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Abstract: A two-year field experiment (2022-2023) was carried out to investigate the impact of different sowing
periods (spring and winter) and nitrogen levels (0, 30, 60 kg/ha) on the phytoextraction potential of flax. The
study site is characterized by high concentrations of heavy metals (Cd, Ni, Cu, Pb, Zn) and belongs to the
Mediterranean climate type. Flax (var. Calista) was sown in the spring of 2022 and in the winter of 2023,
following a split plot experimental design with three replications, and applying low-input practices. Results
showed that spring-sown flax produced shorter but thicker plants with significantly higher biomass (5.27 tn
ha') when treated with 30 kg ha! N compared to winter-sown (2.30 tn ha') when treated with 60 kg ha' N.
The concentration of contaminants in the aerial biomass varied according to metal type and sowing period.
The higher biomass production in spring resulted in a higher quantity of heavy metals being removed from
the soil, making flax a promising crop for phytoextraction purposes, especially in soils contaminated with
multiple heavy metals.

Keywords: heavy metals; Linum usitatissimum; nitrogen fertilization; phytoremediation; sowing
period; uptake

1. Introduction

The increasing industrialization and intensification of agriculture during the last century
resulted in an increased burden of soils globally with several types of pollutants. The most common
soil contaminants found at sites in the European Union (EU) are heavy metals [1]. An approximate
estimate of 2.5 million possibly polluted sites is projected for the entire European region; about 14%
of them (340.000 sites) are believed to be hazardous and necessitate cleanup efforts [1]. Therefore, it
is crucial to carry out remediation measures to reduce land contamination. The use of chemical and
physical methods for soil decontamination includes soil washing, stabilization, thermal desorption,
excavation and landfill, electric field application, etc. [2,3]. However, these methods have limitations,
such as high cost, inefficiency when dealing with low concentrations of pollutants, and changes to
the physiochemical characteristics of the soil. In recent decades, a cost-effective, environmentally
friendly, and publicly acceptable approach to soil remediation, has emerged, known as
phytoremediation. This method uses plants to cleanse the environment by extracting, accumulating,
stabilizing, and detoxifying contaminants from the substrate (soil, air, and water) through physical,
chemical, or biological processes [4]. Even though phytoremediation has been scientifically proven
to be effective in addressing contaminants, it still faces significant challenges, as it is time-consuming
and potentially harmful on living organisms due to biomagnification. Nevertheless, these drawbacks
can be addressed by using non-edible commercial plants characterized by rapid growth rates and
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low maintenance requirements. Bast fiber crops emerge as promising candidates for
phytoremediation [5,6].

Flax (Linum usitatissimum L.) is a well known fiber crop with high potential for effective
utilization in phytoremediation. It grows best in moderate climates, especially in regions receiving
an annual precipitation of at least 600-650 mm, with a minimum of 110-150 mm of rain during the
vegetation period [7]. Additionally, unfavorable climatic conditions, such as strong winds, excessive
rainfall, high temperatures, and water shortage, can negatively affect the growth and development
of flax crops [8]. However, there are many varieties and genotypes that are suitable for various
regions and weather conditions all over the world [9]. In addition, one of the most important
agronomic factors of flax productivity is nitrogen fertilization [10]. Nitrogen (N) has a critical impact
on fiber content, fiber length, and stem diameter in flax [7]. While it is essential for growth, excessive
doses of nitrogen can result in stem thickening and a reduction in fiber strength [7].

The tolerance of flax fiber to toxic pollutants in soil and its capability to accumulate heavy metals
has been mentioned in several studies [2,6,11-15]. Flax is a crop that is well known for its large scale
agronomic and harvesting practices, as well as for its multiple industrial applications. The harvested
fiber could be used in manufacturing biomaterials, contributing to industries such as pulp and paper,
textile, furniture, and chemicals [5,16-18].

The Lavreotiki Peninsula is an area of high geological and archaeological importance. Situated
approximately 60 km southeast of Athens, Greece, it is well known for its long history and mining
activities that have spanned for more than 5,000 years. Mining activities in the region predominantly
focused on argentiferous galena, an important source of profit for ancient Aegean civilizations, likely
begun prior to 3500 BC [19]. Records of silver (Ag) production date back to the 7th century BC,
making Lavreotiki historically important for its role in silver production, especially for the Athenian
drachma. These mining activities are estimated to have produced approximately 3.500 tons of silver
and around of 1.400.000 tons of lead (Pb), with a significant part, roughly 70%, extracted during the
5th and 4th centuries BC [20]. The decline of mining operations began in the 3rd century BC,
eventually pause altogether by the 1st century BC. Modern-era mining activities were restarted in the
mid- 19th century and continued until 1980 [21]. In 1900, Lavrion smelters involved 3% of the global
lead production [20]. The history of mining, ore processing and smelting has produced potentially
harmful residues scattered throughout the urban and suburban areas of the modern Lavrion city [19].

