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Abstract

:

Featured Application


The research work has a wide range of future implications in the field of phytoremediation. It is distinct from many other studies regarding alien invasive species that are usually considered a threat to ecosystem biodiversity and conservation.




Abstract


The ecological impacts of invasive alien plant species (IAPS) are well-documented, but a dearth of studies exist concerning its economic, livelihood, biotechnological, and health risk assessment perspectives. IAPS management is currently expanding to ecological indicator and biotechnological aspects. Hence, this study aimed to investigate the phytoremediation potential, biomedical, and bio-safety applications of X. strumarium growing in different abandoned habitats in Khyber Pakhtunkhwa, Pakistan. In this study, 45 plants and soil samples were gathered from 15 abandoned sites and analyzed for Pb, Cd, Cu, and Zn concentrations; bioaccumulation (BA); and translocation factor (TF). The assayed Pb and Cd concentration was higher and above threshold in both soil–plant samples. BAF was found higher in roots than intact plants despite having a significant accumulation of Cd, Pb, and Zn, which shows high metals tolerance of this IAPS. PCA-ordination explained a high cumulative variance (98.9%) and separated roads and densely populated sites with comparatively high metals concentration, indicating the pseudometallophyte nature of X. strumarium. Soil, sand, and plant biomass were shown to be the major determinants affecting the heavy metals concentration and its phytoremediation significantly, which may be due to the soil’s metalliferous nature in the study area. This IAPS exhibited strong translocation and hyperaccumulation capacity in different functional traits with comparatively high Pb, Cd, and Zn (≥1 TF) mobility and, hence, can effectively be used for Pb phytoextraction and phytostabilization of Cd, Cu, and Zn, respectively. Likewise, several other non-spontaneous IAPS growing on such abandoned habitats might be promising for developing a reasonable strategic framework for heavy metals mitigation and health risk implications in this region.
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1. Introduction


The balance in the ecosystem is significantly disrupted by the infiltration of invasive alien plant species (IAPS), negatively affecting valuable native plant species, resulting in biodiversity loss [1]. The favorite hotspot for IAPS is polluted soils due to lack of competitors and also because IAPS have the potential to withstand harsh conditions, whereas native plants fail to tolerate and propagate [2]. These plants develop specific physiological and biochemical mechanisms to function normally on lands polluted with heavy metals, forming heavy metal-resistant populations [3]. Heavy metals are non-degradable pollutants, and their hyperaccumulation is a matter of great concern because of their contamination and toxicity in the natural environment [4]. Soil and air contaminated with heavy metals affect the quality of the environment and pose threats to living organisms and human beings. In soil, heavy metal pollutants leach to plant roots through absorption, thereby entering the living system, subsequently bioaccumulating and magnifying in the upper trophic levels. Its effect is more pronounced and explicitly lethal for living biota [5]. Heavy metals such as cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu), etc. are added to soil and air through different sources and are considered a problem of great concern [6]. Likewise, increasing urbanization and industrialization throughout the globe make this an urgent issue [7] due to severe threats to the environment by discharging different pollutants in effluents [8]. Vehicular emissions are considered the main source contaminating areas near to roads and many other accessible urban and rural areas [8]. The most common metals released by vehicles via different processes include Cd, Pb, zinc (Zn), nickel (Ni), Cu, and iron (Fe) [9,10,11].



Pb and Cd are nonessential heavy metals, as they are naturally not found within organisms, and have no metabolic function in biological systems. Zn and Cu are essential heavy metals that are required in small quantities for normal plant growth. However, excess quantities can be lethal, causing different abnormalities [12]. Physiological functions such as nutrient absorption, photosynthesis, and gaseous exchange in plants are reduced/ceased by metal toxicity. It can also reduce growth, yield, and dry matter accumulation [13]. These metals cause cancer, cardiovascular and neurological disorders, diabetes, and atherosclerosis [14]. Possible sources of these metals are fossil fuel combustion; wear and tear of automobile tires; metals in catalysts; degradation of various vehicle parts, especially paints; and many other industrial operations [15]. In phytoremediation, plants extract soil pollutants and accumulate them in various functional parts [16]. The roads and industrial zone soils are multi-element contaminated soils, and cleaning of such soils can be negatively influenced if the hyper-accumulator cannot adapt to soils with high concentrations of several toxic elements [10]. Bioaccumulation (BAF) and translocation factor (TF) have been applied for evaluating the plant’s ability to absorb heavy metals from the soil and translocate to different plant parts. BAF is a ratio of heavy metal concentration in biota to that in soil. It is an appropriate measure of the capability of native plants for heavy metals uptake, e.g., [17,18,19,20]. Nevertheless, very few studies have explored the effects of invasive plant on heavy metals contamination in the soil resulting from traffic emissions in roadside and industrial farmlands, e.g., [21,22,23,24,25].



