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Abstract

:

Colobanthus quitensis (Kunt) is one of the two vascular plant species present in Antarctica and develops under severe environmental conditions, being found in both pristine and human-threatened environments. We determined the Cd, Cr, Cu, Mn, Ni, Pb, and Zn levels in C. quitensis roots, leaves, and soils of origin using flame atomic absorption spectroscopy. In January 2017, we collected samples from four geographical zones on the longitudinal gradient along which C. quitensis is distributed, starting from Punta Arenas (PAR) at the extreme south of mainland Chile and moving southwards to the Antarctic territory from King George Island (KGI) to Hannah Point Peninsula (PHA) and finally Lagotellerie Island (LAT). We used certified reference material to validate the plant tissues and soil samples we collected. The highest concentrations of metals that we measured in the soils and in the C. quitensis roots and leaves were in samples we collected at the KGI station, the zone with the greatest human activity. The lowest concentrations we measured were at the LAT station, an island with little human intervention and scarce fauna. The mean concentrations of metals in the roots and leaves of C. quitensis followed a similar order at all sampling locations: Mn > Zn > Cu > Ni > Pb > Cr > Cd. In contrast, in soil, they followed the following order: Mn > Zn > Cu > Cr > Pb > Ni > Cd. The concentration levels obtained for the different metals in the soil and plants tissue samples in this region of Antarctica indicated that the area was non-polluted. However, the metallic trace element (MTE) concentrations may be at an early stage of contamination, as described in other areas of the Antarctic, being a new threat to this continent.
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1. Introduction


The Antarctic continent is considered the last pristine continent; however, increasing human activity and permanent installation of research stations threaten the Antarctic environment [1]. Pollution in the Antarctic is related to specific contaminants, such as metallic trace elements (MTEs), with high levels found close to research stations [2,3]. MTEs enter the environment naturally through the erosion of geological matrices and atmospheric deposition; however, high levels of MTEs in the terrestrial environment are most often a result of human activity [4,5]. These elements are not naturally biodegradable; they are stable and can be transferred over considerable distances, allowing for bio-accumulation in different animals and plants [6,7,8]. Certain metals such as iron, zinc, copper, manganese, etc. are essential trace elements for maintaining the correct metabolism in living creatures. However, when they exceed specific concentrations, they become toxic [9].



During the last decades, there has been growing interest in measuring concentrations of MTEs within different parts of the environment, such as air, water, and soil. MTE concentrations in other animals and plants can be bioindicators of MTE concentrations in specific habitats [10,11,12,13,14,15]. The absorption of metals into plants depends on the mobility and chemistry of these elements in the soil surrounding the plant’s roots, and some chemical forms have greater bio-availability than others [16]. Metal atoms are present in the ground in different compounds; for example, Mn can be present as an oxide and a hydroxide, forming molecules with other metals. Mn is an essential element in plant nutrition, differing greatly by normal contents between species (30–500 mg/kg) [17]. It is required to activate certain enzymes in the plant metabolism [18]. Ni appears to be bound to organic forms, principally forming readily soluble chelates [19], and is also an essential element for plant metabolism but only in optimal concentrations, i.e., below the critical plant concentration range of 10–100 mg/kg [20]. Other metals needed by plants as micronutrients include boron, cobalt, chromium, copper, molybdenum, iron, selenium, and zinc; however, above a certain threshold, they all become toxic. In soils, for example, according to the Council Directive [21], certain concentrations above a threshold have harmful effects on the environment: for Cd, 3.0 mg/kg; for Cu, 140 mg/kg; for Ni, 75 mg/kg; and for Pb and Zn, 300 mg/kg. Cadmium, mercury, lead, tin, and bismuth are the main elements that can become highly toxic to living creatures because they have a strong tendency both to bio-accumulate and to be bio-magnified [22,23].



We determined the presence of certain MTEs on a geographical transect from the south of mainland Chile to Antarctica, using Colobanthus quitensis (Kunt), also known as “Antarctic carnation”, as a bioindicator of these metals. C. quitensis is one of two vascular plant species (together with Deschampsia antarctica Desv) present in the vegetation of Antarctica [24], where environmental conditions, such as low temperature, high solar radiation, and low availability of water and nutrients in the soil [25,26], are highly stressful for plant development [27]. The physiological, ecological, reproductive, and taxonomic characteristics of these plants are of great interest because of the environmental stress they can endure [28,29,30,31,32,33,34].



To determine the concentrations of metals included in the present study, we selected four geographical stations along a longitudinal gradient that followed the distribution of Colobanthus quitensis from the south of mainland Chile to Antarctica. We analyzed metal concentrations in the plants by taking representative samples of the leaves, roots, and soil of origin at each sampling station. We measured the Mn, Cu, Ni, and Zn levels because they are necessary for plant growth in optimal concentrations and Pb, Cd, and Cr because of their known toxic characteristics. We hypothesized that plants inhabiting soils close to human activities have higher MTE concentrations than plants inhabiting soils with low human impact. We compared the concentrations of these metals with other studies in different plant species. Our results increase our understanding of the ecological effects on one of the two vascular plants associated with human activities on the Antarctic continent and contribute to the development of C. quitensis as a bioindicator of MTEs.




2. Results


Table A1 and Table A2 in Appendix A show the results of the Cd, Cu, Cr, Mn, Ni, Pb, and Zn measurements in the BIMEP-432 and MESS–1 reference materials, corresponding to plant tissues and soils, respectively. The relative errors for plant tissue ranged between −8.5% (Cd) and 7.8% (Pb). The relative errors for soils samples ranged between −2.6% (Cr) and 5.1% (Cd).



The mean concentrations of the metals studied in all soil samples exhibited the following pattern: Mn (mean 582.9 mg/kg) > Zn (mean 70 mg/kg) > Cu (mean 45.9 mg/kg) > Cr (mean 25.4 mg/kg) > Pb (mean 17.5 mg/kg) > Ni (mean 15.2 mg/kg) > Cd (mean 1.5 mg/kg). The highest mean concentrations of the most metals in soils were recorded at KGI station (except Cd, in which the highest mean concentration was founded in PAR station), whereas the lowest concentrations for the many metals were recorded in the LAT station followed by PHA station (Appendix B Table A3). The metal concentrations recorded at KGI station were significantly different (p < 0.05) from those recorded at the LAT, PHA, and PAR stations (Figure 1).



As with the soil samples, the highest concentrations of metals in roots and leaves were recorded in the samples collected at the KGI station (Figure 2 and Figure 3) and the mean concentrations for the different metals in roots and leaves showed the same order of concentrations at all stations: Mn (mean 343.2 mg/kg-roots, 256.7 mg/kg-leaves) > Zn (mean 46.7 mg/kg-roots, 44.7 mg/kg-leaves) > Cu (mean 20.9 mg/kg-roots, 15.8 mg/kg-leaves) > Ni (mean 7.8 mg/kg-roots, 6.2 mg/kg-leaves) > Pb (mean 3.4 mg/kg-roots, 4.4 mg/kg-leaves) > Cr (mean 3.3 mg/kg-roots, 2.3 mg/kg-leaves) > Cd (mean 1.5 mg/kg-roots, 0.2mg/kg-leaves). The mean concentrations of the metals were higher in the roots than the leaves, except for Pb (Appendix B Table A4 and Table A5).



