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Abstract

:

In this paper, we present an analysis of the pollution of surface water and air by the heavy metals: Mn, Fe, Ni, Cu, Zn, Cd and Pb in the area of the smelter in Ozimek (Opolskie Voivodeship, Poland). The marine algae Palmaria palmata was exposed in the Mała Panew River, and three species of forest mosses: Pleurozium schreberi, Sphagnum fallax and Dicranum polysetum were also applied. Active biomonitoring was also carried out using P. schreberi mosses to assess air pollution, since the area and the river are influenced by the smelter’s activities. Analytes were determined by atomic absorption spectrometry. Student’s T-test and Mann–Whitney U test were used to assess the significance of differences in elemental concentrations between algae and mosses. Forest mosses were found to have comparable sorption properties to algae under laboratory conditions. During exposure in the river, statistical significance was found between these matrices. The results of water biomonitoring studies using forest mosses offer the possibility of their inclusion in aquatic ecosystem monitoring as an alternative to existing classical surface water biomonitors. Perspectively, attention should be paid to comparing the sorption properties of aquatic species with forest mosses in order to optimize the water biomonitoring system using mosses.
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1. Introduction


Heavy metal pollution is a serious problem for plants, animals and humans because of the negative effects they cause around the world. Analytes primarily enter the air, surface water and soil due to rapidly expanding agriculture, metallurgy and inadequate disposal of waste and fertilizers or pesticides [1,2] but primarily come from anthropogenic activities such as metallurgy, foundry, mining and road transport [3]. They also come from naturally occurring sources in the environment: volcanic eruptions, metal corrosion, soil erosion or rock weathering [4]. Considering the role of trace elements in biological systems, they can be divided into those that are essential for living organisms, such as manganese, copper, iron and zinc, but only in low concentrations, and those that are toxic, such as cadmium, lead or mercury [5].



Organic matter, suspended solids, nitrogen, phosphorus, heavy metals and oils, as well as other contaminants, go directly into rivers and lakes, thanks to rainwater inflows, which are one of the main causes of water pollution [6]. Technological progress and industrial development have led to the poisoning of aquatic and terrestrial biotopes so that a deterioration in environmental quality is perceived [7,8]. Heavy metal contamination of waters causes adverse effects on the ecological balance of the aquatic ecosystem, which can lead to a reduction in the number of individuals living in them [9,10]. Sources of water pollution also include the weathering of sedimentary rocks, but also domestic wastewater, and the burning of solid waste and coal, oil or metallurgy [2,11]. There is a significant impact of industrial activities on ambient water pollution [12,13,14,15]. Various biological technologies, such as effective microorganisms (EM) technology [16], assessment of the ecological status of waters based on macrophytes [17] or environmental monitoring using biomonitors [18], represent the prospect of biological monitoring of pollution and quality in a water environment. Some of the advantages of using biomonitoring include: ease of application, effective, natural and environmentally safe cleanup, no need to wear protective clothing and own highly specialized equipment, low cost of conducting research and the possibility of implementing long-term solutions for a given ecosystem [19,20].



The biomonitoring survey is an innovative way of analyzing air pollution. The method is widely used in Europe to monitor environmental contamination with heavy metals, PAHs or radionuclides [21]. Various species of algae [22] and aquatic plants [23], as well as mosses, are the most commonly used in surface water pollution monitoring in aquatic ecosystems [24,25]. Prior to exposure, algae exist naturally in low-concentration ecosystems, from where they are then transported and exposed to a highly polluted environment (active biomonitoring) [26]. Due to their high ability to accumulate trace elements, they are very good bioindicators and can also be useful in the phytoremediation of water and wastewater treatment method [27]. Likewise, aquatic plants also work well as passive biomonitors for assessing river pollution [28] or phytoremediators for reducing the level of pollutants discharged into a lake [29]. In the case of mosses, to determine contaminant concentrations, the length of the shoot segment can affect monitoring results. Heavy metals most often accumulate in the older parts, near the base of the plant [30,31]. The water moss Fontinalis antipyretica, which is common in the northern hemisphere and easy to identify, is most commonly used to monitor water quality [32,33,34]. To date, however, no attempt has been made to use species of forest mosses to assess surface water (rivers, lakes) pollution by comparing it with a typical biomonitor of aquatic ecosystems (e.g., algae), which was considered a gap to be experimentally tested.



