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Abstract

:

The promotion and gradual replacement of fossil fuels with renewable sources increasing the competition between food and fuel. Therefore, energy crops could be produced on unproductive marginal land due to unfavorable conditions, such as limitations in nutrient and water availability or the presence of contaminants such as hydrocarbons or heavy metals. In the case of soils contaminated with heavy metals, one option could be the use of plants to extract or immobilize the contaminants in the soil in a process called phytoremediation. Carthamus tinctorius L. is an annual herbaceous plant with a deep root system, and the oil extracted from the seeds is an excellent oil for conversion into biofuel. It appears suitable to be used in the phytoremediation process, increasing the opportunity to valorize polluted areas and reducing the risk of abandonment of these lands. In this study, C. tinctorius was tested in soils contaminated with zinc, cadmium, lead, and nickel at different concentrations to evaluate the effects on yield and heavy metal content in the different parts of the plant. The experiment highlights the tolerance of Safflower to the cultivation in heavy-metal-polluted soil; in fact, a low reduction in biomass yield was observed. Among the evaluated heavy metals, the higher susceptibility was observed at the highest concentrations of zinc and cadmium. Generally, safflower concentrates heavy metals in the belowground biomass. The relative low concentrations of heavy metals in some parts of the aboveground biomass could suggest the possibility of using it as a feedstock for bioenergy conversion.
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1. Introduction


Soil must be considered a non-renewable resource, and the preservation of its ability to provide ecological, economic, and social services is relevant to the well-being of future generations. Therefore, it must be used sustainably. It is estimated by Toth et al. (2016) [1] that 137,000 km2 of European agricultural land needs to be remediated from heavy metal contamination. Generally, heavy metals in contaminated soils are defined as chemical elements whose density is greater than 7 g/cm3 or, based on their atomic weight, as an element whose atomic weight is greater than 20 [2,3]. Heavy metals are naturally present in the soil, but due to industrialization and the discarding of electronic waste, for most of them (for example, Pb, Cd, Zn, As, Ni, and Hg), the concentration in the soil has been increasing, leading to severe concerns regarding health issues for human beings, animals, and plants. Several remediation techniques have been developed in relation to the typology of chemicals contaminating the soil, involving both physical and biological processes. Among biological processes, phytoremediation uses plants to extract, stabilize, volatilize, and degrade pollutants. This approach has a lower environmental impact and economic cost than other chemical and physical techniques [4]. Furthermore, the economic suitability can be enhanced with the possibility of cultivating energy crops, overcoming the unproductive use of the land [5,6,7].



Plants’ rhizospheres along with the pH, climatic conditions, and organic matter are factors that affect the bioavailability of heavy metals. As a result, metals in soils can be available, unavailable, or exchangeable [8], promoting the remediation of these soils. The crop selection needs to fulfill several conditions, such as the tolerance of the crops to heavy metals, high production of biomass, deep and extensive root systems, well known agronomic techniques and a low requirement for agronomic input. In addition, the possibility of converting biomass for bio-energy production, including ethanol, biogas, and biodiesel, represents an additional benefit of phytoremediation crops [9,10].



The bio-energy conversion allows for controlling the dispersion of the contaminated biomass or the contaminated ashes deriving from the uncontrolled combustion of the biomass and answers the request for the production of sustainable energy (RED II) [11], leading to a fair mediation between the economic profit deriving from the use of the land and the respect for the environment promoted through the adoption of European directives and regulations in environmental matter.



In this scenario, safflower (Carthamus tinctorius L.), an oilseed plant from the Asteraceae family that originated in southern Asia, appears to be an excellent candidate crop for heavily polluted soils. It is an annual or biennial herbaceous plant cultivated in different climatic conditions, including the Mediterranean area, thanks to its excellent tolerance to drought [12] and salinity [13]. It is a spring–summer, long-day plant grown in high-intensity light and high temperatures during all phases of the biological cycle. It is currently cultivated in North America, Asia, and Russia.



Safflower has been cultivated for the yellow and red pigments obtained from the flowers, which have been used as coloring agents in food, clothes, cosmetics, and medicine. In addition, safflower seed has been recognized as a promising oil source for biodiesel production because of its high oil content of between 26 and 45% and the high oleic and linoleic acid [14]. Further bioenergy applications include the production of biogas or bioethanol from safflower straw and the development of biorefinery processes based on the whole safflower plant [15,16].



The hypothesis investigated in this work is that safflower is able to grow in contaminated heavy metal soils and to remediate these soils. These abilities were evaluated under cadmium, lead, nickel, and zinc contamination, investigating two different concentrations for each metal. The remediation of these elements is considered very important due to their relatively wider spread when compared to other heavy metals and their negative impacts on the ecosystem and human health. The environmental contamination by these elements derives from various sources, such as industry, mining, smelting, and agriculture [17,18,19]. To define the possibility of reusing biomass for bioenergy purposes, the heavy metal accumulation in the different parts of the plants (stems, leaves, seeds) has been measured.




2. Materials and Methods


The experiment was carried out at the University of Catania, Department of Agriculture, Food and Environment (Sicily, Italy), in two subsequent years (2020 and 2021). Carthamus tinctorius L. was grown in pots containing 12 kg of soil (30 cm diameter and 30 cm height), previously contaminated with four heavy metals at two concentrations (low and high). The concentrations of the contaminants applied to the soils are reported in Table 1. Pots containing untreated soil were used as a control group. Pots were arranged in a completely randomized experimental design with 3 replications, The soil was contaminated using nitrate of Zinc [Zn (NO3)2], nitrate of cadmium [Cd(NO3)2], nitrate of nickel [Ni(NO3)2], and nitrate of lead [Pb(NO3)2].



The soil (Andisol, USDA) used for the experiment was collected from a farm in the Etna area, taken from a depth of 30 cm. It was characterized at the beginning of the experiments by sampling 1 kg of soil, which had been dried in an oven at a temperature between 25 and 30 °C and then sieved through a 2 mm mesh. Particle size distribution was measured, and conductivity was determined in 1:1 soil/distilled water suspensions after 1 h with conductivity electrodes. A pH-meter PH 7 Vio XS measured the pH value (H2O). The soil organic matter was determined using the Walkley–Black method [20].