Xanthium strumarium L., belonging to the family Asteraceae, is one of the emerging invasive plant species currently invading croplands and non-cropped areas in Khyber Pakhtunkhwa, Pakistan [26]. This plant species originated in South or Central America, and spread gradually towards North America, where it grows near rivers and shores, dispersing through water and animals [27]. Chinese pharmacopeia has documented 60 different compounds from the fruit of this plant species that are used for treating various diseases, including rhinitis, nasal sinusitis, headache, gastric ulcer, urticarial, rheumatism, bacterial and fungal infections, and arthritis [28]. X. strumarium has an economic impact in pastures, where cattle, sheep, and pigs may be poisoned by eating young plants. The cotyledons contain a toxic compound, carboxyatractyloside, which is absent in older plants [29]. Previously many studies have been performed to assess the level of some heavy metals of vehicular origin along the roadside areas, e.g., [9,10]; however, little attention has been given to the phytoremediation potential of this IAPS. Therefore, this study has been performed to evaluate the phytoremediation potential of X. strumarium. In addition, this study also highlights the need to assess the phytoremediation potential and response of this IAPS toward common road-industry-borne heavy metals specifically Pb, Cd, Zn, and Cu accumulation—compared with reference range to elucidate its suitability for phytoremediation, medicinal, and forage purposes.




2. Materials and Methods


2.1. Experimental Materials


Soil bulk samples and X. strumarium plants at the reproductive stage were collected from fifteen different abandoned habitats in Khyber Pakhtunkhwa, Pakistan (34°26′59.42″ N and 72°0′45.65″ E; Figure 1) from July to September 2019. Pollutants in the experimental sites discharged from automobiles, and its workshops derivatives or industrial effluent predominately include plastics residues, pesticides, and marble factories beside domestic sewages in residential areas. The geological features of the study area revealed 13 land-cover classes extracted from 37 sub-categories. The relatively high mean annual temperature (34.96 ± 1.36 °C to 0.67 ± 0.97 °C) and low precipitation (384 mm to 639 mm) contributed to heavy metals contamination in addition, the road, urban, and industrial sources. At each site, five cores of soils were sampled at a depth of 0–20 cm (at rooting zone) by stainless steel trowel to avoid contamination and were mixed thoroughly to achieve composite samples [30]. Soil samples were air-dried and then passed through a 2 mm sieve, oven-dried, and was placed in sealed polythene bags in the laboratory. Forty-five plants (3 plants/site) healthy with sound structural characteristics were randomly harvested using a destructive method for robust results and to minimize the risks of invasive species spread and extinction of rare and threatened species within the natural plant communities [31]. The harvested plants were washed immediately with fresh water and subsequently oven-dried at 80 °C for 24 h. The plant’s functional parts were separated (i.e., roots, stems, leaves, and fruits), converted into a fine powder using a commercial grinder, and sieved through a 1.5 mm mechanical shaker to remove ample residues [32]. The powdered samples were stored in precisely labeled polythene bags for acid-digestion and metal analysis.




2.2. Soil–Plant Samples Preparation and Heavy Metal Analysis


For acid-digestion, a 0.25 gm oven-dried sample at 105 °C was taken and subsequently, ashed at 450 °C was added in nitric acid following the procedure outlined by Yafa et al., (2004) [33]. The digested samples were dried on hot plates for evaporating all the fumes and then added to a 25 mL volumetric flask with 2% v/v diluted nitric acid. Samples were filtered with ashless Whatman 45 filter paper in a polypropylene centrifuge tube and stored at 4 °C. Parallel, blank reagents were processed with experimental samples in the analysis (<0.5%) and considered as reference water samples to determine metals concentration accuracy following the standard protocol described by Yafa et al., (2004) [33]. Consequently, acid-digested samples were analyzed for heavy metals concentration using atomic absorption spectrophotometer (VARIAN model-AA 2407, USA) in the Department of Chemistry, Kohat University of Science and Technology (KUST).




