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Camelina sativa as a relatively new oilseed crop has a relatively favorable adaptation to semi-arid and
warm conditions. This study was conducted to evaluate the effects of different irrigation regimes (FI: full
irrigation, 100% field capacity, DI: deficit irrigation, 60% field capacity) and the application of varying
levels of animal manure and foliar application of iron and zinc nano-fertilizers on the growth and yield of
camelina under deficit irrigation conditions during the vegetative growth. A field trial was carried out in
the Bileh-Savar region of Ardabil. The animal manure levels were 0, 10 and 20 t ha™* which are displayed
as the abbreviations FY Mo, FYMuo and FY Mz, respectively. The highest leaf chlorophyll content (55.86)
was recorded under FI+FYMzo+Zn conditions. DI reduced lateral canopy growth (LCG) by 33%
compared to FI conditions. With increasing FY M application specifically under Fl, significantly increased
LCG. The effect of nano-iron foliar application on LGC was greater than that of zinc. The application of
FYMio and FYMzo increased biomass by 7% and 16% compared to FYMo. DI reduced the number of
siliquae by 34% compared to FI. The highest seed yield was recorded under FI+FYMzo+Zn conditions
(1782 kg hat), and the lowest seed yield was related to DI+FYMo+FI conditions (1165 kg ha™). The
highest seed oil content was achieved under FI+FYMzo conditions (35.10%) and the lowest was recorded
in plants grown under DI+FYMo (31.55%). Overall, the DI with irrigation up to 60% FC does not seem
to be an ideal irrigation option in the studied area for camelina production systems. These results could
provide valuable insights for farmers in regions with limited water resources, helping them optimize
irrigation and fertilization strategies for C. sativa production.

© The Author(s) 202x. Published by Razi University

1. Introduction

lower water requirements than many other oilseed

Camelina (Camelina sativa) is an oilseed crop and it
is one of the relatively new introduced crops from the
Brassicaceae family that improved by the plant
breeding process during the past decades. Camelina has
relatively acceptable adaptation to the conditions of
semi-arid regions (Zanetti et al., 2021). However, the
trend of climate change such as increasing air
temperature and decreasing  precipitation has
significantly accelerated in the mentioned regions in
recent years. This has exacerbated the shortage of
available water resources and increased the occurrence
of drought stress (Furtak and Wolinska, 2023).
Camelina is a plant that is adaptable to low-input
farming conditions such as chemical fertilizers and has
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crops. This high adaptability makes it a potential
candidate as a climate-smart crop. Its high oil content
could also be used as a valuable source for biodiesel
production (Agarwal et al., 2021). The average yield of
camelina in Europe is estimated to be between 1 and 3
tons per hectare. Factors such as genotype, soil
conditions, rainfall, and restricted or unrestricted
growth can have a significant impact on the yield of the
grain (Zanetti et al., 2024). However, it has been found
that the quantitative characteristics of the grain yield as
well as the quality of the extracted oil are affected by
environmental and edaphic conditions. Statistics on the
area under camelina cultivation indicate that this plant
has not yet been well received by farmers. This plant
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can be cultivated as a winter or spring crop; however,
the yield of winter genotypes is estimated to be up to
about 3.3 tons. Camelina can also be cultivated as a
rainfed crop in areas with a suitable and significant
rainfall distribution (Zanetti et al., 2017). It has been
estimated that the minimum water requirement for
camelina under a semi-arid condition is 330-420 mm.
However, in semi-arid regions, due to low organic
matter in the soil, water holding capacity is relatively
low, and special management measures must be taken
to improve the soil to conserve water (Hazrati et al.,
2024). The relatively favorable drought tolerance of
camelina will make this plant's position in rotations
more prominent over the coming decades. The
adaptability of the camelina growth cycle to different
climatic conditions and the lack of need to design and
build special equipment and machinery are other
advantages of this plant. This plant is capable of
producing crops with low fertilizer inputs, but only if
the soil conditions meet the plant's nutritional needs to
some extent (Rostami Ahmadvandi et al., 2021).

