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A B S T R A C T   

The main concerns for agricultural production nowadays are excessive crop cultivation, water scarcity, and poor 
soil quality. It is possible to amend agronomic soil with activated biochar (BC) to achieve high water-fertilizer 
availability and Camelina crop production under rainfed conditions by using an efficient and environmentally 
safe technology. A split plot experiment was arranged on a randomized complete block design with nine 
treatments and three replications. The main and second factors were supplementary irrigation (SI) and BC, 
respectively, with SI comprising of no irrigation (control), irrigation at the flowering stage and seed-filling stage, 
while BC included control (BC0), 5 (BC5), and 10 (BC10) t ha− 1. The number of lateral branches and seeds in the 
silique, seed yield (2751.8 kg ha− 1), 1000-seed weight (1.16 g) and oil yield (991.50 kg ha− 1) were highest in 
response to irrigation at the flowering stage and the application of BC10. The gas chromatography analysis 
showed that the highest amount of unsaturated fatty acids (oleic, linoleic, linolenic, eicosadienoic and palmitic 
acids) was obtained in response to BC10 and irrigation at the seed-filling stage. Finally, the results showed that 
BC10 and the application of SI at the flowering stage increased the seed and oil yield, and unsaturated fatty acid 
content in Camelina. This study demonstrates that BC amendments can improve plant performance and preserve 
the environment, with significant implications for the alleviation of drought and sustainable Camelina produc-
tion in arid regions. The study provides a practical way to produce Camelina in rainfed areas, which can benefit 
farmers economically.   

1. Introduction 

False flax, or Camelina sativa L., is a member of the Brassicaceae 
family and is an oilseed crop that has been gaining increasing interest 
due to its unique agronomic properties and its potential for use in 
various industries [1]. While camelina was cultivated in Europe as a 
source of edible oil and folk medicine since the 1950s, it was eventually 
replaced by more productive oilseed crops [2]. However, with recent 
advancements in technology, camelina oil has re-emerged as a renew-
able vegetable oil that can be used in biofuel production and as bio-
logical raw materials. 

Camelina has become a popular crop due to its superior agronomic 
properties, which confer many advantages over other oilseed crops. 
Camelina seeds contain approximately 30–40 % oil, making it a valuable 

source for both industrial and nutritional applications [3]. Additionally, 
camelina establishes a balance of unsaturated fatty acids (UFAs) in 
human diets that are highly stable in oxidative terms [4]. It also has 
smaller amounts of saturated fatty acids, making it suitable for human 
diets [5]. The fatty acids found in camelina oil include oleic (14–16 %), 
linoleic (15–23 %), α-linolenic (31–40 %), eicosenoic acid (12–15 %), 
and other minor fatty acids, including palmitic, stearic, and erucic acid 
[6]. 

One of the reasons for camelina’s recent popularity is its low agri-
cultural input requirement, tolerance to cold and drought climates, and 
resistance to diseases that are common to oilseed Brassica crops [7]. 
These characteristics make it a valuable addition to environmentally 
friendly agricultural practices. Therefore, camelina is an attractive 
alternative to other oilseed crops, and its cultivation can benefit farmers 
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and industries alike. 
Camelina is a versatile crop that can flourish under a variety of 

environmental conditions, including limited water availability, high and 
low temperatures, and various types of stress. In particular, camelina has 
the potential to thrive in marginal and poor lands in the Middle East and 
Mediterranean regions, where other high-value crops may not be 
economically feasible [8]. As a short-season species with both spring and 
autumn forms, camelina provides numerous ecological benefits as an 
annual winter and spring crop. These benefits include protection against 
soil erosion, prevention of nitrate run-off, weed control, and provision of 
pollinator feed [6,9,10]. 

Given that the global population is expected to surpass 10 billion 
people by 2050, factors like climate change pose significant threats to 
food safety. Abiotic stressors like drought, extreme temperatures, and 
salty soils have reduced the productivity of staple crops, putting food 
and nutritional security at risk [11]. 

Increasing global food production will require expanding cultivated 
lands, which can be accomplished by intensifying current resources for 
cultivation or developing integrated management methods. However, a 
major challenge to sustainability in agriculture is the lack of water re-
sources, especially in arid and semi-arid areas. Water scarcity is a major 
constraining factor that greatly impacts crop yield in these regions [12]. 

Developing sustainable agriculture in arid and semi-arid regions 
presents several challenges due to their geographical location, limited 
irrigation water supply, low rainfall rates, and high temperatures, 
particularly during the spring and summer seasons. Agricultural soils in 
these regions are typically characterized by low water-holding capac-
ities, high infiltration rates, high evaporation rates, and deep percola-
tion, which can make the soil less fertile [13]. 

The sustainable use of scarce water resources is a priority for agri-
cultural development in Iran. This is particularly important as con-
straints on water availability can lead to decreased water-use efficiency 
(WUE) and lower crop productivity. To increase the WUE of soils, a 
combination of strategies may be employed, such as alleviating water 
deficits, generating fewer plant residues, and applying natural and 
synthetic amendments [14]. 

To achieve sustainability in agriculture, it is crucial to develop and 
implement new methods that utilize water more efficiently and preserve 
soil moisture storage capacity while maintaining product quality and 
yield [15]. Additionally, including irrigation as part of the overall irri-
gation management strategy can lead to further improvements in water 
conservation [16]. 

Rainfed agriculture plays a significant role in the global food pro-
duction of many countries. According to a report by the Food and 
Agriculture Organization (FAO), of the 1600 million hectares of culti-
vated land in the world, approximately 1300 million hectares (81 %) are 
rainfed. This land accounts for roughly 60 % of the world’s crop pro-
duction, highlighting the importance of rainfed agriculture in global 
food security [17,18]. 

