) acids were quantified and expressed as percentages of the total
identified fatty acids according to the chromatographic peak area normalization procedure 3. Protein
content was determined by the Kjeldahl method and calculated as total nitrogen × 6.25 2. Cetane number
was estimated from fatty acid composition using the empirical formula CN = Σ (wi × CNi) (1), where wi is
the weight fraction of each fatty acid, and CNi is its literature-derived cetane value.

Glucosinolate concentration was determined following methanolic extraction using the
spectrophotometric procedure described by AOCS (2017), and results were expressed as µmol g⁻¹ dry
weight.

Oxidative stability was determined using a Rancimat apparatus at 110°C with an airflow of 20 L h⁻¹; the
induction period (h) was used as the oxidative stability index 29.

Tocopherol composition (α-, γ-, and δ-tocopherols) was determined by high-performance liquid
chromatography (HPLC) according to AOCS Official Method Ce 8–89. Oil samples were dissolved in n-
hexane and injected into an HPLC system equipped with a fluorescence detector (excitation 290 nm,
emission 330 nm). Separation was achieved on a silica column using n-hexane: isopropanol (99:1, v/v)
as the mobile phase at a flow rate of 1.0 mL min⁻¹. Tocopherols were identified and quantified using
authentic external standards. Total tocopherol content was calculated as the sum of α-, γ-, and δ-
tocopherols and expressed as mg kg⁻¹ oil.

2.4. Nitrogen Tracer Approach
To assess treatment-specific variations in nitrogen uptake patterns and possible interspecific relative
nitrogen acquisition, the ¹⁵N tracer technique was implemented. At sowing in each growing season, ¹⁵N-
enriched ammonium sulfate (10 atom% ¹⁵N) was uniformly applied to all experimental plots at a rate
equivalent to 50 kg N ha⁻¹. The labeled ammonium sulfate was used as an isotopic tracer to assess
relative nitrogen acquisition among the Camelina–Vicia cropping systems. Because the same tracer
amount was applied to every treatment, it was not considered an experimental nitrogen-fertilization
factor. However, the application necessarily introduced a measurable amount of mineral N into the soil
and therefore represents a common N input across all treatments. The tracer was hand-broadcast over
each subplot and immediately incorporated into the upper 0–20 cm soil layer to promote uniform
distribution within the active rooting zone. No additional mineral or organic N fertilizer was applied
during the growing season.
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At physiological maturity, the aboveground biomass of Camelina sativa and Vicia faba was harvested
independently, oven-dried, pulverized, and subjected to analysis for total nitrogen concentration by the
Kjeldahl method as well as for ¹⁵N atom% via isotope ratio mass spectrometry (IRMS). Atom percent
excess values were determined by subtraction from natural abundance.

Owing to the absence of a non-fixing reference crop and the uniform application of the tracer to all
treatments, absolute biological nitrogen fixation (%Ndfa) as well as direct nitrogen transfer could not be
determined quantitatively. Rather, isotopic enrichment values were evaluated on a relative basis to
elucidate treatment-related differences in dependence on soil nitrogen sources.

A relative ¹⁵N dilution index (RDI) for Camelina was calculated as:

RDI = (Atom%¹⁵N�ₒₗₑ − Atom%¹⁵Niₙₜₑrcrₒₚ) / Atom%¹⁵N�ₒₗₑ × 100 (2)

This index served as a comparative measure of relative ¹⁵N dilution index (RDI) across various
intercropping setups. Furthermore, nodulation in Vicia faba was quantified by determining the nodule dry
weight per plant, thereby providing additional insight into legume nitrogen dynamics. Isotopic analysis
was performed using an isotope ratio mass spectrometer (IRMS). International reference standards
were used to ensure analytical accuracy.

2.5. Statistical Analysis
Land equivalent ratio (LER) was calculated according to the following equation:

LER = (Y_Ci / Y_Cs) + (Y_Vi / Y_Vs) (3)

where Y_Ci and Y_Vi represent the yields of Camelina sativa and Vicia faba, respectively, under
intercropping, whereas Y_Cs and Y_Vs represent the corresponding yields under sole cropping. The land
equivalent ratio (LER) was calculated as the sum of the partial land equivalent ratios of the two
component crops, a metric that remains widely used for evaluating land-use efficiency in intercropping
systems 41.

