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Abstract:



Epiphytic lichens are well-known indicators of air contamination. The chemical composition of lichens is affected by the concentration of pollutants in the environment. Usually, researchers assess long-term variations in trace elements or other pollutants in the study area, or identify spatial features of air contamination. The aim of this study is to create a database of trace element concentrations in the samples of the epiphytic lichen Hypogymnia physodes growing in the Kaliningrad region. The database can be used as a “reference point” for monitoring studies. Another objective is to identify the spatial patterns of iron, manganese, nickel, cadmium, silver, lead, strontium, rubidium, and calcium in the Kaliningrad region. With the help of a regular grid, samples of wild lichens were collected from pine and birch trees, 1.2–1.8 m from their bases, in August 2010. One- to two-year-old thalli were used in the chemical analysis. The metals Ag, Cd, Cu, Pb, Ni, Fe, Mn, and Zn were determined by atomic absorption spectrometry AAS (Mn and Fe by flame atomic absorption FA AAS and the others by electro thermal atomisation ETA AAS); the elements Sr, Rb, and Ca were determined by X-ray fluorescence. The concentration of metals in the western coastal area (the Sambian or Kaliningrad Peninsula) is higher than it is in the central and eastern parts of the region. Principal component factor analysis was carried out to detect and characterise different pollution sources. The authors examined the features of spatial distribution of trace elements. The prevailing wind direction is between south and west; therefore, the highest concentrations of trace elements were found on the Sambian peninsula and on the coasts of the Vistula and Curonian Lagoons. The chemical composition of lichens on the Sambian peninsula may have developed under the impact of both local pollution sources—vehicles, thermal energy facilities, and ports—and such factors as trans-boundary traffic and sea spray.
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1. Introduction


All living organisms respond to changes in the environment, and lichens are no exception [1,2,3]. Their sensitivity to atmospheric pollution is explained by their physiological features. Lichens are symbiotic associations of fungi and algae; therefore, any impact can change the balance between them and thus affect lichen viability. Different lichen species can be used to assess environmental contamination [4,5,6]. The concentration of contaminants in lichens is affected by several factors: the absorption of atmospheric aerosols and gases by the entire surface of thalli and the dehydration of lichen tissues [7,8,9]. The substrate does not serve as a significant source of metals for lichens. However, this assumption has been questioned in some works [10,11,12,13]. There has recently been considerable research devoted to sources of heavy metals, the mechanisms of heavy metal accumulation and detoxification by lichens, and lichen’s bioaccumulation capacity [14,15,16,17,18,19,20]. The biochemical composition, physiological processes, anatomical and morphological characteristics, population structure, species composition, and structure of lichen communities change under the influence of pollutants [4].



The chemical composition of lichens is affected by the characteristics of their habitat. Thus, epiphytic lichens are used as indicators in air quality monitoring [21,22,23,24,25,26]. Lichens help to determine long-term variations in the level of contamination in the study area, to examine the spatial variability of chemical composition, and to identify the effects of specific pollutants [27,28,29].



This work aims to create a database of trace element concentrations in the thalli of the lichen Hypogymnia physodes (L.) Nyl. in the south-east Baltic (Kaliningrad region, Russia). Such a database can be used as a “reference point” for monitoring, studying, and investigating trends in the concentration of trace elements in the Kaliningrad region.




2. Methods


2.1. Sampling Sites


The Kaliningrad region is the Russia’s westernmost territory situated on the southeastern coast of the Baltic Sea. The region borders Poland in the south and Lithuania in the north and the east. Westerly winds and marine aerosols of the Baltic Sea dominate the climate in the region [30] and determine the atmospheric transport and deposition of trace elements.



Forests cover only 17% of the region’s territory. These are secondary forests, predominantly mixed coniferous-deciduous ones [31]. Most large forested areas are located in the southeastern and southwestern parts of the region.



There are no large industries in the region with the exception of agriculture and some mining, the latter producing amber, peat, and oil. The western part of the region is highly urbanised, whereas the coastal part of the Kaliningrad (Sambian) peninsula is home to numerous resorts. The level of human impact decreases from west to east. The east of the region is exploited for agriculture.