2.3. Determination Phytoremediation Potential


Prior analysis we calculated soil pollution index (SPI) following Wu et al., (2014) [34] by computing the equation: PI = ([Cd]soil/3 + [Cu] soil/100 + [Pb] soil/100 + [Zn] soil/300)/4 to find out the contamination level in the abandoned habitats. Phytoremediation potential was assessed by computing bioaccumulation (BAF) or bioconcentration (BCF), and translocation factor (TF)/mobility index (MI) of mean metal concentrations. BAF was determined by the formula; BAF = metal concentration in living parts/metal concentration in soil [35]. Here we determined two types of BAF: roots and intact-plants bioaccumulation to know the phytoaccumulation potential and biomedical safety if subsequently used for medicinal purposes. Higher values of transfer factors indicated higher mobility or availability of a particular metal to the plants. Hence high BAF values may put forth the potential health risks to the consumers [36]. Here we determined transfer or mobility factors in root–stem (R-S), stem–leaves (S-L), and leaves–fruits (L-F) to distinguish the potentially hyperaccumulating part of X. strumarium. The analysis was computed with the formula; TF or MI = metal concentration in receiving part (mg/kg)/metal concentration in source (mg/kg). In addition, various soil parameters, i.e., soil texture, pH, organic matter, and electrical conductivity were determined. The factors that significantly influence metals concentration, bioaccumulation, and translocation were included in the results. In soil parameters, soil texture was determined using the Bouyoucos hydrometer [37], while the organic matter percentage was determined by following [38].




2.4. Statistical Analysis


Pb, Zn, Cu, and Cd mean concentrations were calculated and compared site-wise to evaluate soil–plant samples with a higher concentration of heavy metals. One-way ANOVA analyzed specific site effects and metal concentrations differences in different plant functional parts, indicating the importance of habitat types. BAF and TF were computed based on mean values using paired t-test, and ANOVA followed by post hoc Tukey HSD tests for determining the pair-wise significant differences between root and intact plant phytoremediation potential besides variation in the translocation factor from R-S, S-L, and L-F, respectively. PCA-ordination was applied to explore relationships between metal concentrations in plant functional parts and soil textural properties spatially structured using PC-ord software (ver. 6). Descriptive statistics were analyzed in MS-Excel, whereas univariate analysis and graphics were carried out in Graphpad statistical package (ver. 8).





3. Results and Discussion


3.1. Soil–Plant Metal Concentration and Its Biomedical Safety


The bio-concentration of Pb, Zn, Cu, and Cd with correction for dilution factors in soil and X. strumarium plant samples is presented in Figure 2A–D. To validate the concentration level at the spatial domain, we analyzed the samples at 15 abandoned habitats. Pb and Zn concentrations above the permissible level, i.e., Pb = 5 mg/kg and Zn 60 mg/kg for soil, Pb = 8.15 mg/kg, and Zn = 44.19 mg/kg for plants in eight locations. Conversely, Cd and Cu concentration were above threshold (SPI ≥ 1) i.e., Cd = 0.1 mg/kg and Cu 10 mg/kg for soil, Cd = 0.31 mg/kg and Cu = 8.39 mg/kg for plants in all the abandoned sites except TBM, GCD, AMS, and CBS sites (Figure 1) indicating metals contamination at a broad spatial area covering parts of the Malakand, Hazara, and Peshawar Divisions in Khyber Pakhtunkhwa (formerly Northwest Frontier Province) of Pakistan (Figure 1). The substantially higher magnitudes of Pb and Cd in plant tissues except those in TFN, TBM, GCD, AMS, and CBS sites revealed that these plants are not an ideal choice for medicinal, phytochemical, or veterinary (forage) purposes, but can efficiently be utilized as phytoremediator. Cu and Zn concentrations were below the threshold in plant tissues in all the abandoned habitats and hence secured if subsequently used for biotechnological aspects. Concerning Pb, alkyl-lead compounds as anti-knock agents in fuel are the primary source of elevated levels in soils [39], or its pollution might be caused by vehicle wheels imbalance weights [40] The high Cd concentrations in soil and X. strumarium might originate from the wear and tear of old tires due to surface friction [15,41]. Likewise, oil spills, exhaust fumes, corrosion of various vehicle components, wearing of engine parts, and brake lines enhanced surplus Zn quantity along roads [42]. These abandoned habitats may have one or more sources adding heavy metals to the soil and translocating successively into plant tissues.