The main objective of this study is to assess the phytoextraction potential of flax (var. Calista)
under field conditions, using a multi- heavy metal contaminated field in Lavreotiki Peninsula.
Additionally, the study aims to explore the impacts of sowing period (spring and winter) and applied
nitrogen fertilization rates (0 kg N ha?, 30 kg N ha', and 60 kg N ha) on the growth, development,
and phytoextraction capacity of flax plants.

2. Results

2.1. Soil Characterization

Soil chemical and physical properties of the sample are listed in Table 1. As per USDA soil
texture classifications, the soil texture was categorized as slit clay. The soil exhibited a medium level
of total nitrogen, a low level of available P and a high level of available K. Organic matter content
was slightly low.

Table 1. Soil physical and chemical properties of the experimental field.

Properties

pH 820
Organic matter (%) 2750
CEC (%) 28.9£0.99
CaCOs (%) 5.30 £0.30
Conductivity (US cm1) 220.5£9.20

Total N (%) 02+0




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 March 2024 d0i:10.20944/preprints202403.0280.v1

3
Available P (mg kg) 6.8+£0.21
Available K g kg1) 564.7 £ 57.30
Mechanical analysis
Clay (%) 36.0+2.83
Silt (%) 47.0+2.83
Sand (%) 1700
Texture Silt-clay

The results of the total and bioavailable heavy metal concentrations indicate a significant level
of heavy metal contamination in the soil of the study area (Table 2).

Table 2. Total and bioavailable content of Cd, Ni, Cu, Pb and Zn (mg kg) in soil of experimental

field.
Total Content (mg /kg?)
Cd 6.45+0.2
Ni 114.5+14.8
Cu 149.0+11.3
Pb 3279.5 £ 362.7
Zn 2238.0 + 148.5
Bioavailable Content (mg /kg)
Cd 1.95+0.1
Ni 0.8+0
Pb 525.5+77.10
Zn 79.51 6.4

2.2. Phenological and Agronomical Traits

Flax showed a shorter growth cycle, from sowing to harvest, when sown in spring compared to
the winter sowing, with a cycle length of 112 days and 177 days, respectively. The growth and
development of flax were significantly influenced by the cultivation period (Table 3). Climatic data,
concerning the experimental field are available in Appendix A.

Table 3. Agronomical characterization of tested flax cultivar.

Shoot Diameter

Agricultural Period Nitrogen Level Height (cm) (mm) No. of Branches
Spring cultivation NO 59.02+12.0 2 3.74+1.02 0.50+ 0.8
(2022) N1 50.73+ 6.8 3.62+£ 0.9+ 0£02
N2 54.58+ 6.72 4.53+0.82 1.00+ 1.3
. .. NO 76.71+7.72 2.07+£0.62 1.50+1.02
g(;;;r cultivation N1 77.44+ 9.1 2.29+ 0.5+ 161+ 08"
N2 81.39+ 6.2° 2.48+0.5° 1.61+0.62

* standard deviation, p<0.05, ** varying letters indicate significant differences across treatments for each
cultivation period with 95% confidence level.

Notably, significant height differences among nitrogen levels were detected only in the winter
sowing of 2023, specifically in N2 nitrogen level compared with control and N1 treated plants. Two-
way ANOVA did not reveal significant variations in the interaction between cultivation period and
nitrogen level. During spring cultivation, untreated plots showed higher plants compared to treated
plants but with no significant differences, as presented in Table 3. In contrast, during winter
cultivation, plant height showed a linear increase with increasing nitrogen concentrations (Table 3).
Significant height differences among nitrogen levels were observed in N2 nitrogen level compared
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with control and N1 treated plants. An elevation in nitrogen levels was associated with an increase
in the shoot diameter of flax during both cultivation periods (Table 3). At the end of first cultivation
year there was an increase tendency but with no significant differences, while at the end of the second
cultivation year there was a statistically significant difference at N2 nitrogen level. However, two-
way ANOVA showed significant differences in shoot diameter based on applied nitrogen levels and
cultivation periods, with no significant interaction between these factors. The evaluation of stem
branching did not show significant differences between nitrogen levels and cultivation periods, with
the cultivation period identified as the influencing factor. Non-significant differences in stem
branching were observed in spring sowing, and similar results were obtained during winter
cultivation (Table 3).