There are several agricultural technology management methods and 
strategies that can improve productivity, reduce risks and vulnerabil-
ities, and increase the stability and sustainability of rainfed agriculture 
through supplementary irrigation (SI) management [19]. In areas with 
limited water storage, an irrigation management strategy may involve 
the use of SI to augment soil moisture and enhance crop productivity 
[19]. Research has demonstrated that optimal agricultural crop growth 
can occur through the combination of SI, irrigation, and rainfall during 
sensitive phenological stages [20]. 

In recent years, carbonization technology has emerged as an efficient 
method for sequestering atmospheric carbon and reducing greenhouse 
gas emissions. Biomass carbonization can be achieved through various 
processes and is largely dependent on the amount and duration of 
heating. Slow pyrolysis is the most common method employed and has 
been extensively researched [21,22]. 

Biochar (BC) is a highly versatile, porous material that has garnered 
interest due to its substantial surface area, advantageous adsorption 

properties, low bulk density, and significant carbon content. Notably, BC 
has the potential to improve soil physicochemical properties, enhancing 
soil fertility, moisture retention, and agricultural productivity [23]. 
Moreover, BC has demonstrated its ability to reduce nutrient and fer-
tilizer leaching in rainfed soils and increase soil nutrient and water 
retention, thanks to its inherent high specific surface area and surface 
charge density [24,25]. BC can possess varying qualities and charac-
teristics based on the composition of plant residues used during its 
production, which can impact the levels of nitrogen, phosphorus, po-
tassium (including soluble, exchangeable, and non-exchangeable po-
tassium), and micronutrients (e.g., iron, manganese, copper, and zinc) 
[26]. 

Agricultural soils can experience numerous benefits when amended 
with BC, including enhancing water retention, increasing cation ex-
change capacity, and reducing leaching by adjusting soil pH and 
improving soil texture [27,28]. Importantly, the porous and chemical 
nature of BC makes it an eco-friendly soil amendment and it has a crucial 
role to play in sustainable agriculture by enhancing soil structure and 
properties [29]. 

BC application has shown promise in improving soil physicochemical 
properties and crop yield, as well as enhancing water and fertilizer ef-
ficiency, as evidenced by several studies [30–33]. For instance, Danso 
et al. (2019) demonstrated that the application of BC to soil (at a rate of 
30 t ha− 1) increased maize yields and enhanced water productivity in 
semi-deciduous agroecological zones in eastern Ghana [30]. Li et al. 
(2018) reported that adding approximately 30 t ha− 1 of BC to soil im-
proves the soil’s water-holding capacity, water and nutrient productiv-
ity, tomato yield, and cost-benefit tradeoffs under drip fertilization in a 
semi-arid region of Inner Mongolia, China [31]. Zhang et al. (2020) 
found that adding BC to soil, combined with daily drip fertigation in 
alkaline soils in the semi-arid area of Ningxia, China, overall improved 
soil physical quality, cucumber yield, and water fertilizer productivity 
[33]. Moreover, the combination of BC (at a rate of 20 t ha− 1) and 
inorganic fertilizer (at a rate of 300 kg ha− 1) in Akure, Nigeria, resulted 
in improved soil fertility, maize yield, and water efficiency under low 
rainfall conditions [34,35]. (BC has also been reported to improve the 
growth and yield of sunflowers and rapeseed under drought stress 
conditions [36,37]. 

As camelina emerges as an important industrial oil crop, there is a 
growing need for improved genetic resources and agronomic practices 
to enhance seed quality and production. Successful cultivation of cam-
elina relies on the management of organic matter and soil moisture in 
rainfed conditions, as these can significantly affect crop yield. According 
to the Soil Survey Staff in the USA, high productivity, drought resistance, 
and water-use efficiency in the soil are key determinants of camelina 
yield, as they enable the crop to escape drought stress during the flow-
ering and seed-filling stages. While camelina can be cultivated suc-
cessfully with SI in semi-arid conditions, limited information is available 
on the impact of irrigation and soil moisture on the physio-biochemical 
properties and yield productivity of camelina at different growth stages 
[38]. 

In recent studies, the application of SI under different agro-climatic 
conditions has been shown to increase camelina seed yield, with 
higher water volumes leading to better outcomes [39]. This indicates 
that finding the suitable phenological stage for SI and increasing soil 
organic matter via BC can improve plant growth and increase the yield 
of rainfed crops, especially in dryland farming areas where water scar-
city is a major issue. However, the cost-effectiveness of such in-
terventions must be carefully evaluated, taking into account production 
costs associated with SI, BC application, and water usage. 

The primary objective of this research is to investigate the impact of 
BC and SI treatments on the growth of camelina plants and their func-
tional changes, with a focus on plant growth, seed and oil yield, yield 
components, oil content, and fatty acid profile. The study will explore 
how changes in these variables are influenced by different amounts of 
BC and SI applied at different phenological stages. The research findings 
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are expected to yield valuable insights into optimal amounts of BC and SI 
applications and their scheduling to improve water-fertilizer use effi-
ciency and enhance soil fertility, particularly in poorly fertile soils with 
low water capacity. 

2. Materials and methods 

2.1. Site characteristics 

This research study was conducted in 2018–2019, at the Shahid 
Madani University of Azarbaijan in East Azarbaijan, Tabriz, Iran (35◦

84ˊ N, 51◦ 81ˊ E and 1366 m above sea level) and investigated the effects 
of biochar (BC) and supplementary irrigation (SI) on the growth, yield, 
oil quantity and quality of Camelina plants under rainfed conditions. 
This region in Iran is characterized by a semi-arid climate with a mean 
annual precipitation of 298 mm and average monthly maximum and 
minimum temperatures of 27.4 and − 1.2 ◦C, respectively. The site re-
ceives minimal rainfall and experiences high evaporation rates during 
the camelina growth season. Meteorological data on monthly mean air 
temperature and cumulative rainfall were collected from a nearby 
weather station throughout the experiment (Fig. 1). At the start of the 
study, soil samples were obtained from a 0–30 cm depth to analyze their 
properties. Table 1 displays the results of the soil and BC used in the 
experiment. 