2.2. Sampling Procedure and the Method of Analysis


The epiphytic lichen H. physodes was chosen as a bio-indicator of air contaminant deposition in the Kaliningrad region. The lichen is widely distributed and resistant to impurities in the air—thus, it has been commonly used in regional studies on heavy metal deposition [32,33,34,35].



With the use of existing monitoring grid, samples of the lichen H. physodes were collected from 54 forest plots measuring 50 × 50 m (Figure 1). This grid has been employed since 1999 to monitor trace elements in the atmospheric transport and deposition [36,37,38]. Sampling points should be located at sites representative of non-urban areas, at least 300 m from main roads, villages and industries, and at least 100 m away from smaller roads and houses [39]. Samples were taken from birch and pine trunks, 1.20–1.80 m from the bases of the trees, in 2010. The sampling period was very short—it did not exceed two weeks. GPS was used to mark the sample plot location. The sampling rules were as follows: 3–5 samples of lichens were taken from one plot (from 3 to 5 trees), the youngest part (edge) of the lichen thallus was cut, and the samples of lichen were packed in a paper bag.


Figure 1. Monitoring grid.
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The unwashed one- and two-year-old lichen thalli were used in analysis after being freed from extraneous materials such as tree bark. The samples were dried to constant weight at 40 °C for 24 h and later homogenised. A wet digestion of the homogeneous sub-sample was carried out. A sample preparation method was developed. LabTech DigiBlock digester (LabTech, Sorisole, Italy) was used to digest the samples. About 0.5 g of lichen was transferred to tubes, and 7 mL of nitric acid were added. Open tubes were left at room temperature for 12 h, then the temperature was increased to 135 °C for 15 min, and the samples were digested for 15 min at 135 °C. After that, the solutions were cooled, 2 mL of hydrogen peroxide were added, and the temperature was increased to 190 °C. As the volume of acid decreased, the solution became lighter in colour. The obtained mass was transferred to 25 mL volumetric flasks and filled to mark with osmosis treated water. For X-ray fluorescence analysis, the samples of lichens were dried and pressed.



The analysis was carried out with the help of a ContrAA 700 (Analytik Jena, Jena, Germany) atomic absorption spectrometer equipped with xenon lamp. The concentrations of Fe and Mn were determined by flame atomic absorption FA AAS (atomic absorption spectrometry), and Ag, Cd, Cu, Pb, Ni, and Zn by electro thermal atomisation ETA AAS. X-ray fluorescence spectrometry Spectroscan Max G (Spectron, Sankt Petersburg, Russia) was applied to determine the concentration of Sr, Rb, and Ca. The instrumental parameters were adjusted according to the manufacturer’s recommendations.




2.3. Quality Control


The quality control of the sample preparation and atomic absorption spectrometry AAS and X-ray fluorescence results was ensured through the use of reference samples (the Canadian waterweed CW-1, SSS 8921-2007 and the birch leaf LB-1, SSS 8921-2007, A.P. Vinogradov Institute of Geochemistry of Russia Academy of Science). The measured concentrations of Ca, Cd, Cu, Fe, Mn, Ni, Pb, Rb, Sr, and Zn were within recommended values. In addition, blanks were measured alongside the decomposition and analysis of the samples.




2.4. Data Processing and Statistical Analysis


Statistical processing of data included the calculation of these descriptive statistics: mean content, standard deviation, minimum and maximum content, median, variance, and coefficient of variation (p ≤ 0.05). The Pearson and Kolmogorov criterions were applied to test the hypothesis of normal distribution of the elements in the sample. For normal distribution, the Pearson correlation coefficients were used to characterize the ratio of two chemical elements. Different pollution sources were identified and characterized with the help of multivariate statistics (factor analysis). Principal component analysis was used. All statistical calculations were carried out with MS Excel software.