2.3. Biomass Yield

Table 4 presents flax dry weights (tn ha) influenced by cultivation period and nitrogen levels
for 2022 and 2023. Two-way ANOVA showed significant effects from both the cultivation period and
the interaction between the cultivation period and nitrogen levels. In spring, N1 treatment increases
dry biomass compared to untreated plots but with no significant differences, while N2 treatment
gave significantly lower yields compared to N1 (Table 4). At the end of the second cultivation year,
final biomass was higher under N2 treatment, compared to N1 and the control, although no
significant statistical differences were observed (Table 4).

Table 4. Biomass yields for the two cultivation periods.

Agricultural period Nitrogen level Biomass yields (tn ha)
NO 3.81£ 0.9
Spring cultivation (2022) N1 527+ 1.0°
N2 2.88£0.52
NO 2.21+0.62
Winter cultivation (2023) N1 2.09+£0.72
N2 2.30+ 0.6

* standard deviation, p<0.05, ** varying letters indicate significant differences across treatments for each
cultivation period with 95% confidence level.

2.4. Heavy Metal Concentration and Uptake

The levels of cadmium (Cd), nickel (Ni), copper (Cu), lead (Pb), and zinc (Zn) in flax aerial
biomass for both cultivation periods, and under the different nitrogen treatments, are presented in
Tables 5 and 6.

Table 5. Heavy metals concentrations (mg kg') in the above-ground biomass of flax for the two
cultivation periods.

Agricultural Nitrogen level Cd Ni Cu Pb Zn
period (mg kg) (mg kg?) (mgkg?) (mgkg!) (mgkg?)
N NO 846+09°  <DL.  635+1.1° 18.15+3.9% 51.85+11.1°
2022) N1 6.95+0.80 022401 539+1.5° 16.04+2.42 40.06+5.1a
N2 7.14+1 20 <DL.  514+15 17.8740.9° 35.16+1.0°
, o NO 6.73+1.00 <DL 676+05 72140.6° 48.60+11.7
Wmte’:;(;‘;;vatm“ N1 5.82+1.20 <D.L.  647+03" 7.48+0.7: 50.89+17.0°
N2 5.84+1.90 <DL.  721401c 13.0244.9% 49.0048.8

* standard deviation, p<0.05, ** varying letters indicate significant differences across treatments for each
cultivation period with 95% confidence level.
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Table 6. Heavy metals uptake (g ha') of flax for the two cultivation periods.
Agricultural Nitrogen level Cd Ni Cu Pb Zn

Period (g ha?) (g ha?) (g ha) (g ha) (g ha?)
. . NO 31.81+6.1° <D.L. 24.53+9.2a  71.28432.52 190.68+8.9»
Spring 2“(;‘21;“’““’“ N1 36.1543.1° 110403 27474250 857042770 212.10+56.1°
( ) N2 20.38+3.82 <D.L. 15.30+6.9c  51.69+10.8=  101.38+18.52
Winter cultivation NO 14.59+2.82 <D.L. 14.81£3.1- 15.72+2.92 103.43+11.32
(2023) N1 12.51+6.42 <D.L. 13.48+4.62 15.29+3.62 109.15+63.22
N2 12.78+2 .42 <D.L. 16.61+4.2a 28.10+2.10 110.22421.22

* standard deviation, p<0.05, *® varying letters indicate significant differences across treatments for each
cultivation period with 95% confidence level.

2.4.1. Cd Concentration and Uptake

In 2022 and 2023, the cadmium concentration in the aerial parts of flax did not show significant
differences among the nitrogen treatments (NO, N1, and N2) for both cultivation periods (Table 5).
Two-way ANOVA revealed a significant difference in the cultivation period, while no significant
difference was observed in the interaction between the cultivation period and applied nitrogen levels.
However, the uptake capacity of flax did not follow the same pattern as heavy metal concentration
(Table 6). In 2022, there was a significant difference in uptake capacity among nitrogen treatments,
with NO and N1 reaching higher values, compared to N2. In 2023, the untreated plots recorded the
highest mean value, while no significant differences were observed among nitrogen treatments. Two-
way ANOVA indicated significant differences in cultivation period, nitrogen levels, and the
interaction between these factors.

2.4.2. Ni Concentration and Uptake

Nickel accumulation in flax plants in 2022 was below the detection limit for control and N2
treatment levels, while in N1 treatment gave a concentration of 1.10 mg kg-1 (Table 5). In 2023, nickel
concentration was below the detection limit in all tested treatments (Table 5). Nickel uptake capacity
of flax follows the same pattern (Table 6). Two-way ANOVA for accumulation and uptake revealed
significant differences in cultivation period, nitrogen levels, and the interaction between these factors.