The uncontaminated soil characteristics were reported in Table 2. The texture of the soil was characterized by a high sand content (92.9%). The organic matter content was low (0.86%). The pH was neutral–lightly alkaline and had a high conductivity.



The total metal content (Cd, Ni, Zn, and Pb) of the soil was quantified by atomic absorption spectrometry (AAnalyst 200 AA Spectrometer, Perkin Elmer) on the aqua regia digested samples, according to ISO 11466 (ISO, 1998) [21] before the experiment and after the harvesting of the plants. In addition, the bioavailable heavy metal content in the soil was determined following ISO 17402 (ISO, 2008) [22] using EDTA concentration of 0.05 M, pH 7.5 (near to soil pH) to a volume ratio of 1:20 in 1 g of soil, under stirring for 24 h. The filtrate solution was measured by atomic absorption to quantify the available heavy metals.



The seeds were germinated in Petri dishes, and each germinated seed was planted into peat pots and, after two weeks, transplanted into the contaminated pots (eight plants per pot). During the crop cycle, plants were maintained in well water conditions. The main meteorological parameters were recorded by a meteorological station nearby (Figure 1).



During the two growing seasons (March–July) the minimum temperature ranged from 6.7 °C to 19.8 °C and from 5.3 °C to 21.1 °C in the first and second year, respectively. The maximum temperature ranged from 14.9 °C to 31.9 °C and from 17.4 °C to 35.7 °C in the first and second year, respectively. The cumulative rainfall of the growing seasons was equal to 266.4 mm in the first year and 67.0 mm in the second year. The high rainfall amount in the first year was related to extreme events that occurred in the third week of March 2020 (Table S1).



The harvest was performed at the complete seed ripening stage, and the plants in each pot were collected and fractionated into stems, leaves, and seeds. Then, the biomass was weighted and dried in an oven at 65 °C until constant weight. In addition, the roots were collected and washed with ultra-pure water to remove soil particles and weighted and dried at 65 °C in oven until constant weight.



Each sample was ground with a mill at a 1 mm sieve (IKA M20), and 1 g of biomass was reduced to ashes in the muffle furnace at 550 °C for 5 h. The heavy metal digestion of the biomass samples was performed in a water bath with 10 mL of nitric acid solution 1:1 (Nitric Acid 65%, Sigma-Aldrich, Burlington, MA, USA). The sample was filtrated through Whatman paper. The heavy metal concentration of the extract was quantified in a specific volume by the atomic absorption spectrometer (AAnalyst 200 AA Spectrometer, Perkin Elmer, Waltham, MA, USA).



Data Analysis


To evaluate the tolerance of safflower, the potential phytoextraction, and the transportation of the heavy metals into the plants, the tolerance index (TI), the bioconcentration factor (BCF), the accumulation index (mAI), and the translocation factor (TF) were calculated according to Barbosa et al. (2015) [9,23].



	-

	
TI (Tolerance index) was used to evaluate the tolerance of plants at different levels of contaminants in the soil [23,24,25]:


  T I =    dry   aboveground   biomass   weight   of   contaminated   plants  ,      g   pot    − 1      dry   aboveground   biomass   weight   of   control   plants  ,      g   pot    − 1      












	-

	
mAI (modified Accumulation Index) was calculated to evaluate the plant’s ability to uptake the heavy metal from the soil [9]:


  m A I =      metal   accumulation   in   the   contaminated   plant ’ s   mg   kg    − 1      metal   accumulation   in   the   control   plants  ,      mg   kg    − 1      












	-

	
mBCF (modified bioconcentration factor) was used to evaluate the ability of the plant to extract and accumulate the metal in the aerial or radical fraction of the biomass. The content of the bioavailable metal in the soil, determined by EDTA extraction, represents the amount of metal potentially bioavailable for the plant. Therefore, this factor can represent more realistically the translocation capacity of the metal in plants [9,26,27]:


  m B C F =    metal   concentration   in   the   plant   fraction  ,      mg   kg    − 1      bioavailable   metal   concentration   in   the   soil  ,      mg   kg    − 1      












	-

	
TF (Translocation Factor) is expressed as the ratio between the metal concentration in the aboveground fraction of the plant (mg kg−1) and the metal concentration in the root fraction of the plant (mg kg−1) [9,23,27]:


  T F =    metal   concentration   in   the   aboveground   plant   fraction  ,      mg   kg    − 1      metal   concentration   in   the   belowground   plant   fraction  ,      mg   kg    − 1      















Plants with mBCF and TF indices greater than one (>1) are potentially suitable for phytoextraction.



The data were statistically analyzed using R software (4.2.0, R Core Team, 2013). Contaminants and their concentrations were considered the main factors, and the means were separated by the Tuckey’s HSD test. The Shapiro test was used to verify the normality of the residual distribution. Finally, the ANOVA tested the difference in productivity and heavy metal concentration over the years.



A principal component analysis (PCA) was used to visualize and interpret the multidimensional data. The PCA was based on Person’s correlation matrix calculated upon the biomass fraction yields and heavy metal concentration in the biomass fractions [28].





3. Results


3.1. Soil Characterization


The results showed that bioavailable Zn, Cd, and Ni concentrations in the soil were higher in the first year of the experiment (2020), while Pb had a higher bioavailable concentration in the second year (2021) (Table 3). Considering the first year, the bioavailability was 59.2% and 61.6% for Zn450 and Zn900, 54.1% and 61.6% for Pb450 and Pb900, 55.7% and 65.5% for Cd4 and Cd8, 65.1% and 70.4% for Ni110 and Ni220. In the second year, the bioavailability increased to 65.3% and 66.9% for Zn450 and Zn900, respectively. In the Pb treatment, a slight decrease in the bioavailability was observed (53.1%) in the low level of contaminant (Pb450), while an increase was observed in the high level (66.7%). The bioavailability of Cd underwent a considerable decrease, reaching 39.2% for Cd4 and 51.8% for Cd8. In Ni treatments, a lower bioavailability was observed in the second year, with 47.7% and 69.9% for Ni110 and Ni220, respectively.