The metal concentrations in the roots of Colobanthus quitensis (Figure 2) show that samples collected at KGI station presented the highest concentrations of chromium, copper, and lead, with significant differences compared with the other stations (p < 0.05). The samples collected in the LAT station contained the highest concentrations of cadmium and zinc. In contrast, we found the highest concentrations of manganese in the roots of C. quitensis from the PAR, PHA, and KGI stations, but there were no significant differences between them (p > 0.05). We recorded the highest nickel concentrations in the root samples from the LAT, PAH, and KGI stations, with no significant differences between them (p > 0.05).



We detected the highest concentrations of chromium in the leaves of C. quitensis, (Figure 3) at KGI station, but the difference from the PHA and PAR station values was not significant (p > 0.05). The samples collected in the KGI station presented significantly (p < 0.05) higher copper concentrations than the other sites. We recorded the highest concentrations of cadmium and zinc at KGI station; however, they were not significantly different from other stations (p > 0.05). The highest concentrations of Pb were recorded in leaf samples from the KGI and PAR stations but were not significantly different from the other sites (p > 0.05). The highest concentrations of manganese were present in the leaves from the PHA station, but the differences for the KGI and PAR stations were also not statistically significant (p > 0.05).



PCA analysis confirmed that the most robust relationship between high levels of MTEs in the leaves, roots, and soils, and a specific sampling site was at the KGI site. PCA axis 1 explained 63.5%, and axis 2 explained 21.1% of the total variance in the MTE data. The first axis was mainly related to MTEs in the leaves and soils associated with KGI station. In contrast, the second axis was primarily related to roots associated with KGI and PHA stations (Figure 4).




3. Discussion


The soils of the Antarctic Peninsula and the roots and leaves of Antarctic carnation had higher MTE concentrations at King George Island Station, characterized by a strong human influence. Increased MTE concentrations in Antarctica have previously been reported in sediments and in terrestrial and aquatic organisms and are related to human activity [3,35,36].



The MTE concentrations recorded in the soils in this study were compared with those by other authors in different areas from King George Island and for other Antarctic regions (Table 1) [37,38]. Although we recorded the highest concentrations of metals in soils at KGI station in our study, they were lower than those reported in soil from Fildes Peninsula and other Antarctic islands. Moreover, the Cr, Cu, Mn, Ni, Pb, and Zn concentrations were within the limits permitted by the Canadian CCME standards [39,40,41], the standards of the European Union Directive 86/278/EEC national legislation [21], and the World Range for non-polluted soils [42]. Only the average concentration and the highest Cd values were higher than those in other studies, and the Cd and Cu average concentration values were above that of the World Range for non-polluted soils recommendations. Therefore, our results suggest that soils in this region of Antarctica remain non-polluted soils; however, they may be at an early stage of contamination, as in other areas of the Antarctic [3].



Romaniuk et al. [43] have already reported that contaminated soils from King George Island have high concentrations of MTEs. On the other hand, LAT station was the southernmost point of Antarctica from which we took samples and had the lowest concentrations of metals in soil (Lagotellerie Island). This area had very little human intervention, appeared pristine, and had little fauna, suggesting that the levels of metals we measured may represent those that occur naturally [33]. In samples from coastal lagoons of south Chile, Mn and Zn concentrations are the metals with the highest concentrations in soil and occur naturally [44].



To our knowledge, this is the second study that addresses the MTEs concentration in Colobanthus quitensis in Antarctica. The first was performed by Wojtuń et al. [45], with samples collected in 1988 on King George Island, close to our study area. However, it is impossible to compare their results with ours because we analyzed the metals in C. quitensis in conjunction with the Antarctic hair grass Deschampsia antarctica. Despite this, the mean concentrations we recorded in leaves and roots for the different metals are similar to those published by other authors in various plants (Table 2) [14,46,47]. Information about the vascular plants present in Antarctica is limited. Dos Santos et al. [48] measured the concentrations of three MTEs in samples of Deschampsia antarctica collected from Admiralty Bay (King George Island): 0.06 Hg, 610 Fe, and 44.2 Zn (in mg/kg). Although only the Zn values could be compared with our samples, the mean concentrations were quite similar. The sensitivity of plant species to MTEs varies in different orders and families and, vascular plants are more tolerant than other taxa [49].



We found that the metals with the highest mean concentrations in the root and leaves samples of Colobanthus quitensis were Mn, Zn, Cu, and Ni. Mn is an essential natural element in plant nutrition and is required to activate some enzymes [18]. However, when it is present in the soil in high concentrations, passive absorption may occur, and the metal is transferred to other organs of the plant [16]. Zn is an essential element in plants, playing a part in different metabolic processes and is a component of various enzymes. Zn enters the plant as Zn+2 or in the form of organic complexes and chelates. Zn can accumulate in the canopies of plants when it is present at high levels [16]. Cu readily forms complexes with organic matter in the soil, and its bio-availability is likely to be associated with the presence of these compounds [50]. The mechanism by which plants absorb Cu is not yet well-defined. It has a relatively lower mobility in plants than other elements and remains in the roots and leaves until the plant ages [51,52]. Ni is essential for plant metabolism in optimal concentrations [18]. It is mobile within the plant and accumulates mainly in the leaves and seeds. Plants exposed to high concentrations of Ni develop chlorosis [53].



The metals with the lowest concentrations in the roots and leaves of Colobanthus quitensis were Cr, Pb, and Cd. Cr has three chemical forms: metallic chromium, chromite (trivalent Cr (III)), and chromate (hexavalent Cr (VI)), with the last one being the most common form found in nature. Chromate is the most bio-available form to plants when present in the soil, but it is extremely unstable and easily mobilized in both acidic and alkaline soils [54,55]. Cr is accumulated predominantly in plant root with very limited translocation to other parts of the plants, as shoots or leaves, inducing phytotoxicity by interfering plant growth, nutrient uptake, and photosynthesis [56]. According to our results, higher levels of Cr were recorded in roots than in leaves. The plant intake with high levels of Cr could be highly toxic and damaging to human health because of its carcinogenic and mutagenic effects with no nutritional value [57]. Pb in the environment is associated with human activities, for example, until the mid-1970s, lead was used as a fuel additive and as a component of paints in developed countries, whereas today, Pb presence is only possibly found in paints in developing countries, such as Chile. Therefore, its presence in soils and plant leaves can be attributed to atmospheric deposition due to the degradation of paints on exposed surfaces [43].