We also used QGIS 2.6.1 Brighton software to generate spatial distribution maps. For spatial distribution mapping the IDW (inverse distance weighting) method within QGIS 2.18 (Interpolation module) software package was applied. Given a small number of points, no RMSPE (root-mean-square “prediction” error) was done. The number of columns and rows was 500 × 500; the distance coefficient was 1. Opting for spatial distribution mapping instead of mere point mapping is justified by the key factors responsible for heavy metal distribution in the Kaliningrad region. For the region of strong cyclonic activity, with a high frequency of westerly air-mass trajectories, atmospheric transport is of great importance. In winter, the western and south-western directions of atmospheric transport prevail, while the summer mainly enjoys the north-western and southern wind currents. Western and southern cyclones causing rainy weather contribute to the deposition of pollutants into the region’s territory. Airborne transport with deposition plays a dominant role, which led us to prefer visualizing the surface distribution in lichens using a continuous (interpolated) spatial distribution rather than individual data points [30]. The interpolation method of mapping provides a good visualization for relative metal accumulation, but not of actual absolute metal deposition on ecosystems.





3. Results and Discussion


Concentrations of such elements as iron, manganese, zinc, nickel, strontium, rubidium, and calcium were determined in the lichen samples collected across the study area, whereas cadmium, lead, copper, and silver concentrations were determined only in the lichens of the Sambian peninsula. Table 1 and Table 2 show the results of the descriptive statistical analysis of heavy metal concentrations in the samples.



Table 1. Element concentrations in the H. physodes thallus in the Kaliningrad region, μg/g DW.







	
Metal

	
Mean

	
SD

	
SE

	
CV, %

	
Median

	
Max

	
Min






	
Fe

	
446

	
183

	
33

	
41

	
399

	
1135

	
180




	
Mn

	
200

	
135

	
25

	
72

	
187

	
455

	
33




	
Zn

	
83

	
47

	
8

	
56

	
78

	
298

	
33




	
Ni

	
1.30

	
0.63

	
0.11

	
56

	
1.30

	
2.43

	
0.013




	
Sr

	
10.1

	
4.79

	
0.92

	
47

	
8.96

	
18.6

	
4.45




	
Rb

	
9.74

	
4.59

	
0.82

	
47

	
10.5

	
19.9

	
1.28




	
Ca

	
1203

	
817

	
140

	
68

	
980

	
2995

	
219










Table 2. Concentrations of trace elements in the H. physodes thallus, the Sambian peninsula, μg/g DW.







	
Metal

	
Mean

	
SD

	
SE

	
CV, %

	
Median

	
Max

	
Min






	
Ag

	
0.051

	
0.024

	
0.009

	
47

	
0.040

	
0.095

	
0.032




	
Cd

	
0.194

	
0.040

	
0.016

	
21

	
0.185

	
0.263

	
0.146




	
Pb

	
6.57

	
2.36

	
0.96

	
36

	
7.15

	
9.03

	
3.50




	
Cu

	
7.91

	
1.21

	
0.49

	
15

	
7.83

	
9.94

	
6.69




	
Mn

	
313

	
253

	
103

	
81

	
259

	
664

	
74.2




	
Ni

	
1.64

	
0.549

	
0.225

	
34

	
1.611

	
2.43

	
0.941




	
Zn

	
79.5

	
22.7

	
9.26

	
29

	
87.7

	
100

	
45.6




	
Sr

	
15.0

	
10.3

	
4.22

	
69

	
10.7

	
31.5

	
6.38




	
Rb

	
12.2

	
5.59

	
2.28

	
45.8

	
10.9

	
22.6

	
5.69




	
Fe

	
610

	
279

	
114

	
45.7

	
526

	
1135

	
339




	
Ca

	
1253

	
0.855

	
0.349

	
68

	
1118

	
2684

	
375










The results of chemical analysis were used to draw maps of element distribution in lichens. The prevailing SW winds would appear to determine the element distribution in the lichens of the Kaliningrad region. The study areas stretched from west and south-west to northeast. Higher concentrations of such trace elements as cadmium, nickel, iron, copper, and lead were observed on the Sambian peninsula and on the coast of the Vistula and Curonian Lagoons.



3.1. The Spatial Distribution of Elements


The iron concentration in the thalli of H. physodes varied from 180 to 1135 μg/g DW. The maximum concentration was observed in the area stretching from the centre of the Sambian peninsula toward the Vistula Lagoon coast and the northern coast of the Baltic Sea. High iron levels were observed on the southern coast of the Curonian Lagoon lying below sea level. The coefficient of variation was below 50%. Higher values of iron concentrations can be explained by such geological features [40] as carrstones and iron-manganese nodules. High iron levels in soils and water pose a serious challenge to the region. Iron concentrations in lichens decrease from south-west to northeast (Figure 2).