3.2. Biomass Production


The aboveground biomass was affected by heavy metals concentration in soil with different behaviors according to the contaminant (Figure 2). In particular, Zn treatments significantly affected the aboveground biomass production in both years, with higher reduction at higher Zn content. Pb contamination led to a minor reduction in aboveground biomass.



The aboveground productivity was higher in the second growing season than in the first. A slight increase was observed in the control, while the productivity increased from 9.8 to 11.0 g pot−1 in Zn450 and from 7.6 to 8.5 g pot−1 in Zn900. The aboveground productivity in Ni220 reached 9.5 and 12.2 g.pot−1 in the first and second year, respectively. No significant effects were observed among different concentrations of Pb. In Ni-contaminated pots, the reduction in the yield was 19.1% and 36.3% for Ni110 and Ni220, respectively, while in Cd trials, the reduction was 35.4% and 37.1% for Cd4 and Cd8, showing that Cd has a high effect on safflowers’ productivity.



The contaminants’ effect on the biomass fractions yields can be observed in Table 4. Regarding root yield during the first year, Zn induced the highest reduction. The highest productivity reduction was observed in the roots of Zn900, with a reduction of 56% and 63% in the first and second year, respectively.



The stem productivity reduction due to heavy metal contamination was significant in 2020 and reached the highest magnitude in Zn900. In 2021, the reduction in stem productivity was significant for Pb900, Ni220, and all Cd concentrations, with a reduction of 30%. The highest reduction (49%) was observed in Zn900.



Heavy metal contamination affected seed yield only in 2020 when Cd8 achieved the lowest seed yield and a 60% reduction compared to the uncontaminated plants. In 2021, the effect on seed yield was not significant.




3.3. Heavy Metal Uptake per Plant and Amount of Heavy Metal Extracted


The heavy metal concentration in the plants showed differences among the four contaminants. Higher heavy metal concentration in the soil induced a higher concentration of the contaminant in plant organs, denoting the bioaccumulation potential of safflower. In addition, different heavy metals induced a variation in the partitioning of heavy metals uptaken into the plant organs caused by the different mobility of the contaminants.



In Zn-contaminated soils (Figure 3), the highest concentration was observed in roots, in comparison with leaves, stems, and seeds. The two levels of Zn led to a significant reduction in all biomass components (Table 5). In the first year, the concentration of Zn in the roots was seven times higher in the treatment Zn450 than in the control, and in Zn900, the concentration in the roots was twice Zn450. The same trend was observed in the second year’s roots partitioning when zinc concentration was ten times larger than in the control in Zn450 and more than twenty-one times larger in Zn900 than the control.



A similar result was observed in Pb-contaminated soil (Figure 4), where the highest heavy metal concentration was observed in roots (Table 6). The concentration of Pb in soil affected the concentrations in stems, leaves, and roots, while it was not significant for the concentrations of Pb in the seeds. The accumulation in Pb450 plants was 30.3% of the total Pb uptake in the roots, 28.2% in the stems, 22.7% in leaves, and 18.8% in seeds. The accumulation in Pb900 plants was 36.0% of the total Pb uptake in the roots, 28.9% in the stems, 23.2% in leaves, and 11.9% in seeds.



Compared with the control, the Pb accumulation in the different parts of the plant was four to seven times higher for Pb450 and Pb900, respectively.



A different result was observed in Cd treatments (Figure 5), where the highest heavy metal concentration was observed in the leaves, indicating the ability to translocate the uptaken Cd from the roots to the leaves.



The concentration in the stem, leaves, and roots showed significant differences between the two years of the experiment and between low and high concentrations in the soil, while the concentration in the seeds did not differ significantly between low and high concentrations in the soil (Table 7).



The accumulation in the leaves was 40.2% and 39.9% of the total Cd uptake for Cd4 and Cd8, respectively. The accumulation in roots was lower, 33.3% and 33.2% for Cd4 and Cd8, respectively. The translocation of cadmium in seeds was lower than 15% of the total uptake in both soil concentrations.



In Ni contaminated soils, the highest concentration of heavy metal was observed in the roots, followed by leaves, stems, and seeds (Figure 6). In the Ni220 treatment, the concentration of Ni in the roots was six to eight times more than the control treatment.



The concentration in the stems and roots showed significant differences between the two years of the experiment and between low and high concentrations in the soil, while the concentration in leaves and seeds did not differ significantly between low and high concentrations in the soil (Table 8).



In Ni110 treatment, the plants accumulated the heavy metal mainly in the roots, reaching the 36.8% of total Ni uptake. The amount of Ni accumulated in the leaves reached 31.8%.



Roots accumulated a higher share of total Ni uptake in the Ni220 treatment, reaching 39.6%.



The amount of Ni stored in the seeds was below 15% of the total uptake in all the contaminated treatments, reaching the lowest value of 11.0% in Ni220.




3.4. Tolerance Index, Translocation Factor, and Modified Accumulation Index and Bioconcentration Factor of the Aboveground and the Belowground


The tolerance index shows the adaptability of safflower to being grown in soils contaminated with increasing concentrations of Zn, Pb, Cd, and Ni (Table 9). The tolerance index decreased at the highest concentration for all the contaminants. The highest tolerance index has been found in Pb treatments, followed by Ni and Zn, both at low concentration. The lowest scores of the tolerance index have been observed for Zn900, Cd8, and Ni220.



The ability to accumulate heavy metals in plant biomass was verified through the modified accumulation index, which relates the accumulation of heavy metals in the whole plant with the accumulation in the whole plant grown in the control soil. The mAI increased at higher concentrations for all four heavy metals tested. In the Pb treatment, a slight increase was observed, while at the highest concentration of Zn in the soil, the mAI was almost double compared to the lower concentration, showing that a Zn concentration of 900 mg kg-1 is not limiting for plant uptake.



The bioconcentration factor highlights the potential of safflower to accumulate heavy metals in the different parts of the plant in relation to the presence of bio-available heavy metals in the soil. The mBCF calculated for whole aboveground biomass showed a reduction at increasing concentrations of contaminants in the soil, with the exception of Zn. The same trend was observed for the mBCF calculated on the belowground biomass.



The translocation factor represents the ability to translocate the pollutant from the roots to the aboveground biomass. This index did not vary significantly between the two concentration levels of each contaminant, with the exception of Pb.