Although Pb is not known to play a role in plant metabolism, it is easily absorbed by plants and it is principally stored in the roots but is not present in the reproductive structures [58]. However, in high concentrations, Pb cause several toxicity symptoms in plants, such as chlorosis, stunted growth, blackening of the root system, nutrient uptake, water imbalance, and photosynthesis inhibition [59]. Cd is one of the most soluble and dangerous trace metals in the soil due to its high mobility and has harmful effects on plants at very low concentrations. High Cd concentrations in the soil inhibit the absorption of Fe in plants, and the most common symptoms of Cd toxicity in plants are atrophy and chlorosis. Cd enters the environment from tires and motor oil [60]. Therefore, its presence can be attributed to atmospheric deposition from vehicle exhaust emissions.
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Table 1. Selected references of the MTE concentrations (mg/kg in dry weight) in soils. Values are mean ± standard deviation and ranges). Impacted soils are principally by scientific stations. Values ranges are according to the EUS (European Union Standard) and WRS (World Range for non-polluted soils), and mean values are according to CA (Canadian Standard).
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Reference

	
Location

	
Sample

	
Cd

	
Cr

	
Cu

	
Mn

	
Ni

	
Pb

	
Zn






	
Present study (Mean)

	
Southern Chile and King George Island

	
Control/impacted soils

	
1.5 ± 0.5

	
25.4 ± 11.8

	
45.9 ± 35.2

	
582.9 ± 172.3

	
15.2 ± 5.9

	
17.5 ± 14.3

	
70.0 ± 12.0




	
Present study (Range)

	
1.98–0.72

	
40.17–8.73

	
104.8–18.59

	
833.39–397.29

	
23.48–6.95

	
37.3–1.87

	
84.8–56.8




	
De Lima Neto et al. [61]

	
Luis Risopatrón Refuge

	
Control soils

	
<0.2

	
52 ± 1

	
47.8 ± 0.4

	
453 ± 3

	
40.4 ± 0.5

	
7.3 ± 0.5

	
43.9 ± 0.2




	
Impacted soils

	
<0.2

	
72 ± 2

	
107 ± 1

	
545 ± 10

	
37.9 ± 0.5

	
102 ± 0.5

	
148 ± 5




	
Lu et al. [37]

	
Fildes Peninsula

	
Impacted soils

	
0.17 ± 0.08

	
31.95 ± 13.82

	
122.30 ± 32.12

	
923 ± 244.60

	
14.30 ± 4.97

	
15.87 ± 13.49

	
58.69 ± 9.36




	
Abakumov et al. [62]

	
Fildes Peninsula

	
Impacted soils

	
0.44 ± 0.22

	
-

	
186.33 ± 36

	
720 ± 218.33

	
15.66 ± 5.50

	
-

	
134.67 ± 26.50




	
Pristine soils

	
0.25 ± 0.13

	
-

	
65 ± 13

	
616.25 ± 183.75

	
11.22 ± 3.93

	
-

	
42.10 ± 8.48




	
Bueno et al. [38]

	
Artigas Base

	
Impacted soils

	
-

	
10.3 ± 8.1

	
52.2 ± 9.1

	
503.9 ± 81.6

	
5.2 ± 1.9

	
6.3 ± 3.8

	
61.3 ± 28.5




	
EUS (1)

	

	

	
1–3

	
-

	
50–140

	
-

	
30–75

	
50–300

	
150–300




	
CS (2)

	

	

	
10

	
64

	
63

	
-

	
45

	
140

	
200




	
WRS (3)

	

	

	
0.07–1.1

	
5–120

	
6–60

	
-

	
1–200

	
10–70

	
17–125




	
(1) Council Directive 86/278/EEC [21]




	
(2) CCME [39,40,41]




	
(3) Frimpong and Koranteng [42]
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Table 2. Selected references of MTE concentrations (mg/kg in dry weight) in vegetables. Values are mean ± standard deviation and ranges.
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Reference

	
Location

	
Sample

	
Cd

	
Cr

	
Cu

	
Mn

	
Ni

	
Pb

	
Zn






	
Present study (Mean)

	
Southern Chile and King George Island

	
Roots (1)

	
1.5 ± 0.8

	
3.3 ± 1.6

	
20.9 ± 17.2

	
343.2 ± 131.9

	
7.8 ± 3.0

	
3.4 ± 1.3

	
46.7 ± 10.7




	
Leaves (1)

	
0.2 ± 0.04

	
2.3 ± 1.4

	
15.8 ± 12.2

	
256.7 ± 111.3

	
6.2 ± 1.6

	
4.4 ± 1.5

	
44.7 ± 9.6




	
Dos Santos et al. [48]

	
King George Island

	
Plant (2)

	
-

	
-

	
-

	
-

	
-

	
-

	
44.2




	
Nematollahi et al. [47]

	
Iran

	
Roots (3)

	
0.9

	
3

	
241.5

	
27.3

	
1.7

	
13

	
23.6




	
Leaves (3)

	
0.9

	
6.4

	
365.2

	
90.8

	
4.4

	
30.7

	
56.3




	
Kazienko et al. [14]

	
Poland

	
Plant (4)

	
0.7 ± 0.4

	
0.2 ± 0.1

	
8.0 ± 1.4

	
317 ± 101

	
6.6 ± 4.0

	
1.3 ± 0.5

	
31 ± 6.0




	
Tapia et al. [46]

	
Chile

	
Plant (5)

	
-

	
0.2–3.2

	
1.2–62.5

	
188.6–1345.1

	
-

	
-

	
7.5–55.9




	
(1) Colobantus quitensis




	
(2) Deschampsia antarctica




	
(3) Artemisia sieberi




	
(4) Athyrium distentifolium




	
(5) Azorella spinace










4. Materials and Methods


4.1. Study Area


Punta Arenas city has a surface area of 37.6 km2 and has a population of 124,000 inhabitants, and it is approximately 1200 km from King George Island (KGI). Lagotellerie Island has a surface area of 1.58 km2 and is approximately 450 km from KGI, with the latter island having a surface area of 1400 km2. In the study, there are two major climates: (a) the cold steppe climate in Punta Arena city has short-fresh summers and not very cold winters, with the average temperature being 6.7 °C and the annual precipitation being <500 mm; (b) the subpolar maritime climate in King George and Lagotellerie Islands has a cold, moist, and maritime climate, with the average temperature being −2.4 °C and the annual precipitation being 500 mm [63,64].



The samples of Colobanthus quitensis and their respective soils of origin were collected at four sites in the far south of mainland Chile and the Antarctic territory (Figure 5). Access to the sampling sites in Antarctic territory was limited to disembarkation from the expedition vessel and as permitted by the Chilean navy. The permitted geographical zones were as follows:




	
Punta Arenas (PAR) 53°10′01″ S–70°56′01″ W, the northernmost end of the gradient. This site is on mainland Chile, close to Punta Arenas airport, with low human activity.



	
King George Island Station (KGI) 62°09′41″ S–58°28′10″ W, a site presenting quite strong human influence within several bases that support various scientific investigations.



	
Hannah Point Peninsula (PHA) 62°39′ S–60°37′ W. This is a bay where tourists from cruise ships come ashore. There is a wide variety of fauna, with different species of penguins, terns, and petrels. Colobanthus quitensis is abundant, but people familiar with the site are becoming increasingly scarce.