2.4.3. Cu Concentration and Uptake

Copper concentrations during the spring cultivation period were decreased as the nitrogen level
increased, although no significant differences were observed (Table 5). In the winter cultivation,
copper concentration insignificantly increased in plots treated with N2 level of nitrogen compared to
control and N1 treated plots (Table 5). Copper accumulation (g ha) increased when flax was treated
with N1 nitrogen level in the spring season compared to NO and N2 treatments, but no significant
differences were detected among treatments (Table 6). Nitrogen affected flax differently in the winter
season, since increased copper content in the harvestable parts was detected in N2 treated plots,
although no significant differences were observed (Table 6). A two-way ANOVA analysis for copper
concentration and uptake showed a significant difference between the cultivation periods, while no
significant differences were observed in the interaction between the cultivation period and nitrogen
level.

2.4.4. Pb concentration and Uptake

In 2022, no significant differences were detected in lead concentration in flax tissues; higher but
not significant concentrations were measured in the control plots, followed by N2 and N1 treatments
(Table 5). In 2023, lead concentration increased linearly with the increasing applied nitrogen; the N2
treated plants concentrated lead in significantly higher amounts compared to NO and N1 (Table 5).
Two-way ANOVA indicated a significant difference in the cultivation period, while no significant
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difference was observed in the interaction between the two tested factors — cultivation period and
nitrogen level. In 2022, the uptake capacity of lead in flax showed an increase at the low nitrogen
level compared to the control and N2 treated plants; however, no significant differences were
observed among treatments (Table 6). In the second cultivation period in 2023, significantly higher
values were observed under the high nitrogen treatment (Table 6). In two-way ANOVA, only the
cultivation period showed a significant difference, while no significant differences were observed in
the interaction between the cultivation period and nitrogen level.

2.4.5. Zn Concentration and Uptake

During spring cultivation, a significant decreasing tendency in zinc concentration in its upper
tissues was noted as nitrogen-treated levels increased (Table 5). The highest values were recorded in
the control plots, followed by N1 and N2 (Table 5). In winter flax cultivation in 2023 the
concentrations of zinc did not differ significantly among treated and control plants (Table 5). Neither
cultivation period nor nitrogen level showed a significant difference in the two-way ANOVA test,
and no significant differences were observed in the interaction between factors. In 2022, zinc uptake
capacity was significantly higher in NO and N1 treatment compared to N2 treatment (Table 6). In
2023, in zinc accumulation no significant differences were observed among treatments (Table 6). The
two-way ANOVA test showed significant differences in cultivation period and in the interaction
between the two tested factors, i.e. cultivation period and nitrogen level.

3. Discussion

Our study reveals that nitrogen fertilization significantly affects flax productivity, with spring-
sown flax responding better to 30 kg N ha-!, producing shorter but thicker plants and higher biomass
compared to winter-sown flax treated with 60 kg N ha. Flax shows a positive response to nitrogen
fertilization and increased soil concentrations of heavy metals, making it a promising candidate for
phytoremediation.

Previous researches underline the complex interaction of factors that impact flax development,
such as residual soil nitrogen, soil type, flax cultivar, climate and moisture conditions, and growing
cycle duration [10,14,22-26]. Furthermore, the key roles of plant density, climatic conditions, and
nitrogen levels in shaping stem branching in flaxseed have been emphasized in various studies [25-
30]. Understanding the importance of these factors is crucial when evaluating flax branching patterns,
as they significantly affect plant architecture and yield. Nitrogen is an important factor in the growth
of flax, contributing to both fiber content and stem diameter [7,10]. Its critical role points out its
significance as a key nutrient for flax cultivation, affecting the quality of fiber and the structural
characteristics of the plant. Moreover, water availability during growth development appears as a
critical factor affecting shoot thickness [22,31]. Additionally, during flowering and seed-filling stages,
adequate water has been associated with increased biomass yields [8]. This information underlines
the relationship of water supply and growth stages, influencing flax crop productivity.