3.5. Tolerance and Phytoextraction Traits Evaluated with Principal Components Analysis and Multivariate Analysis


A principal component analysis (PCA) has been performed to evaluate the effect of the metal contaminants at several concentrations on several highly correlated variables (Figure 7, Figure 8, Figure 9 and Figure 10). In particular, the biomass yield components (stem, leaves, and root) are mutually correlated and inversely correlated to the contaminant concentration in the plant fractions (stem, leaves, seeds, and root yield). In addition, seed yield appears to be weakly correlated to the other biomass components’ yield, particularly root yield.



The first component of the PCA (PC1) describes between 73.5% and 61.6% of the total variance in the data in the Cd- and Pb-contaminated samples, respectively. PC1 direction coincides with higher biomass yield and lowers contaminant concentration in the plant organs.



For all metal contaminants, the control group does not overlap with the contaminated groups. The control group has high values of PC1, indicating higher biomass yield components and lower contaminant concentration in the plant organs. The contaminated groups have lower PC1 scores in relation to the concentration factor: the groups with the highest concentration factor have the lowest PC1 scores. In contrast, the groups with the lowest concentration factor have PC1 scores that are intermediate between the control group and those with the highest concentration factor. Considering the first and the second PCs, no overlapping has been observed between groups, excluding the samples contaminated with Cd.



In Ni-, Pb-, and Zn-contaminated samples, the root yield is the least influenced by the contaminant concentration, while flower and stem yields show the strongest negative correlation to the contaminant concentration. Cd contaminant concentration appears to be strongly anticorrelated with all biomass yield components.




3.6. Trend of the Four Heavy Metals Tested in Safflower


Safflower showed different behaviors regarding the accumulation and translocation of the heavy metals tested in this study.



Increasing concentration of contaminants in the soil led to an increase in the concentration of contaminants accumulated in all the organs of the plant for all the heavy metals tested.



Roots are the organs that accumulated most of the uptaken Pb, Ni, and Zn, while Cd has been translocated mostly in the leaves, decreasing the amount stored in the roots.



Concerning the aboveground biomass, leaves are the organs where most of the heavy metals are translocated, with the exception of Pb, which is translocated mainly to the stems. Low concentrations of Ni, Cd, and Pb were observed in the seeds, while Zn has been translocated evenly among the aboveground organs, seeds included.





4. Discussion


In general, heavy metals can be found in soils in different forms, such as free heavy metals and soluble metal complexes, associated with the organic matter in the soil as oxides, hydroxides, carbonates, or incorporated into silicate mineral structures [8,15]. To be absorbed by plants, heavy metals must be bioavailable in the soil. Bioavailability is determined by several factors: pH, soil organic matter, redox potential soil texture and structure, water flux, and soil microorganisms. This experiment was performed in soil rich in sand, with a high concentration of Fe and neutral pH. As reported by Huang et al. (2020), [29] pH, together with the presence of other metals in soils, has a main role in determining the availability of heavy metals in sandy soils and, therefore, the concentration of the metal ions. This experiment showed that the heavy metals bioavailable concentration in soils was at least 30% lower than the amount added to the soil.



Several studies confirm that Zn and Cd have similar chemical proprieties [2]. The results showed that Cd bioavailability was strongly reduced due to the soil proprieties. Even if Cd has higher mobility than Zn at a pH lower than 7.5, Cd absorbed in soils is not easily available [2].



Ni content was high in the control soil (33.53 mg/kg), in agreement with Kabata-Pendis [24]. However, due to the affinity with metallic Fe, they found higher content in semiarid regions, up to 53.8 mg/kg in soil with 4.6% clay content.



The content of bioavailable Pb in the experiment soil was low, causing its low mobility when compared with other trace metals. One of the reasons that contribute to the low mobility is soil pH. In alkaline or sub-alkaline soils, Pb may precipitate as hydroxides, phosphates, or carbonates, forming stable Pb–organic complexes. Therefore, the decrease in soil pH may increase Pb solubility.



A decrease in safflower yield was observed during the first year, caused by a one-month delay in sowing time, as reported by Patane et al. 2020 [30], who found that safflower is significantly affected by the time of sowing, showing an optimum in late winter and a decrease in plant productivity for later sowing.



Regarding the productivity in the contaminated pots, a decrease in yield was observed, particularly in Zn-contaminated soil, in both years of the experiment. A similar result was also observed in Namdjoyan et al. (2017) and Manvelian et al. (2021) [12,31], where Zn treatment significantly reduced roots and shoot biomass production compared to the controls. Zn inhibits photosynthesis in several ways, such as substituting Mg2+ in chlorophyll (Chl) or inducing Fe deficiency [32].



The highest Zn accumulation in safflower was measured in the roots, followed by the leaves, the seeds, and the stems. Goodarzi et al. (2020) [33] conducted an experiment to study Zn-stressed safflower seedlings. The depletion of non-enzymatic antioxidants content and the decreased activity of enzymes involved in the antioxidant defense and the glyoxalase systems may also be associated with the lower Zn concentration in the plants supplemented with salicylic acid, nitric oxide, and melatonin, which are signaling molecules that can increase plant ability to tolerate the HMs’ stress-induced toxicity [27].



In Ni-contaminated soil, safflower showed significant yield reduction, particularly at the highest concentration in the soil. Al Chami et al. (2015) [34] reported that Ni was more toxic than Pb and Zn in the studied plant species: no growth of safflower was observed at Ni concentration above 10 mg L−1. In Baran et al. (2022) [35], Carthamus species accumulated Ni in descending order as root > stem > leaf under all tested concentrations. Ni contents in root and shoot tissues of both species progressively increased in a concentration-dependent manner. These results demonstrated that large amounts of Ni were accumulated primarily in the roots and marginally in the plant’s other organs due to the low translocation between plant organs. In this experiment, a similar concentration of Ni was observed in roots and leaves at a low soil concentration. Whereas, at a high concentration of Ni in the soil, the highest concentration of the heavy metal within the plant organs was observed in the roots. Baran et al. (2022) report that Ni acts as a plant micronutrient at low soil concentrations; however, it can cause toxic effects, reducing shoot and root lengths and yield at high concentrations. In general, the bioavailability of Ni depends on its oxidation state. Afzal et al. (2021) and Hassan et al. (2019) [36,37] found that absorbed Ni is effectively stored in leaves and seeds.