3.2. Bioaccumulation Factor


Bioaccumulation factors for Pb, Zn, Cu, and Cd were assessed for phytoremediation potential of root, stem, leaves, and intact plant tissues, besides determining associated health risk if consumed for medicinal or forage purposes. Highest accumulation of Cd (1.22 ± 0.66) was recorded in root and intact-plant compared to Pb, Cu, and Zn. Our results depicted BAF >1 for Cd in some abandoned sites (i.e., KTH, GTM, SKR, SMR, and PC), indicating plant potential as hyper-accumulator with higher organic matter contents (0.83 ± 0.17), despite the high accumulation of Pb in the root (BAF > 1) in sites like SMR, PC, BKP, TBM, GCD, AMS, and CBS respectively (Table 1). Zn was significantly accumulated in the root and intact plants harvested at AMS and CBS sites, whilst Cu hyperaccumulation was not found in any abandoned site. Additionally, we observed a significant accumulation difference (p < 0.001) between root and intact-plant for all the sites, except Pb accumulation at the GTM site (p < 0.45). In contrast, a low accumulation of Zn was recorded at all the abandoned sites except AMS and CBS (BAF > 1). In contrast, the bioavailability factor for Cu was <1 at all the sites indicating the poor ability of X. strumarium to accumulate this metal. Generally, BAF >1 is related to the high mobility of metals in soils, possibly favored by soil physicochemical characteristics, specific plant species metabolism, and metal pollutant characteristics or derivatives, thus making its readily available for absorption by the plants [48,49,50,51,52]. Our aforementioned results link well with the X. strumarium plant screened with BAF > 1 for Cd and Pb at roadside areas in Faisalabad-Sargodha [26], while the same opposite low sign pattern for Zn accumulation and its mobility is also clearly depicted. Soil texture plays a crucial role in heavy metal availability for absorption in plant species [48]. In our study, we observed the soil textural pattern as sand (40%) > silt (33%) > clay (26%), advocating highly mobilized heavy metals, thereby enhancing its availability for absorption and accumulation in plants as reported by Andersson (1979) [53]. This behavior of soil texture with heavy metal absorption seems to be typical as Qian et al., (1996) [54] reported higher availability of Pb and Cu in fine-sand soils and [55] in sandy soils. The same relationship between higher soil sand contents and mobility strength of Cd was also noted by [56]. In other words, increased soil sand contents are correlated with the mobility of heavy metals. Hence, the inland sandy soil texture enhanced these metals’ mobility and accumulation extent in X. strumarium in this region. The Khyber Pakhtunkhwa province lies under the most substantial sandy soil influence of the Indus Basin System (IBS), often facing heavy floods in semiarid regions. Hence, even a slight increase in flood frequency particularly in monsoon conditions may enhance sand particles, perhaps increasing mobility and accumulation of heavy metals both in native and exotic plants. Given the importance of low soil organic matter (SOM) for metals availability, the negative relationship between heavy metals availability and mobility in plants is not surprising. Consequently, the availability of Pb and Cd was negatively affected by organic matter contents (Table 1), previously endorsed by [57,58] in different plant species. In contrast, we found a positive correlation between organic matter and Zn availability, which agrees with the findings of [59]. The slight differences in this study can be attributed to other soil characteristics, of which pH and electrical conductivity play a vital role in the bioavailability of heavy metals [60].