The observed variations in the growth of fiber flax in our experimental field can be due to the
presence of elevated concentrations of heavy metals. Heavy metals can have both direct and indirect
effects on plant growth, and their impact depends on the type of metal, its concentration, and the
specific plant species [32-34]. [35], have previously linked heavy metal exposure to reduced plant
growth, suggesting a possible explanation for the observed growth variations. Heavy metals can have
various of detrimental effects on plants growth by interrupting nutrient uptake, causing cellular
damage, inhibiting enzymes and interfering with various physiological processes. It is important to
note that there is limited research on the direct effects of heavy metals on fiber flax in real field
conditions. Commercially cultivated fiber flax typically has an average height ranging from 80 to 150
cm [7]. Studies conducted on fiber flax grown on a sand substrate containing 0.1 pM cadmium
showed an average height of 76 cm, compared to the control with a height of 115 cm [13]. Another
pot experiment with a cadmium concentration of 2 x 10 + M resulted in fiber flax reaching up to 25
cm, compared with the control height of up to 50 cm [36]. Additionally, a pot study using soil
artificially spiked with copper (0, 200, 400, 600 mg kg') revealed a linear decrease in average height
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and dry weight (89 cm, 88 cm, 83 cm, and 60 cm, respectively) as the copper content in the soil
increased [2]. [6], in pot experiment that conducted with three different level of cadmium, nickel, lead
and antimony in three flax cultivars, concluded that as the dose of the metal and antimony increased,
the growth characteristics of the varieties decreased. The mean values of the height recorded in our
study align with those reported in other field non-polluted experimental studies, resulting similar
average height values for flaxseed [25,27,37]. [25] highlighted the aspect of the growing cycle
duration, reporting taller linseed plants (62.9 ¢cm) during autumn sowings compared to spring
sowings (55.5 cm) in a semi-arid Mediterranean environment. This difference was attributed to the
impact of a shorter growing cycle during spring sowings. These results are in accordance with the
results of this paper. In contrast to previous investigations that established a linear correlation
between nitrogen levels and height in flaxseed [37-40], our results at the spring cultivation vary,
giving no significant differences between treated and control plants, while winter cultivation results
were in accordance with the findings of the other researchers.

Optimal moisture availability in the root zone results thicker shoot diameters by increasing
nutrient uptake and translocation, affecting plant growth and development [31]. Moreover, optimal
soil moisture availability is related to the deposition of additional cellulosic layers on the primary
wall, promoting the development of a secondary cell wall, a process proposed by [22], that likely
resulted thicker shoot diameter. In contrast, low temperatures and water shortages during the winter
cultivation period may negatively affect shoot thickness. Elevated nitrogen levels specifically
influence the flax variety, resulting in more branches during both spring and winter cultivation. In
spring cultivation, higher density leads to fewer branches, while winter cultivation characterized
with lower density but with a higher number of branches per plant. These findings align with [30],
suggesting that linseed, is characterized by great phenotypic plasticity with a considerable
adaptability to changes in spacing. The increased stem branching in our fiber flax cultivation agrees
with [26], who noted that higher nitrogen soil concentrations were associated with an increased
number of stem branches in golden flaxseed. Additionally, flax varieties considered for fiber
production typically exhibit less branching, featuring thinner straw and lacking sub-stems [7]. The
study flax variety (var. Calista), classified as a fiber flax variety, may explain its comparatively lower
results compared to other studies using flaxseed.

The main factors that affect the biomass productivity of flax are nitrogen fertilization, climatic
conditions, and water availability especially during the flowering and seed filling stage and elevated
concentration of heavy metals and metalloids [6-8,10]. Nitrogen fertilizer plays a crucial role in
promoting plant growth and productivity across various crops, with studies suggesting increased
nitrogen levels lead to elevated biomass [37,38,41,42], although excessive nitrogen application, may
reduce total dry matter in flaxseed [10,43]. Climatic conditions, especially wet and cold soil in spring,
negatively impact flax yield by blocking plant emergence [8,28]. A water treatment of at least 120 mm
during flowering and seed filling stages in flaxseed (May to June) results in higher yields [8]. The
presence of heavy metals and metalloids seems to have no visible impact on crop development and
productivity when compared with other studies in unpolluted fields. This observation aligns with
the findings of [11], suggesting that in a 2-year field experiment with flax, hemp and cotton in a
mining site with increased cadmium, copper, zinc and lead concentrations, heavy metals did not
affect crops’ development and productivity. Our results point out that the flax variety Calista, treated
with water during spring cultivation, yields increased biomass compared to winter cultivation
without water supply. The preferred nitrogen rate appears to be N1 at 30 kg N ha-, resulting in higher
yields in spring compared to NO and N2, with no significant differences observed during winter.