2.2. Experimental design 

A field plot experiment was conducted using a split-plot arrangement 
with two variables: supplementary irrigation SI and BC. The SI treat-
ments consisted of no irrigation (control), irrigation during the flower-
ing stage (50 % blooming), and irrigation during the seed-filling stage. 
The BC treatments were subplots of BC0 (without BC, control), BC5 (5 t 
ha− 1), and BC10 (10 t ha− 1). The experiment consisted of 27 plots (9 
treatments with 3 replicates each). The seedbed was prepared using a 
moldboard plow, disk, and furrow-maker, and experimental plots were 
established with dimensions of 2.5 × 2 m. The distance between adja-
cent replicates and main plots was 1 m, while the distance between 
subplots was 0.5 m. BC was mixed with the soil to a depth of 15 cm, 10 
days prior to planting camelina seeds. The BC used was obtained from 
the Production Cooperative Company Fasle Panjom in Shiraz, Iran using 
pyrolysis at 500 ◦C, with its physical and chemical properties listed in 
Table 1. Camelina seeds were manually sown with a row spacing of 15 
cm and plant spacing of 5 cm at a depth of 0.5–1 cm on November 17th, 
2019. 

2.3. Monitoring and harvest 

Plant growth was monitored and assessed for potential pest and 
disease infestation by visiting the farm regularly throughout the 
experiment. No chemical interventions were used against pests or 
pathogens. Manual weeding was conducted multiple times. The plots 
were irrigated twice using the flood irrigation method, once during the 
flowering stage and once during the seed-filling stage. 

2.4. Measurements and analysis 

At full seed ripening, when at least 95 % of the siliques had turned 
brown and seed moisture was ≤12 % (BBCH 89), the above-ground 
biomass of Camelina plants was harvested manually. This involved 
sampling 10 rows from the central portion of each plot (~1 m2). The 
samples were then weighed, dried, and threshed for measurements of 
total biomass and seed yield. Additional measurements included plant 
height, lateral branch count, number of siliques, number of seeds per 
silique, and 1000-seed weight. Plant height was measured up to the tip 
of the apical meristem, while the number of branches, siliques, and seeds 
per silique were counted on the same plant used for height measure-
ment. To assess seed yield, plants were manually threshed using small- 
seed-compatible sieves. Fresh weight was measured before drying in a 

Fig. 1. Monthly precipitation, mean minimum and maximum air temperatures (◦C) during the study period.  

Table 1 
Properties of experimental soil (0–30 cm depth) at the start of the experiment 
and BC applied.  

Item BC Item Soil 

Texture NA Sandy loam  
Organic matter (%) 13.89 Organic matter (%) 0.71 
C/N 10.20 NA  
Organic carbon 8.09 NA  
Electric conductivity (EC) (ds/m) 0.2 Ec (dS/m) 1.36 
pH 8.1 pH 8.2 
N 0.79 N 0.07 
Available P (mg kg− 1) 0.14 P (mg kg− 1) 7.8 
Available K 0.17 K(mg kg− 1) 162 
Ca 4.26 NA  
mg 5.77 NA  
Cation-exchange capacity (CEC) (cmolc 

kg− 1) 
30.25 CEC (cmolc kg− 1) 9.5 

Bulk density (g cm− 3) 1.40 Bulk density (g 
cm− 3) 

1.35 

Ash content (%) 24.6 NA  

NA, not available. 
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ventilated oven at 60 ◦C to obtain dry weight. The crop harvest index, 
which represented the efficiency of photosynthates translocation to 
harvestable products (seed), was calculated by dividing dry seed weight 
by dry weight of total above-ground crop biomass at harvest. The har-
vest index was expressed as a percentage, where HI = (EY/BY) x 1000. 
The 1000-seed weight was determined on representative seed samples 
from each plot using international seed testing guidelines. 

2.5. Oil content and yield 

Following harvest, the seeds were dried and powdered with an 
electrical grinder, and then extracted using a Soxhlet apparatus. Hexane 
was used as a solvent and evaporated in an evaporator, after which the 
oil content was determined. Oil yield was calculated by multiplying the 
seed yield and oil content. Specifically, the calculation was: Oil yield (kh 
ha− 1) = seed yield x oil content. 

2.6. Fatty acid profile 

To determine fatty acid composition, the Metcalf and Shmitz method 
(1966) was employed to convert the measurements into corresponding 
fatty acid methyl esters (FAME) [40]. A gas chromatography (Unicam 
4600) equipped with a FID detector was used to identify the contents. 
The stationary phase was a capillary silica column BPX70 (30 m × 0.22 
mm i.d, 0.25 μm film thickness (SGE)), and 0.2 μl of FAME sample was 
injected using a micro syringe. Helium was used as the carrier gas with a 
head pressure of 18 psi. The injector and detector temperatures were set 
to 250 ◦C and 300 ◦C, respectively. The oven temperature was ramped 
up from 160 ◦C to 200 ◦C at a rate of 2.0 ◦C/min and maintained at 
200 ◦C for 40 min. The FAME samples were identified by comparing 
their retention time data and mass spectra with standards from Aldrich 
or Sigma. Fatty acid patterns were then calculated and evaluated based 
on the identified fatty acids. 

2.7. Statistical analysis 

Data were analyzed using Fisher’s test for analysis of variance with 
fixed factors, which included BC (0 (control), 5 and 10 t ha− 1) and SI 
treatments (without irrigation and irrigation at the flowering and seed- 
filling stages) with Statistical Analysis Software (SAS, version 9.2). To 
check significant differences between the means Least significant dif-
ference (LSD) test and p values < 0.05 was used. 