3.3. Translocation Factor


Translocation factors of Pb, Zn, Cu, and Cd from root to stem, stem to leaf, and leaf to fruit showed significant variations (Table 2). The resulting variations in all the plant functional parts indicate high mobilities of metals inside the plant tissues. Here, we recorded Pb-TF >1 from leaf-fruit (L-F) at six abandoned sites, four for Cd (2 each for S-L and L-F), and two sites for Cu (L-F), respectively. However, Zn-TF > 1 was not recorded in any functional part of X. strumarium; hence its mobility remained inactive at abandoned sites. The higher mobility of other metals indicates an ecologically inexpensive phytoremediation potential of this IAPS. As mentioned earlier, almost all the heavy metals except Zn moved to fruits in higher quantity in the majority of abandoned sites, possibly originating new resistant populations capable of tolerating heavy metal stress in time-space. TF factor or mobility index (MI) is considered one of the important factors in assessing hyperaccumulator plants (TF > 1) reveals phytoremediation potential, particularly for heavy metals [61]. Mobilization inside plants increases the level of metals in aboveground parts which may be attributed to aerial deposition and absorption of metals through surfaces of the leaves [62] as depicted by our results at few abandoned sites (e.g., TF > 1 for L-F for Pb in PC, MKI, MSM, TFN, TBM, Cu in HIZ and BKP, and Cd in BKP and CUA sites and S-L for Cd in KTH and SKR sites). Concerning phytoextraction and phytostabilization strategies often utilized in assessing phytoremediation [63], X. strumarium has efficient phytoextraction ability in terms of bioaccumulation and translocation of the aforementioned heavy metals into various below and aboveground parts. However, in phytostabilization, the plant changes pollutants nature in the rhizosphere, thus making it harmless or tending to make it harmless for plant growth development [64], but this phenomenon is not yet known for this IASP.




3.4. Soil–Plant Heavy-Metals Relationships


PCA-biplot reveals relationships between soil–plant heavy metal bioconcentration, BAF, TF, and physiochemical properties at spatial-scale (Table 3) (Figure 3). This multivariate approach is one of the most widely used statistical technique for identifying the pattern and sources of heavy metal pollutants [65].



Here, we distinguished four major clusters in the PCA-biplot ordination, showing the abandoned sites’ obvious clockwise pattern. This pattern was linked with the strong gradient of textural properties particularly sand, and plant-biomass (PB) that significantly affects the heavy metals concentration and its phytoremediation (BAF and TF) by X. strumarium. This interesting effect may reflect the metalliferous soil nature often represents sandy, nutrient-poor, and dry substrate where plant coverage is low and patchy [66]. Several authors reported these factors since it plays a key role in the distribution and bioavailability of heavy soil metals as well as their accumulation and translocation to the living tissues, e.g., [48,67,68,69,70]. Cui et al., (2007) [71] reported PCA-ordination of heavy metal accumulation in different smelters in northeast China. Our results are somehow in compliance with the results reported by [61], since their results revealed that metals concentration in the soil and soil pH play an important role in metal BAF. The slight difference may be attributed to plant species differences and soil characteristics at a spatial scale. In our study, PCA-ordination explained 98.97% of the total cumulative variance, of which the first three axes contributed 69.62%. The pronounced 38.1% variance explained by the first axis related to the high load with corresponding high eigenvalues of Pb (λ = 0.88), Zn (λ = 0.95), Cu (λ = 0.89), and Cd (λ = 0.91) respectively. The striking pattern and high variance explained by Pb, Zn, Cu, and Cd accumulation is very similar to the findings (variance explained the first three-axis 99%; 67%) of Cui et al. (2007) and Yang et al. (2014) [71,72] while studying the agricultural land contamination by heavy metal accumulations.