The reproductive stages of most crops represent the
period of highest vulnerability to water stress (Yu et al.,
2019). On the other hand, in the semi-arid regions of
Iran, the majority of precipitation is concentrated
between October and February. Some of the rainfall
occurs during the growing season when the plant is not
actively growing (Saeed et al., 2021). In such
circumstances, by implementing efficient irrigation
scheduling and reducing water consumption during the
vegetative stages, water resources can be saved for
sensitive reproductive stages (Hunsaker et al., 2013).
Limited irrigation (water supply up to 75% of crop
evapotranspiration) in camelina improved water use
efficiency and mild water deficit stress activates
improved tolerance to hot and dry periods at the end of
the growth period (Khemmouli et al., 2023; Yang et al.,
2021). In semi-arid regions, due to specific climatic
conditions, high temperatures, and low rainfall, soils
usually have little development and evolution and low
fertility (Chenchouni and Neffar, 2022). Soils in these
regions often have high pH, shallow depth, little
organic matter, low water retention capacity, low CEC,
and unfavorable physical and chemical properties
(Baranian Kabir et al., 2017). Soil health and
micronutrient dynamics are strongly associated with
build-up of organic matter. Application of manure and
improving the soil organic matter by adjusting the pH

in the rhizosphere environment may release
micronutrients from the soil and increase their uptake
by the roots (Dhaliwal et al., 2019). However, foliar
application of micronutrients can also be an alternative
method in such situations (Haq et al., 2022). Given the
development of the livestock industry in northwest
Iran, caw manure is one of the cheapest and most
abundant organic soil amendments that is easily
available to farmers. The use of manure in the soil
improves soil structure and increases the proportion of
micro-pores, improving the penetration of precipitation
into the soil and increasing the soil water retention
capacity (Singh et al., 2022). On the other hand, the
solubility and availability of micronutrients strongly
depend on soil properties such as pH, soil organic
matter content, and clay content and composition
(Moreno-Jiménez et al., 2019). The unfavorable
chemical and physical conditions of semi-arid soils
have caused severe micronutrient deficiencies. In
recent years, with the advancement of nanoparticle
science and its efficient introduction into various
agricultural sectors such as fertilizers, the efficiency of
using these inputs has increased significantly (Gupta et
al., 2023). Due to their very small dimensions (less than
100 nanometers) and high contact surface,
nanoparticles have high capabilities in absorption
processes, passage through membranes, and playing a
role in the target site (Yadav et al., 2023). However,
there is still no comprehensive information on reducing
irrigation during the growing season and saving water
for the reproductive season, as well as organic soil
amendments and foliar application of Fe and Zn
nanoparticles on camelina in the warm and semi-arid
region. The present experiment simultaneously
investigated the effects of irrigation regimes and the
application of manure and micronutrients in Bileh-
Savar, Ardabil, Iran.

2. Materials and methods
2.1. Site description

A field experiment was carried out in the semi-arid
area of Bile Savar, Ardebil, in the Northwest of Iran
from 2023 to 2024. Bile-Savar has a temperate and
humid climate in winter and is relatively hot during the
summer. The geographical location of the farm was
39°37' N 48°35' E and the height from sea level was
120 m. According to De Martonne's climate
classification, the region has a temperate-warm and
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semi-arid climate. Despite being located in the
northwest of Iran, this region is relatively different
from neighboring regions due to its low altitude,
specific air temperatures, and different precipitation
patterns. The average annual temperature was 26°C, the
average maximum annual temperature was 37.3°C, the
minimum average annual temperature was 11°C, and
the average annual precipitation was 471 mm. Some

experimental site, soil samples were gathered and
mixed from six points of the field from a depth of 0-30
cm before the utilization of fertilizers. The soil was a
silty-clay loam (silt: 49.6%, clay: 33%, and sand:
17.4%) and contained 376.9 mg kg of potassium, 6.5
mg kg? of absorbable phosphorus, 0.078% of total
nitrogen, 0.885% of organic carbon, and other chemical
properties of the soil were pH: 7.60, percentage of

important meteorological characteristics in the study neutralizing  materials:  11.20, and electrical
area are shown in Table 1. To analyze the soil of the conductivity: 1.72 ds m™,

Table 1. Meteorological data collected from the Bileh-Savar region during the implementation of the

field experiment during in 2024.