Cadmium induced the highest stress to safflower plants, significantly reducing the dry weight at high soil concentrations. Z. Amjadi et al. (2021) [38] reported a severe decrease (56%) in shoot and root biomass yield in Cd-stressed safflower in comparison with the control. Namdjoyan et al. (2011) [39] reported a direct relationship between Cd-induced toxicity tolerance with higher accumulation of this element in roots and the prevention of its transferring to the aboveground parts of the plant.



The concentration of Cd in safflower differed from Shi et al.’s [40] experimental results. They reported good adaptability of safflower to Cd-contaminated soil and demonstrated that most Cd was found in the roots. However, substantial amounts were still found in the shoots, showing that it is a hyperaccumulator.



Finally, safflower yield was not particularly affected in Pb-contaminated soil. One reason for the Pb tolerance in safflower can be ascribed to the low mobility between roots and aboveground organs. For example, Al Chami et al. (2015) [34] reported that safflower was not affected in all the productivity parameters in soil contaminated by 5 and 10 mg kg−1 of Pb; while at higher concentrations (25 mg L−1), the plants were not growing.



The tolerance and accumulation indices, the mBCF, and the TF indicate the ability of safflower to tolerate and accumulate heavy metals. The accumulation index increased at higher soil concentrations of Cd, Ni, Pb, and Zn. In contrast, the tolerance index decreased at higher soil concentrations for the four heavy metals.



The TF showed a differentiated behavior in relation to the heavy metal: no response to concentration was observed for Zn and Cd. In contrast, a decrease at higher concentrations was observed for Pb ad Ni. The mBCF decreased at higher concentrations of Cd, Ni, and Pb, while the belowground mBCF increased at higher Zn concentrations.



Results showed that safflower could grow in a wide range of heavy-metal-induced abiotic stresses. Depending on the heavy metal, safflower has adopted different mechanisms to accumulate or stabilize the contaminant through the different fractions of the biomass in the soil. However, exploring the data through phytoremediation index and factors, PCA analysis and correlation matrix helped to understand the behavior of safflower in soil contaminated with Zn, Ni, Cd, and Pb. Leaves and stems yields showed the strongest negative correlation to the contaminant concentration, while the root yield was the least influenced by the concentration of the heavy metal, explaining that safflower is still able to store the heavy metals in the belowground of the biomass at raised concentrations of pollutants in the soil. This result was also confirmed by the accumulation index that increased with the level of heavy metal in the soil and from the translocation factor, which showed that safflower accumulates more contaminants in the belowground biomass, reducing its ability to transport to the aerial part of the plant. Cd contamination concentration appears to be strongly anticorrelated with all biomass yield components.



This study highlights the possibility of further research concerning bioenergy production using contaminated safflower as a feedstock, as Gomes et al, (2022) [23] investigated the potential of bioenergy production of contaminated biomass. Some studies have already proposed safflower biomass for biogas or bioethanol production, while the oil extracted from safflower seeds has been suggested for biodiesel production [41]. Several methods to produce biogas or bioethanol have been investigated [39] and can be applied in contaminated safflower biomass to produce bioenergy.




5. Conclusions


The results showed safflower’s suitability for biomass production under heavy metal contamination. Moreover, the plant’s ability to accumulate heavy metals and translocate them to the aerial biomass highlights its potential for the phytoextraction process.



Low heavy metal accumulation in safflower seeds suggests the possibility of using the seeds in the bioenergy conversion process, avoiding the concerns about contaminant dispersion. The possibility of valorizing safflower residues such as stems and leaves by converting them into biofuels or bioproducts increases the interest in this crop. It is essential to explore the economic viability of its utilization for the phytoremediation process. Future investigation on bioenergy products produced with the contaminated biomass of safflower could help to obtain valuable feedstock from soils not suitable for food crops.
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Figure 1. Meteorological data for the two years. Tmax and Tmin represent the 10 days average of the daily maximum and minimum temperature, respectively. 
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Figure 2. Aboveground DM (g.pot−1) of Safflower concerning the different studied treatments. Values with different letters indicate statistical significance (according to HSD at p ≤ 0.05). 
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Figure 3. Concentration of Zn (µg g−1) in the different fractions of the plant as average of two years. The multiple comparison between the means has been performed within the plant fractions. Values with different letters indicate statistical significance (according to HSD at p ≤ 0.05). 
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Figure 4. Concentration of Pb (µg g−1) in the different fractions of the plant as average of two years. The multiple comparison between the means has been performed within the plant fractions. Values with different letters indicate statistical significance (according to HSD at p ≤ 0.05). 
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Figure 5. Concentration of Cd (µg g−1) in the different fractions of the plants as average of two years. The multiple comparison between the means has been performed within the plant fractions. Values with different letters indicate statistical significance (according to HSD at p ≤ 0.05). 
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Figure 6. Concentration of Ni (µg g−1) in the different fractions of the plants as average of two years. The multiple comparisons between the means have been performed within the plant fractions. Values with different letters indicate statistical significance (according to HSD at p ≤ 0.05). 
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Figure 7. Principal component analysis and correlation matrix in cadmium-contaminated soil in the two years. 
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Figure 8. Principal component analysis and correlation matrix in nickel-contaminated soil in the two years. 
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Figure 9. Principal component analysis and correlation matrix in lead-contaminated soil in the two years. 
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Figure 10. Principal component analysis and correlation matrix in zinc-contaminated soil in the two years. 
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Table 1. Amounts of contaminants supplied to the soil in the different studied factors.
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	Zinc

(mg kg−1)
	Cadmium (mg kg−1)
	Nickel

(mg kg−1)
	Lead

(mg kg−1)





	Low Level
	450
	4
	110
	450



	High Level
	900
	8
	220
	900
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Table 2. Soil physical and chemical characteristics.
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	Physical Characteristics
	