Figure 2. Distribution of iron in the thalli of H. physodes in the Kaliningrad region, 2010.
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Nickel concentrations are estimated at hundreds or even thousands of mass units, depending on the time of exposure and the distance from the source of emission in the contaminated areas of nickel accumulation [25]. The concentrations of nickel in the Kaliningrad region varied from 0.013 to 2.43 μg/g, coefficient of variation standing at 56%. The pattern of nickel concentration distribution in the lichens of the Kaliningrad region did not differ from that of iron. The highest nickel concentrations in lichen thalli were observed in the western and southwestern parts of the region—on the Sambian peninsula and on the coasts of the Vistula and Curonian Lagoons (Figure 3).


Figure 3. Distribution of nickel in the thalli of H. physodes in the Kaliningrad region, 2010.
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The average manganese concentration is 200 μg/g DW; the coefficient of variation is 72%, which reflects the heterogeneity of manganese concentration in the lichen thalli. The highest manganese levels (above 450 μg/g) were found on the Sambian peninsula, on the coast of the Curonian Lagoon between the Rivers Deima and Pregolya, and in the region’s southeast near Lake Vištytis (Figure 4).


Figure 4. Distribution of manganese in the thalli of H. physodes in the Kaliningrad region, 2010.
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The concentration of zinc in lichens changed over a wide range—from 33 to 298 μg/g, with the coefficient of variation at 56%. The highest zinc concentrations were found in the northern part of the region in the River Neman valley (Figure 5).


Figure 5. Distribution of zinc in the thalli of H. physodes in the Kaliningrad region, 2010.
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Strontium is transferred from atmospheric air to water and soils [40]. The corresponding coefficient of variation was below 50%. The concentrations of strontium in H. physodes differed slightly across the Kaliningrad region, ranging from 4.45 to 18.6 μg/g. The maximum concentration was observed on the Sambian peninsula and in the River Pregolya valley. The biochemical properties of strontium are similar to those of calcium. Calcium concentrations ranged from 219 to 2995 μg/g (Figure 6). Elevated levels of strontium are usually human-caused (Figure 7).


Figure 6. Distribution of calcium in the thalli of H. physodes in the Kaliningrad region, 2010.
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Figure 7. Distribution of strontium in the thalli of H. physodes in the Kaliningrad region, 2010.
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Similar to the other monovalent cations, rubidium is absorbed by plants [41]. Rubidium can replace potassium in plants cells. The maximum concentrations of rubidium in H. physodes (19.9 μg/g) were found in the west of the region—on the Sambian peninsula and the northern coast of the Vistula Lagoon (Figure 8). The coefficient of variation was 47%. The average and median values were equal.


Figure 8. Distribution of rubidium in the thalli of H. physodes in the Kaliningrad region, 2010.
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The average copper concentration in the lichen H. physodes was 7.91 μg/g, with the lowest coefficient of variation. Sampling homogeneity was confirmed. The maximum copper concentration was 9.94 μg/g.



The average concentration of lead was estimated at 6.57 μg/g. The samples were homogeneous, and the coefficient of variation standing at 36%. High lead levels were found in lichens in the western and central part of the Sambian peninsula.



The coefficient of variation of cadmium concentration in lichens on the Sambian peninsula was 21%. The samples were homogeneous. The maximum level of 0.263 μg/g was observed in the northwest of the Sambian peninsula.



The average silver content in lichens was estimated at 0.051 mg/g. The coefficient of variation was 47%, which is indicative a relatively high heterogeneity of silver accumulation in lichens in different parts the Sambian Peninsula. The maximum silver concentrations in thalli (0.095 μg/g) were found in the north of Kaliningrad.



By concentrations in lichen samples, the elements were ranked as follows: Ca > Fe > Mn > Zn > Sr > Rb > Cu > Pb > Ni > Cd > Ag. Most elements exhibited lognormal or close to normal distribution (p > 0.05), which is characteristic of the lithogenic origin of crustal elements and is reflected in the atmospheric deposition from windblown soil dust. So, for a small spread and average median value, we can judge normal distribution of Rb, Mn, Ca, Cu, Zn, Fe, Ni, Sr, and Ag, and close to normal for Cd and Pb. Distribution of Cd and Pb in lichen samples was influenced by other anthropogenic factors.