	
Lagotellerie Island (LAT) 67°53′16″ S–67°24′2″ W. This relatively pristine Antarctic island was the southernmost point of the transect. It has suffered little intervention and has scarce fauna but relatively abundant flora (Colobanthus quitensis and Dechampsia antarctica).









4.2. Sample Collection


At each sampling point, we manually collected three plants randomly, and three soil samples during summer 2016 (January). It should be noted that, according to scientists who regularly attend Antarctica, the abundance of C. quitensis was lower in that summer.



Samples of the aerial part (leaves) and roots of each sample plant were collected. Soil samples were collected to a depth of 0–10 cm by digging test trenches and by extracting the samples with PVC materials to avoid contamination by metals. The plant and soil samples were labelled and kept in plastic containers for subsequent chemical analysis.




4.3. Chemical Analysis


The Colobanthus quitensis samples (leaves and roots) were washed with bi-distilled water in laboratory. Samples were put in nylon strainer and were washed with plastic wash bottles two times. Nonmetallic instruments were used. Then, the samples were dried in a stove at 105 °C until they were the same weight. They were then milled and homogenized, and 1.0 g of plant tissue was weighed out and calcined slowly in a porcelain crucible at 500 °C for 4 h. The crucibles were allowed to cool to room temperature, and 10 mL of nitric acid and 2 mL of bi-distilled water were added. The solutions were heated on a heating plate with constant stirring until almost dry and then were filtered on 0.45 μm filters. The filtrates were brought to a final volume of 50 mL with bi-distilled water. Blank solutions were also included [46,65,66].



Following the methodologies used by Tapia [46], the soil samples were dried at 105 °C, and a representative sample (0.5 g) was mixed with 50 mL of HF-HNO3 (2:1) mixture and solubilized at 120 °C until almost dry with constant stirring. The resulting solution was filtered on 0.45 μm filters, washed with bi-distilled water, and made up to 50 mL in a pre-treated volumetric flask. The analyses were conducted with their respective control solutions [44].



The quantification of the metals was carried out using a spectrophotometer of atomic absorption spectroscopy with a flame (Solaar model 969, UNICAM, Cambridge, UK). For the measurement of Cd, Cu, Mn, Ni, Pb, and Zn, an air/acetylene flame was used, and for Cr, a nitrous oxide/acetylene flame was used. The detection limits for Cd, Cu, Cr, Mn, Ni, Pb, and Zn were 0.0028, 0.0045, 0.0054, 0.0016, 0.0080, 0.0130, and 0.0033 mg/L, respectively.




4.4. Validation Methodology


Certified reference material was used to validate the analytical methodology. BIMEP-432 (Leylandcypress/Cupressus x Leylandii) from Wageningen Evaluating Programs for Analytical Laboratories (WEPAL) was used for the analysis of plant tissues (leaves and roots). MESS-1 (marine sediment), from the National Research Council, Canada, Division of Chemistry, was used for the soil sample analysis. It should be noted that marine sediment is not the same as terrestrial sediment; however, in previous analyses, this material was successful in validating our methodology (comm. pers. J. Tapia).




4.5. Statistical Analysis


Our statistical analyses consisted of verifying the normality, independence, and homoscedasticity of the collected data. One-way analysis of variance was carried out using the sampling stations as the variable, and then, an a posteriori analysis was carried out, using Tukey’s test with a significance level of 95%. The patterns of the mean metal concentrations in leaves, roots, and soils in the four sampling stations were assessed via principal component analysis (PCA) with the metal data normalized. PCA was performed using the software PRIMER v.6 [67].





5. Conclusions


We measured Mn, Cu, Cr, Cd, Ni, Pb, and Zn in the soil, root, and leaf samples of Colobanthus quitensis at all of the sampling stations. We recorded the highest mean concentrations at the site with the greatest human activity, whereas the lowest mean concentrations of all of the metals were in the southernmost point from which we took the samples, a pristine island with little human intervention, scarce fauna, and abundant flora (Colobanthus quitensis and Deschampsia antarctica). Thus, the values of the metal concentrations obtained in this study, especially those recorded at Lagotellerie Island station can be taken as reference values for comparisons in future studies.



The mean concentrations of all of the metals in the soil were within the ranges reported by other authors and below the maxima permitted by the Canadian, European Union, and World Range for non-polluted soils standards. Only the Cd and Cu average concentration values were within the recommendations of the WRS. The order of the mean concentrations of the metals in soils was Mn > Zn > Cu > Cr > Pb > Ni > Cd. The concentrations of the metals studied in the root and leaf samples of Colobanthus quitensis were within the ranges recorded in other investigations. However, Colobanthus quitensis survives in the harsh environmental conditions of Antarctica, and the fact that vascular plants tolerate higher soil concentrations of MTEs better than other types must be considered. The mean concentrations of the metals in the root and leaf samples were similar, following the order Mn > Zn > Cu > Ni > Pb > Cr > Cd. If human activities continue increasing in the Antarctica, for example, the arrival of tourists in summer or researchers at scientific bases, MTE contamination could probably increase in the future in soils and plants from the study area. Our study shows that there are still areas with high human intervention and with high concentrations of MTEs, suggesting that human influence may threaten plants in Antarctica. As the MTE concentration in C. quitensis was influenced by proximity to human influence, we suggest that future studies must continue to monitor this Antarctic plant as MTE bioindicators or sentinel species, including a future metal pollution index.
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Table A1. Concentrations of Cd, Cu, Cr, Mn, Ni, Pb, and Zn (mg/kg ± S.D. in dry weight) in certified reference material (BIMEP-432) from the Wageningen Evaluating Programs for Analytical Laboratories (WEPAL).
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	Element
	Certified Concentration (MAD)
	Observed Concentration (n = 3)
	Rel. Error %
	Recovery (%)





	Cd
	1.30 (0.90) n =4
	1.19 ± 0.02
	−8.5
	91.5



	Cu
	6.05 (3.50) n =6
	6.47 ± 0.35
	6.9
	106.9



	Cr
	2.35 (1.65) n =5
	2.16 ± 0.06
	−8.1
	91.9



	Mn
	20.0 (4.0) n =5
	20.58 ± 0.91
	2.9
	102.9



	Ni
	1.15 (0.5) n =4
	1.10 ± 0.09
	−4.3
	95.7



	Pb
	1.79 (1.1) n =3
	1.93 ± 0.05
	7.8
	107.8



	Zn
	18.5 (2.8) n =6
	19.10 ± 0.08
	3.2
	103.2







MAD: Median of Absolute Deviation.
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Table A2. Concentrations of Cd, Cu, Cr, Mn, Ni, Pb, and Zn (mg/kg ± S.D. in dry weight) in certified reference material (MESS-1) from the National Research Council Canada (NRC).






Table A2. Concentrations of Cd, Cu, Cr, Mn, Ni, Pb, and Zn (mg/kg ± S.D. in dry weight) in certified reference material (MESS-1) from the National Research Council Canada (NRC).