Data were analyzed using the MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, USA) using a
combined analysis of variance appropriate for the split-plot experimental design conducted across three
growing seasons. Year, irrigation regime, intercropping pattern, and their interactions were included in
the model. Replications were nested within year, with irrigation regime assigned to the main plots and
intercropping pattern assigned to the subplots. The appropriate main-plot and subplot error terms were
used to test the corresponding effects and interactions. Variance components were estimated using
restricted maximum likelihood (REML), and denominator degrees of freedom were adjusted using the
Kenward–Roger approximation. Model assumptions were assessed using residual diagnostics, including
the Shapiro–Wilk test for residual normality and Levene’s test for homogeneity of variance. When
necessary, response variables were transformed before analysis. Least-squares means were compared
using the Tukey– HSD adjustment, with statistical significance declared at P < 0.05. Unless otherwise
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indicated, means presented in the tables represent values pooled across the three growing seasons. LER
values were tested against the theoretical reference value of 1.0 using a one-sample t-test, and Pearson
correlation analyses were performed to evaluate associations between RDI and selected oil-quality traits.
Oil yield was calculated as seed yield × seed oil content / 100 and expressed as kg ha⁻¹. The mixed-
model framework accounted for the hierarchical structure of the split-plot experiment and variation
associated with year and replication within year.

3. Results
Combined ANOVA showed that irrigation and intercropping pattern were the main factors affecting the
physiological traits, photosynthetic pigments, seed quality, fatty acid composition, and glucosinolate
concentration of Camelina sativa. Irrigation significantly influenced water status, gas exchange,
chlorophyll pigments, seed protein and oil contents, cetane number, oxidative stability, total tocopherol
content, and several fatty acids and glucosinolates. Intercropping significantly affected all major trait
groups, while significant irrigation × intercropping interactions were observed for several physiological,
biochemical, and seed-quality traits. Year effects were generally non-significant, indicating relatively
stable responses across the three growing seasons. Overall, irrigation regime and intercropping pattern,
together with their interaction, were the primary determinants of camelina performance and seed
composition (Supplementary Tables S2–S6).

3.1. Chlorophyll a, Chlorophyll b, Total Chlorophyll, and
Carotenoid Concentrations
Irrigation × intercropping interactions significantly affected chlorophyll a, total chlorophyll, and
carotenoid concentrations (Table 2). The irrigated 50:50 replacement treatment produced the highest
values for all three pigments (Chl a = 0.84 ± 0.02 mg g⁻¹ FW; Total Chl = 1.12 ± 0.01 mg g⁻¹ FW;
Carotenoids = 0.51 ± 0.02 mg g⁻¹ FW), significantly exceeding sole camelina under both irrigation
regimes. The lowest pigment concentrations occurred in rainfed sole camelina (Chl a = 0.35 ± 0.02; Total
Chl = 0.45 ± 0.01; Carotenoids = 0.23 ± 0.01) and in the densest rainfed additive treatments (100 + 75,
100 + 100), which did not differ significantly from rainfed sole cropping. Chlorophyll b, evaluated as a
simple (main) effect (Table 3), followed a similar pattern: irrigation increased chlorophyll b by 36%
relative to rainfed conditions (0.53 ± 0.02 vs. 0.39 ± 0.01 mg g⁻¹ FW), and the 50:50 replacement and 100 
+ 75/100 + 100 additive treatments produced the highest pooled values (0.47–0.52 mg g⁻¹ FW), while
sole camelina produced the lowest (0.37 ± 0.02 mg g⁻¹ FW). Across all pigment traits, the balanced
replacement (50:50) system consistently outperformed both sole cropping and the denser additive
configurations, particularly under irrigation.

3.2. Relative Water Content, Membrane Permeability, Leaf
Temperature, Transpiration, Net Photosynthesis, and
Intercellular CO₂ Concentration
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Water status and membrane integrity. Irrigation increased relative water content (RWC) by 14.4% and
decreased foliar temperature by 14.1% relative to rainfed conditions (Table 3). Intercropping further
improved RWC, with the highest pooled value recorded in the additive 100 + 75 treatment (81.4 ± 0.8%)
and the lowest in the 75:25 replacement treatment (76.1 ± 0.9%); sole camelina had the lowest overall
RWC (73.7 ± 1.0%). Foliar temperature was highest in sole camelina (32.5 ± 0.5°C) and lowest in the
denser additive treatments (29.5–29.8°C). Irrigation × intercropping significantly affected membrane
permeability (ionic leakage) (Table 2). The highest ionic leakage occurred in rainfed dense additive
treatments (100 + 75: 59.4 ± 1.2%; 100 + 100: 59.3 ± 1.0%), while the lowest values were recorded in
irrigated sole camelina (22.3 ± 0.6%) and irrigated balanced intercropped plots (22.5–22.7%), which did
not differ significantly from one another. Gas exchange. No three-way (year × irrigation × intercropping)
interactions were detected for photosynthetic rate (Pₙ), intercellular CO₂ concentration (Ci), or
transpiration. Irrigation × intercropping significantly influenced Pₙ and Ci (Table 2). The highest Pₙ
occurred in the irrigated 50:50 replacement treatment (9.7 ± 0.3 µmol CO₂ m⁻² s⁻¹), statistically similar to
the irrigated 100 + 25 additive treatment (9.5 ± 0.2), while the lowest Pₙ was recorded in the rainfed 100 
+ 100 additive treatment (3.2 ± 0.3). Ci was highest in the rainfed 100 + 50 and 100 + 75 additive