The purpose of this study was to find out a variation in heavy metal concentration (Mn, Fe, Ni, Cu, Zn, Cd and Pb) during active biomonitoring (moss-bag technique) in aquatic environments using three species of mosses: Pleurozium schreberi, Sphagnum fallax and Dicranum polysetum and the marine alga Palmaria palmata. Active biomonitoring (moss-bag technique) of atmospheric aerosol was also carried out using the moss Pleurozium schreberi to demonstrate the potential for polluting effects of emissions from the smelter on air quality and, indirectly, the Mała Panew River flowing in its vicinity.




2. Materials and Methods


2.1. Characteristics of the Study Area


Ozimek is located in the Opolskie Voivodeship at a distance of about 21 km east of Opole (southwestern Poland). The study area is located on the Opole Plain, in Upper Silesia, at a distance of about 10 km from the Turawa Lakes complex. The Mała Panew River, which is a right tributary of the Oder River, flows through the town. Some of the potential sources of pollution in the study area include traffic, low emissions, runoff from fields and the smelter, which has been in operation for years. The steel mill has been in existence for more than 250 years. It is currently the oldest steel foundry in Poland. Despite limitations (production volume, exhaust emissions and industrial wastewater), the Ozimek steel mill still produces waste, albeit only to a small extent. Some of it is recovered and stored, but a certain amount is exposed to the environment. The main sources of heavy metal emissions at this plant are: (a) electric arc furnaces, the dust from which during their operation in steel smelting contains iron, nickel, manganese, cadmium and zinc; (b) extraction systems in the production halls, transmitting pollutants to the atmosphere from the molding masses, which have chromium, manganese, cadmium and lead; (c) industrial water for hardening steel in the form of effluent into the Mała Panew River; and (d) partly waste molding and core masses dumped on the heap, holding the components in question, which can be washed out by the rains or carried as dust by the wind from the landfill [35].



The biomonitoring study covered the Mała Panew River flowing through Ozimek (Opolskie Voivodeship, Poland) along a stretch of about 5 km and assessed atmospheric aerosol pollution in the study area. The study was conducted from June toAugust 2022.




2.2. Method of Conducting Laboratory Experiment


Biomonitoring studies were preceded by laboratory analyses to compare the sorption properties of selected moss and algal species. The studies were performed on live mosses P. schreberi, S. fallax and D. polysetum and dried algae P. palmata [36]. Mosses for analysis were collected from areas uncontaminated with heavy metals—forests in Swietokrzyskie Voivodeship, southeastern PL. The initial concentration of copper determined in moss and algae samples were below the limit of quantification of the analytical method used (cCu < 1.03 mg/kg d.m.). Samples of mosses and algae weighing 0.200 ± 0.001 g were placed in a perforated container of about 15 cm3 and immersed with it in a CuSO4 solution of 200 cm3. The solution was stirred using a magnetic stirrer (VELP Scientifica Srl, Usmate, IT). Periodically, the solution was drawn directly from the vessel in which the experiment was conducted to determine (AAS) the concentration of the metal. The process was carried out for 60 min. Measurements were also taken of changes in the conductivity and pH of the solution during the copper accumulation process in the biota.



Apparatus and Reagents


For the determination of Cu, an iCE 3500 atomic absorption spectrometer from Thermo Electron Corporation (Grand Island, NY, USA) was used. To test the conductivity and pH of the solutions in which the mosses were immersed, equipment, was used: pH meter CP551 (Elmetron Sp. j., Zabrze, Poland) and conductivity meter CC551 (Elmetron Sp. j., Zabrze, Poland), whose absolute errors of indication was ΔpH = 0.02 and Δκ = 0.1 μS/cm, respectively. CuSO4 solutions were prepared using MERCK reagents. The uncertainty of indication of the laboratory balance used was ±0.001 g.





2.3. Method of Conducting Biomonitoring Study in the Field


Biomonitoring studies of the Mała Panew River and assessment of atmospheric aerosol pollution in the study area were carried out using the mosses: P. schreberi, S. fallax and D. polysetum and the dried algae P. palmata [36]. The location of the measurement points is shown on the map in Figure 1.