To evaluate the degree of contamination in the Kaliningrad region, the contamination factor (CF) [21,42] was calculated according to the following formula:
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(1)




where Ci is the concentration of elements in lichens in the study area and Cb the concentration of the same elements in the control areas. The Arctic (Sr and Rb) and Northern Canada (other elements) were chosen as control [43,44] (Table 3).



Table 3. Contamination factor in the Kaliningrad region.







	
Metal

	
Sambian Peninsula

	
Kaliningrad Region




	
CF

	
Classification

	
CF

	
Classification






	
Pb

	
22

	
C5

	
-

	
-




	
Cd

	
3.1

	
C3

	
-

	
-




	
Cu

	
2.1

	
C3

	
-

	
-




	
Ni

	
2.0

	
C3

	
1.6

	
C2




	
Zn

	
2.2

	
C3

	
1.9

	
C2




	
Fe

	
9.7

	
C5

	
7.4

	
C4




	
Ca

	
1.5

	
C2

	
1.2

	
C2




	
Mn

	
2.0

	
C3

	
1.4

	
C2




	
Sr

	
2.3

	
C3

	
1.9

	
C2




	
Rb

	
2.7

	
C3

	
2.6

	
C3










For interpreting the results, six categories corresponding to CF values were introduced. CF 1 means no contamination (category C1), 1–2 suspected contamination (C2), 2–3.5 slight contamination (C3), 3.5–8 moderate contamination (C4), 8–27 severe contamination (C5), and 27 extreme contamination levels (C6) [45].



Thus, the level of trace element air pollution in the Kaliningrad region was estimated at C2, with the exception of Fe and Rb. However, in the western part of the Sambian peninsula, where the factors are higher than in the other areas, it was estimated at C3. The concentrations of lead and iron also considerably exceed control values.




3.2. The Principle Component Factor Analysis


To identify the relationships (linear dependence) between the elements in lichen samples, a correlation matrix was calculated (Table 4). It shows slight correlations < 0.3–0.4; high correlations—0.5–0.75, and significant correlations > 0.75 [46].



Table 4. Pearson correlation coefficient (n = 35; ** p value < 0.01; * p value < 0.05).







	
Metal

	
Mn

	
Ni

	
Zn

	
Sr

	
Rb

	
Fe

	
Ca

	
Ag

	
Cd

	
Pb






	
Mn

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Ni

	
0.67 *

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Zn

	
−0.38

	
−0.20

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Sr

	
0.13

	
0.19

	
−0.43

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-




	
Rb

	
0.28

	
0.10

	
−0.12

	
0.42 *

	
1.00

	
-

	
-

	
-

	
-

	
-




	
Fe

	
0.65 *

	
0.46 *

	
−0.10

	
0.49

	
0.82 **

	
1.00

	
-

	
-

	
-

	
-




	
Ca

	
0.17

	
0.12

	
−0.62

	
0.91 **

	
0.16

	
0.30

	
1.00

	
-

	
-

	
-




	
Ag

	
−0.47

	
−0.01

	
0.19

	
−0.08

	
−0.24

	
−0.21

	
0.01

	
1.00

	
-

	
-




	
Cd

	
0.42

	
−0.10

	
0.04

	
0.25

	
−0.05

	
0.23

	
0.30

	
−0.64

	
1.00

	
-




	
Pb

	
0.33

	
−0.22

	
0.29

	
−0.17

	
0.07

	
0.34

	
−0.05

	
−0.02

	
0.56 *

	
1.00




	
Cu

	
−0.13

	
0.24

	
0.45

	
−0.64

	
−0.75

	
−0.59

	
−0.60

	
0.09

	
−0.12

	
−0.22










Significant positive correlations (R2 > 0.75, p = 0.01) were found between Ca and Sr (0.91), Fe and Rb (0.82) in lichens samples. High positive correlation (R2 > 0.5, p = 0.05) were found between Mn and Ni (0.67), Fe and Mn (0.65), Cd and Pb (0.56). Week positive correlation (R2 < 0.5, p = 0.05) were found between Ni and Fe (0.46) and Rb and Sr (0.42). This may be indicative of a common source of contamination. There are four major sources of trace elements, which correspond to the geographic and climatic features of the region—the atmospheric transport from the sea (marine factor), windblown dust from local soils (soil factor), the transport of soluble compounds from atmospheric precipitation, and vascular plant root uptake from the soil and the subsequent transfer to lichens (vegetative factor).



