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Abstract

:

Hazardous substances (e.g., toxic elements, oxides of nitrogen, carbon and sulfur) are discharged to the environment by a number of natural and anthropogenic activities. Anthropogenic air pollution commonly contains trace elements derived from contaminants and additives released into the atmosphere during fossil fuel combustion (automobiles, power generation, etc.) as well as physical processes (e.g., metal refining, vehicle brake wear, and tire and pavement wear). Analysis of pollutant chemical concentrations in lichens collected across the Las Vegas Valley allows documentation of the distribution of air pollution in the Valley. Analyses of lichen biomass (Buellia dispersa), when compared to windrose diagrams, shows pathways of airborne pollutant transport across the Las Vegas Valley. The west and north sectors of the Las Vegas Valley contained the lowest target contaminates (e.g., Cr, Cu, Co, Pb, Ni) and the highest NO3− while the east and south sectors contained the highest levels of target contaminates and lowest NO3−. Additionally, metals and NO3− detected in the east and south sectors of the valley indicate that air pollution generated in the valley is moving from the south to the north-northeast and across the valley, exiting on the north and south side of Frenchman Mountain.






Keywords:


Las Vegas; Buellia dispersa; lichen; air pollution; trace metals; nitrates; windrose












1. Introduction


The United States Agency for Toxic Substances and Disease Registry (USATSDR) ranks certain metals (e.g., As, Pb, Cd, Cr) as priority pollutants for known health effects [1]. Polluted air can typically contain NOx, SOx, CO2, aerosols, particulate matter (PM10, PM2.5), heavy (“trace”) metals, and organic pollutants from sources of fossil fuel activities [2,3]. Some metals (e.g., Pb, Cd, Cr) are known to be hazardous because of bioaccumulation and long retention times in tissues of living organisms, including humans [2]. These pollutants are not only suspended in air as particulates, but are found in tissues of plant and animal species within a given area, resulting from deposition onto and uptake processes. Studies have characterized the magnitude and impact of pollution transport over great distances as challenging to control from regulatory and public health perspectives [4,5].



Researchers have linked air pollution to health effects such as upper respiratory problems, asthma, lung disease, resulting in an increase to healthcare costs [6]. Studies have shown that pollution detected in a particular city can be a mixture of both local and external population centers [3,6,7,8]. With this understanding, monitoring the distribution and depositional patterns of pollutants are of great importance.



Researchers have indicated that lichens in populated areas are on a decline due to anthropogenic atmospheric pollution [9]. Authors have shown that lichens are useful bio-indicators of air pollution and have been utilized across the United States and Europe [10,11,12]. Developed areas, especially those located in geographic basins, have been shown to be more prone to air pollution (e.g., trace elements (“metals”), CO, CO2, NOx, and SOx) in winter months as a result of various atmospheric and weather related processes [13,14]. Giordano et al. [15] utilized lichen species in Naples, Italy for biomonitoring, owing to its physical nature (i.e., lack of roots, high surface area to volume ratio, slow growing rate (<1 mm/year), and lack of cuticles. Additionally, it has a thin layer of dead tissue preventing pathogens from infecting the matrix area [13]. Jeran et al. [16] and others also used lichens for monitoring air pollution because of their high accumulation of metals compared to its physiological requirements, dormancy during dry or drought conditions, slow growth rate, and their retention and preservation of atmospheric pollutants over long periods [17,18,19,20].



Evaluating air pollution in the Las Vegas Valley has been a focus of the United State Environmental Protection Agency (USEPA) and the Clark County Department of Air Quality; however, evaluating lichen biomass for metals and other pollutants in relation to wind patterns in the Las Vegas Valley has never been included in their studies. The Las Vegas Valley is located in Clark County, Nevada, and is situated in a geographic basin. Since the early 1990s, the population has grown from 500,000 to over two million residents (Figure 1) resulting in air pollution becoming more of an issue. Monitoring the spatial and temporal trends of pollution transport across a vast area can be difficult to characterize. Knowing where and how pollution in the valley is generated and how it migrates is important to the health and wellbeing of residents and visitors. The specific objectives of this study were to:




	(1)

	
Identify and quantify trace element uptake by lichen biomass.




	(2)

	
Identify and quantify NO3− in lichen biomass.




	(3)

	
Assess patterns for metals and NO3− concentrations across the Las Vegas Valley.




	(4)

	
Compare spacial distribution of pollutants with wind patterns with respect to metal and NO3− levels detected in lichen biomass across the valley.









Objectives of this study were to identify transport related patterns for metals and NO3− enrichment (pollution) within the Las Vegas valley. Based on a field investigation of 72 separate lichen sample locations, it was possible to identify pollution related trends along the outer edge of the valley, distribution of pollution, and possibly external transport of pollution from different areas. This was accomplished with analytical procedures, statistical analysis, and windrose pattern data with regard to spatial relations between four sectors of the Las Vegas valley and population.




2. Environmental Setting


2.1. Study Area


The study area is located on the development edge of the greater City of Las Vegas within the central Basin and Range. Briefly, mountain ranges in southern Nevada are oriented north-south, likely formed during the Oligocene and Miocene Epochs [21,22,23]. The area includes the Spring Mountains to the west, Las Vegas and Sheep ranges to the north, Sunrise, Frenchman and River mountains to the east, and the McCullough range to the North and South [24]. Interstate 15 (I-15) enters the valley running from southern California to Las Vegas traverses between the McCullough range North and South and the Spring Mountains (Figure 1). Finally, the Las Vegas Valley is situated within a basin (Las Vegas Basin) ranging between ~610 m above mean sea level (amsl) along the Las Vegas Wash (east-northeastern part of the valley) to over 3350 m amsl (Mount Charleston, Spring Mountains).




2.2. Lichen Species


Lichens are commonly found across different ecosystems from tundra to subtropical thorn forests with their structure of the thallus varies in part with their habitat and substrate [25]. Ascendant-foliose, hair-like and arborescent lichens are commonly anchored on tree bark and rocks in environments with higher humidity [25]. Lichens are particularly important in foggy communities of montane and coastal habitats however, crustose and squamose lichens with flattened, essentially two-dimensional thalli can be abundant in certain desert and semi-desert habitats. Frequent colonizers of stable rock surfaces, particularly igneous rocks, lichens can vary widely in color, depending on the relative amounts of pigments produced.



Crustose and squamose lichen colonies are typical in the southwest desert region owing to a simple near-two dimensional structure that helps control moisture loss in these hyper-arid microhabitats. Researchers have observed petrophytic (rock-loving) lichen colonies persisting for decades on volcanic rocks in the Mojave Desert, particularly in more mesic habitats such as on north-facing slopes or in canyons [25]. Lichens possess roughened, irregular surfaces that are effective in capturing and retaining particulate fall-out [16]. Because of their longevity and slow growth, a particular lichen colony can be resampled for years or decades.



By way of macroscopic identification, the target lichen used for this study is the gray Buellia dispersa sp., a crustose areolate lichen (“Buellia sp.”) common on igneous rocks throughout the region though rarely on soils [25]. The growth rates of Buellia sp. vary widely based on substrate, temperature, and moisture levels; however, studies have shown that the radius of colonies expand ~1 mm/year in desert environments [19,25]. The Buellia sp. goes dormant during drought conditions and therefore might have some years when there is little to no detectable growth [25].





3. Materials and Methods


3.1. Sampling Design and Laboratory Procedures


Due to the large geographic area of this project, sampling was performed between November of 2013 and January of 2014 and again between November 2014 and January 2015 on lands surrounding the Las Vegas Valley. The strategy was to assess concentrations of pollutants (trace elements and NO3−) contained in lichen biomass along the outer edge of the valley to evaluate the distribution of pollution across the Las Vegas Valley. Sixty-six (66) samples were collected from within the Las Vegas Valley and six samples were collected from outside the valley to evaluate background concentrations (Figure 2). Sampling involved the removal of a 10 × 10 cm square area containing Buellia dispersa, a crustose areolate lichen (“Buellia sp.”), with a plastic scrapper, cleaned between uses, bagged, labeled and placed into a cooler at 4 °C for transportation to the laboratory. Each sampling location was a single bulk area of 10 × 10 cm designed to measure pollutant concentration at that specific location.