Representative (averaged) samples of mosses and algae, each weighing 2.000 ± 0.001 g, were placed in pouches (mosses) and perforated polyethene containers (algae) and exposed in the river for 60 min at locations marked on the map in Figure 1. Samples were submerged at a distance of about 1 m from the shoreline. After exposure, the algae and moss samples were rinsed with deionized water, dried and then mineralized in a Speedwave Four microwave mineralizer (Berghof GmbH, Eningen, Germany). A flame atomic absorption spectrometer was used to determine heavy metals (Mn, Fe, Ni, Cu, Zn, Cd and Pb).



To assess atmospheric aerosol pollution near the river, P. schreberi mosses were exposed using the moss-bag technique at an altitude of 1.5–2.0 m for a period of 3 months [37,38]. After exposure, moss samples were dried and then mineralized in a microwave mineralizer. An atomic absorption spectrometer was again used to determine heavy metals.



Apparatus and Reagents


Representative (averaged) samples of algae and mosses after exposure weighing 0.800 ± 0.001 g d.m. (d.m.—dry weight) were mineralized in a mixture of 10 cm3 nitric acid (V) and 6 cm3 perhydrol (HNO3 65%, H2O2 30%) in a Speedwave Four microwave mineralizer from Berghof GmbH, Eningen, Germany. The mineralization process was carried out at 180 °C. Solutions were prepared using reagents from MERCK (Darmstadt, Germany). Solutions after mineralization and dilution were filtered into volumetric flasks of 25 cm3. For the determination of heavy metals (Mn, Fe, Ni, Cu, Zn, Cd and Pb), an atomic absorption spectrometer (Thermo Electron Corporation (Grand Island, NY, USA) was used. For calibration of the instrument, standards from ANALYTIKA Ltd. (Prague, Czech Republic) were used.





2.4. Quality Control


Table 1 lists the limits of detection and limits of quantification of heavy metals, characterizing the iCE 3500 spectrometer [39]. The values of the highest concentrations of standards (manufactured by: ANALYTIKA Ltd. (Prague, Czech Republic)) used for calibration (2.0 mg/dm3 for Cd, 5.0 mg/dm3 for Cu, Zn, Ni and Pb, 7.5 mg/dm3 for Mn and 10.0 mg/dm3 for Fe) were taken as the limit of the linear dependence of the signal on concentration.



Table 2 shows the concentrations of heavy metals determined in certified reference materials BCR-414 plankton and BCR-482 lichen, produced by the Institute for Reference Materials and Measurements, Belgium.



Microsoft Excel 2016 and Statistica (ver. 13.3) software were used to process and present the data. Shapiro–Wilk’s test was used to check data normality. Student’s T-test and Mann–Whitney U test were used to assess the significance of differences in elemental concentrations between algae and moss species.





3. Results and Discussion


The first stage of the study compared the sorption properties of the three selected species of mosses: P. schreberi, S. fallax and D. polysetum, classically used in air biomonitoring, with the accumulation properties of marine algae P. palmata. Table 3 shows the initial concentrations of copper in the cs,Cu(0) solution and Cu concentrations after sorption in cs,Cu(1) solution and accumulated in moss/algae (M/A) at equilibrium cM/A,1 (stable indications of measuring instruments). Concentrations of sorbed metals per unit mass of moss/algae were determined from the relationship:


   c  M , 1   =    (   c  s , 0   −  c  s , 1    )  ∗ V  m   








where: V—the volume of solution from which sorption was carried out and m—a mass of mosses/algae



The graphs in Figure 2 show the changes in copper concentrations, conductivity and pH in solutions of salts of the analyzed metal after immersing selected species of mosses and algae in it and conducting the sorption process.