treatments (563 ± 8 and 569 ± 7 µmol C02 mol⁻1 air, respectively) and lowest in irrigated
replacement/low-density additive treatments (485 µmol C02 mol⁻1 air). Transpiration (Table 3) was
36.1% higher under irrigation than under rainfed conditions (5.92 ± 0.12 vs. 4.35 ± 0.10 mmol H₂O m⁻²
s⁻¹), with the maximum pooled value observed in the additive 100 + 75 treatment (5.55 ± 0.10) and the
minimum in sole camelina (4.48 ± 0.14).

3.3. Protein Content, Seed Oil Content, and Glucosinolate
Concentration
Irrigation × intercropping significantly affected both protein and seed oil content (Table 2). Seed oil
content was highest in the irrigated 50:50 replacement treatment (39.0 ± 0.5%), statistically comparable
to the irrigated 100 + 25 additive treatment (38.8 ± 0.4%), while the lowest oil contents occurred in
rainfed dense additive treatments (100 + 75: 29.7 ± 0.7%; 100 + 100: 29.6 ± 0.6%). Protein content
showed an inverse pattern relative to oil content between irrigation regimes, with the highest value
recorded in the rainfed 50:50 replacement treatment (32.5 ± 0.5%) and the lowest in the irrigated 100 + 
100 additive treatment (23.6 ± 0.6%). Glucosinolate concentration (Table 4) also varied significantly
among treatments. The highest concentrations occurred in irrigated low-density replacement and
additive treatments (75:25: 146 ± 1; 50:50: 148 ± 2; 100 + 25: 146 ± 2; 100 + 50: 148 ± 1 µmol g⁻¹ DW),
whereas the lowest values were recorded in irrigated sole camelina (102 ± 2) and the irrigated 100 + 100
additive treatment (103 ± 1 µmol g⁻¹ DW).

3.4. Land Equivalent Ratio (LER)
Land equivalent ratios exceeded 1.0 in all intercropping systems, indicating a consistent land-use
advantage over sole cropping (Fig. 2). The maximum LER (1.34) was achieved in the irrigated 50:50
replacement treatment, while the dense additive 100 + 100 system produced the lowest LER among
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intercropped treatments (≈ 1.05–1.12), still significantly above the reference value of 1.0 (one-sample t-
test, P < 0.05 in all cases). LER values were calculated from seed yield data collected at physiological
maturity, as described in Section 2.5.

3.5. ¹⁵N Enrichment Patterns and Relative Dilution Indices
Clear differences in ¹⁵N enrichment were observed among cropping systems under both irrigation
regimes (Fig. 3; Supplementary Table S7). Under irrigated conditions, Vicia faba in the 50:50 replacement
system showed the lowest atom% ¹⁵N enrichment among intercropped treatments, while camelina in the
same configuration showed the greatest reduction in atom% ¹⁵N relative to sole cropping, corresponding
to the highest relative ¹⁵N dilution index (RDI = 40.5%). Under rainfed conditions, atom% ¹⁵N values were
generally higher in sole camelina than in any intercropped treatment. Relative dilution indices remained
positive across all intercropping systems but were lowest in the 100 + 100 additive treatment. Across
both irrigation regimes, intercropped camelina consistently showed lower atom% ¹⁵N enrichment than
sole cropping, consistent with differences in the relative acquisition of labelled soil nitrogen among
cropping systems.