3. Results and discussion 

3.1. Plant height 

The height of the seedlings was significantly affected by the main 
effects and interaction effects of SI and BC (Table 2). The levels of BC did 
not differ substantially between the control and irrigation treatment 
during seeding. The study found that irrigation with BC5 during the 
flowering stage produced the tallest plants (63.20 cm) a significant in-
crease of 18.99 % compared to the control plants (51.10 cm). Overall, 

the results illustrate a significant increase in Camelina plant height due 
to SI during the flowering stage, as shown in Fig. 2. Additionally, the 
interaction effect of BC and SI revealed that the treatments in which 
there was no BC and SI (control) caused a significant decrease in plant 
height, relative to the other treatments (Fig. 2) (see Fig. 3). 

3.2. Number of lateral branches 

The number of lateral branches in plants was significantly impacted 
by the main effects of BC and SI, while the interaction effects showed no 
significant effect (Table 2). Analysis of mean values associated with the 
main effects revealed that irrigation during the flowering stage signifi-
cantly increased the number of lateral branches, in comparison to the 
rainfed condition and SI during the seed-filling stage. As such, the 
application of SI during the flowering stage resulted in the highest 
number of lateral branches. Specifically, the maximum number of lateral 
branches observed was 8.55 during the flowering stage, which was 
19.65 % and 18.95 % higher than that of the control treatment and 
irrigation during the seed-filling stage, respectively (Table 3). Moreover, 
the main effects of BC application (at both levels of BC5 and BC10) 
demonstrated a significant increase relative to the control group. In 
particular, the highest number of lateral branches was achieved in 
response to BC10 application, which represented an increase of 26.91 % 
and 13.80 % compared to the values observed in the BC0 and BC5 
treatment groups, respectively (Table 3). 

3.3. Number of siliques per plant 

According to the analysis the number of siliques in plants was 
significantly influenced by the main and interaction effects of SI and BC 
(Table 2). A comparison of means revealed no noteworthy difference in 
the impact of various BC levels when compared to rainfed irrigation and 
SI application during the seed-filling and flowering stages. However, BC 
displayed a significant impact on flowering under rainfed conditions. 
Consequently, the highest number of siliques (241.32 plant− 1) was 
observed under the treatment of SI during the flowering stage with the 
application of BC10, resulting in a 52.96 % increase relative to the 
control (113.13 plant− 1) (Fig. 4) (see Fig. 5). 

3.4. Silique weight 

The analysis demonstrated that the weight of silique significantly 
impacted by both SI and BC (Table 2). Additionally, mean comparisons 
indicated noteworthy differences in weight between the control and 
BC5, as well as between the control and BC10 across all SI levels. The 
highest weight of silique (1.50 g plant− 1) was achieved in response to SI 
during the flowering stage along with the application of BC10, which is 
comparable to the control treatment (without SI and BC0) (0.62 g 
plant− 1)), thereby presenting a 58.67 % increase. When comparing the 
control treatment (without BC and SI) with other treatments (Fig. 4), it 
was observed that this treatment led to a significant reduction in cam-
elina silique weight. 

Table 2 
Analysis of variance (mean of squares) of the growth and morphological traits of camelina under the effect of supplementary irrigation and biochar in the studied traits.  

S⋅O⋅V df Plant height Number of lateral branches plant− 1 Number of silique plant− 1 Silique weight Number of Seeds Silique− 1 

Block 2 6.56 3.35 999.27 0.0073 0.56 
Supplementary irrigation)SI( 2 150.31** 8.19** 5518.24** 0.4075** 4.57** 
Main error 4 18.64 1.02 607.09 0.0433 1.36 
Biochar)BC( 2 19.02* 12.11** 5099.54** 0.5326** 1.86* 
SI × BC 4 11.28* 0.57 ns 2518.05** 0.0447* 0.08 ns 

Error 12 3.42 1.09 463.13 0.0134 0.31 

C⋅V (%) – 9.84 3.50 5.51 11.99 4.50 

ns ** and *: non-significant, and significant in 1 % and 5 % level, respectively. 
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3.5. Number of seeds in silique 

Based on the analysis, irrigation and BC had significant main effects 

on the number of seeds per silique, while the interaction effects of SI and 
BC did not show a significant effect on seed count (Table 2). Mean value 
comparisons of the main effects of irrigation did not reveal a significant 

Fig. 2. Effect of supplementary irrigation and BC interaction on camelina height. Different letters in the bars indicate significant differences between treatments at P 
< 0.05 level by the LSD test. 

Fig. 3. Effect of supplementary irrigation and BC interaction on number of siliques. Different letters in the bars indicate significant differences between treatments at 
P < 0.05 level by the LSD test. 

Table 3 
Mean comparisons of the Supplementary irrigation on morphological and yield traits of camelina.  

Supplementary 
irrigation 

Plant 
height 
(cm) 

Number of 
lateral 
branches 
plant − 1 

Number of 
silique 
plant-1 

Silique 
weight 
(g) 

Number of 
Seeds 
Silique-1 

1000- 
Seed 
Weight 
(g) 

Above- 
Ground 
Biomass (kg 
ha-1) 

Oil yield 
(kg ha-1) 

Oil 
content 
(%) 

Harvest 
index (%) 

Seed 
yield (kg 
ha-1) 

Rainfed 
condition 

52.98b 6.87b 132.49b 0.82b 13.04a 0.98b 5289.6b 477.82b 32.31b 28.01a 1473.4b 

SI at flowering 
stage 

60.87a 8.55a 179.82a 1.25a 13.41a 1.07a 7183.5a 777.38a 36.14a 30.65a 2153.1a 

SI at seed filling 
stage 

55.09b 6.93b 143.52b 1.03ab 12.04a 1.08a 6676.9a 734.7a 35.30a 31.08a 2077.7a 

Means that have a common letter have not significantly different together (p < 0.05). Different letters in the bars indicate significant differences between treatments at 
P< 0.05 level by the LSD test. 
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difference in seed count across various SI levels and rainfed conditions 
(P≤0.05), as shown in Table 3. The application of BC10 resulted in the 
highest number of seeds per silique (13.34), followed by BC5 (12.67) 
and BC0 (12.48), respectively (Table 3). Significant increases in seed 
count were observed with the application of BC10. 