	Clay (%)
	3.0



	Silt (%)
	4.1



	Sand (%)
	92.9



	Texture
	Sandy



	Conductivity (μS/cm)
	34.2



	Chemical characteristics
	



	pH
	7.4



	Organic matter (%)
	0.86



	Fe (mg kg−1)
	23.6



	P (mg kg−1)
	7



	Mn (mg kg−1)
	0.1



	Cu (mg kg−1)
	21.8
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Table 3. The total and bioavailable heavy metals (HM) concentration in the contaminated and control soils.
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HM

	
Concentration (mg kg−1)

	
2020

	
2021




	
Total HM

(mg kg−1)

	
Bioavailable HM (mg kg−1)

	
Total HM

(mg kg−1)

	
Bioavailable HM (mg kg−1)






	
Control-Zn

	
-

	
35.98 ± 2.72

	
9.51 ± 1.16

	
36.89 ± 10.50

	
4.57 ± 1.41




	
Zn

	
450

	
478.61 ± 5.40

	
283.18 ± 2.00

	
496.85 ± 14.01

	
324.68 ± 13.69




	
Zn

	
900

	
883.70 ± 22.33

	
544.60 ± 1.35

	
803.30 ± 45.41

	
537.35 ± 6.16




	
Control-Pb

	
-

	
11.01 ± 2.13

	
2.32 ± 1.16

	
17.45 ± 6.96

	
3.76 ± 1.01




	
Pb

	
450

	
447.80 ± 3.99

	
242.45 ± 1.63

	
464.96 ± 53.44

	
247.02 ± 62.63




	
Pb

	
900

	
840.13 ± 12.62

	
517.59 ± 5.85

	
876.20 ± 69.86

	
584.38 ± 31.66




	
Control-Cd

	
-

	
0.43 ± 0.11

	
0.11 ± 0.05

	
0.69 ± 0.10

	
0.16 ± 0.001




	
Cd

	
4

	
4.43 ± 0.22

	
2.47 ± 0.19

	
3.74 ± 0.20

	
1.47 ± 0.002




	
Cd

	
8

	
8.86 ± 0.80

	
5.80 ± 0.10

	
9.88 ± 2.12

	
5.11 ± 0.26




	
Control-Ni

	
-

	
33.53 ± 3.79

	
12.96 ± 1.83

	
20.92 ± 4.76

	
4.72 ± 1.82




	
Ni

	
110

	
121.19 ± 7.93

	
78.87 ± 14.64

	
119.39 ± 13.22

	
56.98 ± 2.86




	
Ni

	
220

	
248.20 ± 18.82

	
174.80 ± 5.13

	
207.27 ± 6.23

	
144.82 ± 7.72
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Table 4. Total biomass yield and plant fractions (roots, stems, leaves, and seeds) in the two years and in relation to HM treatments. Within the same column, values with different letters indicate statistical significance (according to HSD at p ≤ 0.05).






Table 4. Total biomass yield and plant fractions (roots, stems, leaves, and seeds) in the two years and in relation to HM treatments. Within the same column, values with different letters indicate statistical significance (according to HSD at p ≤ 0.05).





	

	
2020

	
2021




	
Roots

(g pot−1)

	
Stems

(g pot−1)

	
Leaves

(g pot−1)

	
Seeds

(g pot−1)

	
Total DM (g pot−1)

	
Roots

(g pot−1)

	
Stems

(g pot−1)

	
Leaves

(g pot−1)

	
Seeds

(g pot−1)

	
Total DM (g pot−1)






	
Control

	
1.8 a

	
5.4 a

	
3.7 a

	
4.3 a

	
15.2 a

	
5.3 a

	
7.0 a

	
4.8 a

	
3.2 a

	
20.4 a




	
Zn450

	
1.0 b

	
3.7 b,c

	
2.9 a

	
3.2 a,b

	
10.7 a,b

	
4.5 a,b

	
5.4 a,b,c

	
3.5 a,b

	
2.1 a

	
15.5 b




	
Zn900

	
0.8 b

	
2.8 c

	
2.4 a

	
2.5 a,b

	
8.4 b

	
2.0 c

	
3.6 c

	
2.6 b

	
2.2 a

	
10.5 c




	
Pb450

	
1.1 ab

	
3.7 b,c

	
3.5 a

	
3.2 a,b

	
11.6 a,b

	
3.9 a,b

	
5.6 a,b

	
3.5 a,b

	
3.4 a

	
16.5 a,b




	
Pb900

	
1.5 a,b

	
3.6 b,c

	
3.1 a

	
2.9 a,b

	
11.0 a,b

	
3.0 b,c

	
5.1 b,c

	
4.2 a,b

	
3.0 a

	
15.3 b




	
Ni110

	
1.2 a,b

	
3.7 b,c

	
2.5 a

	
3.3 a,b

	
10.7 a,b

	
3.5 a,b,c

	
5.5 a,b,c

	
3.5 a,b

	
3.2 a

	
15.7 b




	
Ni220

	
1.1 a,b

	
3.3 b,c

	
2.7 a

	
2.6 a,b

	
9.7 b

	
3.4 b,c

	
4.4 b,c

	
3.0 b

	
2.2 a

	
13.0 b,c




	
Cd4

	
1.2 a,b

	
4.3 a,b

	
2.6 a

	
2.2 a,b

	
10.3 a,b

	
3.2 b,c

	
4.2 b,c

	
2.7 b

	
2.8 a

	
12.9 b,c




	
Cd8

	
1.3 a,b

	
3.2 b,c

	
2.9 a

	
1.7 b

	
9.1 b

	
3.3 b,c

	
4.1 b,c

	
2.9 b

	
2.4 a

	
12.7 b,c




	
AVG

	
1.2

	
3.7

	
2.9

	
2.9

	
10.7

	
3.6

	
5.0

	
3.4

	
2.7

	
14.7











[image: Table] 





Table 5. Two-way ANOVA of the main factor and interaction for zinc concentration in stems, leaves, seeds, and roots during the two years of the experiment (* significance level at p ≤ 0.05, ** significance level at p ≤ 0.005, *** significance level at p ≤ 0.001).
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	Zinc
	Stems
	Leaves
	Seeds
	Root