3.6. Fatty Acid Composition of Camelina sativa Oil
Irrigation × intercropping significantly affected the fatty acid composition of Camelina sativa oil (Table 4).
Palmitic acid was highest in the irrigated 25:75 replacement treatment (5.7 ± 0.06%) and lowest in the
irrigated 100 + 75 additive treatment (2.1 ± 0.04%), with low-density irrigated additive treatments
generally showing lower palmitic acid concentrations than sole cropping. Stearic acid was highest in
rainfed sole Camelina (2.5 ± 0.02%) and the rainfed 100 + 100 additive treatment (2.6 ± 0.02%), whereas
the lowest values were observed in irrigated 100 + 50 and rainfed 50:50 and 25:75 replacement
treatments (1.3 ± 0.02%).

Oleic acid, reported as a pooled main effect (Table 3), was highest in the 50:50 replacement treatment
(19.8 ± 0.26%) and lowest in sole Camelina (16.8 ± 0.20%). Irrigation increased oleic acid concentration
by approximately 12% compared with rainfed conditions (19.2 ± 0.25% vs. 17.1 ± 0.22%). Linoleic acid
was highest in the irrigated 25:75 replacement treatment (31.6 ± 0.2%) and lowest in rainfed 100 + 75
(27.1 ± 0.3%). α-Linolenic acid reached its highest values (38.8–38.9%) in rainfed sole Camelina, rainfed
100 + 25 additive, and rainfed 100 + 100 additive treatments, whereas the lowest value occurred in the
irrigated 25:75 replacement treatment (31.7 ± 0.1%).

Eicosenoic acid was highest in the irrigated 25:75 replacement and 100 + 25 additive treatments (1.3%)
and lowest in the rainfed dense additive treatments (100 + 75 and 100 + 100; 0.2–0.3%). Erucic acid
ranged from 0.5% in the irrigated 100 + 25 additive treatment to 2.8% in irrigated and rainfed sole
Camelina. Overall, erucic acid concentrations tended to be lower in intercropped treatments than in sole
cropping, particularly under irrigation.
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3.7. Cetane Number, Oxidative Stability, and Total
Tocopherol Content of Camelina sativa Oil
Cetane number (Table 2) ranged from 40.5 to 48.2, with the highest value recorded in the irrigated 50:50
replacement treatment (48.2) and the lowest in rainfed sole camelina (40.5). Oxidative stability and total
tocopherol content (Tables 2 and 4) were significantly affected by irrigation regime and intercropping
pattern (P < 0.001). The highest oxidative stability (7.3 ± 0.14 h) and total tocopherol content (768 ± 10
mg kg⁻¹ oil) were recorded in the irrigated 50:50 replacement treatment. For total tocopherol content, the
irrigated 50:50 treatment was statistically comparable to the irrigated 100 + 25 additive treatment (754 ± 
13 mg kg⁻¹ oil), whereas it was significantly higher than the irrigated 25:75 replacement treatment (735 ± 
11 mg kg⁻¹ oil). Under irrigation, sole camelina and the denser additive treatments (100 + 75 and 100 + 
100) showed the lowest oxidative stability and tocopherol contents. Under irrigation, sole camelina and
the denser additive treatments (100 + 75, 100 + 100) showed the lowest oxidative stability (5.6–5.9 h)
and tocopherol contents (694–710 mg kg⁻¹). Under rainfed conditions, both traits declined across all
treatments relative to irrigation. The highest rainfed values occurred in the 50:50 replacement system
(5.9 ± 0.12 h; 721 ± 10 mg kg⁻¹), while the lowest were observed in rainfed sole camelina (4.6 ± 0.10 h;
654 ± 12 mg kg⁻¹) and the rainfed 100 + 100 additive treatment (4.5 ± 0.13 h; 643 ± 12 mg kg⁻¹).

3.8. Associations between relative ¹⁵N dilution and oil-
quality traits
Pearson correlation analysis revealed positive associations between the relative ¹⁵N dilution index (RDI)
and several oil-quality traits (Table 5). RDI was positively correlated with total tocopherol concentration
(r = 0.62, P < 0.05) and oxidative stability (r = 0.55, P < 0.05), indicating that treatments characterized by
greater relative ¹⁵N dilution tended to have higher tocopherol concentrations and longer oxidative-
stability induction periods. Positive but non-significant correlations were also observed between RDI and
seed oil content (r = 0.38, P > 0.05) and between RDI and oil yield (r = 0.44, P > 0.05). Total tocopherol
concentration showed a stronger positive correlation with oxidative stability (r = 0.71, P < 0.01). These
associations suggest that variation in relative nitrogen acquisition was accompanied by variation in
selected oil-quality characteristics; however, the correlation analysis does not establish causal
relationships between nitrogen-acquisition patterns and oil-quality responses.