3.6. 1000-Seed weight 

The analysis results on the 1000-seed weight indicated significant 
effects of SI and BC (Table 4). Mean comparisons demonstrated that 
different BC levels had no significant impact on the control treatment 
(no SI). However, the application of BC during both stages of SI led to an 
increase in 1000-seed weight. The highest 1000-seed weight (1.16 g) 

Fig. 4. Effect of supplementary irrigation and BC interaction on camelina siliques weight. Different letters in the bars indicate significant differences between 
treatments at P < 0.05 level by the LSD test. 

Fig. 5. Effect of supplementary irrigation and BC interaction on camelina1000-seed weight. Different letters in the bars indicate significant differences between 
treatments at P < 0.05 level by the LSD test. 

Table 4 
Analysis of variance (mean of squares) of the yield traits of camelina under the effect of supplementary irrigation and biochar in the studied traits.  

S⋅O⋅V df 1000-Seed Weight Above-Ground Biomass Seed yield Harvest index Oil content Oil yield 

Block 2 0.002 992998.16 608555.74 85.51 1.13 72297.30 
Supplementary irrigation (SI) 2 0.032** 8652157.92** 1249214.86** 24.77ns 36.51** 23609.81** 
Main error 4 0.004 987033.41 74372.75 10.89 0.733 9292.42 
Biochar (BC) 2 0.025** 7180215.37** 502146.02* 12.00ns 6.198** 83258.10** 
SI × BC 4 0.003* 2816471.40* 315105.27* 5.68ns 1.99* 36049.19* 
Error 12 0.0007 852939.29 78292.01 24.37 0.607 10893.92 

C⋅V (%) – 14.46 4.09 5.73 0.91 11.59 6.33 

ns ** and *: non-significant, and significant in 1 % and 5 % level, respectively. 
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occurred due to BC10 and irrigation at flowering, showed an increase of 
17.24 % compared to the control (0.96 g). The findings revealed that SI 
at both stages, flowering and seed-filling, significantly influenced the 
1000-seed weight. 

3.7. Above-ground biomass 

Table 4 revealed that both SI and BC had significant effects, along 
with an interaction effect on above-ground biomass. Mean comparison 
analysis indicated no significant differences in the effects of various BC 
levels between the no irrigation control treatment and irrigation during 
the seed-filling stage. The highest total biomass (9250 kg ha− 1) was 
achieved at the flowering stage using BC10, representing a 53.19 % 
surge in comparison to the control (4329.5 kg ha− 1) without SI and BC 
(Fig. 6). The correlation analysis showed a positive relationship between 
biomass and several factors such as the number of siliques, seed yield per 
hectare, silique weight, lateral branches, plant height, and 1000-seed 
weight. As each of these factors increased, total biomass also 
increased (see Fig. 7). 

3.8. Seed yield 

Table 4 indicated that both SI and BC had significant main and 
interaction effects on camelina seed yield. Mean value comparisons 
revealed that different levels of BC did not significantly differ in their 
effects on seed yield between rainfed and irrigation conditions during 
the seed-filling stage, although BC application did improve yield. The 
interaction between BC0 and SI showed that BC0 in the rainfed condi-
tion resulted in the lowest seed yield. In contrast, irrigation during the 
flowering stage with BC10 resulted in the highest seed yield (2751.8 kg 
ha− 1) compared to the control (1232.3 kg ha− 1), indicating a significant 
55.22 % increase in yield. 

3.9. Harvest index 

Table 4 from the analysis indicated that there was no significant 
interaction between SI and BC in relation to the harvest index. The 
treatment with BC5 and irrigation during flowering resulted in the 
highest harvest index, although the difference was not statistically sig-
nificant. Furthermore, the analysis of trait correlations revealed that 
seed yield had the strongest correlation with the harvest index. 

3.10. Oil yield and content 

Table 4 revealed that the interaction effect of SI and BC had a sig-
nificant impact on oil content and yield. However, there were no sig-
nificant differences observed in the mean oil content and yield between 
the various levels of BC under SI during flowering and seed filling stages. 
The application of BC in the rainfed condition led to a greater increase in 
oil content and yield. The use of BC5 resulted in the highest oil content 
when irrigation was applied during the flowering stage, demonstrating a 
15.12 % increase compared to the control (rainfed condition and BC0) 
(Fig. 8). On the other hand, the highest oil yield was achieved when 
irrigation was applied at the flowering stage with BC10, presenting a 
61.44 % increase compared to the control treatment (rainfed condition 
and BC0) (Fig. 9). 

3.11. Fatty acids compositions 

Table 5 presented the results of gas chromatography (GC) analysis of 
camelina oil, identifying 14 types of fatty acids. The fatty acid profile 
was consistent with previous studies [41–43], and all fatty acid con-
stituents were affected by SI and BC interactions. Oleic, linoleic, lino-
lenic, eicosadienoic, and palmitic acid were the main fatty acids in 
camelina seed oil, and all were influenced by the treatments. Saturated 
fatty acids (SFAs) such as myristic acid, palmitic acid, stearic acid, and 
behenic acid were also present in the oil. The application of BC10 and SI 
led to the most significant decrease in stearic and palmitic acids, 
respectively, when compared to the control (Table 5). 