4. Conclusions


Determining the significant players in any environmental situation is difficult due to complex nexuses among various abiotic and biotic factors. Our study found soil textural properties and plant-biomass to be the significant drivers, considerably affecting the heavy metals concentration and its phytoremediation by X. strumarium. Here, we derived an unequivocal conclusion that this effect might be due to the metalliferous nature of the soil at all the abandoned sites. Based on our studies, we concluded that: (1) this plant species falls under the category of facultative metallophytes (pseudometallophyte) having the ability to grow on both polluted and non-polluted soils; (2) this plant species accumulates ample quantities of bioavailable Pb, Zn, Cu, and Cd in roots and efficiently translocate to aboveground parts (i.e., stems, leaves, and fruits), hence this IAPS growing on such abandoned habitats can be used for Pb phytoextraction and phytostabilization of Cd, Cu, and Zn; and (3) concentration of Pb, Cu, and Cd were found above the threshold indicating the stress tolerance of X. strumarium to grow on metals contaminated soils, making this plant species unsuitable for forage, medicinal, and phytochemical purposes. As demonstrated in this research, the essential ecosystem services provided by these IAPS are of great environmental significance. They need to be explored in the future using well-established and sophisticated biotechnological approaches.
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Figure 1. Study area map along with sampling point for collection of plant and soil samples in abandoned sites of Khyber Pakhtunkhwa, Pakistan. Note: KTS (Kanju Town Junction), GTM (GT Road Mingora), SKR (Skhakot Road), SMR (Shamozu Road), PC (Peshawar), HIZ (Hayatabad Industrial Zone), MKI (Mardan Kid Industry), BKP (Barikot Crush Plant), CUA (Charsadda Urban), MSM (Mardan Shiekh Malton), TFN (Tarnab Form), TBM (Takht Bhai), GCD (Gulabad College Degree), AMS (Amankot), CBS (Charbagh street). 
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Figure 2. Bio-concentration of Pb, Zn, Cu, and Cd in plants (mg/kg) total dry biomass and its concentration in soil collected from different abandoned habitats in Khyber Pakhtunkhwa, Pakistan. Note: P (Plant), S (Soil), Threshold levels: Pb = 5 mg/kg [43], Zn = 60 mg/kg: Cu = 10 mg/kg [44], Cd = 0.1 mg/kg [45] in plants while for soil while Pb = 8.15 mg/kg, Zn = 44.19 mg/kg, Cu = 8.39 mg/kg [46] and for Cd = 0.31 mg/kg [47]. (A–D) (Sub-Figure for Pb, Zn, Cu and Cd, respectively). 
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Figure 3. PCA-biplot depicting relationships between metal bio-concentration, accumulation and translocation factors of metals with soil spatial and textural properties at different abandoned habitats in Khyber Pakhtunkhwa, Pakistan. Note: St (Stand), St.1 (KTS (Kanju Town Junction)), St.2 (GTM (GT Road Mingora)), St.3 (SKR (Skhakot Road)), St. 4 (SMR (Shamozu Road)), St. 5 (PC (Peshawar)), St. 6 (HIZ (Hayatabad Industrial Zone)), St. 7 (MKI (Mardan Kid Industry)), St. 8 (BKP (Barikot Crush Plant)), St. 9 (CUA (Charsadda Urban)), St. 10 (MSM (Mardan Shiekh Malton)), St. 11 (TFN (Tarnab Form)), St. 12 (TBM (Takht Bhai)), St. 13 (GCD (Gulabad College Degree)), St. 14 (AMS (Amankot)), St. 15 (CBS (Charbagh street)). 
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Table 1. Transfer factor (bio-accumulation) from a soil–root–intact plant collected from different abandoned habitats in Khyber Pakhtunkhwa, Pakistan.
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M Type

	
Pb

	
Zn

	
Cu

	
Cd

	

	
OM%




	
St Code

	
BAF

(S/R)

	
BAF

(S/P)

	
BAF

(S/R)

	
BAF

(S/P)

	
BAF

(S/R)

	
BAF

(S/P)

	
BAF

(S/R)

	
BAF

(S/P)