	Element
	Certified Concentration
	Observed Concentration (n = 2)
	Rel. Error %
	Recovery (%)





	Cd
	0.50 ± 0.10
	0.62 ± 0.06
	5.1
	105.1



	Cu
	25.1 ± 3.8
	26.1 ± 0.15
	4
	104



	Cr
	71.0 ± 11
	70.0 ± 0.19
	−1.4
	98.6



	Mn
	513 ± 25
	499.5 ± 3.35
	−2.6
	97.4



	Ni
	29.5 ± 2.7
	30.0 ± 0.15
	1.7
	101.7



	Pb
	34.0 ± 6.1
	35.1 ± 0.07
	3.2
	103.2



	Zn
	191 ± 17
	198.1 ± 4.10
	3.7
	103.7
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Table A3. Concentrations of Cr, Cd, Cu, Pb, Ni, Mn, and Zn (mg/kg ± S.D. in dry weight “DW”) (n = 3) in the soils of the species Colobanthus quitensis collected at the LAT, PHA, KGI and PAR stations with the mean concentrations of each metal.






Table A3. Concentrations of Cr, Cd, Cu, Pb, Ni, Mn, and Zn (mg/kg ± S.D. in dry weight “DW”) (n = 3) in the soils of the species Colobanthus quitensis collected at the LAT, PHA, KGI and PAR stations with the mean concentrations of each metal.





	Stations
	LAT
	PHA
	KGI
	PAR
	Mean





	Cr
	8.73 ± 0.02
	31.78 ± 1.44
	40.17 ± 3.11
	20.98 ± 1.75
	25.4 ± 11.8



	Cd
	1.27 ± 0.13
	0.72 ± 0.18
	1.89 ± 0.13
	1.98 ± 0.20
	1.5 ± 0.5



	Cu
	18.82 ± 1.47
	18.59 ± 0.44
	104.80 ± 7.32
	41.37 ± 3.27
	45.9 ± 35.2



	Pb
	1.87 ± 0.00
	6.26 ± 1.88
	37.30 ± 2.56
	24.68 ± 1.77
	17.5 ± 14.3



	Ni
	6.95 ± 1.38
	16.74 ± 1.08
	23.48 ± 4.42
	13.59 ± 1.16
	15.2 ± 5.9



	Mn
	397.29 ± 10.87
	649.27 ± 19.16
	833.39 ± 23.48
	451.79 ± 21.31
	582.9 ± 172.3



	Zn
	56.80 ± 2.17
	59.64 ± 2.31
	84.80 ± 6.26
	78.58 ± 3.78
	70.0 ± 12.0










[image: Table] 





Table A4. Concentrations of Cr, Cd, Cu, Pb, Ni, Mn, and Zn (mg/kg ± S.D. in dry weight “DW”) (n = 3) in the roots of the species Colobanthus quitensis collected at the LAT, PHA, KGI and PAR stations with the mean concentrations of each metal.






Table A4. Concentrations of Cr, Cd, Cu, Pb, Ni, Mn, and Zn (mg/kg ± S.D. in dry weight “DW”) (n = 3) in the roots of the species Colobanthus quitensis collected at the LAT, PHA, KGI and PAR stations with the mean concentrations of each metal.





	Stations
	LAT
	PHA
	KGI
	PAR
	Mean





	Cr
	1.42 ± 0.17
	3.77 ± 0.70
	5.62 ± 0.15
	2.28 ± 0.50
	3.30 ± 1.60



	Cd
	2.56 ± 0.13
	2.02 ± 0.35
	1.04 ± 0.20
	0.47 ± 0.16
	1.50 ± 0.80



	Cu
	10.34 ± 1.14
	9.48 ± 0.37
	50.71 ± 1.94
	13.22 ± 0.08
	20.90 ± 17.20



	Pb
	3.91 ± 0.36
	2.68 ± 0.58
	5.25 ± 0.56
	1.72 ± 0.92
	3.40 ± 1.30



	Ni
	8.71 ± 0.60
	10.18 ± 0.13
	9.69 ± 1.23
	2.59 ± 0.26
	7.80 ± 3.00



	Mn
	125.67 ± 2.90
	381.92 ± 7.96
	383.19 ± 13.50
	481.99 ± 15.38
	343.20 ± 131.90
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Table A5. Concentrations of Cr, Cd, Cu, Pb, Ni, Mn, and Zn (mg/kg ± S.D. in dry weight) (n = 3) in the leaves of the species Colobanthus quitensis collected at the LAT, PHA, KGI, and PAR stations with the mean concentrations of each metal.






Table A5. Concentrations of Cr, Cd, Cu, Pb, Ni, Mn, and Zn (mg/kg ± S.D. in dry weight) (n = 3) in the leaves of the species Colobanthus quitensis collected at the LAT, PHA, KGI, and PAR stations with the mean concentrations of each metal.





	Stations
	LAT
	PHA
	KGI
	PAR
	Mean





	Cr
	0.80 ± 0.06
	2.61 ± 0.19
	4.41 ± 0.16
	1.48 ± 0.03
	2.30 ± 1.40



	Cd
	0.15 ± 0.05
	0.13 ± 0.02
	0.23 ± 0.06
	0.19 ± 0.00
	0.20 ± 0.04



	Cu
	6.17 ± 0.41
	11.70 ± 0.59
	36.60 ± 4.80
	8.58 ± 0.71
	15.80 ± 12.20



	Pb
	2.33 ± 0.29
	4.02 ± 0.23
	6.46 ± 0.11
	4.88 ± 1.25
	4.40 ± 1.50



	Ni
	6.49 ± 0.62
	7.13 ± 0.08
	7.65 ± 0.49
	3.55 ± 0.91
	6.20 ± 1.6



	Mn
	81.94 ± 3.53
	374.92 ± 18.57
	326.61 ± 10.64
	243.51 ± 6.39
	256.70 ± 111.3



	Zn
	33.98 ± 1.27
	44.95 ± 2.73
	59.84 ± 0.46
	40.18 ± 4.57
	44.70 ± 9.60










References


	



Hoppe Treviziani, T.; Lopes Figueira, R.C.; Portella Ribeiro, A.; Sawamura Theophilo, C.Y.; Pereira Majer, A.; Varella Petti, M.A.; Navajas Corbisier, T.; Montone, R.C. Bioaccumulation of heavy metals in marine organisms and sediments from Admiralty Bay, King George Island, Antarctica. Mar. Pollut. Bull. 2016, 106, 366–371. [Google Scholar] [CrossRef]

	



Bargagli, R. Environmental contamination in Antartic ecosystems. Sci. Total Environ. 2008, 400, 212–226. [Google Scholar] [CrossRef]

	



Chu, W.-L.; Dang, N.-L.; Kok, Y.-Y.; Ivan Yap, K.-S.; Phang, S.-M.; Convey, P. Heavy metal pollution in Antartica and its potencial impacts on algae. Polar Sci. 2019, 20, 75–83. [Google Scholar] [CrossRef]