February March  April May June July August

Minimum temperature (‘C) 1 6.9 115 17 204 20.9 175

Maximum temperature 11 20 25 32.1 33.8 32.6 317

Average temperature 6 135 18.3 24.5 27.1 26.7 24.6

Average humidity (%) 77 74 69 63 59 65 59

Maximum wind speed (km h1) 15 17 16 18 14 14 13

Total monthly precipitation (mm) 29.6 32.3 384 8.7 33.3 104 0

Total monthly evaporation (mm) - 60.4 142.8 203.7 2594 217.3 196.9
2.2. Implementation of experimental treatments February 2024. Irrigation was done through

The present research was conducted as a spilt-split
plot experiment based on an arbitrary complete block
design with 3 replications. The main factor includes
irrigation regimes at two levels, full irrigation regime:
irrigation at recommended intervals according to the
appearance of plant symptoms before wilting and water
supply up to 100% field capacity (FC)as full irrigation
(FD), and deficit irrigation (DI): water supply up to 60%
FC during the irrigation. The total water consumption
was 620 mm in FI conditions and 400 mm in DI
conditions. A distance of one meter was considered as
a boundary between the main plots to prevent moisture
leakage between the main plots. The sub-plots assigned
to different levels of organic amendments include 0, 10,
and 20 t ha! of decomposed farmyard manure (FYM),
which are shown as abbreviations FYMg, FYMyo, and
FYMgyo respectively. Sub-sub plots were assigned to
foliar application of nano-structured micronutrient
fertilizer (0: control, Fe, and Zn). Foliar application of
nanostructured  micronutrient  fertilizers at a
concentration of 300 ppm was repeated four times
during stem elongation to full flowering. Foliar
application was done with the help of a motorized
sprayer in the early morning and all parts of the plant's
shoots were sprayed with the solution. The initial soil
tillage was carried out in October 2023, and the
secondary tillage, the preparation of experimental
plots, and the use of animal manure were done in

polyethylene pipes equipped with a volume meter. A
time-domain reflectometer (TDR-200, Campbell
Scientific, USA) was used to measure soil moisture
during different development periods. The soil
moisture content at the field capacity point was 33.41%
v/v and at the permanent wilting point was 18.6% v/v.
Irrigation was repeated when soil reached 60% of
available soil water under full irrigation and 45% under
deficit irrigation conditions. Surface irrigation was
carried out through polyethylene pipes equipped with
water volume meters for the experimental plots.
Irrigation requirement was calculated according to
Hasanuzzaman et al. (2016). Camelina seeds of cv.
Soheil as an intermediate cultivar was obtained from
Pakan Seed Company, Isfahan, Iran, and was manually
planted on the ridge with inter and intra-row spacing of
20%3 cm on March 4.

2.3. Collecting agronomic and morphological data

At the early stage of flowering (BBCH= 60; First
flowers open), the chlorophyll of the upper and
developed leaves of Camelina was measured using a
manual chlorophyll meter (SPAD 502, Konica Minolta,
USA). In the physiological maturity stage of Camelina
(BBCH=89; when nearly all siliquae were ripe the crop
was ready to be harvested) using arbitrarily 1-m2
quadrate from each experimental unit, main stem
height was measured. The lateral growth of the canopy
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was calculated by measuring the diameter of the
canopy from left to right. To evaluate morphological
characteristics, measurements were taken from 10
plants per plot. After harvesting camelina plants and
drying them in the oven, seed yield components such
as the number of total siliqguae per plant, number of
seeds per siliquae, weight of 1000 seeds, yield per unit
area, biomass, and harvest index (ratio of grain yield to
biological yield) were calculated. A Soxhlet apparatus
was used to calculate the oil percentage in the seeds of
the harvested plants. For this purpose, ten grams of
camelina seeds were ground and then mixed with 600
ml of hexane. After 6 hours of extraction, the solvent
was separated from the oil by rotary evaporation and
stored at refrigerator temperature until chemical
analysis. The oil yield was obtained by multiplying the
oil percentage by the seed yield.

