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Abstract: Toxic elements can be transported to polar regions by long-range atmospheric transport
from mid and low latitudes, leading to enrichment of elements in the polar environment,
especially in the Arctic. The plants can be ideal bioindicators of element contamination in
environments, but information on the element enrichment and sources of plants remains limited
in polar regions. Here, concentrations of 15 metals and metalloids (Pb, Ni, Cr, Cu, Co,
As, Cd, Sb, Hg, Se, Fe, Zn, Mn, Al, and Ti) in six species of plants, Deschampsia caespitosa
(Tufted Hair Grass), Puccinellia phryganodes (Creeping Alkaligrass), Saxifraga aizoides (Yellow Mountain
Saxifrage), Dicranum angustum (Dicranum Moss), Salix Polaris (Polar Willow), and Cerastium
arcticum (Arctic Mouse-Ear Chickweed), collected from Ny-Alesund, the Arctic, were determined,
and enrichment and sources of elements were assessed. Results show that element concentrations
vary in different plant species, and element levels in D. angustum and C. arcticum are generally
higher. In spatial terms, elevated element concentrations were found near residential areas, while low
element levels were present at the sites far from settlement points. Enrichment assessment shows
that Cd, Hg, and Zn are the most enriched elements, with enrichment factors above 30, suggesting
sources other than soil dust control their concentrations. Principal component analysis (PCA)
showed that the extracted three components can explain 82% of the total variance in element
concentrations. The elements Ni, Cr, As, Sb, Fe, Al, Ti, and to a lesser extent Co are highly loaded in
PC1, possibly associated with continental crust particles. PC2 is closely correlated with Cd, Se, Mn,
Cu, and Zn, while Hg and Pb have high loadings on PC3. The elements highly loaded on PC2 and
PC3 are likely associated with pollutants from atmospheric transportation. Together with enrichment
assessment, the investigated plants have a great potential for monitoring atmospheric Cd, Hg, and Zn
pollution in Ny-Alesund, and D. angustum and D. caespitosa are the more sensitive species. The results
would be of significance for monitoring element contamination in the pristine Arctic environments
using the bioindicator plants.

Keywords: element; plant; enrichment factor; Arctic

1. Introduction

The pristine Arctic has become a region of great concern, and growing evidence has indicated that
anthropogenic contaminants (e.g., heavy metals) can reach the remote Arctic from mid and low latitudes
via long-distance atmospheric transport [1-6]. In the Arctic, increased contaminant concentrations have

Atmosphere 2020, 11, 1129; d0i:10.3390/atmos11101129 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0003-1702-6322
http://www.mdpi.com/2073-4433/11/10/1129?type=check_update&version=1
http://dx.doi.org/10.3390/atmos11101129
http://www.mdpi.com/journal/atmosphere

Atmosphere 2020, 11, 1129 2 of 15

been found in varied environmental compartments, such as atmosphere, snow, soil, and sediment [7-12].
Among the contaminants, mercury (Hg) has been attracting more attention, considering that Hg,
once deposited, can be methylated by bacterial activities and becomes bioavailable to organisms,
subsequently potentially affecting the ecosystems [13,14]. Similar to Hg, other potentially toxic metals,
such as lead (Pb) and cadmium (Cd), can also biomagnify via the food chain, and accumulate in living
organisms [15]. Therefore, the investigations on occurrence, concentrations, and distribution patterns
of toxic metals in the Arctic ecosystem are critical to evaluate to what extent human emissions influence
this pristine environment.

Plants, especially mosses, with weak or absent cuticle and very thin leaves, favoring the
exchange between atmosphere and cell walls, are cheap and sensitive metal and metalloid biomonitors.
In previous studies, the bioaccumulation of metals was extensively investigated, e.g., [16,17]. Among the
biological species used for metal pollution biomonitoring, mosses have the most common occurrence.
Due to a number of advantages, such as no seasonal variation of the morphology and considerable
longevity [18], mosses could be the best long-term integrators of the atmospheric deposition of elements.
During recent decades, the biomonitoring role using moss as indicators of metal pollution has been
widely reported [19-22]. For instance, in Europe and North America, mosses have been extensively
used for monitoring atmospherically transported heavy metal deposition [23-26]. So far, most of
the investigations have mainly been focused on element concentrations near human settlements;
the investigations on metal levels in plants in the remote polar regions, however, remain limited.