	Level
	0.0088 ***
	0.0479 ***
	0.0007 ***
	0.0013 ***



	Year
	0.0010 **
	0.2842
	0.0002 ***
	0.0197 *



	Level x Year
	0.0005 ***
	0.1955
	0.0535
	0.4405
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Table 6. Two-way ANOVA of the main factor and interaction for the concentration of lead in stems, leaves, seeds, and roots during the two years of the experiment (* significance level at p ≤ 0.05, *** significance level at p ≤ 0.001).
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	Lead
	Stems
	Leaves
	Seeds
	Roots





	Level
	0.0001 ***
	0.0008 ***
	0.5092
	0.0495 ***



	Year
	0.3076
	0.0639
	0.0315 *
	0.1637



	Level: Year
	0.1376
	0.4255
	0.1100
	0.6013
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Table 7. Two-way ANOVA of the main factor and interaction for the concentration of cadmium in stems, leaves, seeds, and roots during the two years of the experiment (** significance level at p ≤ 0.005, *** significance level at p ≤ 0.001).
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	Cadmium
	Stems
	Leaves
	Seeds
	Roots





	Level
	0.0002 ***
	0.0023 **
	0.0841
	0.0041 **



	Year
	0.0000 ***
	0.0002 ***
	0.0016 ***
	0.0006 ***



	Level: Year
	0.0003 ***
	0.0068 **
	0.1370
	0.0056 **
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Table 8. Two-way ANOVA of the main factor and interaction for the concentration of nickel in stems, leaves, seeds, and roots during the two years of the experiment (* significance level at p ≤ 0.05, ** significance level at p ≤ 0.005, *** significance level at p ≤ 0.001).






Table 8. Two-way ANOVA of the main factor and interaction for the concentration of nickel in stems, leaves, seeds, and roots during the two years of the experiment (* significance level at p ≤ 0.05, ** significance level at p ≤ 0.005, *** significance level at p ≤ 0.001).





	Nickel
	Stems
	Leaves
	Seeds
	Roots





	Level
	0.0338 *
	0.1268
	0.2217
	0.0017 **



	Year
	0.0332 ***
	0.0000 ***
	0.0002 ***
	0.0005 ***



	Level: Year
	0.0528
	0.3382
	0.5072
	0.0053 **
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Table 9. Index and Factors calculated concerning heavy metals in the soil and the plants.
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	Cont.
	Conc.
	TI
	mAI
	mBCF Abov.
	mBCF Below.
	TF





	Zn
	450
	0.73 ± 0.10
	3.87 ± 0.33
	0.07 ± 0.012
	0.15 ± 0.02
	0.51 ± 0.10



	Zn
	900
	0.57 ± 0.07
	6.01 ± 0.39
	0.09 ± 0.001
	0.17 ± 0.01
	0.52 ± 0.03



	Pb
	450
	0.81 ± 0.11
	3.55 ± 0.44
	0.12 ± 0.020
	0.15 ± 0.02
	0.79 ± 0.07



	Pb
	900
	0.76 ± 0.11
	4.61 ± 0.48
	0.07 ± 0.006
	0.12 ± 0.01
	0.61 ± 0.08



	Cd
	4
	0.66 ± 0.11
	3.80 ± 0.56
	2.26 ± 0.3
	3.79 ± 0.27
	0.63 ± 0.08



	Cd
	8
	0.61 ± 0.11
	5.21 ± 0.82
	1.19 ± 0.1
	1.74 ± 0.15
	0.68 ± 0.08



	Ni
	110
	0.76 ± 0.14
	6.17 ± 0.19
	0.48 ± 0.1
	0.89 ± 0.19
	0.55 ± 0.11



	Ni
	220
	0.64 ± 0.10
	7.29 ± 0.25
	0.32 ± 0.0
	0.62 ± 0.06
	0.54 ± 0.09
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
55%)

Pot 7 73%)

oo

-
ii

Rootes 100 052 071

Lemescans

Secanvits

Sesauconc

I

050051 087 047

StomsYiei 100 080 054 033 081,030 083

Loavesvid 100 0 073 070 072 070

Seadsted 100 01 052 050 052

Stemscon 100 058 053 094

Loavescone 100 095 034

Seadsconc 100 050

Rooonc





media/file4.png
[ [ =
N S (o)}

Y
o

Aboveground biomass g pot*

ab
ab ab ab

Control Zn450 Zn900 Pb450 Pb900 Nill0 Ni220 Cd4

2020

Cd8

Aboveground biomass g pot

bc

2021
ab b b

bc bc bc

Control Zn450 Zn900 Pb450 Pb900 Ni110 Ni220 Cd4 Cd8





media/file18.png
PC2 (20.77%)

-0.50

-0.2

0.0
PC1 (58.03%)

04

s 2 3 2T o g ¢

T < % = 8 8 8

- 73] fih) o (73] fih) oy

3 E£E 5 B E£E 5 3

O o o i) L o [,

i w 1 w w 1 w
RootYield  1.00 0.86 0.60 -0.32(-0.47

StemsYield  1.00 0.64 -0.59|-0.72 -0.46
LeavesYield | 1.00 -0.42

SeedsYield | 1.00 -0.20
Stemsconc | 1.00 0.92  0.86
Leavesconc | 1.00 0.74
Seedsconc | 1.00

Rootconc

[ ]
—
(&)
(]
5
o
x
1
-0.37
0.8
064 Mos
04
r0.2
-0.38
-0
0.94
r-0.2
092 | |4
0.73 W06
-0.8
1.00





media/file3.jpg





media/file19.jpg
PC2(202%)

PC1 E7.71%)

33 £
i1 1B g

@ 3 23
Rt 100]oau o] [ o4t[0as]::[ase
for  Somoven 19008 0% asa o5 ass
E::" Leavs¥ied 100 065 075 084 073 090
o Seacts 110 47 034 059 050

Smsconc 100 091 092 087
Loavescare 100 088 093
Seadsconc 100 081

Rosconc 100

s





media/file7.jpg





media/file10.png
Ml

8P2

14%0)

PAJ

Roots

8P2D

4 %0)

P32

Seeds

8PD

4%8)

P2J

Leaves

8PD

4%9)

P22

Stems

14

12

o o0 \eo} <
L |

1-8 81l uonesyusduo)

(@]

0





media/file14.png
PC2 (12.55%)