Table 5 showed that the highest percentage of unsaturated fatty acids 
(UFAs) in camelina seed oil (92.97 %) resulted from the application of 
BC10 and SI at the seed-filling stage. Conversely, the lowest percentage 
of UFAs (86.21 %) was obtained from the application of BC0 and rainfed 
conditions. The control treatment (no SI and BC0) yielded the highest 
percentage of saturated fatty acids (SFAs) at 12.10 %. The amount of 
UFAs in camelina seed oil was influenced by BC and soil water avail-
ability. Palmitoleic, oleic, linoleic, linolenic, eicosanoic, eicosatrienoic, 
arachidonic, erucic, and docosapentaenoic acids were the UFAs identi-
fied in camelina seed oil. The highest amounts of oleic and linolenic 
acids were observed in response to BC10 along with SI during the seed- 
filling stage, increasing them by 10.2 % and 11.3 %, respectively. The 
highest level of linoleic acid was obtained from the application of BC0 
and SI at the seed-filling stage, increasing it by 4.9 % compared to the 

Fig. 6. Effect of supplementary irrigation and BC interaction on camelina biomass weight. Different letters in the bars indicate significant differences between 
treatments at P < 0.05 level by the LSD test. 
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control. Moreover, a high seed oil content was associated with a 
decrease in SFAs when SI and BC were applied. 

4. Discussion 

The combination of biochar (BC) and supplemental irrigation (SI) 
has presented a promising strategy for reducing the use of chemical 
inputs and mitigating drought stress in rainfed conditions. According to 
the findings of the present study and previous research, BC can alleviate 
the negative effects of drought stress and enhance plant growth by 
providing benefits such as increased cation exchange power, improved 
nutrient and moisture availability, and an ideal habitat for soil micro-
organisms [44,45]. In addition, BC’s large pores and high specific sur-
face area can act as physical support for soil microorganisms, facilitating 
root penetration and elongation, which ultimately leads to increases in 
plant height and development [45]. Moreover, the study found that BC, 
particularly at a rate of 5 t ha− 1, can promote plant height and devel-
opment in rainfed conditions. SI during the flowering stage significantly 
increased Camelina plant height, while irrigating during seed filling led 
to competition and moisture limitations, ultimately leading to reduced 
plant height. According to research of Hussain et al. (2008), reducing 

water availability during the flowering stage could result in shorter 
plants due to dehydration, reduced turgidity, and altered protoplasmic 
activity, leading to a decline in cell division and lifespan [46]. The study 
also found that a higher dose of BC (B10) significantly increased plant 
height compared to the control, corroborating earlier research indi-
cating its favorable impact on crop growth. The increased nutrient ab-
sorption, soil microbial activity, and photosynthetic rate observed after 
BC application contributed to greater overall plant growth. As a notable 
indicator of plant morphological growth, the number of lateral branches 
is influenced by environmental factors such as humidity and soil char-
acteristics, which affect water availability and nutrient absorption dur-
ing the flowering stage. Similarly, including BC in poor soils can enhance 
macro- and micronutrient availability and promote better photosyn-
thesis and more branches in plants [47,48]. 

Drought stress during the reproductive stage of camelina plants can 
impact the number of siliques per plant and the number of seeds per 
silique prior to pollination. This study reveals that the application of BC 
and SI significantly increases the number of siliques per plant. Low soil 
moisture can reduce the potential for silique and seed production in 
plants that bloom during the flowering stage, impacting the plant’s yield 
components [49,50]. The application of BC improves soil properties, 

Fig. 7. Effect of supplementary irrigation and BC interaction on camelina seed yield. Different letters in the bars indicate significant differences between treatments 
at P < 0.05 level by the LSD test. 

Fig. 8. Effect of supplementary irrigation and BC interaction on camelina oil content. Different letters in the bars indicate significant differences between treatments 
at P < 0.05 level by the LSD test. 
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enhances nutrient availability, and could lead to an increase in vegeta-
tive growth rates, linear growth rates, and dry matter accumulation, 
which promotes greater silique production [36,51]. According to Oguz 
et al. (2022), drought stress during the flowering stage reduces leaf 
water content, chlorophyll, and photosynthesis rates, leading to lower 
plant yields [52]. Using specific compounds that improve soil moisture 
retention can enhance crop water-use efficiency and mitigate drought 
stress severity under rainfed conditions, particularly during critical 
plant growth stages. Organic materials like BC have shown remarkable 
soil conditioning and self-moisture retention properties [53]. 

The previous research by Akhtar et al. (2014) investigated the in-
fluence of BC on tomato physiology, yield, and quality under varying 
irrigation regimes [54]. The study found that BC improved plant phys-
iology, yield, relative leaf moisture, water use efficiency, fruit quantity, 
and quality while preserving soil moisture. This outcome is consistent 
with the current research on camelina, where BC application increased 
sub-branch and silique weight under rainfed conditions. Furthermore, 
BC application increased seeds per silique, which is a crucial component 
in determining a plant’s ability to generate and acquire photosynthetic 
assimilates [55]. The application of BC optimizes nutrient absorption by 

enhancing soil properties and providing nutrients. Research shows that 
soil amendment with BC increases soybean seeds per pod due to elevated 
nutrient absorption [51]. Drought stress can significantly affect plant 
growth and seed production, particularly during reproduction. The lack 
of moisture can reduce the production of flower stems, limit pollination, 
impede growth of pollen grains and tubes, and lead to wilting of stigma, 
ultimately affecting the number of seeds produced [56]. Photosynthetic 
assimilates flow after pollination, and their quantity has a direct impact 
on the 1000-seed weight. The lack of moisture in rainfed conditions 
hinders nutrient absorption, reducing photosynthesis, and subsequently, 
the 1000-seed weight and the food reserves in seeds [57]. An increase in 
photosynthetic activity is closely linked to achieving a high 1000-seed 
weight. The storage of photosynthetic materials in the seeds contrib-
utes to heavier seeds, which reflects in the 1000-seed weight. Never-
theless, environmental factors play a crucial role in the seed filling 
process; for instance, water deficit conditions during flowering and 
reproduction shorten the seed filling period, reducing the assimilates 
accumulation period, leading to a lower 1000-seed weight [31]. In this 
study, the application of BC10 increased the 1000-seed weight signifi-
cantly compared to BC5 and the absence of BC. BC improved soil fertility 

Fig. 9. Effect of supplementary irrigation and BC interaction on camelina oil yield. Different letters in the bars indicate significant differences between treatments at 
P < 0.05 level by the LSD test. 