3.9. Seed yield of Camelina sativa and Vicia faba
Seed yield differed significantly among irrigation regimes and intercropping configurations (Table 6).
Under irrigated conditions, camelina seed yield was highest in sole cropping, whereas intercropping
reduced the individual camelina yield as the proportion of Vicia faba increased. However, the reduction in
camelina yield was partly compensated by the seed yield of Vicia faba, resulting in higher combined seed
production in several intercropping configurations. The 50:50 replacement treatment produced a
favourable balance between camelina and Vicia faba yields, whereas the additive treatments maintained
relatively high camelina yield while providing additional Vicia faba production. Under rainfed conditions,
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seed yields of both species were generally lower than under irrigation, although the relative advantage of
intercropping was maintained in several configurations.

3.10. Principal Component Analysis Integrating
Physiological Traits and Oil Quality Parameters
Principal component analysis was performed on nine physiological and oil-quality traits. The first two
principal components explained 96.6% of total variance (PC1 = 89.0%, PC2 = 7.6%; Fig. 4). PC1 was
strongly associated with improved physiological performance and enhanced industrial oil quality:
treatments on the negative side of PC1 exhibited higher net photosynthetic rate, total chlorophyll,
carotenoids, oil content, total tocopherols, and oxidative stability, together with lower membrane
permeability and intercellular CO₂ concentration. Variable contributions to PC1 were dominated by
photosynthetic rate (18.2%), total tocopherols (16.7%), oxidative stability (15.9%), and oil content
(14.3%). The irrigated 50:50 replacement treatment clustered at the extreme negative end of PC1,
reflecting superior physiological status coupled with the highest total tocopherol content (768 mg kg⁻¹)
and oxidative stability (7.3 h). Rainfed sole camelina was positioned at the positive extreme of PC1,
reflecting combined drought effects on both physiological performance and oil-quality parameters.
These results demonstrate a clear positive association between improved physiological performance
under optimal intercropping and irrigation and elevated total tocopherols and oxidative stability in
camelina oil.

4. Discussion
The results of this three-year field study indicate that intercropping configuration and water availability
were associated with variation in the physiological performance and seed and oil-quality attributes of
Camelina sativa. Under irrigated conditions, the 50:50 replacement system generally exhibited favourable
physiological responses, including higher relative water content, lower membrane permeability, greater
photosynthetic rates, and higher pigment concentrations. These responses suggest improved plant
water status and photosynthetic performance under balanced intercropping, which may have favoured
assimilate availability during seed development and contributed to the observed variation in oil and
antioxidant characteristics 61. However, these concurrent responses should be interpreted as
associations rather than evidence of a single causal physiological pathway linking intercropping with
changes in industrially relevant oil characteristics.

Under irrigated conditions, the 50:50 replacement system produced the strongest physiological
responses, including elevated relative water content, reduced membrane permeability, higher
photosynthetic rates, and increased pigment concentrations. Improved plant water status and
photosynthetic performance can favour carbon assimilation and resource allocation during reproductive
development, potentially supporting the accumulation of storage lipids and antioxidant compounds such
as tocopherols 8, 13, 16, 20. The lower ionic leakage observed under favourable intercropping conditions is
also consistent with improved membrane integrity and reduced cellular stress. Such responses may
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arise from complementary resource acquisition and below-ground interactions between component
crops, including modifications in root activity and soil biological processes 26, 34, 37, 62, 64. 65. These
physiological responses coincided with the highest total tocopherol concentration (768 mg kg⁻¹ oil) and
the numerically highest Rancimat oxidative-stability induction period of Camelina oil (7.3 h) in the
irrigated 50:50 treatment.

Tocopherols are important endogenous antioxidants in Camelina oil and can contribute to protection
against lipid oxidation. In the present study, the highest tocopherol concentration occurred in the same
treatment that exhibited the numerically highest oxidative-stability induction period. This concurrent
response is consistent with the antioxidant role of tocopherols, but the present experiment did not
manipulate tocopherol concentration experimentally; therefore, the observed association should not be
interpreted as direct proof that the increase in tocopherols caused the longer induction period. The fatty-
acid profile of the 50:50 treatment also showed a relatively favourable composition, including higher
oleic acid and differences in polyunsaturated fatty acids. Because unsaturated fatty acids differ in their
susceptibility to oxidation, changes in fatty-acid composition may have contributed to the observed
oxidative-stability response alongside endogenous antioxidants 15, 40, 57. Thus, the results suggest that
several oil-composition characteristics changed concurrently under favourable intercropping conditions
rather than demonstrating a single mechanism controlling oxidative stability.