	



Alam, M.G.M.; Tanaka, A.; Allinson, G.; Laurenson, L.J.B.; Stagnitti, F.; Snow, E.T. A comparison of trace element concentrations in cultured and wild carp (Cyprinus carpio) of Lake Kasumigaura, Japan. Ecotoxicol. Environ. Saf. 2002, 53, 348–354. [Google Scholar] [CrossRef]

	



Nimmo, D.R.; Willox, M.J.; Lafrancois, T.D.; Chapman, P.L.; Brinkman, S.F.; Greene, J.C. Effects of metal mining and milling on boundary waters of Yellowstone National Park, USA. Environ. Manag. 1998, 22, 913–926. [Google Scholar] [CrossRef]

	



Abollino, O.; Aceto, M.; Malandrino, M.; Mentasti, E.; Sarzanini, C.; Barberis, R. Distribution and mobility of metals in contaminated sites. Chemometric investigation of pollutant profiles. Environ. Pollut. 2002, 119, 177–193. [Google Scholar] [CrossRef]

	



Angelova, V.; Ivanova, R.; Delibaltova, V.; Ivanov, K. Bio-accumulation and distribution of heavy metals in fibre crops (flax, cotton and hemp). Ind. Crops Prod. 2004, 19, 197–205. [Google Scholar] [CrossRef]

	



Sivaperumal, P.; Sankar, T.V.; Viswanathan Nair, P. Heavy metal concentrations in fish, shellfish and fish products from internal markets of India vis-a-vis international standards. Food Chem. 2007, 102, 612–620. [Google Scholar] [CrossRef]

	



Matta, J.; Milad, M.; Manger, R.; Tosteson, T. Heavy metals, lipid peroxidation, and ciguatera toxicity in the liver of the Caribbean barracuda (Sphyraena barracuda). Biol. Trace Elem. Res. 1999, 70, 69–79. [Google Scholar] [CrossRef]

	



Pugh, R.E.; Dick, D.G.; Fredeen, A.L. Heavy metal (Pb, Zn, Cd, Fe, and Cu) contents of plant foliage near the Anvil Range lead/zinc mine, Faro, Yukon Territory. Ecotoxicol. Environ. Saf. 2002, 52, 273–279. [Google Scholar] [CrossRef]

	



Marcovecchio, J.E. The use of Micropogonias furnieri and Mugil liza as bioindicators of heavy metals pollution in la Plata river estuary, Argentina. Sci. Total Environ. 2004, 323, 219–226. [Google Scholar] [CrossRef] [PubMed]

	



Tapia, J.; Vargas-Chacoff, L.; Bertrán, C.; Carrasco, G.; Torres, F.; Pinto, R.; Urzúa, S.; Valderrama, A.; Letelier, L. Study of the content of cadmium, chromium and lead in bivalve molluscs of the Pacific Ocean (Maule Region, Chile). Food Chem. 2010, 121, 666–671. [Google Scholar] [CrossRef]

	



Pereira, I.; Tapia, J.; Errazuriz, I.; Basualto, S. Comparative Study of the Presence of Heavy Metals Utilizing Epiphytic Corticolous Lichens in Talca City, Maule Region, Chile. Gayana Bot. 2018, 75, 494–500. [Google Scholar] [CrossRef]

	



Kazienko, A.; Torzewski, K.; Wojtuń, B.; Samecka-Cymerman, A.; Mróz, L.; Kempers, A. Trace elements in Athyrium distentifolium from alpine vegetation in the Karkonosze, SW Poland. Environ. Monit. Assess. 2020, 192, 192–485. [Google Scholar] [CrossRef]

	



Kuklová, M.; Kukla, J.; Hniličková, H.; Hnilička, F.; Pivková, I. Spatial variability of nutrients in soils and plants of forest ecosystems located near the highway. Environ. Monit. Assess. 2020, 192, 192–534. [Google Scholar] [CrossRef]

	



Kabata-Pendias, A. Trace Elements in Soils and Plants, 3rd ed.; CRC Press, Inc.: Boca Raton, FL, USA, 2000; p. 365. [Google Scholar]

	



Millaleo, R.; Reyes-Díaz, M.; Ivanov, A.G.; Mora, M.L.; Alberdi, M. Manganese as essential and toxic element for plants: Transport, accumulation and resistance mechanisms. J. Soil Sci. Plant Nutr. 2010, 10, 470–481. [Google Scholar] [CrossRef]

	



Mahler, R.L. General overview of nutrition for field and container crops. In Tech Coords. National Proceeding: Forest and Conservation Nursery Associations; Riley, L.E., Dumroese, R.K., Landis, T.D., Eds.; Proc. RMRS-P-33. F: Fort Collins, CO, USA, 2004; pp. 26–29. [Google Scholar] [CrossRef]

	



Rooney, C.P.; Zhao, F.J.; McGrath, S.P. Phytotoxicity of nickel in a range of European soils: Influence of soil properties, Ni solubility and speciation. Environ. Pollut. 2007, 145, 596–605. [Google Scholar] [CrossRef]

	



Agyarko, K.; Darteh, E.; Berlinger, B. Metal levels in some refuse dump soils and plants in Ghana. Plant Soil Environ. 2010, 56, 244–251. [Google Scholar] [CrossRef]

	



Council Directive 86/278/EEC, Annex IA of 12 June 1986 on the Protection of the Environment, and in Particular of the Soil, When Sewage Sludge is Used in Agriculture. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:31986L0278 (accessed on 19 August 2021).

	



García, I.; Dorronsoro, C. Contaminación por Metales Pesados; Universidad de Granada, Departamento de Edafología y Química Agrícola: El Ejido, Spain, 2005; Available online: http://edafologia.ugr.es/conta/tema15/introd.htm (accessed on 19 August 2021).

	



Bahena-Román, M.S.; Talavera-Mendoza, O.; García-Ibáñez, S.; Sarmiento-Villagrana, A.; Aguirre-Noyola, J.L.; Salgado-Soutto, S.A.; Gómez-Espinosa, C.; Rosas-Guerrero, V. Sources of detritus and toxic elements of seabed sediments from Acapulco Bay (southern Mexico) and their ecological risk. Mar. Pollut. Bull. 2021, 172, 112797. [Google Scholar] [CrossRef]

	



Longton, R.E.; Holdgate, M.W. Temperature relationships of Antarctic vegetation. In A Discussion on the Terrestrial Antarctic Ecosystem; Smith, J.E., Ed.; Philosophical Transactions of the Royal Society B: London, UK, 1967; pp. 323–337. [Google Scholar] [CrossRef]

	



Robinson, S.; Wasley, J.; Tobin, A. Living on the edge—Plants and global change in continental and maritime Antarctica. Glob. Chang. Biol. 2003, 9, 1681–1717. [Google Scholar] [CrossRef]

	