Samples were processed according to the United States Environmental Protection Agency’s (USEPA) Solid Waste 846 (SW-846) protocols, including quality control measures [26]. Prior to metals (Al, As, Ba, Cd, Cr, Co., Cu, Mo, Ni, Pb, V and Zn) and NO3− extraction, each sample was manually cleaned under a 4× power microscope to remove sediment and debris from the lichen biomass.



Metals were extracted by United States Environmental Protection Agency (USEPA) Method 3050B (rigorous acid digestion) followed by a Perkin Elmer Optima 3300 Dual View inductively coupled plasma-optical emission spectrometry (ICP-OES) instrument for analysis using USEPA Method 6010B on a Perkin Elmer 3300 Dual-View ICP-OES with the axial view chosen for analysis of samples [26]. Instrument calibration was composed of six external calibration points, including a blank, and fitted by linear regression greater than 0.995R [26]. Analytical integrity was verified with a USEPA certified solid reference sample purchased from RTC Corporation (CRM022-020, Sample 5, lot D522) used to measure the acid digestion procedure. Finally, each sample was processed in triplicate to evaluate reproducibility. Lichens absorb nitrogen from the air in the form of nitrate and ammonium; however, for this study, N as NO3− was measured [14,27]. Nitrate (N as NO3−) was analyzed per USEPA Method 9210A (Thermo Scientific™ Orion™ Nitrate ion selective electrodes: ISE) following SW-846 protocols.



Solubilized nitrate was determined potentiometrically utilizing a nitrate ISE in conjunction with a double-junction reference electrode using a meter equipped with an expanded millivolt scale (mV). First, a portion of each lichen (~1 g) was measured into a clean, disposable bottle, brought to volume (50 mL) with 95 °C deionized water (DI), capped, agitated for two hours and allowed to cool to room temperature. After agitation, samples were allowed to settle then filtered through a Whatman 42® filter paper and measured immediately for NO3− by ion-selective electrode (ISE). During the extraction procedure, bottles were capped immediately after the sample was measured into the bottle, DI water added, agitated, filtered and measured for NO3− immediately by the ISE after filtering to reduce erroneous measurements due to NO3− uptake during the procedure. Finally, a linear calibration was obtained over a range of 5.0 to 100 mg L−1 from a working standard of 1000 mg L−1 NO3−.



Quality control was maintained with the use of certified samples that must fall within specified analytical windows (±15%) to meet USEPA requirements. Furthermore, all samples were analyzed in triplicate with a relative-percent-difference (RPD) of <20% to qualify as acceptable under USEPA specifications [26]. Method detection limits were per USEPA conventions and are presented in Table 1.




3.2. Statistical Analysis


To identify associations among metals in lichen biomass and their possible sources, principal component analysis (PCA) and discriminant function analysis (DFA) were performed using multivariate analyses. Use of PCA to recognize associations among pollutants is a powerful tool when looking for similarities and patterns in groups of pollutants (e.g., metals, NO3−-N). Discriminant function analysis is used to predict categorical dependent variable by one binary independent predictor variables across groups of pollutants. Minitab 17 statistical package software (Minitab, Inc., State College, PA, USA) was utilized as an add-in to WindowsTM version of Microsoft’s ExcelTM spreadsheet program with PCA and DFA performed using Varimax Normalized rotation.



In this study we aimed to identify air pollution within the Las Vegas Valley by using characteristic metal emission ratios [28]. To assess if air pollutants from the valley were detected at sampling sites, two sets of ratio analyses were undertaken: The first metal ratios were used to explore overall metal deposition between background and in valley samples. Such ratios from background locations were used to assess anthropogenic enhancement of metals and NO3− within the dataset (66 samples with six background samples; n = 72). Ratio data were placed in geospatial context (N, E, S, W sectors) so that data could be interpreted according to locality. Other authors have reported that ratios greater than 1.0 are anthropogenically enhanced whereas values less than 1.0 are background in nature [15,28]. Therefore, for this study, ratios greater than 1 will be considered anthropogenically enhanced, those less than 1.0 will be considered background (non-enhanced). Ratio data was sample value compared with background average values.



The second metal ratios (Cu/Pb, Co/Cu, Cr/Pb, Cd/Pb and Cd/Cu) utilized are known to be related to vehicle emissions [15,28]. Specific metal ratios related to vehicle emissions were performed because of their documented relationship between vehicle exhaust and air borne pollutants [28]. Data were used to quantify location ratios with in-valley emissions and windborne sources to recognize patterns within the valley and compare ground concentrations to windrose orientation. Finally, data were placed into a predictable (95% probability) model of ± 1σ of mean background values with data falling within this model considered to be anthropogenically enhanced across study sectors. Ratio data was sample value compared with background average values.





4. Results


4.1. Background Locations


Table 2 shows background concentrations for target analytes detected in lichen samples. This data provides a base for natural levels of target analytes in lichen biomass in areas not heavily impacted by anthropogenic activities. Samples used to measure background were collected from two (2) areas located 5 and 30 km from the Las Vegas Valley. These areas represent non-enhancement from the population centers (Figure 1). Data shows metals and NO3− background to be low when compared with other studies [29]. Sorted from highest to lowest mean values with Al > Zn > Ba > Pb > Cu > V > Cr > Ni > Co > Cd > As > Mo with NO3− averaging at ~42 mg kg−1 (Table 2); levels considered low in lichen biomass according to Hauck et al. [29]. Arsenic, Cd and Mo were <0.5 mg kg−1 while Ba was 77, Cr 6.2, Co 4.1, Ni 5.2, Pb 52, V 8.9, and Zn 96 mg kg−1, respectively. These levels are considered normal when compared to what Hauck et al. [29] reported in a similar study.




4.2. Las Vegas Valley Locations


The number of analytical samples collected for background (n = 6) is not sufficient to have a final conclusion for lichen outside the entire valley however, some observations can be drawn for instance, a comparison between the results obtained for samples collected from background sites were lower than the majority of samples collected from within the valley. Results indicate that samples from the valley are a good baseline of pollutants in lichens. Furthermore, lichen collected within the valley contained higher concentrations of target pollutants suggesting that the accumulation of pollution is likely anthropogenic in nature (e.g., industries, vehicular traffic).



Trace elements (Al, As, Ba, Cd, Cr, Co, Cu, Mo, Ni, Pb, V and Zn) and NO3− data reveal two distinct areas of enrichment; East and South sectors (Table 3, Table 4, Table 5 and Table 6, Figure 2). When compared with background values, data show that the East (E) and South (S) sectors were greater than 1σ of background whereas the North (N) and West (W) sectors were greater than or equal to background values. Within the S sector several locations show As, Cr, Cu and Pb greater than background mean, with some locations greater than 1.5 times background mean (i.e., highest values for As at 2.2, 9.0 Cr, 16 Cu, 73 Pb mg kg−1, at 12.9, 1.44, 1.7 and 1.4× background, respectively). Results from the E sector contained higher values than detected in the S sector with As measuring at 11.2, Cd 3.6, Cr 39, Cu 89, Co 16, Mo 1.02, Pb 81, V 48, and Zn at 681 mg kg−1, respectively. A few locations in the S sector measured 9× greater than background for Cu, 6× Cr, 7.5× Cd and 65× greater than background however, only a few locations contained detectable As (3) and Cd (5). A few localities also contained significant levels of Co, Mo, Ni, Pb, V and Zn (5.3 Co, 0.36 Mo, 5.5 Ni, 65 Pb, 13.2 V and 117 Zn mg kg−1), whereas the remainder of locations measured greater than, or equal to, background levels.