2.4. Software used in statistical analysis

Before statistical analysis, a data normality test was
performed. Data normality test ensures accurate
statistical results. Statistical analysis was performed
through SAS software. Spilt-split plot design and the
applied statistical methods are appropriate for
analyzing field experiments of this nature. The least
significant difference test was used to compare the
means. Box plots were drawn through SPSS Statistics.
Component analysis (PCA), and boxplots were
executed by Minitab software.

3. Results and discussion
3.1. Vegetative growth components

Evaluation of lateral canopy growth showed that
reducing irrigation frequency reduced this component
by 18%. The triple interaction effect of IXFYMxM was
significant at the 5% level (Table 2). The lowest lateral
growth was recorded under DI conditions without
manure application (20-19 cm). While the highest
lateral growth was observed in plants grown under
FI+FYMx+Fe (39.36 c¢cm). Under FYM, and full
irrigation conditions, the effect of micronutrient
application was significant compared to the control.
The iron application had a greater effect on lateral
canopy growth. However, under FYMyo, the effect of
foliar application of various micronutrients was not
significantly different. Under FYY My, the application of
iron nano-fertilizer was superior to zinc, and the

highest lateral growth was recorded under the
aforementioned conditions. Under DI conditions, the
effect of foliar application was visible only under the
condition of manure application. At both levels of
manure application, the effect of foliar application with
nano-iron fertilizers was greater than that of zinc
fertilizer (Fig. 1). This indicates a severe iron
deficiency in the plants cultivated in the region. In
addition, the application of manure probably made the
effect of foliar application on lateral growth more
pronounced due to the provision of other plant
nutritional needs. The interaction of manure and
micronutrients can be due to the improvement of soil
conditions and better absorption of plant nutrients in
the rhizosphere environment, improved water retention
in the soil, pH adjustment, and improved soil physical
conditions. In the process of cell growth, water is the
main stimulus providing trigger pressure and cell
elongation. This in turn stimulates growth-stimulating
plant hormones such as auxin and gibberellin
(Sosnowski et al., 2023).

Chlorophyll content analysis showed that deficit
irrigation reduced chlorophyll content by 20%
compared to optimal moisture conditions (Table 2).
Interaction effects of 1xM showed that iron and zinc
application increased chlorophyll content by 4 and 5%,
respectively, compared to the control, but no
significant difference was observed between these two
micronutrients. Micronutrients, with their key roles as
cofactors in many biological enzymes, can affect the
biosynthesis of pigments. In addition, iron is a
structural component of chlorophyll. Given the severe
deficiency of micronutrients in semi-arid regions, this
increase was expected. These findings confirmed
previous results obtained by Janmohammadi et al.
(2018).

Plant biomass analysis showed that the interaction
effects of IxFYM and the interaction effects of IxM
and FYMxM were significant (Table 2). Means
comparison for IXFY M effects showed that the highest
biomass was recorded in plants grown under FI +
FYMy conditions (7188.89 kg ha?), followed by FI +
FYMyo (6939.56 kg hal). By reducing the use of
animal manure, the plant biomass decreased
significantly in both irrigation regimes, and the lowest
amount of biomass was obtained under the DI+FYMy
conditions (5002 kg ha™).
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Table 2. The effects of farmyard and nano-micronutrient fertilizer on seed yield and morphological
traits of C. sativa under deficit and full irrigation regimes in Bileh-Savar region of Ardabil.