	
STC






	
KTH

	
0.71 a

	
0.33 b

	
0.45 a

	
0.30 b

	
0.38 a

	
0.24 b

	
2.13 a

	
1.30 b

	
SL

	
0.67




	
GTM

	
0.36 a

	
0.33 a

	
0.56 a

	
0.29 b

	
0.47 a

	
0.23 b

	
2.79 a

	
1.18 b

	
SL

	
0.82




	
SKR

	
1.38 a

	
0.62 b

	
0.48 a

	
0.28 b

	
0.39 a

	
0.24 b

	
2.11 a

	
1.31 b

	
SL

	
1.45




	
SMR

	
1.531 a

	
0.794 b

	
0.50 a

	
0.27 b

	
0.51 a

	
0.27 b

	
2.58 a

	
1.11 b

	
SiL

	
0.38




	
PC

	
1.528 a

	
0.622 b

	
0.52 a

	
0.27 b

	
0.39 a

	
0.20 b

	
2.54 a

	
1.08 b

	
SL

	
0.89




	
HIZ

	
0.294 a

	
0.154 b

	
0.42 a

	
0.22 b

	
0.27 a

	
0.14 b

	
1.05 a

	
0.63 b

	
SiL

	
1.21




	
MKI

	
0.83 a

	
0.39 b

	
0.57 a

	
0.30 b

	
0.32 a

	
0.15 b

	
1.13 a

	
0.48 b

	
CL

	
0.45




	
BKP

	
1.33 a

	
0.69 b

	
0.49 a

	
0.24 b

	
0.36 a

	
0.18 b

	
0.15 a

	
0.16 b

	
SL

	
1.38




	
CUA

	
0.62 a

	
0.31 b

	
0.97 a

	
0.50 b

	
0.45 a

	
0.21 b

	
0.97 a

	
0.48 b

	
SiL

	
1.32




	
MSM

	
0.73 a

	
0.33 b

	
0.65 a

	
0.30 b

	
0.27 a

	
0.13 b

	
1.44 a

	
0.63 b

	
SiL

	
1.92




	
TFN

	
0.52 a

	
0.34 b

	
0.11 a

	
0.05 b

	
0.14 a

	
0.07 b

	
0.32 a

	
0.18 b

	
CL

	
1.21




	
TBM

	
2.10 a

	
1.06 b

	
0.20 a

	
0.09 b

	
0.80 a

	
0.38 b

	
0.33 a

	
0.18 b

	
SL

	
0.89




	
GCD

	
2.20 a

	
0.90 b

	
0.41 a

	
0.17 b

	
0.92 a

	
0.40 b

	
0.33 a

	
0.18 b

	
SL

	
0.73




	
AMS

	
1.86 a

	
0.85 b

	
4.94 a

	
2.07 b

	
0.37 a

	
0.18 b

	
0.39 a

	
0.19 b

	
SL

	
0.73




	
CBS

	
1.47 a

	
0.65 b

	
2.90 a

	
1.33 b

	
0.39 a

	
0.19 b

	
0.34 a

	
0.18 b

	
SL

	
0.41








Note: b: (Difference between accumulation in paired t-test is significant), a: (difference of paired t-test is non-significant), BAF S/R (bioaccumulation factor from soil to root), BAF S/P (bioaccumulation factor from soil to plants), Bold value (BAF >1), STC (soil textural class), SL (sandy loam), SiL (silty laom), CL (clay loam), OM% (organic matter percentage).
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Table 2. Translocation factor of Pb, Zn, Cu, and Cd in X. strumarium growing on different abandoned habitats in Khyber Pakhtunkhwa, Pakistan.
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M Type

	
Pb

	
Zn

	
Cu

	
Cd




	
St Code

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF

	
TF




	
(R-S)

	
(S-L)

	
(L-F)

	
(R-S)

	
(S-L)

	
(L-F)

	
(R-S)

	
(S-L)

	
(L-F)

	
(R-S)

	
(S-L)

	
(L-F)