Wasley, J.; Robinson, S.A.; Lovelock, C.E.; Popp, M. Climate change manipulations show Antarctic flora is more strongly affected by elevated nutrients than water. Glob. Chang. Biol. 2006, 12, 1800–1812. [Google Scholar] [CrossRef]

	



Convey, P.; Gibson, J.A.E.; Hillenbrand, C.D.; Hodgson, D.A.; Pugh, P.J.A.; Smellie, J.L.; Stevens, M.I. Antarctic terrestrial life—Challenging the history of the frozen continent? Biol. Rev. 2008, 83, 103–117. [Google Scholar] [CrossRef]

	



Martinez, G.; Marticorena, A.; Rodríguez, R.; Larraín, A. Estudio anatómico del tallo y hoja de Colobanthus quitensis (Kunth) Bartl. en isla Rey Jorge, Antártica. Ser. Cient. Ina. 1994, 44, 53–59. [Google Scholar]

	



Grace, J. Plant water relations. In Plant Ecology; Crawley, M.J., Ed.; Blackwell: Oxford, UK, 1997; pp. 72–105. [Google Scholar]

	



Pedrol, N.; Ramos, P.; Reigosa, M.J. Phenotypic plasticity and acclimation to water deficits in velvet-grass: A long-term greenhouse experiment. Changes in leaf morphology, photosynthesis and stress-induced metabolites. J. Plant Physiol. 2000, 157, 383–393. [Google Scholar] [CrossRef]

	



Convey, P. Maritime Antarctic climate change: Signals from terrestrial biology. Antarct. Res. Ser. 2003, 79, 145–158. [Google Scholar] [CrossRef]

	



Rajakaruna, N.; Bradfield, G.E.; Bohm, B.A.; Whitton, J. Adaptive differentiation in response to water stress by edaphic races of Lasthenia californica (Asteraceae). Int. J. Plant Sci. 2003, 164, 371–376. [Google Scholar] [CrossRef]

	



Flexas, J.; Ribas-Carbó, M.; Bota, J.; Galmés, J.; Henkle, M.; Martínez-Cañellas, S.; Medrano, H. Decreased Rubisco activity during water stress is not induced by decreased relative water content but related to conditions of low stomatal conductance and chloroplast CO2 concentration. New Phytol. 2006, 172, 73–82. [Google Scholar] [CrossRef] [PubMed]

	



Molina-Montenegro, M.A.; Zurita-Silva, A.; Oses, R. Effect of water availability on physiological performance and lettuce crop yield (Lactuca sativa). Cienc. Investig. Agrar. 2011, 38, 65–74. [Google Scholar]

	



Zvěřina, O.; Láska, K.; Červenka, R.; Kuta, J.; Coufalík, P.; Komárek, J. Analysis of mercury and other heavy metals accumulated in lchen Usnea antartica from James Ross Island, Antartica. Environ. Monit. Assess. 2014, 186, 9089–9100. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Chu, Z.; Gao, Y.; Mei, Y.; Yang, Z.; Huang, Y.; Yang, L.; Xie, Z.; Sun, L. Levels, sources and influence mechanisms of heavy metal contamination in topsoils in Mirror Peninsula, East Antartica. Environ. Pollut. 2020, 257, 113552. [Google Scholar] [CrossRef]

	



Lu, Z.; Cai, M.; Wang, J.; Yang, H.; He, J. Baseline values for metals in soils on Fildes Peninsula, King George Island, Antarctica: The extent of anthropogenic pollution. Environ. Monit. Assess. 2012, 184, 7013–7021. [Google Scholar] [CrossRef] [PubMed]

	



Bueno, C.; Kandratavicius, N.; Venturini, N.; Figueira, R.C.L.; Pérez, L.; Iglesias, K.; Brugnoli, E. An evaluation of trace metal concentration in terrestrial an aquatic environments near Artigas Antarctic Scientific Base (King George Island, Maritime Antarctica). Water Air Soil Pollut. 2018, 229, 398. [Google Scholar] [CrossRef]

	



CCME (Canadian Council of Ministers of the Environment). Soil Quality Guidelines for the Protection of Environment and Human Health; CCME Factsheets for PAHs, Winnipeg; Canadian Council of Ministers of the Environment: Winnpieg, MB, Canada, 1991. [Google Scholar]

	



CCME (Canadian Council of Ministers of the Environment). Soil Quality Guidelines for the Protection of Environment and Human Health; CCME Factsheets for Cr, Winnipeg; Canadian Council of Ministers of the Environment: Winnpieg, MB, Canada, 1997. [Google Scholar]

	



CCME (Canadian Council of Ministers of the Environment). Soil Quality Guidelines for the Protection of Environment and Human Health; CCME Factsheets for Ni, Winnipeg; Canadian Council of Ministers of the Environment: Winnpieg, MB, Canada, 2015. [Google Scholar]

	



Frimpong, S.K.; Koranteng, S.S. Levels and human health risk assessment of heavy metals in surface soil of public parks in Southern Ghana. Environ. Monit. Assess. 2019, 191, 588. [Google Scholar] [CrossRef] [PubMed]

	



Romaniuk, K.; Ciok, A.; Decewicz, P.; Uhrynowski, W.; Budzik, K.; Nieckarz, M.; Pawlowska, J.; Zdanowski, M.K.; Bartosik, D.; Dziewit, L. Insight into heavy metal resistome of soils psychrotolerant bacteria originating from King George Island (Antarctica). Polar Biol. 2018, 41, 1319–1333. [Google Scholar] [CrossRef]

	



Tapia, J.; Vargas-Chacoff, L.; Bertrán, C.; Peña-Cortés, F.; Hauenstein, E.; Schlatter, R.; Valderrama, A.; Lizana, C.; Fierro, P. Accumulation of potentially toxic elements in sediments in Budi Lagoon, Araucania Region, Chile. Environ. Earth Sci. 2014, 72, 4283–4290. [Google Scholar] [CrossRef]

	



Wojtuń, B.; Kolon, K.; Samecka-Cymerman, A.; Jasion, M.; Kempers, A.J. A survey of metal concentrations in higher plants, mosses, and lichens collected on King George Island in 1988. Polar Biol. 2013, 36, 913–918. [Google Scholar] [CrossRef]

	



Tapia, J.; Cornejo, J.; Gutiérrez, M.; Peñailillo, P.; Baettig, R.; Vargas-Chacoff, L.; Espinoza, J.; San Martín, A. Study of the Copper, Chromium, Manganese and Zinc Contents in the Species Azorella spinosa (Apiaceae), Collected in the Maule Region, Chile. J. Environ. Prot. 2019, 10, 601–613. [Google Scholar] [CrossRef]

	



Nematollahi, M.J.; Keshavarzi, B.; Zaremoaiedi, F.; Rajabzadeh, M.A.; Moore, F. Ecological-health risk assessment and bioavailability of potentially toxic elements (PTEs) in soil and plant around a copper smelter. Environ. Monit. Assess. 2020, 192, 639. [Google Scholar] [CrossRef]

	