The concentration and accumulation in the vegetative organs of flax differed between the two
cultivation periods. Cadmium is a metal element that is not essential for plant metabolism and can
be toxic even at low concentrations. It tends to accumulate mainly in roots rather than shoots, with
toxicity that leads to its translocation to shoots as a defense mechanism against harmful effects on
roots [32,33]. In flax, studies have shown that cadmium is mainly concentrated in roots, followed by
shoots and, to a lower extent, seeds [11,12,45]. Reduced concentrations may result from the
antagonistic effects with lead and zinc, as both elements interact with cadmium, decrease its uptake
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while increasing their own intake [32]. During spring cultivation with water treatment, higher
concentrations of cadmium were measured, aligning with previous research [14,46], relating
increased cadmium concentrations in flax with greater precipitation during the growing season,
indicating higher cadmium movement in response to increased moisture availability. Nitrogen
treatments did not seem to increase cadmium concentration in flax aboveground biomass in both
cultivation periods, although they did increase cadmium accumulation (g ha) in the N1 treatment
during spring cultivation. Our findings parallel those of [47], who reported that nitrogen treatment
reduced cadmium content in above and below-ground biomass of perennial and annual herbs but
significantly increased cadmium accumulation. The concentrations of cadmium resulted from our
study were generally lower when compared to those reported by [11], except for NO in the spring
season. The observed differences could be attributed to the heterogeneity of the soil in the field, which
may vary between plots and lead to variations in metal concentrations.

Nickel keeps a crucial role as a micronutrient in plant biological functions, but it might be toxic
at higher concentrations, while remaining essential for plant growth at lower levels [48,49]. Nickel
mobility in soil is influenced by pH, soil properties, and initial metal concentration [50]. Limited data
exist on nickel accumulation in flax plants. In our field, the bioavailable concentration of nickel was
low (0.8 + 0), and nickel in aboveground flax biomass remained below the detection limit in both
cultivation periods, indicating an absence of nickel accumulation. Notably, the N1 treatment was the
only one yielding detectable results in the studied flax variety. The low bioavailable nickel
concentration in the soil and the fact that its origin is geogenic and not anthropogenic in Lavreotiki
area may explain the absence of nickel content in the flax tissues.

Copper plays vital roles in various physiological and biochemical reactions within plants,
establishing its status as an essential nutrient. However, excessive copper levels can lead to significant
toxicity, causing disruptions in bio-physiochemical processes such as growth, nutrient and water
uptake, photosynthesis, root development, and leaf expansion [51]. Copper is mainly accumulated
by plants through their root system, and the transfer of Cu from soil to plant varies under different
soil conditions [51]. Critical soil parameters, including soil pH and organic matter (OM), play a crucial
role in controlling copper adsorption/desorption, mobility, and bioavailability in soil, influencing its
uptake by plant roots [51,52]. Nitrogen application during the spring season led to a decrease in
copper content, contrary to the winter season where elevated contents were observed in highly
nitrogen-treated plots. [47], suggested that nitrogen and phosphorus fertilizers may reduce copper
content in plants while increasing its uptake. The copper concentrations in our study closely align
with those reported by [11]. Furthermore, climatic conditions and irrigation treatments during
cultivation may also affect copper content in flax plant tissues. These findings underscore the
complex interactions between copper, soil conditions, and the agricultural practices used.

Based on the findings of [53], even at low concentrations, lead and cadmium can cause
significant harm to plants, even though they are toxic and non- essential elements. In the study by
[12], the bioremediation potential of flax under different concentrations of lead, cadmium, and zinc
was tested. They found that there is a positive relationship between the increase in metal
concentrations in the soil and the uptake of metals by flax plants. Our study differs from these
findings, specifically for lead, which has a higher total and bioavailable content. Despite this, the flax
tissues did not show a corresponding increase in this metal, suggesting a potential antagonistic effect
with zinc, known to reduce lead uptake [32]. Lead in flax tends to be concentrated in the aboveground
parts, as observed by [12], or mostly in roots with lower quantities in stems, as reported by [11]. The
application of nitrogen fertilizer caused a decrease in lead content in flax tissues in the spring period,
but an increase during the winter period, particularly in the high nitrogen treatment. [47], observed
a negative impact of nitrogen application on the concentration of lead. However, the concentrations
resulted from our study are lower than those reported by [11]. The effect of nitrogen application on
flax plants seems to be influenced by climatic conditions [10], and additionally, the plant genotype
appears as an important factor in the distribution and accumulation of heavy metals [11, 12].

Zinc serves a crucial role as an essential macronutrient for plant growth [54]. However, elevated
concentrations of zinc can lead to toxicity, [55]. Plants tend to accumulate zinc in their aerial parts,
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which is why leaves are typically where initial signs of toxicity shown [56]. [11] reported that zinc in
flaxseed, cultivated in an industrially polluted region, tends to concentrate in higher quantities in
roots than in stems. In contrast, [12], in a pot experiment with varying zinc concentrations (400, 800,
and 1000 mg kg soil), found that zinc in flax mainly concentrated in aboveground parts. The use of
nitrogen fertilizer did not improve zinc content in flax tissues during spring cultivation, but a small,
insignificant increase was observed, as suggested by our results during winter cultivation. The
concentrations observed in our study are lower than those reported by [11]. The observed decrease
in zinc content due to nitrogen application aligns with the findings of [46], who reported a lower zinc
concentration in the aboveground parts of flaxseed with nitrogen fertilization. [46], further suggested
that such a reduction could be attributed to the dilution of absorbed zinc due to increased biomass
accumulation.