	
KTH

	
0.43 a

	
0.53 b

	
0.88 b

	
0.67 a

	
0.83 b

	
0.76 c

	
0.38 a

	
0.63 b

	
0.64 b

	
0.59 a

	
1.00 b

	
0.45 c




	
GTM

	
0.47 a

	
0.72 b

	
0.70 b

	
0.55 a

	
0.59 b

	
0.77 c

	
0.47 a

	
0.45 a

	
0.74 b

	
0.44 a

	
0.39 b

	
0.43 a




	
SKR

	
0.42 a

	
0.52 a

	
0.73 b

	
0.64 a

	
0.67 a

	
0.68 a

	
0.39 a

	
0.61 b

	
0.66 c

	
0.61 a

	
1.02 b

	
0.40 c




	
SMR

	
0.55 a

	
0.64 b

	
0.50 c

	
0.54 a

	
0.60 b

	
0.75 c

	
0.51 a

	
0.53 a

	
0.64 b

	
0.46 a

	
0.40 b

	
0.39 b




	
PC

	
0.35 a

	
0.57 b

	
1.27 c

	
0.54 a

	
0.60 b

	
0.77 c

	
0.39 a

	
0.57 b

	
0.60 b

	
0.44 a

	
0.43 a

	
0.39 b




	
HIZ

	
0.51 a

	
0.62 b

	
0.86 c

	
0.47 a

	
0.80 b

	
0.70 c

	
0.27 a

	
0.43 b

	
1.02 c

	
0.42 a

	
0.56 b

	
0.48 c




	
MKI

	
0.51 a

	
0.33 b

	
1.12 c

	
0.50 a

	
0.71 b

	
0.71 b

	
0.32 a

	
0.44 b

	
0.20 c

	
0.39 a

	
0.49 b

	
0.54 c




	
BKP

	
0.56 a

	
0.54 a

	
0.70 b

	
0.46 a

	
0.66 b

	
0.69 b

	
0.36 a

	
0.44 b

	
1.15 c

	
0.42 a

	
0.51 b

	
1.06 c




	
CUA

	
0.58 a

	
0.35 b

	
0.95 c

	
0.49 a

	
0.72 b

	
0.65 c

	
0.45 a

	
0.42 a

	
0.35 b

	
0.42 a

	
0.59 b

	
1.22 c




	
MSM

	
0.44 a

	
0.40 b

	
1.00 c

	
0.42 a

	
0.68 a

	
0.55 a

	
0.27 a

	
0.43 b

	
0.46 b

	
0.41 a

	
0.51 b

	
0.59 c




	
TFN

	
0.60 a

	
0.80 b

	
1.16 c

	
0.48 a

	
0.52 a

	
0.75 b

	
0.14 a

	
0.54 b

	
0.51 b

	
0.61 a

	
0.73 b

	
0.61 a




	
TBM

	
0.63 a

	
0.67 a

	
1.17 b

	
0.60 a

	
0.40 b

	
0.38 b

	
0.8 a

	
0.51 b

	
0.46 c

	
0.59 a

	
0.48 b

	
0.98 c




	
GCD

	
0.62 a

	
0.65 a

	
0.53 b

	
0.48 a

	
0.33 b

	
0.52 c

	
0.92 a

	
0.43 b

	
0.49 c

	
0.54 a

	
0.81 b

	
0.49 c




	
AMS

	
0.70 a

	
0.57 b

	
0.68 c

	
0.42 a

	
0.43 a

	
0.39 a

	
0.37 a

	
0.44 b

	
0.56 c

	
0.45 a

	
0.70 b

	
0.56 c




	
CBS

	
0.48 a

	
0.78 b

	
1.20 c

	
0.46 a

	
0.54 b

	
0.50 c

	
0.39 a

	
0.52 b

	
0.52 b

	
0.55 a

	
0.71 b

	
0.58 a








Note: a: (Represent difference of translocation factors tested by ANOVA), St (stand), R-S (root to stem); b: S-L (stem to leaves); c: L-F (leaves to fruit), bold value (TF ≥ 1).
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Table 3. PCA-ordination explained 98.97% of the cumulative variance between metal bio-concentration, accumulation, and translocation factors of metals with soil spatial and textural properties at different abandoned habitats in Khyber Pakhtunkhwa, Pakistan.
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	Axis
	Eigenvalues
	% Variance
	% Cum Var.
	Broken-Stick Eigenvalues





	1
	9.14
	38.1
	38.10
	3.776



	2
	4.97
	20.74
	58.84
	2.776



	3
	2.58
	10.78
	69.62
	2.276



	4
	2.15
	8.96
	78.59
	1.943



	5
	1.57
	6.56
	85.15
	1.693



	6
	1.29
	5.37
	90.53
	1.493



	7
	0.84
	3.51
	94.05
	1.326



	8
	0.53
	2.23
	96.28
	1.183



	9
	0.44
	1.86
	98.15
	1.058



	10
	0.19
	0.82
	98.97
	0.947
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