In the biosorbent solution system, regardless of the species, a state of equilibrium is reached after the 60 min process, as indicated by stable conductivity and solution pH readings and no change in Cu concentrations in the solutions. In the mosses P. schreberi and D. polysetum, about 92.3% of Cu ions found in the initial solution accumulated during the 60 min process (in S. fallax—about 88.5% and in P. palmata about 92.7%) (Table 3). In the first 10 min of the process, about 84.2% of copper ions are sorbed from the solution into the moss gametophytes by P. schreberi (68.1% by D. polysetum, 61.0% by S. fallax and 47.3% by P. palmata), with respect to the concentration of this analyte accumulated in the biosorbent at equilibrium (Figure 2). The intensity of metal accumulation in mosses depends, among other things, on their affinity for the functional groups that make up the compounds that form the cell wall, as well as the structure and development of the surface of the gametophyte leaves or algal thallus [41]. Under the conditions of the experiment carried out, copper accumulation depending on the species of moss/algae increases in number: S. fallax, D. polysetum, P. schreberi and P. palmata. An increase in conductivity was also observed during the process (Figure 2b). The increase in the conductivity of the solution after the introduction of mosses/algae into it is caused, among other things, by the dissolution of salts naturally accumulated on the surface of the biota and the progressive irreversible changes in the structure of cell membranes over time, which causes the leakage of ionic substances from moss/algae cells into the solution [42,43,44]. The process of copper sorption on mosses, regardless of species, is accompanied by sorption of H+ ions, while in the case of algae, we observed a desorption process (Figure 2c). This different nature of changes is due to, among other things, different habitat conditions and mechanisms of micro- and macronutrient accumulation [45,46].



Assessment of sorption properties is particularly important when using different biota species in biomonitoring studies and then analyzing and comparing the results.



3.1. Water Biomonitoring Using Mosses and Algae


In the second stage of analysis, biomonitoring of the Mała Panew River and assessment of atmospheric aerosol pollution in the study area were carried out. For the first time, three species of forest mosses used in air quality biomonitoring—P. schreberi, S. fallax and D. polysetum—were used for exposure in surface waters.



The graphs in Figure 3 show the changes in concentrations of individual analytes determined in four biological matrices exposed at five measurement points on the Mała Panew River.



As shown in Figure 3., elemental concentrations vary at points depending on the exposed matrix. For manganese, no increases were recorded in the mosses P. schreberi and D. polysetum. The highest concentrations (for all elements) were recorded at point 1 (the area around the allotments) for marine algae. Similarly, for the moss P. schreberi, where the highest concentrations of analytes were also recorded at this point. For the other two species of mosses exposed in the Mała Panew River, the highest increases were observed at points 2 (a forested area outside the smelter) and 4, which is a green area but also located near a still-active section of the smelter dump. The results of the study indicate that the use of several species at once provides better opportunities for analyzing the results due to the different sensitivity of a given biomonitor to individual elements [47]. The differences in elemental concentrations in mosses are due to their different morphology and different responses to analytes [48]. Therefore, in order to obtain accurate results in biomonitoring studies, different species should be used as bioaccumulators for individual elements [33,49].



An attempt was made to identify the best matrix, among the four tested, in terms of its ability to accumulate heavy metals in aquatic ecosystems. Statistical analyses indicate that for the cases of manganese and lead, the exposed matrix does not matter, as there are no statistically significant differences between algae and mosses in terms of the accumulation of these analytes. For the other elements, on the other hand, there are statistically significant differences between algae and mosses, but the forest moss species used does not matter—the complete results are presented in Supplementary Materials, Table S1. So far, typical aquatic moss species such as F. antipyretica have been used in water quality biomonitoring [50,51]. Comparing our own results with the medians of this work [52] (especially with samples exposed in Poland), we found that only in the case of cadmium, in our forest, mosses exposed determined concentrations in the samples that were more than two times higher than in the cited work. For other elements, median comparisons indicated better sorption properties of the water moss F. antipyretica compared with our species. In contrast, comparing other literature data (passive biomonitoring), for example, the median value of iron determined in our mosses was 2010 mg/kg compared with about 1750 mg/kg in the cited authors (Figure 4 in their paper) [31]. We also determined zinc concentrations three times higher, and cadmium and lead were also characterized by values higher in our mosses than those cited here [31]. On the other hand, comparing the terrestrial mosses Sphagnum denticulatum (which are not suitable for use in aquatic environments according to the authors) [53] with our peat moss S. fallax, it appears that in our river this species was able to accumulate less in relation to the previously cited S. denticulatum, which, when juxtaposed with F. antipyretica, is not suitable for water biomonitoring [53]. We, on the other hand, can conclude, confirmed by statistical analysis, that terrestrial mosses are an alternative for surface water quality monitoring to the marine algae used so far. Terrestrial mosses relative to aquatic species are certainly a less reliable source of information on the state of contamination of the aquatic ecosystem, but in the natural absence of such species in a given area, they should be allowed to be included in active water biomonitoring as an alternative to other matrices (such as algae) for use in the aquatic environment.