The fiber flax variety we tested is tolerant to cadmium, nickel, copper, lead and zinc, and has the
capacity to accumulate and absorb these metals in aboveground biomass in the order given: Zn > Pb
> Cd > Cu > Nj, aligning with previous studies [11,12]. Climate conditions have the biggest impact on
the performance of the studied flax variety. Flax plants may not allow quick remediation of
substantially metal- polluted sites, however the goal of flax cultivation is to gradually decrease the
heavy metal content [57]. Although flax produces less biomass than some other crops, it has the
advantage of using all of the harvested product, and this can be used in textile sector, eco- building,
or to make composite furniture or automobile parts [11].

4. Materials and Methods

4.1. Soil Analysis

To determine the extent of the field heavy metal contamination, soil samples were collected from
two sampling points and the physical and chemical properties, as well as the content of heavy metals
were determined. Samples were taken from a depth of 0 to 30 cm, homogenized, air-dried and passed
through a 2-cm sieve. The physical and chemical properties were determined according to standard
procedures described by FAO soil protocol [58]. Soil pH and conductivity were determined in 1:1
soil/ distilled water suspensions after 1 hour with pH and conductivity electrodes. Organic matter
content was measured by the Walkley-Black method [59]. Total and bioavailable heavy metal
concentrations (i.e., cadmium, nickel, copper, lead, and zinc) in soil were determined using aqua regia
digestion [60] and DTPA extraction [61] respectively, and quantified by an ICP-OES (Model
PerkinElmer, Optimal Emission Spectrometer 8000). Soil samples of 0.5 g (dry weight) were digested
using a microwave oven (Model speedwave Entry DAP-60). The temperature program was as
follows: 10 min at 140 °C (power 90W), 5 min at 140 °C and 15 min at 75 °C. The resulted solutions
were cooled and then the samples were centrifuged for 10 min at 2500 rpm and were filtered through
Whatman Grade 1 Qualitative Filter Paper with a pore size of 20-25 um. Subsequently, the samples
were filled up to 50 ml using high purity water.

4.2. Agronomic Practices and Experimental Set Up

In 2022, a spring sowing took place on March 28, and the plants were harvested on July 18 of the
same year. The winter sowing took place on December 7, 2022, and the plants were harvested on June
1, 2023. During each growing season, the Flax Council of Canada guidelines were followed for
tracking the development stages of plants, which included emergence, stem elongation, flowering
and plant maturity (harvest) of the flax plants [62]. Cycle length was determined as the number of
days from sowing to harvest.

Before sowing, a basic fertilization was applied to the field adjusted to the results of soil analyses
(Table 5); more specifically, a 16-20-0 fertilizer was used in a quantity of 350 kg ha™'. Flax (var. Calista)
seeds were sown in nine plots of 30 m? each, and in a density of 100 kg ha-!. In addition, three levels
of nitrogen fertilization in the form ammonium sulfate (NH4):50:) were applied during the phase
of stem elongation (BBCH 5) for both seasons. The applied nitrogen level was:

(i) O0kg N ha', which referred to as NO
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(i) 30 kg N ha-1, which referred to as N1
(iif) 60 kg N ha-1, which referred to as N2

The single factor experimental design with three replications for each nitrogen treatment was
the experimental design used in both seasons.

Due to late sowing in March, low rainfall, and high temperatures, flax cultivation required
supplemental water during spring (see Appendix A). Throughout the entire cultivation period, a total
of 12 irrigations were applied. Six irrigation treatments were conducted from sowing (BBCH 0) to the
stage of stem elongation (BBCH 5), until late April. In early May, an additional two irrigation
treatments were conducted. Two more irrigation treatments were applied at the beginning and end
of June (flowering stage), with two further treatments in July as the seed-filling stage begun. The total
amount of water applied was 276 mm.

4.3. Plants Sampling and Measurements

When the plants reached full maturity (BBCH 12), an evaluation was conducted on six randomly
selected plants per plot to determine the plant height, the stem diameter (using a digital caliper), the
number of branches, and the fresh and dry weights of the above-ground plant parts. For the
determination of heavy metal contents, each plant was separated into distinct parts, specifically stems
and fruits. A careful washing process was carried out, which included rinsing the parts thoroughly
with tap water, deionized water and then high-purity water. The plant parts were then dried in an
oven at 70°C for 48 hours, ground in a cross-hammer beater mill and sieved through a 1-mm sieve.