To aid interpretation of the findings, a factor analysis was carried out, whose results allowed us to derive four main factors to be further interpreted as source categories contributing to element concentrations at the sampling sites. Examining the factor profiles, i.e., the loading of elements and other variables after varimax rotation, identified the source categories. The main criterion for selecting the number of optimal factors and models of major source detection is that eigenvalues must be greater than 1 [47].



The results of factor analysis, the loading values of each element and the association of elements with the factors (omitting values < 0.2) are shown in Table 5.



Table 5. The results of the flame atomic FA analysis of the correlation matrix.







	
Variable

	
Factor 1

	
Factor 2

	
Factor 3

	
Factor 4






	
Mn

	

	
0.266

	
0.518

	
0.766




	
Ni

	

	

	

	
0.946




	
Zn

	
−0.791

	

	

	
−0.271




	
Sr

	
0.833

	
0.379

	

	




	
Rb

	

	
0.917

	

	




	
Fe

	

	
0.867

	
0.221

	
0.407




	
Ca

	
0.920

	

	

	




	
Ag

	

	

	
−0.695

	
−0.238




	
Cd

	

	

	
0.962

	
-




	
Pb

	
−0.358

	
0.373

	
0.640

	
−0.223




	
Cu

	
−0.539

	
−0.755

	

	
0.276




	
Extraction sums of squared loadings

	
36.2

	
19.4

	
15.6

	
13.5




	
Rotation sums of squared loadings

	
24.2

	
23.2

	
19.8

	
1.9










Factor 1 is the strongest, accounting for 36.2% of the total variance. It is influenced by high positive loadings of strontium andcalcium and the negative ones of zinc and copper. Strontium is isomorphic with calcium in geochemical processes. Thus, factor 1 may be caused by marine aerosols.



Factor 2 is the second strongest factor accounting for 19.4% of the total variance. It is influenced by the loadings of rubidium, iron, strontium, and by negative ones of copper. Most likely, the origin of these metals is natural—for instance, uptake by tree root systems and the subsequent absorption by lichens.



Factor 3 accounts for 15.6% of the total variance. This factor is associated with such elements as cadmium and lead, which are typically derived from atmospheric pollution deposition. Silver was anti-correlated with Cd and Pb, which manifests in its negative loading on factor 3.



Factor 4, which accounts for 13.5% of the total variance, is connected with the positive loadings of Mn, Ni, and Fe. This factor is associated with a typical crustal composition and is probably connected with wind-blown dust deposition on lichens thalli.





4. Conclusions


The average concentrations of metals in the epiphytic lichen H. physodes in the Kaliningrad region corresponded to those of trace elements in the control areas. However, the lichens of the Sambian peninsula accumulate trace elements more intensively. Given the local peculiarities of atmospheric circulation and the microclimatic variability of meteorological indicators under the influence of the Baltic Sea, three types of climate are distinguished: marine, transitional, and continental [30]. They differ in the amounts of precipitation and wind strengths. These factors affect the distribution of microelements in the Kaliningrad region and contribute to their transfer and deposition along with atmospheric precipitation in the northeasterly and easterly directions. Lichens accumulate microelements more intensively in the west of the Kaliningrad region than in its continental part, which is also due not only to a higher level of urbanization of the territory, but also to the region’s climatic features.



The observed levels in the Kaliningrad region, particularly of lead and cadmium, are likely affected by anthropogenic emissions, but it is possible that the composition of trace elements in the lichens of the Sambian peninsula is affected not only by local pollution sources, such as vehicles, thermal energy facilities, and ports, but also by the transboundary traffic and sea spray.



The present study is the first step toward lichen-based air contamination monitoring in the Kaliningrad region. It can serve as groundwork for further research. Continued studies are planned into trace element concentrations in the lichen H. physodes and to establish spatial features and the temporal dynamics of air pollution in the Kaliningrad region.
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