Trace elements and NO3− were detected at all data points with the exception of As, Cd, Mo and Cu. Arsenic was detected at 23% of the locations ranging between less than 0.025 and 11.2 mg kg−1 with a mean value of 0.6 mg kg−1; Cd and Mo were slightly higher than As with 46.9% of locations containing between 0.06 and 0.48 mg kg−1; 39% of locations contained Mo ranging between 0.06 and 1.02 mg kg−1. Finally, Cu was detected at 71% of locations and ranged between 1.6 and 89 mg kg−1.



Some metals (Al, Ba, Mo, Zn) detected across the valley are ubiquitously distributed, suggesting little to no enhancement while others (As, Co, Cr, Cu, Ni, Pb, V) are higher in the E and S sectors of the valley with the S sector containing the Interstate 15 (I-15) corridor (Figure 2; Table 3, Table 4, Table 5 and Table 6). Although the S sector contained elevated metals along the I-15 corridor, many were detected more than 0.25 km from the highway. While those samples collected within 20 m of the highway may contained pollution from direct vehicle traffic, it is not seen as a major contributor to the overall data set. According to Botsou et al. [30] and others for instance, detections of metals near roads and highways are not an issue of concern as vehicle emissions rarely excessed 10 m from the road traffic [31,32].



A dissimilar distribution was observed for NO3− as observed with metals; highest in the N sector ranging between 14 and 564 mg kg−1 with locations 48, 50, and 51 ≥ 1σ (564, 426, 351 mg kg−1, respectively). The W sector ranged between non-detect (ND) and 156 mg kg−1 with locations 24, 30 and 35 ≥ 1σ (139, 156 and 151 mg kg−1, respectively) with the lowest NO3− detected in the S and E sectors. NO3− ranged between ND and 129 mg kg−1 in the S sector with locations 13 and 15 containing ≥ 1σ (102, 129 mg kg−1, respectively) while NO3− ranged between ND and 53 in the E sector with locations 57 and 61 ≥ 1σ (53, 50 mg kg−1, respectively). NO3− are greater than 1.5× background averages with 13 locations in the N sector (loci 40–45, 48, 50–51, 54–55) and 11 locations in the W sector (loci 23–24, 27, 30–35, 37–38). The S sector contained 6 locations >1.5× background NO3− (loci 7, 9, 11, 13, 15–16) with no locations in the E. It is important to point out that the sectors containing the highest NO3− had the lowest metals and conversely, sectors with the lowest NO3− contained the highest metals concentrations.



To better understand observed trace elements (“metals”) and NO3− patterns, principal component analysis (PCA) was performed on the 4 sectors of Las Vegas (N, E, S, and W). Results show 2 strong associations (“clusters”) in Figure 3 and Figure 4 with cluster 1 containing more data points from the N sectors while cluster 2 contains more data points from the W sector. It is significant to note that there is a minor correlation within or between the S and E sectors. Clusters 1 and 2 for example, show metals clustering in the N and W sectors of the valley where metals are low while NO3− was highest. Furthermore, there is overlapping correlations between clusters 1 and 2, this is indicative of similarities between those components and localities (Figure 3). Data for the S and E sectors show insignificant correlations among metals within those two sectors. While metals in the N and W were relatively similar in those two sectors, metals in the S and E sectors, though higher than detected in the W and N sectors, varied when compared within those two sectors.



With PCA showing two correlative clusters in the N and W sectors (Clusters 1 and 2; Figure 3), additional analysis was required to further describe the distribution within sectors; therefore, three (3) composite factors were assigned to further clarify metal variability in the dataset (Figure 4). Results show 3 groupings (clusters 1, 2 and 3) with two unassociated pollutants; Ba and NO3−. There is a strong correlation between Cd-Co-Ni-Pb-V as shown in cluster 1 (52.1% of Variance); a strong correlation between Cu-Cr-Al in cluster 2 (16.1% of Variance); and cluster 3 (12.6% of Variance) reveals a strong correlation between As-Mo. Clusters 1, 2 and 3 are frequently detected where NO3− values are low, as given by their inverse correlation. Metals and NO3− appear enhanced when compared to background concentrations in the Las Vegas valley however, elevated metals appear to correlate with low NO3− in lichen biomass, finding similar to a report published in Airnow [33]. Finally, PCA clustering illustrates a west-east and north-south gradient (low-high) for pollution.



Data was run through discriminant function analysis (DFA) to further evaluate associations between pollutants in relation to elevation by evaluating data centroids. The structure matrix from DFA shows the influence of each chemical parameter on site separation, as given by their correlation with any of the discriminant functions. Results illustrate that the centroid for E, and somewhat S, sectors along with background (BG) are different from the N and W sectors based on chemistry and altitude. Figure 5 and Table 7 showed DF1 (altitude) when compared with DF2 (chemistry) is able to distinguish data centroids from the other sectors. DF2 appears to be based on Al, Cu and Cr abundances. Overall, DFA analysis shows data centroids for the E and S sectors are dissimilar to the N and W sectors and, BG is dissimilar from all four sectors.



To further describe the atmospheric dispersal of metals and NO3−, samples within the four sectors (N, E, S, W) were compared with background sample ratios (Table 2, Table 3, Table 4, Table 5 and Table 6). Data show E and S sector ratios (i.e., Al, As, Cd, Cu, Ni, Pb, Zn) differ from the N and W sectors. Values in N and W sectors were largely less than 1.0, whereas E and S sectors ratios were principally greater than 1.0. A few metal ratios (i.e., Ba, Cr, Co, V) were greater than 1.0 consistently across the S, W and E sectors while less than 1.0 in the N sector. Moreover, the N and W sectors show significantly lower ratios than the E and S, indicative of very small inputs of air pollutants to lichen biomass. Largely, NO3− was shown to consistently have an inverse correlation to metals across the valley when evaluating general ratios. NO3− was consistently greater than 1.0 in the N and W sectors where metal (i.e., As, Cr, Cu, Ni, Pb) ratios were less than 1.0 and less than 1.0 (NO3−) where metal ratios were constantly greater than 1.0. Finally, ratio data show NO3− and metals follow PCA and DFA interpretations (west-east and north-south gradient) with NO3− high where metals are low.



There is a direct correlation between specific metal ratios (i.e., Cu/Pb, Co/Cu, and Cr/Pb) and anthropogenic enhancement according to Font et al. [28]. With their research in mind, it was important to assess known associations of Cu/Pb, Co/Cu, and Cr/Pb within ± 1σ of background conditions at a 95% confidence level (CI). Metal ratios in the S and E sectors were within CI of background mean data with 67% and 62% Cu/Pb; 67% and 77% Cr/Pb; and 90% and 92% Co/Cu at ± 1σ of background (Table 8). Although Cu/Pb and Co/Cu ratios were within CI, Cr/Pb ratios were marginally outside CI in the S and E sectors (67% vs. 77%), whereas in the N and W sectors, ratios were outside the CI consistently for Cu/Pb, Cr/Pb, and Co/Cu. Findings are similar with PCA data showing two clusters (S and E) within the 95% CI. Data are consistent when compared with the distribution patterns illustrated with ratios and concentrations data for metals and NO3− across the four sectors (N, E, S, W) with the E and S sectors containing higher values than the N and W sectors.