0.50 | ;’T
Ji
“riekd!
;
0.25
III
l\ Factor
\ (<] ano
0.00 StEmield I' ’_I co
E| cds
Roc b
\\_ ".,_
N | A{
\“ . | Lea%? .
025 ‘\..\\\ ll \H
., b,
\ \
RootYield k
-0.2 0.0 0.2

PC1 (75.73%)

RootYield
StemsYield
LeavesYield
SeedsYield
Stemsconc
Leavesconc
Seedsconc
Rootconc

RootYield | 1.00 0.62 | 0.71 -0.60|-0.61 |-0.67 |-0.47 08

StemsYield | 1.00  0.80 0.64 -0.83 -0.81-0.80 -0.83 Mo

LeavesYield | 1.00 -0.73/-0.70 -0.72 -0.70|| [04
. 0.2
SeedsYield | 1.00 -0.61 -0.62 |-0.60 -0.62
-0
Stemsconc | 1.00 0.98 0.93 0.94 ",

Leavesconc | 1.00 095 094 | g4
Seedsconc | 1.00  0.90 |06

Rootconc | 1.00





media/file11.jpg
120

100

ab

831 uonenuaduo)

ozan

otun

N

ozan

orun

wo

ozan

otuN

wo

ozziN

o

wo

Roots

Seeds.

Leaves.

stems





media/file6.png
100
90
80

6070
= 60

550

<40

§ 30
20

10

CZn

Zn450

Stems

Zn900

CZn

Zn450

Leaves

Zn900

CZn

Zn450

Seeds

Zn 900

CZn

Zn450

Roots

Zn900






media/file15.jpg
PC2(15.02%)

Pot (T180%)

Foctor

s383388;
biiidid

Rootos 100 081 074 072,083 086 041
Stonevies 100 036 030 035 083 081 072
Loavestis 100 040 074 072 066 065
Secdsiad 100 035 030 081
‘Semsconc 100 093 098 085

Loavescare 100 081 089

Secdsconc 100|085

Roseonc 100






nav.xhtml


  agronomy-12-02302


  
    		
      agronomy-12-02302
    


  




  





media/file16.png
PC2 (15.02%)

0.6

0.4

02

Factor
E| ctrlo
|T| Ni110
0.0 E Ni220
0.2
0.4

-0.4 -0.2 0.0 0.2 0.4
PC1 (71.84%)

o ©

= % @ % E g E (5]

s + » = 3 g 8 5

- w [ih) uwy wy fih) w o

5 £ 3 ® E£E 3 B ©

o o 3 i) =z o © o

xr w _| w i3] A w e

1

RootYield | 1.00 0.81 | 0.74 -0.72|-0.63 |-0.86 |-0.41

0.8
StemsYield | 1.00 0.95 0.59 -0.85 -0.83 -0.81 -0.72 M 5

LeavesYield  1.00 | 0.40 |-0.74 -0.72/-0.66 -0.63|[ [04

0.2
SeedsYield | 1.00 -0.38 -0.30 -0.51

F 0

Stemsconc | 1.00| 0.93 0.86  0.85 00

Leavesconc | 1.00 0.81 0.89 | g4
Seedsconc | 1.00 | 0.65 @06

Rootconc | 1.00






media/file2.png
Air temperature (°C)

40 240
—— Tmax
35 - — e TN
------ Tmean L 200
Ell Rainfall
30 4
: - 160
25 A - .
2 B
20 - T % F P sy IR - 120
W [ \ il W | &
; S R \ M-
15 1 s M ; / Y | LE
A" e " e g el
i 2 / ~ : ? 3 \ ot
1 . / /
S 1705 \\,"- 40
5| PNIY \ \7/ 4
; | I LI
anllm m n_1 | e Il | I_ ll l_l
J|F|M|A|M'J|J|A|s| |NDJ|F|M|AIM|J|J|A|S| NI D

2020

2021

Rainfall (mm)





media/file20.png
PC2 (20.2%)

0.4

02
Factor
0.0 EI ctrlo
[« ] znaso
|Z| Zna0o
-02
-0.4

-0.2 0.0 0.2
PC1 (67.71%)

L] [ ]

T 3> % = 8 2 g8 s

P 7] @ w w @ w =]

S 5 5 % 5 5 3 &

r » Y9 & B Y & o
1
RootYield  1.00 0.94 0.49 -0.41|-0.46 -0.59 0
StemsYield | 1.00 0.53 -0.50/-0.54|-0.34/-0.65 B o6
LeavesYield 1.00 0.65 -0.75 -0.84 -0.73 -0.90 | [04
0.2

SeedsYield | 1.00 -0.47 -0.54 -0.59 |-0.50
-0
Stemsconc | 1.00 0.91 | 0.92 0.87 05

Leavesconc  1.00 0.88 0.93 | |04

Seedsconc | 1.00 0.81 |06

-0.8
Rootconc | 1.00





media/file5.jpg
8

R8R8RR=2~°
181 vonenuaau0)

wzd

006 Uz

ospuz

uzd

0061z

ospuz

wzd

0061z

ospuz

wzd

Seeds.

Leaves

Stems





media/file1.jpg
€
2
H
H
2

8
Rainfall (mm)





media/file12.png
0¢¢IN

OTT!N

[ IND

Roots

0¢¢Z!N

OTT!N

IND

Seeds

0¢¢C!N

OTT!N

IND

Leaves

0CC!N

OTTIN

IND

Stems

120

100

o o o
o0 O <

-8 8l uonesuaduo)





media/file9.jpg
8

3
stems

5 8 g w e v~ oo

831 uonenuaduo)






media/file0.png





media/file8.png
00649d

0S¥qd

4d D

Roots

0069d

0s¥qd

4d O

Seeds

0064d

0s¥qd

4d D

Leaves

00649d

0Svqd

4d D

Stems

o o o o o o o o
N O N S o N

-8 8rl uonesusaduo)





media/file17.jpg
PC2(2071%)

H

Pe (8. 03%)

Factor

LB

IEEERE N
ISRERRRE
oo T

Stemsvion 100 084 - 050.072.045 088
Leawtion 190 02t 0az o

Secastios 100 050 02 02 036

Stomsconc 100 032 086 094

Lomsconc 100 074 092

Secssconc 100 073

Rookcon 100