Svalbard, a Norwegian archipelago in the Arctic Ocean, is one of the most northern places where
humans live. The atmospheric contaminants emitted from local human activities are thought to be
minor. However, pollutants from the industrialized regions can be an important factor concerning
Svalbard, due to the long-distance atmospheric transport. Up to now, only a few investigations have
been performed to characterize metal accumulation in soils and mosses in Svalbard. For instance,
the report on metals in mosses and lichens in southwestern Svalbard suggested that long-distance
transport of anthropogenic emissions was responsible for metal accumulation [27]. Ny-Alesund,
located in the northern part of Svalbard, is the northernmost functional civilian settlement in the world.
Jia et al. (2012) have examined antimony (Sb) concentration in topsoils and mosses in Ny-Alesund [28].
The information on element accumulation and sources in plants (mosses and angiosperms), however,
remains limited. Here, we carried out an investigation of a comprehensive set of elements in six
species of plants in Ny—Alesund, Svalbard. Concentrations of 15 elements, Hg, Pb, Cd, chromium (Cr),
copper (Cu), arsenic (As), antimony (Sb), selenium (Se), nickel (Ni), zinc (Zn), cobalt (Co), ferrum (Fe),
manganese (Mn), aluminum (Al), and titanium (Ti) were determined, and their enrichment and main
sources in plants were evaluated. Accordingly, the plant species that would be ideal bioindicators of
metals in the Arctic were distinguished. The results would be of help for a better understanding of
element accumulation in different environmental compartments in the Arctic ecosystem.

2. Experiments

2.1. Study Area

The Svalbard Archipelago (74°-81° N, 10°-35° E) is located on the boundary between the
Norwegian Sea, the Barents Sea and the Arctic Ocean. Previous studies showed that Svalbard is
perhaps one of the regions most affected by anthropogenic pollution transported from industrialized
areas [2]. Ny-Alesund, located on the west coast of Spitsbergen, is a former Norwegian coal mining
town and was closed in the 1960s due to a tragic accident [29]. At present, there are about several tens of
all-year permanent residents (scientific expeditioners and logistical support personnel) in Ny-Alesund,
and the population reaches more than one hundred in summer. The general energy of home heating is
from diesel generators, which can emit pollutants and consequently influence the local environments
potentially. Ny-Alesund is warmer and more humid than elsewhere with similar latitude in the
Northern hemisphere due to the changes of atmospheric circulation and oceanic cycle in the North
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Atlantic and the Barents Sea. Annual mean temperature in Ny-Alesund is approximately 4 °C, and most
Arctic animals and plants can be found there [30]. The wind at Ny-Alesund is predominantly from
south-westerly directions [31]. Because of the unique climate qualities and geographical location,
Ny-Alesund is thought to be an ideal location for Arctic scientific exploration. Thus far, a number of
research stations have been established in Ny-Alesund; amongst them is the Chinese Yellow River
Station (78°55’ N, 11°56” E), which was built in 2004 (Figure 1).
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Figure 1. Sketch map showing the sampling locations in Ny-Alesund, the Arctic. The six sampling
sites (closed triangles) were classified into two groups (I and II), i.e., the sampling sites close to the
residential points (closed squares), namely S2, S4, and S5, were classified into Zone I, while the stations
further away from the residential area are in Zone II. The mineral resources refer to the coal mines.
The contour lines were also shown as solid brown lines, with altitudes marked. The inserted panel at
the upper-left corner represent the relative location of the study area in the Arctic.