The N and W sector ratios (i.e., 24, 20 Cu/Pb, 76, 93 Cr/Pb and 47, 53 Co/Cu) exhibited no obvious trends as seen in the S and E sectors (i.e., 67, 62 Cu/Pb, 67, 77 Cr/Pb and 90, 92 Co/Cu). Only one sector showed a single corresponding metal ratio for Cr/Pb within 1σ of background CI: the N sector at 76% of background, a value similar to the S and E sectors. Although the N sector Cr/Pb was within the predictive model, the remaining N and W sector ratios were outside the CI and therefore, this single observed data point (76%) is likely an outlier of no significant value. Finally, data indicate that metals in the S and E sectors are enriched and associated with dissimilar influences observed in the N and W sectors.



Windrose patterns were collected from five air monitoring stations across the Las Vegas valley and only used for comparative analysis with regards to pollution detected in lichen biomass. These stations are monitored by the USEPA all year for wind direction (Figure 6) with the stations near the center of each of the four sectors (N, E, S, W). Charting of wind data shows a pattern of winds entering the Las Vegas valley typically from the south-southwest (USEPA 32-3-1019), minor winds entering from the northwest USEPA 32-3-75), with the general direction trending south to north-northeast. Once in the valley, winds move from the south and easterly across Las Vegas, mixing and swirling in the central portion of the Valley before exiting on the north and south sides of Frenchman Mountain.



Wind data were analogous to analytical results in the W, N, E and S sectors. Lichen data was predictable in the W, N and E sectors with regards to pollution concentrations in lichen biomass however, results from the S sector contained elevated metals and low NO3−. This outcome of the S sector containing elevated metals in lichen biomass does not follow windrose diagrams. Wind patterns within the valley would suggest that the S sectors should have lower metals than the W, N, and E sectors as there is no major traffic (vehicle) patterns or industry other than the I-15 corridor and therefore, one would expect that metal concentrations to be lower. It is possible that elevated metals in the S sector are the result of external sources; i.e., an alternate population center. Another noteworthy trend observed was NO3; it was within 1σ of background conditions 57% of the time across the valley; however, the S sector data are similar to the E sector where NO3− was within 1σ of background conditions 100% of the time. Nitrate data for the N and W sectors were <33% of 1σ of background concentrations.





5. Discussion


Studies have used lichens for documenting metal deposition across the world as it is well known that lichen absorbs metals and nitrogen [2,16,34,35,36]. Researchers have evaluated the distribution of contaminants in relation to wind patterns in large population centers like Los Angeles as well as industrial areas [3,37]. Studies have shown that metal contamination from anthropogenic sources originate from PM2.5 and PM10 atmospheric input [3,16]. Moreover, Lodenius et al. [38] established correlations between PM2.5 and PM10 air pollution in association with lichens near urban centers regardless of distance from highways [32]. Finally, lichens as a bio-indicator for pollution have never been studied within the Las Vegas valley.



Findings identified two areas of elevated metal contamination, those areas are the S and E sectors with BG levels dissimilar from the four sectors (Figure 2). Metal clustering in the E sector of the Las Vegas Valley indicates pollution is following established wind patterns. Data show a clustering of elevated metals in the S sector as well, an area with minimal urbanization or industry. Although the S sector has the I-15 corridor traversing through its center, it is not seen as a major contributor as other researchers have documented vehicle emissions rarely exceed beyond 10 m from the source; i.e., the highway [31,32]. It is possible that elevated metals in the S sector result from pollution migrating into the valley, based on wind patterns (Figure 6). Migrating pollution from outside sources is not new as Demiray et al. [39] identified elevated metals in lichen biomass downwind from a population center; pollution originating from an outside source, not the urban area studied. Their findings, along with others, identified higher concentrations of metals (e.g., Cu, Ni, Pb, V) originating from areas upwind from study area [37]. The S sector for instance is meteorologically upwind from the population and industrial areas of Las Vegas and therefore, should have lower levels of target pollution.



Principal component analysis (PCA) identified 2 strong correlations; clusters 1 and 2 display metals clustering in the N and W sectors of the valley where metals were low while NO3− was highest. Data also showed S and E sectors with minor to no correlations among metals. Ungureanu et al. [40] also used multivariate statistical analysis to show vehicle emissions (“anthropogenic enhancement”) represent the most important sources of Cd-Co-Ni-Pb-V and Cu-Cr-Al in an urban environment. These finding show a similar relationship with metals as published by Ungureanu et al. [40] in similar urban areas. Furthermore, DFA data showed (chemistry (Al, Cu, Cr) and altitude) that the E and S sector data centroids, along with BG, are different from the N and W sectors. This difference suggest that the E and S sectors are enhanced by anthropogenic activities while the N and W sectors have less enhancement. Data for PCA and DFA correlates with elemental concentrations and metal ratios across the valley.



Metal ratios show a distinct pattern in the S and E sectors were background mean CI (95%) data is within 67% and 62% Cu/Pb; 67% and 77% Cr/Pb; and 90% and 92% Co/Cu at ± 1σ of background while the N and W sectors ratios were not within the 95% CI predicted models. Findings are analogous with Font et al. [28] who recognized patterns with specific metal ratios (e.g., Cd/Pb, Cr/Pb, Cu/Pb, Cd/Cu) downwind from industrial and population centers. Other studies also identified similar trends with respect to Cu/Pb, Cr/Pb, and Co/Cu downwind from sources [41]. The N and W sectors for instance, showed ratios nearer to background areas; a dissimilar distribution compared with the S and E sectors whose ratios exceeded background. Metal ratios (i.e., Cu/Pb, Cr/Pb, and Co/Cu) may be indicative of pollution entering the valley, mixing with local sources and exiting through the E sector.



It is well documented that vehicle emissions are a source of NO3− for instance, Fenn et al. [42] documented that localized sources of NO3− have minimal effect on indigenous flora when sparse. Their study further showed that elevated vehicle pollution in an area with sparse flora was likely the result of a wider problem; i.e., nearby population centers. Findings show NO3− is lower in lichen biomass located in the S and E sectors while higher in the N and W sectors. It is possible that the S and E sectors with elevated Cu, perhaps, is a contributing factor to lower NO3− in lichen biomass. Authors Kumar et al. [43] recognized that lower NO3− is usually found in areas with elevated Cu as lichen is part algal, Cu will inhibit its growth rate [29]. They also documented that other toxic metals (i.e., Cd, Cr) will affect a variety of algal photosynthetic functions; impeding its viability for nitrogen fixation, energy transfer, and ultimately its development. Copper and Cd, among other metals, are significantly higher in the S and E sectors and are likely the cause of NO3− being lowest in these areas.




6. Conclusions


This study was the first to evaluate metals in lichen biomass within the Las Vegas Valley. Lichens contain higher metals in the S and E sectors with Al, Cd, Cu, Cr, Ni, Pb, V and Zn likely anthropogenically enhanced. Trace metal and NO3− data correlates with PCA, DFA and windrose data. Also, NO3− patterns in the E and S sectors along with in the N and W sectors could be the result of metal deposition for instance, NO3− shows an inverse relationship when compared to metals; elevated NO3− where metals are low (N, W). Although the higher ratios identified in the E sector were expected based on wind patterns, elevated metals and low NO3− in the S sector were not anticipated.