3.2. Biomonitoring of Atmospheric Aerosol Using P. schreberi Mosses


At the present time, the main air pollutants in the urbanized environment include fine dust components (particulate matter). This dust is the result of complex chemical reactions of heavy metal compounds such as sulfur dioxide and nitrogen oxides, among others. They are mainly transmitted by power plants, industry or cars, but can also come from district heating plants as well as households. The dustiest areas in atmospheric aerosol in Europe include Poland, the Czech Republic, Italy, Bulgaria, Greece, Macedonia and Turkey [54]. Air pollutants are currently considered the fifth greatest threat to human health. European directives define permissible and sufficient values in the observation and subsequent verification of pollutants [55]. According to statistics, it follows that the predominant sources of lead (about 58%) and zinc (about 45%) emissions in Poland are production processes (Selected Nomenclature for sources of Air Pollution- SNAP 04) such as iron and steel metallurgy, ferrous and non-ferrous metal manufacturing; cadmium (about 40%) industrial combustion processes (SNAP 03),mainly coal; for Cu (approx. 38%) and other factors, of which about 34% are road transport (SNAP 07), such as the abrasion of car brakes and tires; combustion processes outside the industry (SNAP 02), such as coal consumption in residential buildings, for Ni (about 35%); and combustion processes in the production and energy transformation sector (SNAP 01), such as coal and fuel oil firing [56]. Therefore, during the biomonitoring studies conducted, atmospheric aerosol pollution in the study area was also analyzed. The graphs in Figure 4 show a comparison of the concentrations of metals determined in the moss P. schreberi, used as a biomonitor in the waters of the Mała Panew River, as well as the atmospheric aerosol biomonitor in the study area.



The results of the exposure of the moss P. schreberi within the framework of active air and water biomonitoring indicate differences in the obtained concentrations of heavy metals in these two environments. For atmospheric aerosol monitoring under the moss-bag technique, the mosses showed higher concentrations of manganese (no increase in water) and comparable concentrations of nickel and lead at each point in relation to their exposure to the river at these measurement sites. Emissions, for example Mn, are due to fuel combustion or tire wear [49], which was confirmed by our results (point no. 5 was located next to a traffic road). Air pollution may come from dust emissions from the smelter, which mainly introduces iron and lead into the environment, and nickel concentrations were just the highest at measurement point no. 3 (right next to the smelter). In turn, increasing lead concentrations from the smelter may be due to the transfer of pollutants with the direction of the wind to further distances [57,58]. For P. schreberi mosses exposed in the river, on the other hand, a decreasing trend in elemental concentrations can be observed at points 1–3, followed by an increase at point 4 and a decrease at the next measurement site. Similar trends have been observed before in the algae Spirogyra sp., which are related to the characteristic point sources of pollution [59], which we consider here to be the impact of the smelter activity and the leaching of pollutants with distance from the pollution source [60,61]. The differences in sorption are due to the different forms of availability of individual elements in the different environments in which the mosses were exposed, as well as various additional sources of emissions, including transport and low emissions [62].