2.2. Sample Collection

In Ny—Alesund, six sampling stations, i.e., S1-S6, were selected for sample collection (Figure 1).
At each investigation station, different species of plants were collected around an area of ca. 100 x 100
m. In the study area, in total six plant species were found and sampled, i.e., Deschampsia caespitosa
(Tufted Hair Grass; at S1, and S2), Puccinellia phryganodes (Creeping Alkaligrass; at S1, S3, and 54),
Dicranum angustum (Dicranum Moss; at S1-56), Saxifraga aizoides (Yellow Mountain Saxifrage; at S2
and S4-56), Salix Polaris (Polar Willow; at S3), and Cerastium arcticum (Arctic Mouse-Ear Chickweed;
at 53, S5, and S6). Among the six plant species, Dicranum angustum is moss while the other species
are angiosperms. It is noted that only plant leaves have been collected because these leaves are most
sensitive to air pollutants. At each sampling station, leaves of the same species were collected and
combined to represent one sample, with a weight of ~200 g. The sampling time was September, and the
plants were mainly at end growth stage. In total, 19 plant samples were collected. The plants were
kept in polyethylene zipper bags to avoid contamination, and then they were stored at —20 °C and
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transported to the laboratory for treatment and analysis. While the number of sampling sites is rather
limited, i.e., only six investigation stations, due to the limited logistical support (Figure 1), this study
provides an opportunity to characterize the general element accumulation in plants in the remote
Arctic ecosystem.

2.3. Sample Analysis

Considering that the main aims of the study are to characterize the bioconcentration of elements
in plants and their potential for indicating atmospheric contamination as bioindicators, the plants
were cleaned and washed with Milli-Q water (18.2 M()) 5 times in laboratory [32-34]. Then the plants
were freeze-dried at —20 °C (ALPHA 1-4/LD, Martin Christ Inc, Osterode am Harz, Germany), until a
constant weight was achieved. All the dried samples were mixed thoroughly with the aid of agate
mortars and pestles. About 0.5 g of the samples were picked and placed in PTFE vessels. Plants were
digested with HNOj3; and H,O; (v/v = 4), and a microwave oven (Ultra WAVE, Milestone Inc, Bergamo,
Italy) was used for the digestion following operations of 30 °C (5 min), 150 °C (5 min), and 200 °C
(20 min). Then the solutions were dissolved with 1% HNOj into a final volume of 50 mL for element
concentration determination.

Concentrations of Pb, Ni, Cr, Cu, Co, As, Cd, Sb, Hg, Se, Fe, Zn, Mn, Al, and Ti were determined
using inductively coupled plasma mass spectrometry (ICP-MS) (PE-Sciex DRC II, Perkin Elmer Inc,
Waltham, USA). In general, the instrument analyzing conditions are similar to those in Shi et al. (2015).
Briefly, the solutions were introduced to the plasma using a peristaltic pump by a nebulizer and spray
chamber. The operating parameters for ICP-MS were RF-1100W, the auxiliary gas flow rate 1.80 L min~!,
the nebulizer gas flow rate 0.95 L min~!, the plasma gas flow rate 15 L min~?, the scan mode was
peak hopping, and the lens voltage 6.5 to 9.0 V. The elements As and Se were determined using a
reaction—collision cell, with He and H; gases for As and Se measurement, respectively. In addition,
Rhodium was used as the internal standard to examine the instrument responses.

All the analyses were run under an analytical quality protocol, including the analysis of procedural
blanks, duplicate samples, and certified reference materials (the biologic reference material GBS10023,
provided by the National Research Center for Certified Reference Materials, China). The recovery
of the 15 elements in the reference materials varied from 89% to 105%. However, replicate analyses
of plants (1 = 3) showed high standard deviations (up to 16%), which is possible because the plants
are not so easy to clean mechanically concerning the dust particles. This is consistent with previous
investigations on element concentrations in lichens [35]. The detection limit (DL) was defined as 3
standard deviations of replicate runs of 1% HNOj3 (v/v) (n = 11). The values of the DL were 0.003,
0.003, 0.002, 0.023, 0.001, 0.014, 0.002, 0.0002, 0.001, 0.042, 0.03, 0.044, 0.013, 0.091, and 0.037ng mL~"! for
Pb, Ni, Cr, Cu, Co, As, Cd, Sb, Hg, Se, Fe, Zn, Mn, Al, and Ti, respectively, which correspond to the
element contents of 0.3, 0.3,0.2,2.3,0.1, 1.4,0.2,0.02, 0.1, 4.2, 3.0, 4.4,1.3,9.1, and 3.7 ug kg_1 in the
samples, respectively. In this study, the element concentrations in plants were above the DL. In general,
the procedural blanks, which were prepared using the same protocols as those of samples but without
adding sample, were lower than or close to the DL.