Background ratios for NO3− were calculated from the loci outside the Valley and compared with sample loci within the Valley. Data show that metal and NO3− ratios across the Las Vegas Valley clustered into two identified areas, E–S (high metals, low NO3−) and N–W (low metals, high NO3−) sectors, suggestive of enhancement in the S and W sectors. Pollutants generated within the valley, and perhaps an influx from other population centers, are moving from the S sector to the north-northeast across the valley, exiting on the north and south side of Frenchman Mountain located in the E sector. Pollutants within the valley will likely continue to increase with population but possibly from sources outside of the valley. Finally, additional research into pollution contained in precipitation (e.g., rain, snow) across the Las Vegas needs to be performed as it relates to lichen and air pollution
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Figure 1. Southern Nevada and the Las Vegas Valley showing north-south trending mountain ranges (Google maps). 
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Figure 2. Sample locations and sectors across the Las Vegas Valley (Google maps). 
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Figure 3. Principal component analysis showing two clusters across the Las Vegas Valley. 
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Figure 4. Component plot in rotated space explaining dataset from across the Las Vegas Valley. 
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Figure 5. Discriminant Function Analysis showing the separation of sites based on sample chemical analysis. 
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Figure 6. Wind direction with Windrose patterns from across the Las Vegas Valley (Google maps). 
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Table 1. Method detection limits for target pollutants (metals and NO3−).
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	Constituents
	Detection Limit





	As, Pb
	0.025 mg kg−1



	Ba, Cd, Co, Cr, Cu, Mo, Ni, V
	0.005 mg kg−1



	Al, Zn
	0.1 mg kg−1



	NO3− as N
	0.1 mg kg−1
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Table 2. Summary statistics for metal and NO3− concentrations from 6 background collection sites.
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	Sector Location
	Al
	As
	Ba
	Cd
	Cr
	Co
	Cu
	Mo
	Ni
	Pb
	V
	Zn
	NO3−





	SV1
	9802

(1.5)
	0.18

(1.1)
	104

(1.3)
	0.9

(1.9)
	8.7

(1.4)
	5.1

(1.3)
	15.8

(1.7)
	0.02

(0.4)
	8.4

(1.6)
	77

(1.5)
	14.2

(1.6)
	176

(1.8)
	20

(0.48)



	SV2
	6330

(1.0)
	0.25

(1.5)
	87

(1.1)
	0.4

(0.8)
	5.8

(0.9)
	3.5

(0.9)
	9.6

(1.0)
	0.06

(1.2)
	5.5

(1.1)
	41

(0.8)
	6.5

(0.7)
	72

(0.7)
	36

(0.9)



	SV3
	5811

(0.9)
	0.1

(0.1)
	78

(1.0)
	0.8

(1.7)
	5.8

(0.9)
	3.6

(0.9)
	11.6

(1.2)
	0.04

(0.8)
	5.6

(1.1)
	49

(0.9)
	7.9

(0.9)
	100

(1.0)
	29

(0.7)



	SV4
	5268

(0.8)
	0.18

(1.1)
	61

(0.8)
	0.1

(0.2)
	5.2

(0.8)
	3.1

(0.8)
	9.7

(1.0)
	0.03

(0.6)
	5.0

(1.0)
	65

(1.2)
	6.5

(0.7)
	114

(1.2)
	32

(0.8)



	25
	6218

(1.0)
	0.17

(1.0)
	72

(0.9)
	0.5

(1.0)
	6.8

(1.1)
	5.4

(1.3)
	5.4

(0.6)
	0.04

(0.8)
	3.94

(0.8)
	59

(1.1)
	10.0

(1.1)
	74

(0.8)
	66

(1.6)



	26
	4676

(0.7)
	0.16

(0.9)
	61

(0.8)
	0.3

(0.6)
	5.0

(0.8)
	3.7

(0.9)
	5.2

(0.5)
	0.08

(1.6)
	2.72

(0.5)
	24

(0.5)
	8.3

(0.9)
	41

(0.4)
	69

(1.6)



	Mean
	6351
	0.17
	77.27
	0.48
	6.23
	4.07
	9.53
	0.05
	5.20
	52.34
	8.90
	96.20
	41.95



	STDEV
	1800
	0.05
	17
	0.32
	1.37
	0.94
	4.00
	0.02
	1.91
	19
	2.90
	47
	20



	Max
	9802
	0
	104
	1
	9
	5
	16
	0
	8
	77
	14
	176
	69



	Min
	4676
	0
	61
	0
	5
	3
	5
	0
	3
	24
	6
	41
	20







Note: Values reported in mg kg−1 in lichen; STDEV: standard deviation. ± 1σ of background mean; ( ) are ratios with average background value; SV: Sandy Valley.
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Table 3. Data for metals and NO3− concentrations in E sector.
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	Sector Location
	Al
	As
	Ba
	Cd
	Cr
	Co
	Cu
	Mo
	Ni
	Pb
	V
	Zn
	NO3−





	56
	15,255 (2.4)
	-

(-)
	153

(2.0)
	8.00

(16)
	16

(2.6)
	59

(14.5)
	25

(2.6)
	-

(-)
	123

(23.7)
	268

(5.1)
	161

(18)
	681

(7.1)
	18

(0.4)



	57
	5671

(0.9)
	-

(-)
	81

(1.0)
	0.34

(0.7)
	5.7

(0.9)
	2.6

(0.6)
	11.0

(1.2)
	-

(-)
	5.3

(1.0)
	21

(0.1)
	6.0

(0.7)
	35

(0.4)
	53

(1.3)



	58
	7028

(1.1)
	1.6

(9.2)
	256

(3.3)
	0.34

(0.7)
	6.4

(1.0)
	3.0

(0.7)
	15.3

(1.6)
	-

(-)
	5.5

(1.1)
	27

(0.5)
	5.2

(0.6)
	40

(0.4)
	9.7

(0.2)



	59
	71,180

(11.2)
	-

(-)
	3.6

(0.0)
	3.60

(7.4)
	71

(11.4)
	31

(7.6)
	14

(1.5)
	-

(-)
	57

(11.0)
	78

(1.5)
	87

(9.8)
	412

(4.3)
	14.9

(0.4)



	60
	11,112

(1.7)
	-

(-)
	31

(0.4)
	0.30

(0.6)
	16.3

(2.6)
	6.0

(1.5)
	30

(3.1)
	-

(-)
	11.3

(2.2)
	41

(0.8)
	19.6

(2.2)
	59

(0.6)
	-

(-)



	61
	42,714

(6.7)
	-

(-)
	559

(7.2)
	1.30

(2.7)
	39

(6.2)
	16.0

(3.9)
	89

(9.3)
	-

(-)
	31

(6.0)
	81

(1.5)
	48

(5.4)
	196

(2.0)
	50

(1.2)



	62
	3980

(0.6)
	-

(-)
	67

(0.9)
	0.18

(0.4)
	4.2

(0.7)
	1.9

(0.5)
	7.1

(0.7)
	-

(-)
	3.7

(0.7)
	19.7

(0.4)
	4.5

(0.5)
	23

(0.2)
	2

(0.0)



	63
	3772

(0.6)
	5.4

(31.2)
	276

(3.6)
	0.15

(0.3)
	4.1

(0.7)
	3.8

(0.9)
	5.7

(0.6)
	0.40

(8.9)
	3.8

(0.7)
	29

(0.6)
	7.0

(0.8)
	28

(0.3)
	1.2

(0.0)



	64
	3162

(0.6)
	2.07

(11.9)
	292

(3.8)
	-

(-)
	4.4

(0.7)
	3.6

(0.9)
	12.0

(1.3)
	0.41

(9.1)
	4.3

(0.8)
	30

(0.6)
	7.2

(0.8)
	38

(0.4)
	0.45

(0.0)



	65
	4422

(0.7)
	-

(-)
	236

(3.1)
	-

(-)
	6.0

(1.0)
	4.6

(1.1)
	3.6

(0.4)
	0.52

(11)
	4.8

(0.9)
	42

(0.8)
	9.8

(1.1)
	32

(0.3)
	0.78

(0.0)



	66
	4492

(0.7)
	6.2

(35.8)
	183

(2.4)
	-

(-)
	5.8

(0.9)
	4.4

(1.1)
	4.1

(0.4)
	0.53

(11)
	4.4

(0.9)
	88

(1.7)
	9.7

(1.1)
	36

(0.4)
	1.35

(0.0)