An additional aspect of seed quality that deserves consideration is glucosinolate accumulation. Under
irrigation, glucosinolate concentration was highest in the 50:50 replacement treatment (148 ± 2 µmol g⁻¹
DW), compared with 102 ± 2 µmol g⁻¹ DW in irrigated sole Camelina. The response indicates that
intercropping influenced not only primary storage compounds such as oil and protein but also secondary
seed metabolites. Jiang et al. (2016) demonstrated that glucosinolate accumulation in Camelina can
respond to nutrient management, particularly nitrogen and sulfur availability, and can therefore vary with
crop nutritional status. In the present experiment, however, no agronomic nitrogen fertilizer was applied
and sulfur availability was not experimentally manipulated. Consequently, the higher glucosinolate
concentration observed under selected intercropping configurations cannot be attributed to a specific
nutrient mechanism. Differences in resource acquisition, plant nutritional status, and crop competition
associated with intercropping may instead have contributed to the observed variation. This finding is
important because glucosinolates represent an additional quality attribute when considering the
utilization of Camelina seed and meal for food, feed, and broader biorefinery applications 25.

The present findings are also consistent with the growing literature on Camelina–legume intercropping.
Pagani et al. (2024) evaluated Camelina in association with field pea and lentil and demonstrated that
the response of Camelina depended on the companion pulse species and intercropping configuration.
Their results highlight that intercropping does not produce a uniform benefit across all crop
combinations, but rather that the relative performance of component crops depends on crop identity,
density, and resource availability. The present three-year experiment extends this perspective by
comparing both replacement and additive Camelina–Vicia faba configurations under irrigated and
rainfed conditions. The favourable response of the 50:50 replacement system under irrigation suggests
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that balanced replacement may provide a more favourable compromise between interspecific
complementarity and competition than dense additive configurations. Conversely, the weaker responses
observed in some high-density additive systems indicate that increasing total plant density does not
necessarily translate into proportional improvements in Camelina physiological performance or oil
quality.

The yield implications of these responses are particularly important when considering Camelina as an
industrial feedstock. Blume et al. (2022) reported that Camelina oil yield is strongly influenced by seed
yield, indicating that improvements in oil concentration alone do not necessarily translate into greater oil
productivity at the field scale. In the present study, the irrigated 50:50 replacement treatment combined
favourable seed-oil characteristics with high overall system productivity, suggesting that intercropping
configuration should be evaluated using both yield and quality criteria. This distinction is important for
industrial applications because a cropping system that increases oil concentration but substantially
reduces seed yield may not necessarily provide a greater quantity of recoverable oil per unit land area.
Therefore, the present results support evaluating balanced intercropping as a system-level strategy
rather than identifying a treatment solely on the basis of a single oil-quality trait 6.

The industrial value of Camelina also depends on post-harvest processing and oil recovery. Field
management determines the composition of the harvested seed, but extraction and subsequent
processing determine the quantity and characteristics of the oil available for downstream applications.
Veljković et al. (2022) highlighted the importance of seed pretreatment, mechanical pressing, solvent
extraction, and subsequent processing steps in determining Camelina oil recovery and its potential
industrial utilisation. Accordingly, the favourable oil-quality characteristics observed in the irrigated 50:50
system should be regarded as feedstock-level advantages rather than direct evidence of superior
performance of a final industrial product. Further optimization of extraction and downstream processing
would be required to determine whether the field-induced differences in oil composition translate into
economically meaningful improvements in industrial oil recovery and utilization.

These quality responses are relevant to biodiesel production, but they should be interpreted carefully.
Oxidative stability is an important property of biodiesel because it influences resistance to oxidation
during storage and handling. In the present study, the highest Rancimat induction period was 7.3 h in
Camelina oil from the irrigated 50:50 replacement treatment. This value was numerically higher than
those observed in sole Camelina and several dense additive systems; however, it was not statistically
different from the values recorded in the irrigated 100 + 25 additive and 25:75 replacement treatments.
Therefore, the 50:50 treatment should be described as having the numerically highest oxidative stability
rather than statistically superior oxidative stability.