LGC CHL DB NSP sY SOP oY
Irrigation (1)
Fl 33.272 48.232 6831.43%  147.03? 1597.09%  34.612 553.262
DI 23.96° 38.41° 5470.98° 96.23P 1268.60° 32.57° 413.72°
Farmyard manure
FYMo 24.44¢ 40.12¢ 5684.06° 111.73° 1346.50°  32.83° 443.88°
FYMzio 28.87° 42.06° 6165.42° 117.08° 1428.75>  33.58° 481.62°
FYMzo 32.542 47.78a 6604.14%  136.08? 1523.28%  34.36% 524.982
Micronutrient
0 27.57¢ 42.00P 5989.20¢  116.27° 1398.08°  33.33° 468.11°
Nano-Fe 29.65? 43.872 6206.00° 124.382 1440.10>  33.59° 485.87°
Nano-Zn 28.62° 44,102 6258.42%  124.24? 1460.36°  33.84% 496.28%

F value in ANOVA

| <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
FYM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
IXFYM 0.0003 0.49 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
M <0.0001  0.002 <0.0001  <0.0001 <0.0001 <0.0001 <0.0001
Ix M 0.76 0.033 0.014 0.45 0.012 0.0006 0.0561
FYMxM 0.27 0.45 0.0032 0.03 <0.0001  0.0036 <0.0001
IXFYMxM 0.047 0.85 0.45 <0.0001  <0.0001  0.059 <0.0001
CV (%) 3.24 4.95 6.93 7.26 8.13 1.33 3.86

FI: full irrigation, DI: deficit irrigation during the vegetative growth stages, FYMo, FYMzio, and FYMzo:
application of 0, 10, and 20 t ha* animal manure, micronutrient o: no use of micronutrient fertilizer, nano-Zn,
and nano-Fen: the foliar application of nano-structured zinc or iron fertilizers during stem elongation. LGC:
lateral growth of canopy (cm), CHL: chlorophyll content in upper leaves (SPAD unit) during siliques
formation, DB: total dry matter or biomass of plant (kg hat), NSP: total number of siliquae per plant, SY:
seed yield (kg ha't), SOP: seed oil percentage, OY: seed oil yield (kg hal) F values less than 0.05 (p<0.05)
and 0.01 (p<0.01) are statistically significant at 95% and 99% levels, respectively. The means with similar

letters in each trait are not statistically different.

40.00 é

35.00

30.00

i gh
25,00 B —

Lateral canopy growth (cm)

2000 L n "
T T T T T T T T L T T T T T T T T
0 Fe Zn |0 Fe Zn (0 Fe Zny 0 Fe Zn (0 Fe Zn ( Fe Zn
FYM, FYMy, FYMy, : FYM, FYM;, FYMy,
Full irrigation 1 Deficit irrigation
1

Figure 1. The assessment of the effect of different irrigation regimes,
farmyard manure and nanostructured iron and zinc fertilizers on
lateral canopy growth of C. sativa in the Bileh-Savar region - northwest
of Iran. FYM,, FYMyg, and FYMy: application of 0, 10, and 20 t ha*
animal manure, micronutrient o: no use of micronutrient fertilizer,
nano-Zn, and nano-Fe: foliar application of nano-structured zinc or
iron fertilizers during stem elongation. Similar letters above the boxes
indicate no statistically significant difference at the 5% level.