	67
	4076

(0.6)
	-

(-)
	212

(2.7)
	-

(-)
	4.3

(0.7)
	4.3

(1.0)
	-

(-)
	-

(-)
	5.0

(1.0)
	56

(1.1)
	8.9

(1.0)
	31

(0.3)
	0.57

(0.0)



	68
	4061

(0.6)
	11.2

(64.5)
	151

(2.0)
	0.13

(0.3)
	18.9

(3.0)
	6.4

(1.6)
	11.9

(1.3)
	1.02

(22)
	8.0

(1.5)
	33

(0.6)
	14.2

(1.6)
	51

(0.5)
	0.54

(0.0)



	Mean
	13,917
	2.0
	192
	1.1
	16
	11
	18
	0.22
	21
	63
	30
	128
	12



	STDEV
	20,256
	3.5
	145
	2.3
	19
	16
	23
	0.33
	34
	66
	46
	199
	19



	Max
	71,180
	11.2
	559
	8
	71
	59
	89
	1.02
	123
	268
	161
	681
	53



	Min
	3162
	-
	3.6
	-
	4.1
	1.9
	-
	0.00
	3.7
	19.7
	6.0
	28
	-







Note: Values reported in mg kg−1 in lichen; STDEV: standard deviation. ± 1σ of background mean; - Nil; ( ) are pollutant ratios with ambient background averages.
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Table 4. Data for metals and NO3− concentrations in S sector.
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	Sector Location
	Al
	As
	Ba
	Cd
	Cr
	Co
	Cu
	Mo
	Ni
	Pb
	V
	Zn
	NO3−





	1
	5542

(0.9)
	0.19

(1.1)
	103

(1.3)
	0.38

(0.8)
	7.7

(1.2)
	3.9

(1.9)
	11.2

(1.2)
	0.26

(5.7)
	7.7

(1.5)
	63

(1.2)
	6.7

(0.7)
	42

(0.4)
	42

(1.0)



	2
	5205

(0.8)
	1.4

(7.8)
	137

(1.8)
	0.25

(0.5)
	7.7

(1.2)
	3.5

(0.8)
	12.5

(1.3)
	0.35

(7.8)
	6.5

(1.3)
	46

(0.9)
	11.3

(1.3)
	51

(0.5)
	33

(0.8)



	3
	6430

(1.0)
	-

(-)
	142

(1.8)
	0.40

(0.8)
	6.6

(1.1)
	4.3

(1.0)
	14.1

(1.5)
	-

(-)
	7.2

(1.4)
	50

(0.9)
	10.6

(1.2)
	46

(0.5)
	38

(0.9)



	4
	6898

(1.1)
	-

(-)
	174

(2.3)
	0.22

(0.5)
	8.2

(1.3)
	5.2

(1.3)
	8.5

(0.9)
	-

(-)
	6.4

(1.2)
	54

(1.0)
	9.9

(1.1)
	55

(0.6)
	28

(0.7)



	5
	5132

(0.8)
	2.2

(13)
	143

(1.8)
	0.36

(0.8)
	4.7

(0.8)
	3.9

(1.0)
	16.6

(1.7)
	-

(-)
	5.4

(1.0)
	37

(0.7)
	7.4

(0.8)
	44

(0.5)
	30

(0.7)



	6
	4791

(0.8)
	-

(-)
	126

(1.6)
	0.09

(0.2)
	5.8

(0.9)
	3.7

(0.9)
	10.1

(1.1)
	-

(-)
	4.6

(0.9)
	42

(0.8)
	0.3

(1.0)
	39

(0.4)
	53

(1.3)



	7
	7300

(1.1)
	-

(-)
	144

(1.9)
	-

(-)
	8.6

(1.4)
	5.4

(1.3)
	10.7

(1.1)
	-

(-)
	7.2

(1.4)
	51

(1.0)
	11.6

(1.3)
	40

(0.4)
	63

(1.5)



	8
	4567

(0.7)
	-

(-)
	120

(1.5)
	0.28

(0.6)
	5.3

(0.8)
	3.8

(0.9)
	9.7

(1.0)
	-

(-)
	5.0

(1.0)
	49

(0.9)
	7.5

(0.8)
	39

(0.4)
	-

(-)



	9
	7390

(1.2)
	-

(-)
	164

(2.1)
	0.11

(0.2)
	9.0

(1.5)
	6.2

(1.5)
	11.3

(1.2)
	-

(-)
	8.5

(1.6)
	52

(1.0)
	13.2

(1.5)
	55

(0.6)
	74

(1.8)



	10
	1684

(0.3)
	-

(-)
	106

(1.4)
	-

(-)
	3.8

(0.6)
	1.8

(0.4)
	5.7

(0.6)
	0.46

(10.1)
	0.6

(0.1)
	36

(0.7)
	5.9

(0.7)
	65

(0.7)
	14

(0.3)



	11
	2079

(0.3)
	1.1

(6.1)
	86

(1.1)
	0.20

(0.4)
	3.8

(0.6)
	2.4

(0.6)
	10.4

(1.1)
	0.66

(14.7)
	1.9

(0.4)
	73

(1.4)
	6.5

(0.7)
	60

(0.6)
	75

(1.8)



	12
	3770

(0.6)
	0.9

(5.1)
	291

(3.8)
	-

(-)
	6.5

(1.1)
	4.4

(1.1)
	15.2

(1.6)
	-

(-)
	2.5

(0.5)
	63

(1.2)
	12.6

(1.4)
	85

(0.9)
	39

(0.9)



	13
	2048

(0.3)
	2.1

(12)
	80

(1.0)
	0.10

(0.2)
	3.6

(0.6)
	3.1

(0.8)
	5.6

(0.6)
	-

(-)
	1.8

(0.3)
	43

(0.8)
	7.6

(0.9)
	51

(0.5)
	102

(2.4)



	14
	52180.8
	-

(-)
	130

(1.7)
	-

(-)
	6.9

(1.1)
	10.6

(2.6)
	5.5

(0.6)
	-

(-)
	15.8

(3.0)
	35

(0.7)
	12.3

(1.4)
	53

(0.6)
	26

(0.6)



	15
	2394

(0.4)
	0.7

(3.8)
	50

(0.6)
	0.06

(0.1)
	1.8

(0.3)
	2.4

(0.6)
	8.8

(0.9)
	0.06

(1.3)
	2.9

(0.6)
	11

(0.2)
	4.1

(0.5)
	15

(0.2)
	129

(3.1)



	16
	5188

(0.8)
	-

(-)
	354

(4.6)
	-

(-)
	7.0

(1.1)
	8.1

(2.0)
	6.8

(0.7)
	0.19

(4.2)
	3.8

(0.7)
	10

(0.2)
	15.9

(1.8)
	69

(0.7)
	60

(1.4)



	17
	4360

(0.7)
	-

(-)
	93

(1.2)
	0.14

(0.3)
	5.7

(0.9)
	3.6

(0.9)
	8.9

(0.9)
	0.21

(4.7)
	4.3

(0.8)
	31

(0.6)
	8.8

(1.0)
	42

(0.4)
	51

(1.2)



	18
	4694

(0.7)
	-

(-)
	97

(1.3)
	-

(-)
	6.3

(1.0)
	3.8

(0.9)
	11.6

(1.2)
	0.45

(9.9)
	5.0

(1.0)
	40

(0.8)
	10.6

(1.2)
	49

(0.5)
	53

(1.3)



	19
	6752

(1.1)
	-

(-)
	113

(1.5)
	0.26

(0.5)
	8.8

(1.4)
	5.1

(1.3)
	17.3

(1.8)
	-

(-)
	7.0

(1.3)
	46

(0.9)
	11.1

(1.2)
	56

(0.6)
	-

(-)



	20
	4054

(0.6)
	-

(-)
	78

(1.0)
	0.11

(0.2)
	5.1

(0.8)
	2.8

(0.7)
	6.8

(0.7)
	-

(-)
	4.0

(0.8)
	17

(0.3)
	6.3

(0.7)
	27

(0.3)
	68

(1.6)