Table 5 
Fatty acids composition of camelina under supplementary irrigation and BC interaction.  

Fatty acids Control BC0
+ SI in the 

flowering 
stage 

BC0
+ SI in 

the seed 
filling stage 

BC5+rainfed 
condition 

BC10+rainfed 
condition 

BC5+ SI in the 
flowering 
stage 

BC10+ SI in the 
flowering stage 

BC5
+ SI in 

the seed 
filling stage 

BC10
+ SI in 

the seed 
filling stage 

Myristic acid 0.70 0.09 0.08 0.71 0.09 0.10 0.10 0.12 0.11 
palmitic acid 7.97 6.35 6.08 7.80 6.25 6.15 6.02 5.17 4.91 
Palmitoleic acid 0.37 0.20 0.19 0.35 0.16 0.18 0.19 0.19 0.22 
Stearic acid 3.06 2.60 2.40 2.80 2.47 2.46 2.49 2.45 1.71 
Oleic acid 18.29 19.25 18.57 18.64 19.01 19.26 19.69 20.30 20.37 
Linoleic acid 21.13 22.22 19.50 20.45 21.32 20.63 20.87 19.91 20.91 
Linolenic acid 27.52 28.33 30.26 28.20 29.51 28.48 30.06 30.81 31.03 
Eicosenoic acid 1.85 1.67 1.85 1.91 1.70 1.67 1.66 1.59 1.65 
Eicosadienoic acid 10.59 13.36 14.73 10.48 13.33 13.40 13.37 13.55 13.88 
Eicosatrienoate acid 1.83 1.66 1.88 1.78 1.66 1.62 1.69 1.59 1.52 
Arachidonic acid 0.90 0.81 0.95 0.90 0.86 0.80 0.15 0.90 0.41 
Behenic acid 0.38 0.32 0.31 0.39 0.35 0.79 0.27 0.30 0.30 
Erucic acid 3.35 2.89 2.83 3.37 3.04 4.18 3.08 2.80 2.79 
Docosapentaenate 0.37 0.28 0.36 0.98 0.26 0.28 0.34 0.32 0.20 
Total 98.31 100 100 98.77 100 100 100 100 99.99 
Unsaturated fatty 

acids (UFAs) 
86.21 90.64 91.13 87.06 90.85 90.51 91.12 91.96 92.97 

Saturated fatty acids 
(ΣSFAs) 

12.10 9.36 8.87 11.71 9.15 9.49 8.88 8.04 7.02  
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by increasing nutrient availability, stabilizing soil moisture, and 
enhancing nitrogen retention, consequently producing heavier seeds. 

The current study found that a combination of BC and SI significantly 
improved total biomass yield and seed yield in camelina plants. Previous 
research by Neupane et al. (2020) found that water availability signifi-
cantly impacts camelina crown cover and yield components, and there is 
a strong correlation between grain yield and water use [58]. The com-
bination of BC and SI improved water availability, reduced drought 
stress, stimulated vegetative and reproductive growth, and increased 
total biomass yield in camelina plants in this study. Seed yield is a 
crucial variable in crop production, and water supply during the flow-
ering stage is vital for seed filling and higher yield in camelina plants 
[59]. Previous research by Aiken et al. (2015) demonstrated that oilseed 
crops, including camelina, grown under dryland conditions were limited 
by poor soil moisture availability and heat stress during the flowering 
and seed formation stages [60]. Inadequate irrigation can lead to pre-
mature crops with poor seed yield due to the effects of drought stress, 
while irrigation treatments can result in improved plant growth and a 
higher economic yield. Similarly, Ahmed et al. (2020) found that 
different irrigation regimes significantly impacted camelina yield and 
yield-contributing traits, with a decrease in soil water availability 
limiting the development of yield-related traits and reducing seed yield 
[59]. The lack of irrigation during the flowering stage led to a reduction 
in yield due to fewer siliques, flowers, silique abortion, and shorter seed 
filling periods. The application of BC in this study promoted an increase 
in seed formation, more siliques per plant, more seeds per silique, and a 
greater 1000-seed weight, resulting from enhanced soil properties and 
nutrient uptake. Similarly, Agarwal et al. (2021) found that irrigation 
during the flowering stage was the most effective way to improve seed 
yield in camelina [61]. Drought stress resulting from a lack of soil 
moisture during the reproductive stage can lead to adverse conse-
quences, such as leaf senescence and a reduction in photosynthetic rate, 
thereby limiting seed yield [62,63]. 

The study investigated the impact of inadequate irrigation and the 
use of BC on rapeseed cultivars’ yield and yield-related components. The 
study findings suggest that flower and panicle formation are the most 
sensitive growth phases affected by drought stress. Angadi et al. (2003) 
showed that withholding irrigation during the flowering period results 
in the greatest decrease in rapeseed seed yield [64]. Proper water sup-
ply, together with BC utilization, contributes to nutrient retention, 
stimulates vegetative and reproductive growth, improves photosyn-
thetic assimilates’ production, and aids their transfer to seeds. These 
treatments increase seed yield by alleviating the occurrence of leaf 
senescence under rainfed conditions. Huang et al. (2019) demonstrated 
that BC application helps ensure optimal soil acidity for nutrient ab-
sorption and sustainability [65]. A decrease in water supply affects seed 
yield and yield-related components in camelina negatively. Past studies 
[58,66,67] suggest a strong correlation between water consumption and 
seed yield in camelina, with the former positively affecting crown cover 
and yield component development. The harvest index is crucial in 
determining seed yield and is inversely associated with biological yield. 
Neupane et al. (2020) found that different camelina cultivars, irrigation 
regimes, year and their interaction did not significantly influence har-
vest index [58]. Nonetheless, Li et al. (2018) suggest that a decrease in 
harvest index under water-deficit conditions is likely due to low leaf 
count [68]. 