It seems that depending on the region, the
application of farmyard manure, in addition to
improving water permeability in the soil, increased the
retention of water in the microtubules, and thus

provided more water for absorption in the rhizosphere
environment (Nouraein et al., 2019; Fattahi et al.,
2023). Means comparison of biomass for the
interaction effects of IxM showed that the highest
biomass was obtained under FI+Zn conditions (6935
kg hal) and the lowest biomass was obtained under
DI+0 conditions (5377.5 kg ha?). Interestingly, no
significant difference was observed for the effect of Fe
or Zn under DI conditions. It seems that under water
deficit stress conditions, the absorption of foliar applied
elements by the shoots decreases due to structural
changes in the outer parts of the leaves, such as
increased cuticle thickness and waxiness, as well as the
closure of stomata (Yang et al., 2021). Means
comparisons biomass for the interaction effects of
FYMxM showed that the highest biomass was obtained
under the conditions of FYMy + Zn (6722 kg hal),
followed by the application of iron with high levels of
manure (6647 kg hat). The lowest biomass was
associated with the condition of no manure utilization
(FYMo). However, the foliar application of
nanostructured zinc micronutrient fertilizers, even
under FY Mo application (5841 kg ha), had a greater
effect on biomass production than the application of
nanostructured iron fertilizers (5697 kg ha?).
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3.2. Seed yield components

The results showed that the number of siliquae in
camelina was affected by the triple effects of
IXFYMxM. The highest number of siliquae was
obtained under the conditions of FI+FYMgx+Zn
(167.33) and plants grown with iron application under
the conditions of FY Mz and FI was in second place in
terms of the number of siliquae. However, the effect of
manures did not have the same trend, which is probably
due to the high competition between yield components
and the compensatory relationship between them (Fig.
2). In this regard, it has been reported that the
application of manure and micronutrients in semi-arid
regions increased the number of siliquae (Martinez et
al., 2021). Changes in the number of siliquae indicate
the source-sink relationship. It seems that applying
deficit irrigation during the vegetative stage has
reduced the conversion of primordia to siliquae by
reducing the supply of photoassimilates (Pavlista et al.,
2016).
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Figure 2. Evaluation of the effect of applying different levels of animal
manure and nanostructured iron and zinc fertilizers on the number of
siliquae in camelina plants under different moisture conditions in the
Bileh-Savar region - northwest of Iran. FYM,, FYMj and FYMy:
application of 0, 10, and 20 t ha* animal manure, micronutrient ,: no
use of micronutrient fertilizer, nano-Zn, and nano-Fe: foliar
application of nano-structured zinc or iron fertilizers during stem
elongation.

Seed yield analysis showed that the triple effects of
IXFYMxM were significant for this agronomic
component. Applying water deficit stress reduced grain
yield by about 26% compared to full irrigation
conditions. The highest grain yield was obtained under
FI+FYMx+Zn (1782 kg ha'l) and FI+FYMaot+Fe (1721

kg ha?l). A comparison of FYM levels under full
irrigation conditions showed that FYM application by
20 t hal could meet the initial requirement of
macronutrients and micronutrients for the plant, which
significantly increased yield. However, under DI
conditions, the most important factor determining yield
was the level of FYM application, and no significant
difference was observed between micronutrients (Fig.
3). The seed vyield in camelina plant is the result of
various plant processes and is a reflection of the plant
growth during the vegetative stage and root system
development, absorption rate, photosynthesis rate,
photoassimilates  reserve before entering the
reproductive phase, genotype, climatic and edaphic
conditions. In general, the results showed that the soil
of the mentioned area was poor and the application of
animal fertilizers was necessary. However, the
application of DI in the mentioned area caused a
significant decrease in yield compared to FI conditions.
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Figure 3. Mean comparison of seed yield of C. sativa under different
irrigation regimes and application of nanostructured animal and
micronutrient fertilizers in the Bile Savar region of Iran.

The irrigation regime and the amount of available
water can affect the ion exchange capacity of the soil.
Increasing the amount of available water increases the
rate of nutrient replacement at the surface of soil
particles. Increasing the release of nutrients from soil
particles increases their availability to the root system
and improves their absorption (Ding et al., 2023). In
addition, increasing soil moisture increases the rate of
dissolution of elements in soil solutions. However, this
may also increase the likelihood of leaching of these
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elements to some extent. However, in semi-arid
regions, due to the low water supply during irrigation,
the rate of leaching of elements from the soil is not very
high. Water shortage can lead to an imbalance in the
supply of nutrients, especially micronutrients, and
exacerbate their deficiency.