	21
	3361

(0.5)
	-

(-)
	71

(0.9)
	-

(-)
	5.4

(0.9)
	3.2

(0.8)
	-

(-)
	0.32

(7.1)
	1.6

(0.3)
	33

(0.6)
	7.6

(0.9)
	42

(0.4)
	79

(1.9)



	Mean
	4708
	0.4
	133
	0.15
	6.1
	4.3
	9.9
	0.15
	5.2
	42
	8.9
	49
	50



	STDEV
	1721
	0.7
	71
	0.14
	1.9
	2.0
	4.1
	0.20
	3.3
	16
	3.5
	15
	32



	Max
	7390
	2.2
	354
	0.40
	9.0
	10.6
	17.3
	0.66
	15.8
	73
	15.9
	85
	129



	Min
	1684
	-
	50
	-
	1.8
	1.8
	-
	-
	0.6
	10
	0.3
	15
	-







Note: Values reported in mg kg−1 in lichen; STDEV: standard deviation. ± 1σ of background mean; - Nil; ( ) are pollutant ratios with ambient background averages.
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Table 5. Data for metals and NO3− concentrations in W sector.
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	Sector

Location
	Al
	As
	Ba
	Cd
	Cr
	Co
	Cu
	Mo
	Ni
	Pb
	V
	Zn
	NO3−





	22
	4579

(0.7)
	3.06

(17)
	87

(1.1)
	-

(-)
	6.3

(1.0)
	4.5

(1.1)
	-

(-)
	-

(-)
	1.98

(0.4)
	26

(0.5)
	11.2

(1.3)
	51

(0.5)
	56

(1.3)



	23
	4232

(0.7)
	-

(-)
	88

(1.1)
	0.12

(0.3)
	5.9

(0.9)
	3.6

(0.9)
	2.8

(0.3)
	0.25

(5.5)
	3.44

(0.7)
	32

(0.6)
	10.3

(1.2)
	46

(0.5)
	62

(1.5)



	24
	6371

(1.0)
	-

(-)
	103

(1.3)
	-

(-)
	10.4

(1.7)
	5.3

(1.3)
	13.3

(1.4)
	0.34

(7.6)
	5.47

(1.1)
	65

(1.2)
	13.2

(1.5)
	78

(0.8)
	139

(3.3)



	27
	4977

(0.8)
	-

(-)
	92

(1.2)
	-

(-)
	6.7

(1.1)
	4.8

(1.2)
	-

(-)
	-

(-)
	1.19

(0.2)
	35

(0.7)
	14.8

(1.7)
	55

(0.6)
	122

(2.9)



	28
	2908

(0.5)
	-

(-)
	62

(0.8)
	-

(-)
	4.9

(0.8)
	3.2

(0.8)
	-

(-)
	0.17

(3.8)
	0.17

(0.0)
	26

(0.5)
	9.3

(1.0)
	43

(0.4)
	-

(-)



	29
	5015

(0.8)
	2.09

(12)
	91

(1.2)
	-

(-)
	8.5

(1.4)
	4.2

(1.0)
	1.6

(0.2)
	-

(-)
	3.54

(0.7)
	51

(1.0)
	11.8

(1.3)
	66

(0.7)
	-

(-)



	30
	4570

(0.7)
	-

(-)
	85

(1.1)
	-

(-)
	6.4

(1.0)
	3.7

(0.9)
	4.2

(0.4)
	0.24

(5.2)
	3.89

(0.7)
	42

(0.8)
	10.5

(1.2)
	56

(0.6)
	156

(3.7)



	31
	4549

(0.7)
	-

(-)
	79

(1.0)
	-

(-)
	6.4

(1.0)
	4.0

(1.0)
	-

(-)
	-

(-)
	3.22

(0.6)
	39

(0.7)
	12.11.4
	52

(0.5)
	112

(2.7)



	32
	3974

(0.7)
	-

(-)
	104

(1.4)
	-

(-)
	6.3

(1.0)
	4.5

(1.1)
	-

(-)
	-

(-)
	1.35

(0.3)
	41

(0.8)
	12.6

(1.4)
	49

(0.5)
	87

(2.1)



	33
	5225

(0.8)
	-

(-)
	87

(1.1)
	-

(-)
	7.6

(1.2)
	3.9

(1.0)
	3.5

(0.4)
	0.22

(4.8)
	4.99

(1.0)
	49

(0.9)
	11.3

(1.3)
	117

(1.2)
	57

(1.4)



	34
	3640

(0.6)
	-

(-)
	51

(0.7)
	0.48

(1.0)
	6.4

(1.0)
	3.0

(0.7)
	2.4

(0.3)
	0.36

(8.1)
	3.87

(0.7)
	34

(0.7)
	9.8

(1.1)
	71

(0.7)
	92

(2.2)



	35
	4332

(0.7)
	-

(-)
	81

(1.0)
	-

(-)
	5.5

(0.9)
	3.6

(0.9)
	-

(-)
	0.19

(4.2)
	3.06

(0.6)
	31

(0.6)
	12.0

(1/4)
	40

(0.4)
	151

(3.6)



	36
	4796

(0.8)
	-

(-)
	92

(1.2)
	-

(-)
	6.3

(1.0)
	4.7

(1.1)
	5.5

(0.6)
	0.28

(6.1)
	1.93

(0.4)
	58

(1.1)
	9.6

(1.1)
	57

(0.6)
	36

(0.9)



	37
	5062

(0.8)
	-

(-)
	84

(1.1)
	0.06

(0.1)
	6.0

(1.0)
	3.9

(1.0)
	14.5

(1.5)
	-

(-)
	5.06

(1.0)
	36

(0.7)
	7.6

(0.9)
	58

(0.6)
	78

(1.9)



	38
	5808

(0.9)
	-

(-)
	92

(1.2)
	-

(-)
	6.7

(1.1)
	4.6

(1.1)
	6.7

(0.7)
	-

(-)
	4.20

(0.8)
	25

(0.5)
	8.1

(0.9)
	52

(0.5)
	85

(2.0)



	Mean
	4669
	0.3
	85
	0.04
	6.7
	4.1
	3.6
	0.14
	3.16
	39
	11
	59
	82



	STDEV
	840
	0.9
	14
	0.12
	1.3
	0.63
	4.7
	0.14
	1.55
	12
	1.9
	19
	49



	Max
	6371
	3.06
	104
	0.48
	10.4
	5.3
	14.5
	0.36
	5.47
	65
	14.8
	117
	156



	Min
	2908
	-
	51
	-
	4.9
	3.0
	-
	-
	0.17
	25
	7.6
	40
	-



	Sector Location
	Al
	As
	Ba
	Cd
	Cr
	Co
	Cu
	Mo
	Ni
	Pb
	V
	Zn
	NO3-







Note: Values reported in mg kg−1 in lichen; STDEV: standard deviation. ± 1σ of background mean; - Nil; ( ) are pollutant ratios with ambient background averages.
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Table 6. Data for metals and NO3− concentrations in N sector.
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	Sector Location
	Al
	As
	Ba
	Cd
	Cr
	Co
	Cu
	Mo
	Ni
	Pb
	V
	Zn
	NO3−





	39
	4178

(0.7)
	-

(-)
	67

(0.9)
	-

(-)
	5.0

(0.8)
	3.3

(0.8)
	-

(-)
	0.50

(11.2)
	0.76

(0.1)
	34

(0.7)
	-

(-)
	29

(0.3)
	65

(1.5)



	40
	4916

(0.8)
	-

(-)
	68

(0.9)
	-

(-)
	5.7

(0.9)
	4.0

(1.0)
	-

(-)
	-

(-)
	2.73

(0.5)
	46

(0.9)
	-

(-)
	44

(0.5)
	182

(4.3)