Drought stress leads to a reduction in canola plant size and leaf 
surface, resulting in a decrease in straw and stubble yield and rapeseed 
yield, as well as leaf aging acceleration. Li et al. (2018) found that cul-
tivars with a high harvest index and more photosynthetic materials 
allocated to seeds adapt better to drought stress, improving their 
drought resistance [68]. The increase in harvest index may result from 
increasing the supply of carbohydrates required for triacylglycerol 
synthesis and subsequent accumulated seed oil during flowering and 
seed development. Environmental conditions, including nutrition, 
temperature, and water availability, influence the content of seed oil in 

crops [69]. Drought stress significantly reduces soybean oil production 
by decreasing photosynthesis and shortening the seed filling period, 
rendering lipid accumulation highly susceptible to stress [70]. Moderate 
BC application has been found to favor optimal plant growth, improve 
soil pH, and nutrient balance, leading to optimal growth. Dispenza et al. 
(2016) note that a balanced amount of BC treatment is favorable for 
plant growth [71]. Jemal et al. (2016) observed that combining BC5 and 
SI during the flowering stage resulted in the highest seed oil content 
[72]. BC has a positive effect on soybean oil quality [73]. Rainfall and 
irrigation also impact crop yield and oil content. 

Water deficits during the reproductive stage can significantly impact 
plant performance, leading to decreased oil content and linolenic acid 
content in seeds [64]. However, the application of BC and SI has been 
found to increase plant drought tolerance and crop yields, making it a 
crucial consideration for Iranian rainfed crops [74]. The current study 
demonstrates a correlation between the percentage of linolenic acid and 
seed oil content, highlighting the importance of efficient water utiliza-
tion in rainfed conditions. Results from the current study and Pavlista 
et al. (2016) indicate that the application of BC and SI during the 
seed-filling stage can increase linolenic acid content in oilseeds [75]. 
The fatty acid composition of camelina oil is primarily composed of 
linolenic acid, followed by linoleic acid and oleic acid [76]. BC and 
irrigation can impact the fatty acid profile in oilseed crops, particularly 
during flowering and seed-filling stages, where they can interfere with 
enzymes involved with the metabolism of polyunsaturated fatty acids 
(PUFAs), leading to an increase in their content [77]. The study by 
Moradi et al. (2023) demonstrated that applying BC to rapeseed culti-
vars improved seed yield quality through an increase in mono-
unsaturated fatty acids (MUFAs) and a decrease in PUFAs [78]. 

The application of SI during the flowering and seed-filling stages can 
increase the ratio of dietary PUFA to saturated fatty acid (SFA), which 
helps prevent cardiovascular diseases [74]. Irrigation has also been 
found to increase the proportion of linolenic acid in camelina oil while 
decreasing the levels of linoleic acid [75]. The highest quantities of 
linolenic acid were generated in camelina during the flowering and 
seed-filling stages when rainfall was above average [42]. An inverse 
relationship between saturated and MUFAs in oilseeds, such as camel-
ina, has been observed (Table 5). The application of appropriate 
amounts of BC and SI during seed development can increase PUFAs in 
camelina seeds, leading to higher levels of linoleic acid, SFAs, and 
MUFAs in the seeds. The combined application of BC and SI has been 
found to be the most effective way of improving the unsaturated fatty 
acid (UFA) ratio. Camelina seed oil contains significant amounts of 
eicosadienoic acid (10.48–14.73 %), which can be a valuable source of 
medium-chain fatty acids in the bio-based industry. The application of 
appropriate amounts of BC can increase UFAs by boosting plant 
photosynthesis through the increased assimilation of carbon. SFAs have 
lower fluidity than unsaturated fatty acids, making them less influenced 
by irrigation and BC. On the other hand, UFAs are critical for the 
structure and function of organisms and contain several essential fatty 
acids that cannot be synthesized by the human body. The balanced 
amount of essential fatty acids in the diet is vital because humans and 
mammals cannot synthesize them. Besides the agricultural benefits, 
camelina has a unique oil composition suitable for various industrial 
applications such as cosmetics, nutraceuticals, green polymers, and 
biofuels. 

5. Conclusion 

The application of BC improved the growth, yield, and water-related 
parameters of Camelina, both under control and SI conditions. When 
used in rainfed conditions, BC serves as a water- and energy-saving 
approach. It is an organic fertilizer that, when combined with SI and 
applied to Camelina, assists plants in accessing more water and nutri-
ents, thus leading to increased plant growth, photosynthesis, seed yield, 
and oil quality. This study discovered that the flowering stage is most 
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sensitive to drought stress, and the best treatment for alleviating this 
stress on Camelina is the application of BC in the soil. The application of 
SI at the flowering stage in combination with BC10 was also shown to 
increase seed yield, oil yield, and oil quality, resulting in increased water 
absorption efficiency in conditions of insufficient rainfall. This combi-
nation of treatments not only assists in reducing the use of chemical 
inputs and preserving the environment under rainfed conditions but also 
promotes the sustainable production of Camelina by revitalizing poor 
soils. It is a suggested promising approach towards drought stress alle-
viation while restoring agro-ecosystems and promoting land resource 
sustainability, which has far-reaching benefits for food security. 
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