Dos Santos, I.R.; Silva-Filho, E.V.; Schaefer, C.; Sella, S.M.; Silva, C.A.; Gomes, V.; De, A.C.R. Passos, M.J.; Van Ngan, P. Baseline mercury and zinc concentrations in terrestrial and coastal organisms of Admiralty Bay, Antarctica. Environ. Pollut. 2006, 140, 304–311. [Google Scholar] [CrossRef]

	



Rosa, C.E.V.; Sierra, M.; Radetski, C.M. Use of plant tests in the evaluation of textile effluent toxicity. Ecotoxicol. Environ. Res. 1999, 2, 56–61. [Google Scholar]

	



Del Castilho, P.; Chardon, W.J.; Salomons, W. Influence of Cattle-Manure Slurry Application on the Solubility of Cadmium, Copper, and Zinc in a Manured Acidic, Loamy-Sand Soil. J. Environ. Qual. 1993, 22, 689–697. [Google Scholar] [CrossRef]

	



Welch, R.M.; Shuman, L. Micronutrient Nutrition of Plants. CRC. Crit. Rev. Plant Sci. 1995, 14, 49–82. [Google Scholar] [CrossRef]

	



Liao, M.T.; Hedley, M.J.; Woolley, D.J.; Brooks, R.R.; Nichols, M.A. Copper uptake and translocation in chicory (Cichorium intybus L. cv. Grasslands Puna) and tomato (Lycopersicon esculentum Mill. cv. Rondy) plants grown in NFT system. I. Copper uptake and distribution in plants. Plant Soil 2000, 221, 135–142. [Google Scholar] [CrossRef]

	



Halstead, R.L.; Finn, B.; MacLean, A.J. Extractability of Nickel Added To Soils and Its Concentration in Plants. Can. J. Soil Sci. 1969, 49, 335–342. [Google Scholar] [CrossRef]

	



James, B.R. Chemical Transformations of Chromium in Soils: Relevance to Mobility, Bio-Availability. 2002. Available online: http://www.chromium-asoc.com7crfile8feb02.htm (accessed on 19 August 2021).

	



Zayed, A.; Terry, N. Chromium in the environment: Factors affecting biological remediation. Plant Soil. 2003, 249, 139–156. [Google Scholar] [CrossRef]

	



Shahid, M.; Shamshad, S.; Rafiq, M.; Khalid, S.; Bibi, I.; Niazi, N.K.; Dumat, C.; Rashid, M.I. Chromium speciation, bioavailability, uptake, toxicity and detoxification in soil-plant system: A review. Chemosphere 2017, 178, 513–533. [Google Scholar] [CrossRef]

	



Nriega, J.O.; Nieboer, E. Chromium in the Natural and Human Environmental; Wiley: New York, NY, USA, 1988; p. 571. [Google Scholar]

	



Hettiarachchi, G.M.; Pierzynski, G.M. In situ stabilization of soil lead using phosphorus and manganese oxide: Influence of plant growth. J. Environ. Qual. 2000, 31, 564–573. [Google Scholar] [CrossRef]

	



Sharma, P.; Shanker Dubey, R. Lead toxicity in plants. Braz. J. Plant Physiol. 2005, 17, 35–52. [Google Scholar] [CrossRef]

	



Mostert, M.M.R. Levels of Pollutants on Surfaces of Children’s Playgrounds Situated in Public Parks; Queensland University of Technology, Press: Queensland, Australia, 2008. [Google Scholar]

	



De Lima Neto, E.; Bueno Guerra, M.B.; Thomazini, A.; Daher, M.; de Andrade, A.M.; Schaefer, C.E.G.R. Soil contamination by toix metals near an Antarctic Refuge in Robert Island, Maritime Antarctica: A monitoring strategy. Water Air Soil Pollut. 2017, 228, 66. [Google Scholar] [CrossRef]

	



Abakumov, E.; Lupachev, A.; Andreev, M. Trace element content in soils of the King George and Elephant islands, maritime Antarctica. Chem. Ecol. 2017, 33, 856–868. [Google Scholar] [CrossRef]

	



Xercavins Comas, A. Notas sobre el clima de Magallanes (Chile). Rev. Geogr. 1984, 18, 95–110. [Google Scholar]

	



Wen, J.; Xie, Z.; Han, J.; Lluberas, A. Climate, mass balance and glacial changes on small dome of Collins Ice Cap, King George Island, Antarctica. Antarct Res. 1994, 5, 52–61. [Google Scholar]

	



Kalra, Y.P. Handbook of Reference Methods for Plant Analysis; CRC Press: Boca Raton, FL, USA, 1998; p. 287. [Google Scholar]

	



Walinga, I.; Van der Lee, J.J.; Houba, V.J.G.; Van Vark, W.; Novozamsky, I. Plant. Analysis Manual; Kluwer Academia Publishers: Dordrecht, The Netherlands, 1995; p. 272. [Google Scholar] [CrossRef]

	



Clarke, K.; Gorley, R.N. PRIMER V6: User Manual/Tutorial; PRIMER-E Ltd.: Plymouth, UK, 2006; p. 192. [Google Scholar]








[image: Plants 10 02593 g001 550] 





Figure 1. Graphic representation of the concentrations (µg/g dry weight) of Cd, Cu, Cr, Mn, Ni, Pb, and Zn in the soils of the species Colobanthus quitensis collected at the stations Lagotellerie Island (LAT), Hannah Point Peninsula (PHA), King George Island (KGI), and Punta Arenas (PAR). Different letters indicated statistical differences (p < 0.05). 
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Figure 2. Graphic representation of the concentrations (µg/g dry weight) of Cd, Cu, Cr, Mn, Ni, Pb, and Zn in the roots of species Colobanthus quitensis collected at the stations: Lagotellerie Island (LAT), Hannah Point Peninsula (PHA), King George Island (KGI), and Punta Arenas (PAR). Different letters indicated statistical differences (p < 0.05). 
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Figure 3. Graphic representation of the concentrations (µg/g dry weight) of Cd, Cu, Cr, Mn, Ni, Pb, and Zn in the leaves of species Colobanthus quitensis collected at the stations: Lagotellerie Island (LAT), Hannah Point Peninsula (PHA), King George Island (KGI), and Punta Arenas (PAR). Different letters indicated statistical differences (p < 0.05). 






Figure 3. Graphic representation of the concentrations (µg/g dry weight) of Cd, Cu, Cr, Mn, Ni, Pb, and Zn in the leaves of species Colobanthus quitensis collected at the stations: Lagotellerie Island (LAT), Hannah Point Peninsula (PHA), King George Island (KGI), and Punta Arenas (PAR). Different letters indicated statistical differences (p < 0.05).
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Figure 4. Principal component analysis (PCA) of MTEs in the leaves (green color); roots (red color) of Colobanthus quitensis; and soils (blue color) from Lagotellerie Island (LAT), Hannah Point Peninsula (PHA), King George Island (KGI), and Punta Arenas (PAR). 
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Figure 5. Geographical location of the four zones in which samples were taken of Colobanthus quitensis plants and their soils of origin. 
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