3.3. Oil seed

Applying drought stress during the growing season
reduced the seed oil content by 2% compared to full
irrigation. However, the use of 10 and 20 t ha? of
animal manure increased the seed oil content by 1%
and 2%, respectively. This indicates that the soil
conditions of the region were relatively poor, so the
process of oil biosynthesis in the seed was limited.
Among micronutrients, the greatest effect was
achieved with the application of zinc nanostructure
fertilizers. In this context, it has been reported that
reduced soil moisture content reduced oil biosynthesis
in cottonseed kernel during flowering. This is due to
the inhibitory effects of drought stress on the
expression and the activities of phosphoenolpyruvate
carboxylase and diacylglycerol acyltransferase, which
together reduce the oil content by reducing the
photosynthetic carbon supply for the oil biosynthesis
pathway (Li et al., 2022). In addition to the role of zinc
as a cofactor in many enzymes of the oil biosynthesis
pathway, zinc appears to play a very important role in
regulating oil production by playing a structural role in
zinc-finger proteins (Kong et al., 2020). The evaluation
of oil yield showed that the highest oil yield was
obtained under FI+FYMzx+Zn (631.49 kg ha?), and the
oil yield also decreased with the decrease in the use of
animal manure (Fig. 4).

Under full irrigation conditions, the effect of
nanostructured zinc fertilizer on oil yield was more
evident than that of iron. The lowest oil yield was
recorded under DI+FYMg+0 conditions (365.44 kg ha
1. Applying deficit irrigation reduced oil yield by 25%
compared to full irrigation conditions. The effect of
animal manure application was much more evident
than foliar application of micronutrients. These
findings were consistent with previous results by
Haghaninia et al. (2024) in the northwestern region of
Iran, and the application of micronutrients significantly
improved grain yield. However, plants use some
adaptive mechanisms in conditions of soil moisture
deficiency. Among them are changes in root

morphology and hydraulic conductivity. In this
context, the application of animal manures increases
rooting depth, increases root density, and increases
water retention capacity in the soil (Ankenbauer and
Loheide, 2017).
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Figure 4. Yield of oil extracted from C. sativa seeds affected by deficit
irrigation and application of animal manure and nanostructured iron
and zinc fertilizers.

It seems that part of the better growth of camelina
plants under FYM-applied conditions is due to these
factors. However, plants may also reduce their
photosynthesis rate by closing their stomata under
water deficit conditions, and this in turn can affect the
rate of nutrient absorption because nutrients enter the
root system by the suction force caused by
transpiration. In addition, under DI conditions, plants
may allocate photoassimilable materials differently
compared to FI conditions and prioritize the absorption
of specific nutrients that are essential for survival
(Hnilicka et al., 2023). The relationship between soil
moisture and nutrient availability is a complex and
dynamic interaction that can be influenced by other
factors such as soil organic matter content and physical
and chemical properties of the soil, ultimately affecting
plant growth and development with different
intensities. Soil moisture affects nutrient solubility,
microbial activity, ion exchange, and root uptake.
Understanding these interactions requires more
detailed assessments of root systems and the
rhizosphere environment. Amending soil properties
with organic matter and carefully managing soil
moisture by balancing the provision of adequate water
for plant growth and increasing the availability of
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nutrients and micronutrients required for growth can
improve grain yield as well as the allocation of
photoassimilable materials to oil production in the
grain.

3.4. Principal component analysis

The spatial distribution of traits based on the angles
between them was used to estimate angular correlations
through PCA (Fig. 5). The results showed that under
the conditions studied, grain yield had small angles and
positive and significant correlations with agronomic
and morphological traits such as oil yield, siliquae
number, chlorophyll content, lateral growth, biomass,
and main stem height. These traits can be considered as
biomarkers for evaluating grain yield. The difference in
the angle of seed number per silique with other yield
components is probably due to the compensatory
relationship between yield components in C. sativa, so
that with the application of manure and favorable
irrigation conditions, the number of seeds per silique
decreased with the increase in the number of siliquae
per plant, due to the low source strength of for
providing the requested photoassimilate for seed
formation.