In addition, all the containers used in the analytical procedure were washed with dilute HNO3
(20%, v/v), followed by Milli-Q water, in order that they are free of contamination, and all personnel wore
disposable PE gloves to minimize the potential contamination during sample treatment and analysis.

2.4. Enrichment Factor Analysis

In order to remove fluctuations of absolute values and to give a clue to the sources of elements,
raw concentrations were sometimes normalized to the soil or the Earth’s crustal abundance pattern by
calculating the enrichment factor [18,36]. Mathematical expression of the enrichment factor (EF) is
as follows:

Cn(plant)/Cf(plant)

EF =
Ry (reference) /R s (reference)

)
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where Cy(plant) and R, (reference) are concentrations of elements in plant and reference environment,
respectively; Cf(plant) and Ry.f(reference) are concentrations of the reference element in plant and
reference environment, respectively. Enrichment factor (EF) can be classified into seven levels, i.e.,
(1) EF < 1.5 (no enrichment), (2) 1.5 < EF < 3 (minor enrichment), (3) 3 < EF <5 (moderate enrichment),
(4) 5 < EF <10 (moderately severe enrichment), (5) 10 < EF < 25 (severe enrichment), (6) 25 < EF < 50
(very severe enrichment), and (7) EF > 50 (extremely severe enrichment). Elements with low
occurrence variability, such as Ti, Al, Fe, and Ca, were often chosen as the reference element for
EF calculation [37-39]. In this study, metal Al was selected as the reference element for its high
concentration and low spatial variation in the study area. For evaluating the enrichment of elements in
plants, the local soils are a better reference environment. The soils in Ny—Alesund, however, were not
sampled. Here, the Spitsbergen topsoil was selected as the reference environment, and the element
concentrations are from the published data [27,28]. Elements for which soil is the only source have EFs
of ~1.0, while elements from human emissions are expected to have EFs > 1.0. Because the types of
soils vary spatially and the possible fractionation of elements occurs during weathering, only elements
with EFs < 10.0 are considered as having a crustal source [40,41].

2.5. Multivariate Statistical Analysis

Multivariate statistical analyses, such as principal component analysis (PCA) and correlation
analysis (CA), are useful tools in element source apportionment. Multivariate statistical analyses of the
data in this work were carried out by means of SPSS v.11.5 software packages. The essence of PCA
is converting the observed variables into factors or principal components, so that a minimized set
of underlying variables can be identified. Bartlett sphericity test (p < 0.001) indicated that the data
were suitable for PCA. The raw element content data, in general, do not follow a normal distribution
(p > 0.05, one-sample Kolmogorov—Smirnov test), but they fit the logarithmic normal distribution.
Thus, the raw content data were normalized by logarithmic transformation for the PCA. Varimax with
Kaiser normalization rotation was applied to maximize the variances of the factor loadings across
variances for each factor, and the regression method was selected for calculating the factor score
coefficient. During the PCA, the components with eigenvalue >1.0 were extracted. The loadings were
calculated from the eigenvalues of the components and their corresponding eigenvectors. For a test of
the stability of PCA results, one sample was arbitrarily removed from the full samples, and the PCA
outcome was close to that for the full cases.

Correlations between the original variables were present in the form of non-parametric Spearman
correlation coefficients.

3. Results

Element concentrations in plants are summarized in Table 1. As for the means,
element concentrations in plants vary in the decreasing order of Al > Fe > Ti > Mn > Zn > Cu > Pb >
Ni > Cr > Co > As > Cd > Se > Sb > Hg, which does not follow the same patterns as decreasing upper
continental crustal abundance [42], possibly suggesting non-crustal sources (i.e., human inputs) and/or
the varied bioavailability of elements. The variation coefficients of elements (Cv, one standard deviation
versus mean) in plants are all above 0.5 (ranging from 0.5 to 1.3), implying moderate-high variation.