	41
	1459

(0.2)
	-

(-)
	49

(0.6)
	-

(-)
	1.9

(0.3)
	1.5

(0.4)
	-

(-)
	-

(-)
	-

(-)
	6.67

(0.1)
	-

(-)
	10.2

(0.1)
	101

(2.4)



	42
	1123

(0.2)
	-

(-)
	22

(0.3)
	-

(-)
	2.4

(0.4)
	2

(0.5)
	-

(-)
	-

(-)
	-

(-)
	9.12

(0.2)
	-

(-)
	5.8

(0.1)
	251

(6.0)



	43
	4077

(0.6)
	-

(-)
	92

(1.2)
	-

(-)
	5.3

(0.9)
	4.3

(1.1)
	-

(-)
	-

(-)
	1.3

(0.3)
	43

(0.8)
	6.3

(0.7)
	41

(0.4)
	82

(2.0)



	44
	3908

(0.6)
	-

(-)
	64

(0.8)
	-

(-)
	6.5

(1.0)
	3.5

(0.9)
	-

(-)
	-

(-)
	-

(-)
	37

(0.7)
	19.4

(2.2)
	35

(0.4)
	339

(8.1)



	45
	3067

(0.5)
	-

(-)
	59

(0.8)
	-

(-)
	4.6

(0.7)
	2.8

(0.7)
	-

(-)
	0.20

(4.4)
	1.8

(0.3)
	20

(0.4)
	3.0

(0.3)
	40

(0.4)
	304

(7.2)



	46
	2184

(0.3)
	1.9

(11)
	56

(0.7)
	-

(-)
	3.5

(0.6)
	1.7

(0.4)
	-

(-)
	-

(-)
	0.2

(0.0)
	24

(0.5)
	7.5

(0.8)
	40

(0.4)
	78

(1.9)



	47
	3177

(0.5)
	-

(-)
	44

(0.6)
	-

(-)
	4.4

(0.7)
	2.2

(0.5)
	1.6

(0.2)
	0.70

(16)
	2.9

(0.6)
	23

(0.4)
	9.3

(1.0)
	30

(0.3)
	56

(1.3)



	48
	4592

(0.7)
	-

(-)
	78

(1.0)
	0.23

(0.5)
	5.6

(0.9)
	3.0

(0.7)
	6.4

(0.7)
	-

(-)
	4.4

(0.8)
	19.5

(0.4)
	6.3

(0.7)
	31

(0.3)
	564

(13.4)



	49
	3380

(0.5)
	-

(-)
	77

(1.0)
	-

(-)
	6.2

(1.0)
	2.6

(0.6)
	-

(-)
	-

(-)
	1.3

(0.3)
	42

(0.8)
	9.2

(1.0)
	31

(0.3)
	25

(0.6)



	50
	4352

(0.7)
	-

(-)
	77

(1.0)
	0.40

(0.8)
	5.4

(0.9)
	2.7

(0.7)
	9.4

(1.0)
	-

(-)
	5.0

(1.0)
	16.7

(0.3)
	6.7

(0.8)
	30

(0.3)
	426

(10.2)



	51
	1714

(0.3)
	-

(-)
	114

(1.5)
	-

(-)
	3.0

(0.5)
	3.0

(0.7)
	-

(-)
	-

(-)
	-

(-)
	35

(0.7)
	16.7

(1.9)
	27

(0.3)
	351

(8.4)



	52
	4368

(0.7)
	-

(-)
	84

(1.1)
	-

(-)
	6.4

(1.0)
	3.7

(0.9)
	-

(-)
	-

(-)
	2.4

(0.5)
	24

(0.5)
	8.1

(0.9)
	36

(0.4)
	23

(0.5)



	53
	5195

(0.8)
	-

(-)
	78

(1.0)
	0.20

(0.4)
	5.2

(0.8)
	2.2

(0.5)
	9.7

(1.0)
	-

(-)
	3.8

(0.7)
	8.9

(0.2)
	6.5

(0.7)
	28

(0.3)
	14

(0.3)



	54
	5589

(0.9)
	-

(-)
	95

(1.2)
	0.30

(0.6)
	6.1

(1.0)
	3.0

(0.7)
	11.4

(1.2)
	-

(-)
	5.4

(1.0)
	15.3

(0.3)
	6.6

(0.7)
	35

(0.4)
	83

(2.0)



	55
	6045

(1.0)
	-

(-)
	119

(1.5)
	1.40

(2.9)
	8.6

(1.4)
	5.7

(1.4)
	8.3

(0.9)
	-

(-)
	4.8

(0.9)
	139

(2.7)
	19

(2.1)
	277

(2.9)
	204

(4.9)



	Mean
	3725
	0.11
	73
	0.15
	5.0
	3.0
	2.8
	0.082
	2.2
	32
	7.8
	45
	185



	STDEV
	1448
	0.46
	24
	0.35
	1.7
	1.0
	4.3
	0.20
	2.0
	30
	5.9
	60
	163



	Max
	6045
	1.9
	119
	1.4
	8.6
	5.7
	11.4
	0.70
	5.4
	139
	19.4
	277
	564



	Min
	1123
	-
	22
	-
	1.9
	1.5
	-
	-
	-
	6.67
	-
	5.8
	14







Note: Values reported in mg kg−1 in lichen; STDEV: standard deviation. ± 1σ of background mean; - Nil; ( ) are pollutant ratios with ambient background averages.
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Table 7. Structure matrix showing influence of each chemical parameter on site separation.






Table 7. Structure matrix showing influence of each chemical parameter on site separation.





	
Function






	

	
1

	
2

	
3

	
4




	
Elevation(m)

	
0.717*

	
0.142

	
0.070

	
−0.097




	
Al

	
−0.236

	
0.593*

	
0.304

	
−0.188




	
Cu

	
−0.217

	
0.572*

	
0.038

	
0.91




	
Cr

	
−0.256

	
0.537*

	
0.247

	
−0.248




	
NO3−

	
0.024

	
−0.383

	
0.561*

	
0.142




	
Mo

	
−0.046

	
−0.122

	
−0.405*

	
0.037




	
Ba

	
−0.209

	
0.205

	
−0.373*

	
0.178




	
As

	
−0.066

	
0.004

	
−0.333*

	
0.124




	
Cd

	
−0.044

	
0.145

	
0.287*

	
0.162




	
Zn

	
−0.010

	
0.182

	
0.256*

	
−0.005




	
V

	
−0.109

	
0.136

	
0.240*

	
−0.033




	
Ni

	
−0.107

	
0.159

	
0.200*

	
0.089




	
Co

	
−0.100

	
0.132

	
0.182*

	
0.023




	
Pb

	
0.021

	
0.070

	
0.034

	
0.095*








Note: Pooled within-groups correlations between discriminating variables and standardized canonical discriminant functions. Variables ordered by absolute size of correlation within function. Largest absolute correlation between each variable and any discriminant function. Coefficients > 0.05 are marked by “*”.
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Table 8. Selected metal ratios for S, E, N and W sectors.






Table 8. Selected metal ratios for S, E, N and W sectors.





	Location/data
	Cu/Pb
	Cr/Pb
	Co/Cu





	Sector means
	0.291/0.387/0.476/0.147
	0.174/0.286/0.225/0.178
	0.550/0.684/0.740/1.005



	STDEV
	0.174/0.309/0.404/0.120
	0.127/0.247/0.129/0.037
	0.438/0.594/0.767/0.725



	% ± 1σ
	67/62/24/20
	67/77/76/93
	90/92/47/53







Note: Data are presented in order of S/E/ N/W sectors. Percentage is within 1σ of background mean within 95% CI. STDEV: standard deviation. ± 1σ of background mean. All data is available in supplementary tables.
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