The estimated cetane number showed a similar pattern. The highest estimated value (48.2) occurred in
the irrigated 50:50 replacement treatment, whereas the lowest value (40.5) occurred in rainfed sole
Camelina. Importantly, these values were estimated from fatty-acid composition and were not measured
directly in a finished biodiesel fuel. Ciubota-Rosie et al. (2013) demonstrated the relevance of Camelina
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oil as a biodiesel feedstock and emphasized the importance of fatty-acid composition and fuel
properties in determining biodiesel performance. Nevertheless, the estimated cetane values in the
present study should be interpreted as biodiesel-relevant indicators of the feedstock rather than as direct
measurements of biodiesel ignition quality.

This distinction is particularly important when comparing the present results with fuel standards. EN
14214:2012 + A2:2019 specifies requirements and test methods for fatty acid methyl esters (FAME)
used as diesel fuel or heating fuel, whereas ASTM D6751-24 specifies requirements for biodiesel fuel
blendstock (B100). Both standards apply to finished biodiesel/FAME fuels rather than extracted
Camelina oil. Consequently, the 7.3-h induction period and the estimated cetane number of 48.2
observed in the present study cannot be interpreted as demonstrating compliance with either standard 4,

14. The comparison presented in Table 7 is therefore provided for contextual interpretation only.

The comparison indicates that the values obtained in the present study should be interpreted as
feedstock characteristics rather than direct measurements of finished biodiesel quality. In particular, the
7.3-h oxidative-stability induction period and the estimated cetane number of 48.2 do not demonstrate
compliance with biodiesel fuel specifications.

Under rainfed conditions, physiological performance was generally lower than under irrigation, although
low-density additive intercropping (100:25) mitigated some stress responses, as indicated by reduced
foliar temperature and membrane leakage. The associated changes in fatty-acid composition, including
the relative increase in α-linolenic acid, may reflect adjustments in membrane lipid metabolism under
water limitation. However, the lower oxidative stability and tocopherol concentration observed under
rainfed conditions indicate that environmental water availability remained an important determinant of
seed-quality characteristics 16, 23, 30, 36, 42, 43, 46, 58. These findings further demonstrate that the effects of
intercropping cannot be separated from the prevailing water regime and that the same cropping
configuration may not provide equivalent physiological or oil-quality responses under contrasting
environmental conditions 56.

The ¹⁵N tracer data provide complementary information on relative nitrogen acquisition among cropping
systems. Lower atom% ¹⁵N enrichment in intercropped Camelina relative to sole cropping indicates
greater dilution of the applied isotopic label and therefore differences in relative acquisition of labelled
nitrogen. The strongest dilution occurred in the irrigated 50:50 treatment. However, these patterns do not
provide a quantitative estimate of biological nitrogen fixation or prove direct nitrogen transfer from Vicia
faba to Camelina. Because no agronomic nitrogen fertilizer was applied, the observed isotopic patterns
may reflect differences in soil-N acquisition, crop competition, and potential legume-associated nitrogen
inputs. Thus, the concurrence of stronger ¹⁵N dilution with higher tocopherol concentration and oxidative
stability in the 50:50 treatment should be interpreted as an association rather than evidence that
nitrogen fixation directly caused the observed oil-quality responses 7, 27, 35, 37,. In contrast, dense additive
systems showed weaker dilution, which may be consistent with stronger competition for available
resources and the weaker physiological responses observed in these treatments 5, 10, 23, 39, 52.
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The broader industrial relevance of Camelina extends beyond conventional biodiesel to renewable
aviation-fuel pathways. Resurreccion et al. (2021) demonstrated that Camelina-based aviation biofuel
can have favourable sustainability characteristics, while also showing that crop productivity, agricultural
inputs, and downstream processing strongly influence the overall environmental performance of the
production pathway. In this context, the present results suggest that intercropping may have relevance
beyond individual seed-quality traits by potentially influencing both crop productivity and the
composition of the harvested feedstock. Nevertheless, a complete assessment of the sustainability or
life-cycle performance of the present intercropping systems would require additional information on
energy inputs, greenhouse-gas emissions, land-use efficiency, oil extraction, and downstream fuel
conversion.

Collectively, these findings indicate that balanced intercropping was associated with favourable
physiological performance and several desirable Camelina seed-quality characteristics, particularly
under adequate water availability. The response involved concurrent changes in plant water status,
photosynthetic performance, oil composition, tocopherol concentration, glucosinolate accumulation, and
oxidative stability. However, the present study does not establish that a single physiological mechanism
caused the observed changes in industrial oil quality. Similarly, the results do not demonstrate that
nitrogen fixation directly increased tocopherol accumulation or that higher tocopherol concentration
directly improved biodiesel quality. Instead, the findings support a more cautious interpretation in which
intercropping configuration and water availability jointly modify the physiological environment and seed
composition of Camelina, with consequences for several properties relevant to downstream industrial
utilization.