4. Conclusions


For the first time, active biomonitoring of a river was carried out using three species of forest mosses under the moss-bag technique. Increments in analyte concentrations in mosses exposed in water were statistically significant relative to elemental concentrations in marine algae. This indicates that they can be used as an additional water biomonitor in addition to the previously used moss F. antipyretica. The analysis of heavy metal concentrations in P. schreberi mosses exposed in water and in the air indicates the influence of smelter operations as a source of pollution in the area. So far, elemental concentrations in terrestrial mosses have confirmed the effect of industrial pollution on the deposition of these metals in their tissues, but without their exposure in water. The differences in the concentrations of analytes in mosses exposed in water and air are due to the different nature of the availability of these elements in each of these ecosystems and the possibility of additional anthropogenic sources of pollution. In the future, in order to optimize water biomonitoring using mosses, attention should be paid to comparing the sorption properties of forest mosses and typical aquatic species, as well as looking for other indicator organisms with comparable or better sorption properties.
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Figure 1. Exposure sites of moss and algae samples; red color indicates measurement points; green color symbolizes green areas, parks, forests, etc., gray color indicates the area around the smelter. 
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Figure 2. Physicochemical changes in Cu solution during the accumulation process on moss gametophytes and algae: (a) its concentration; (b) conductivity; (c) pH (Pl—P. schreberi, Sp—S. fallax, Dp—D. polysetum and Pp—P. palmata). 
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Figure 3. Changes in concentrations of heavy metals determined in mosses and algae exposed in the Mała Panew River; at point 1: (a,b); at point 2: (c,d); at point 3: (e,f); at point 4: (g,h); at point 5: (i,j). 
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Figure 4. Changes in heavy metal concentrations of (a) manganese; (b) iron; (c) nickel; (d) copper; (e) zinc; (f) cadmium; (g) lead determined in P. schreberi mosses—water and atmospheric aerosol biomonitors. 
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Table 1. The instrumental detection limits (IDL) and instrumental quantification limits (IQL) for the spectrometer iCE 3500 [mg/dm3] [39].
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	Metal
	IDL
	IQL





	Mn
	0.0016
	0.020



	Fe
	0.0043
	0.050



	Ni
	0.0043
	0.050



	Cu
	0.0045
	0.033



	Zn
	0.0033
	0.010



	Cd
	0.0028
	0.013



	Pb
	0.0130
	0.070
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Table 2. Comparison of measured and certified concentrations in BCR-414 plankton and BCR-482 lichen [40].
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BCR-482 Lichen

	
AAS

	
Dev. **




	
Metal

	
Concentration

	
±Uncertainty

	
Mean

	
±SD *

	




	

	
[mg/kg d.m.]

	
[%]






	
Mn

	
33.0

	
0.5

	
31.7

	
0.68

	
−3.9




	
Fe

	
804

	
160

	
771

	
154

	
−4.1




	
Ni

	
2.47

	
0.07

	
2.16

	
0.32

	
−13




	
Cu

	
7.03

	
0.19

	
6.63

	
0.17

	
−5.7




	
Zn

	
100.6

	
2.2

	
95.1

	
2.3

	
−5.5




	
Cd

	
0.56

	
0.02

	
0.53

	
0.03

	
−5.3




	
Pb

	
40.9

	
1.4

	
38.2

	
1.0

	
−6.6




	

	
BCR-414 Plankton

	
AAS

	
Dev. **




	
Mn

	
299

	
12

	
284

	
13

	
−5.0




	
Fe

	
1.85

	
0.19

	
1.79

	
0.20

	
−3.2




	
Ni

	
18.8

	
0.8

	
18.2

	
0.9

	
−3.2




	
Cu

	
29.5

	
1.3

	
28.4

	
1.6

	
−3.7




	
Zn

	
112

	
3.0

	
107

	
3

	
−4.5




	
Cd

	
0.383

	
0.014

	
0.371

	
0.018

	
−3.1




	
Pb

	
3.97

	
0.19

	
3.75

	
0.21

	
−5.5








Note: * standard deviation. ** relative difference between the measured (cm) and certified (cc) concentration 100% * (cm − cc)/cc.
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Table 3. Changes in Cu concentrations in solutions (mg/dm3) and in mosses and algae (mg/g d.m.) during the sorption process (n = 3).
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P. schreberi

	
S. fallax

	
D. polysetum

	
P. palmata




	
cs,Cu(0)

	
cs,Cu(1)

	
cM,1

	
cs,Cu(0)

	
cs,Cu(1)

	
cM,1

	
cs,Cu(0)

	
cs,Cu(1)

	
cM,1

	
cs,Cu(0)

	
cs,Cu(1)

	
cA,1






	
2.60

	
0.20

	
2.40

	
2.60

	
0.33

	
2.30

	
2.60

	
0.19

	
2.40

	
2.60

	
0.19

	
2.41
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