The digestion of plant samples was conducted using a microwave oven (Speedwave Entry DAP-
60 model) following a temperature program: 5 minutes at 145°C (at 90 W power), 10 minutes at 190°C
(at 90 W power), and a final 10 minutes at 75°C (at 90 W power). For digestion, 0.3 grams of dry plant
samples were digested with 5 ml of HNOs and 2 ml of H20:. The resulting solutions were cooled,
brought up to a total volume of 25 ml with high-purity water, and then filtered through Whatman
Grade 1 Qualitative Filter Paper with a pore size of 20-25 pm. The concentrations of cadmium, nickel,
copper, lead, and zinc were measured using an ICP-OES (Model PerkinElmer, Optimal Emission
Spectrometer 8000).

To calculate the concentration of heavy metals (Cum) in plant tissues (stems and fruits) the
formula (1) was used:

AAS interpratation x dillution factor

Cam (mg kg) =

dry weight of plant tissue (1)
For the determination of the uptake capacity (UC) of the different plant tissues (g/ m?) the

formula (2) was used:

UC (g/m?) =

Heavy Metal concentartion of plants tissuex dry weight of plant tissue (2)
106

For the determination of the total uptake (TU) (g ha), formula (3)

was used:

TU= Heavy metal uptake (Shoot) + Heavy metal uptake (seeds) 3)

4.4. Statistical Analysis

Statistical analysis was performed according to the experimental design using STATGRAPHICS
Centurion XVII (version 1.0.1. C). As data followed normal distribution, One-way ANOVA was
performed for comparing the growth and the phytoextraction ability of flax under the different
nitrogen treatments among the two growing seasons. The LSD test was applied for the determination
of the significant difference (p<0.05) between groups, at a confidence level of 95%.
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5. Conclusions

In conclusion, our study reveals that nitrogen fertilization significantly affect flax productivity,
with spring- sown flax showed better results to 30 kg N ha", producing shorter but thicker plants and
higher biomass (5.27 tn) compared to winter- sown flax (2.30 tn) treated with 60 kg N ha-!. Flax shows
a positive response to nitrogen fertilization and increased soil concentrations of heavy metals, making
it a promising candidate for phytoremediation. The studied fiber flax variety can concentrate and
uptake these metals in aboveground biomass following the order: Zn > Pb > Cd > Cu > Ni. Optimal
fertilization levels vary based on soil characteristics, specific metals and cultivation seasons. Nitrogen
application requires careful consideration because it is closely linked to growth promotion and
biomass production. N1 treatment is more suitable for spring cultivation because it leads to increased
heavy metal uptake of flax plants, whereas N2 nitrogen levels is more beneficial in winter cultivation.
Climatic conditions significantly affect flax response to nitrogen rates and its phytoremediation
ability. To sum up, our findings highlight the complex relationship between nitrogen fertilization,
soil conditions and climatic factors in flax productivity and its potential for phytoremediation. These
findings contribute to the development of targeted agricultural practices, which demonstrate how
flax can be used for both biomass production and soil remediation.
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Appendix A

Climatic Conditions

The climatic data are derived from the METEOSEARCH data base [63]. These data are recorded
by a weather station which is located at Lavreotiki peninsula. The Lavreotiki peninsula is
characterized by its warm, dry summers and mild rainy winters which are typical of a Mediterranean
climate. The weather conditions varied between the years 2022 (Figure 1) and 2023 (Figure 2). In the
first growing period, the spring sowing season, the highest amount of rainfall was recorded in March
2022, reaching 25.0 mm, while the lowest was in May 2022, with only 1.8 mm of precipitation. In the
second growing period, the winter sowing season, the peak in rainfall was recorded in January 2023,
totaling 82.2 mm, and the minimum occurred in May 2023, reaching 5.8 mm of rainfall. The growing
season of 2022 was characterized by relatively warmer climatic conditions compared to the second
growing period in 2023, with higher temperatures recorded from May to July 2022. In the first
cultivation period, the highest average temperature reached 27.8 °C in May 2022, while the lowest
was 10.1 °C in March 2022. In contrast, during the second cultivation period, mean temperatures did
not exceed 24 °C, particularly in June. During most cultivated months, and more specifically, from
December to April, the mean temperature ranged between 10.8 °C and 15.8 °C, with May and June
being the warmest months.
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Figure 1. and 2. Mean monthly rainfalls and temperatures for the two experimental years (2022 and
2023) at the study site in Lavreotiki peninsula.
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