HI
08 |
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Second Component

o
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Figure 5. Principal component analysis (PCA) plot prepared with
Statistica software to show the angular correlation between agronomic
and morphological traits in C. sativa under different moisture
conditions and application of animal and micronutrient fertilizers in
the Bile Savar region of Iran. DTE: day to seedling emergence, MSH:
main stem height, LGC: lateral growth of canopy, CHI: chlorophyll
content, NSP: number of siliquae per plant, SNS: seed number per
siliquae, TSW: thousand seed weight, DB: dry biomass, SY: Seed yield,
HI: harvest index, SOP: seed oil percentage, OY: oil yield.

PCA plot divided the treatment combinations
through the first and second components (Fig. 6). The
results showed that the L component was able to

separate the irrigation regimes well, so FI was located
far from DI in terms of location and distribution. The
second component focused on separating the manure
levels and was able to separate FYM20 from the rest of
the manure application levels well. Under optimal
moisture conditions, the best effect was achieved with
the application of FYM20 and zinc nano fertilizers.
However, under deficit irrigation conditions, the
manure factor had a greater effect compared to
micronutrient  fertilizers, and the effect of
nanostructured micronutrient fertilizers was not very
evident.
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Figure 6. Principal component analysis to show the distribution of
combined treatment. Combinations that are close together have
relatively similar effects on the evaluated agronomic traits of C. sativa
grown in the Bile Savar region of Iran. FI: full irrigation, DI: deficit
irrigation during the vegetative growth stages. FYMy, FYMy,, and
FYM,: application of 0, 10, and 20 t ha™* animal manure, micronutrient
o: no use of micronutrient fertilizer, nano-Zn, and nano-Fen: foliar
application of nano-structured zinc or iron fertilizers during stem
elongation.

4. Conclusion

The results indicated that in the Bile Savar region of
Ardabil, due to the low elevation of the open water, the
temperature was relatively high during the spring
months and sometimes faced hot and dry periods.
Therefore, deficit irrigation for spring camelina during
the growing season could not be considered a suitable
solution for water saving and reduced the yield by
about 25%. Due to the relatively high temperature of
the region, the potential evapotranspiration was about
810 mm. Therefore, the deficit irrigation of about 400
mm could not adequately meet the water needs of the
plant. Soil texture and low water retention capacity in
the soil of the region could also be other possible
reasons. The high rate of evapotranspiration and poor
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soil conditions in the studied area could be among the
reasons for the failure of deficit irrigation. The use of
animal manure, especially at high levels (20 t hat), was
able to somewhat reduce the destructive effects of
deficit irrigation. However, due to the high rate of water
loss through evaporation and transpiration in the
region, the short-term effects of manure application
were not able to mitigate the effects of irrigation deficit.
It is possible that the long-term effect of manure
application could have a positive effect by improving
the water-holding capacity of the soil. Soil analysis
results indicated a severe deficiency of micronutrients.
Nanostructured micronutrient fertilizers were able to
improve growth and yield characteristics. However, the
positive and improving effect of micronutrients was
more pronounced in plants fed with manure. The
application of manure, by improving soil conditions
and meeting some of the plant's nutritional needs,
paved the way for a better effect of micronutrients. The
highest grain and oil yields were achieved under full
irrigation conditions with the application of high levels
of animal manure and zinc foliar application.
According to the findings of this experiment, winter
cultivation of C. sativa can be economically preferable
to other plants due to the greater synchronization of
growth stages with rainfall and reduced irrigation
requirements. The impact of long-term use of livestock
manure with milder deficit irrigation (70% FC) and
application of micronutrient fertilizers to the soil can be
evaluated in the future.
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