From an applied perspective, the irrigated 50:50 replacement system emerged as a promising
configuration because it combined favourable physiological performance with high oil content, total
tocopherol concentration, and oxidative stability, while also showing a relatively high estimated cetane
number. Nevertheless, these advantages should be considered at the feedstock level, because the
present experiment did not directly evaluate biodiesel production, standardized fuel properties, or
industrial processing performance. Further studies combining direct measurements of biological
nitrogen fixation, quantitative N transfer, oil extraction efficiency, transesterification, and standardized
biodiesel testing are therefore required to determine whether the field-level improvements observed
under balanced Camelina–Vicia faba intercropping translate into measurable advantages in final
industrial products.

5. Conclusion
This three-year field study showed that Camelina–Vicia faba intercropping configuration and water
availability were associated with substantial variation in the physiological performance and seed-oil
quality of Camelina sativa. Under irrigated conditions, the balanced 50:50 replacement system generally
exhibited favourable plant water status, photosynthetic performance, and pigment characteristics,
together with high seed oil content, total tocopherol concentration (768 mg kg⁻¹ oil), and the numerically
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highest oxidative-stability induction period (7.3 h). However, the concurrent responses of these traits
should be interpreted as associations rather than evidence of a single causal physiological mechanism.

The results further indicate that intercropping affected several components of Camelina seed quality,
including fatty-acid composition, tocopherol concentration, glucosinolate accumulation, and oxidative
stability. The stronger ¹⁵N dilution observed in selected intercropping treatments provides evidence of
differences in relative nitrogen acquisition, but it does not establish quantitative biological nitrogen
fixation or direct nitrogen transfer from Vicia faba to Camelina. Likewise, the observed association
between higher tocopherol concentration and oxidative stability does not demonstrate a direct causal
effect of tocopherols on oil stability or biodiesel quality.

From an industrial perspective, the irrigated 50:50 replacement system appears to be a promising
configuration for producing Camelina feedstock with favourable combinations of physiological
performance and selected oil-quality attributes under the conditions of this study. The estimated cetane
number and oxidative-stability values should, however, be considered as biodiesel-relevant feedstock
characteristics rather than evidence of compliance with biodiesel fuel standards, because biodiesel was
not produced or directly tested. Overall, the findings suggest that balanced Camelina–Vicia faba
intercropping may provide a useful low-input strategy for modifying industrially relevant seed
characteristics in semi-arid environments, while further multi-environment studies, direct measurements
of nitrogen fixation and transfer, and standardized biodiesel testing are needed to determine the
underlying mechanisms and their implications for final fuel performance.
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Figure 1

Monthly meteorological conditions, including minimum, maximum, and mean air temperature,
precipitation, evaporation, and frost days, during the three Camelina growing seasons (2022–2023,
2023–2024, and 2024–2025).
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Figure 2

Land equivalent ratio (LER) of Camelina sativa–Vicia faba intercropping systems under irrigated and
rainfed conditions. Bars represent mean LER values ± SE for different replacement and additive
intercropping patterns. The horizontal dashed line at LER = 1 indicates the threshold at which
intercropping equals sole cropping in land-use efficiency. Values above unity demonstrate a yield
advantage. Data are means pooled across three growing seasons (2022–2025). Error bars represent the
standard error of the mean.
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Figure 3

Atom% ¹⁵N enrichment and relative nitrogen dilution of Camelina sativa and Vicia faba under sole and
intercropped conditions across contrasting irrigation regimes. (a) Atom% ¹⁵N enrichment of Camelina
sativa. (b) Relative ¹⁵N dilution index (RDI) of Camelina sativa, calculated relative to sole cropping within
each irrigation regime (RDI = 0 for sole Camelina by definition). (c) Atom% ¹⁵N enrichment of Vicia faba.
Bars represent mean values ± SE measured at physiological maturity. Error bars represent the standard
error of the mean.
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Figure 4

Principal component analysis (PCA) biplot showing relationships among physiological traits and oil
quality parameters of Camelina sativa under different intercropping systems and water regimes. Points
represent treatment centroids. Arrows indicate variable loadings. PC1 (89.0 %) primarily separates
treatments along a gradient of physiological performance and oil quality, with the irrigated 50:50
replacement intercropping associated with higher tocopherols and oxidative stability. Data pooled
across three growing seasons.
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