Element concentrations in plants from other areas in Arctic and other circumpolar Arctic regions
are summarized in Table 2. In terms of continental crust-derived elements (e.g., major elements Al, Fe,
and Ti), a spatial variability was present in different study areas, e.g., Fe concentration in the plants
of Sweden (117 mg kg~!) was much lower than that of Taimyr Peninsula (2640 mg kg™!). In general,
concentrations of the major elements in this study are comparable to the values of Taimyr Peninsula
and higher than the other reports. Concentrations of Pb, Ni, Cr, Cu, and Cd in this study fall within the
published ranges, while concentrations of As, Sb, Hg, and Zn are generally higher than the values
for other regions. It is noted that element concentrations in this study are comparable to those in
SW Spitsbergen.
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Table 1. Statistics of element concentrations in plants (1 = 19)/mg kg1

Element Mean Minimum Maximum Star}dard Coefﬁ'mefnt of
Deviation Variation

Pb 3.70 0.50 17.90 4.70 1.27
Ni 2.90 0.50 7.40 2.10 0.72
Cr 2.10 0.40 8.50 2.30 1.10
Cu 5.00 1.20 12.00 2.70 0.54
Co 0.99 0.12 4.50 1.11 1.12
As 0.40 0.06 1.46 0.40 1.00
Cd 0.20 0.04 0.77 0.21 1.05
Sb 0.13 0.03 0.26 0.08 0.62
Hg 0.06 0.01 0.16 0.05 0.83
Se 0.20 0.01 1.34 0.31 1.55
Fe 1264 181 4445 1250 0.99
Zn 44 17 114 29 0.66
Mn 154 27 494 141 0.92
Al 2690 352 8686 2101 0.78

Ti 166 17 644 163 0.98

Table 2. Comparison of element concentration means in plants of this study and other reports/mg kg™

Region Pb Ni Cr Cu As Cd Sb Hg Fe Zn Mn Al Ti Reference
Ny-Alesund 3.7 2.9 2.1 50 040 020 013 0.06 1264 44 154 2690 166  This study
NW Canada 675 319 388 354 037 019 0029 na na. 2124 na na. na. [43]

Canadian High Arctic 2.0 na. na. na na na na nha na  na  na  na  na [44]
Southern Spitsbergen 707 425 mna. 601 na 059 na na na 2113 na. na na [45]
Taimyr Peninsula, 184 424 na 457 039 0166 na 0051 2640 275 113 2820 220 [8]
Siberian Arctic
Finland, 2005 270 145 091 308 011 014 na 0040 18 316 na. 176 na [25]
Iceland, 2005 135 315 333 770 011 0.052 na. na na 212 na na na [25]
Norway, 2005 217 124 058 437 012 0.089 0070 0054 273 314 na. 255 na [25]
Russian Federation, 2005 n.a. 274 364 894 023 024 012 na. 679 40.1 na. 850 n.a. [25]
Sweden, 2005 215 061 061 356 0065 014 na. na 117 306 na na na [25]
Ny—AleSund na. na. na na na na 0108 na. na na na na na [28]

(1) n.a., not available.

It is thought that element contents can vary among plant species at the same site, possibly due to
the different structures of plants [18]. In this case, interspecies comparison is essential for monitoring
element pollution with the aid of plants. Element concentrations in the six species of plants are shown
in Figure 2, and the values vary significantly among different species, with the maximum/minimum
ratios of 9.7 (Pb), 3.9 (Ni), 8.9 (Cr), 3.7 (Cu), 6.0 (Co), 7.6 (As), 4.5 (Cd), 7.4 (Sb), 6.1 (Hg), 25.8 (Se),
8.9 (Fe), 3.0 (Zn), 7.4 (Mn), 5.4 (Al), and 8.6 (Ti). In general, elevated concentrations were found in
D. angustum and C. arcticum, with the highest means of Pb, Ni, Co, As, Cd, Se, Fe, and Zn in D. angustum
and the highest means of Cr, Sb, Hg, Al, and Ti in C. arcticum (Figure 2). Thus, these two species of
plants, especially the moss D. angustum, which was widely distributed in Ny-Alesund (i.e., sampled at
all of the six investigation stations), could be a more effective biomonitor of atmospheric deposition
of elements. On the other hand, element contents are generally higher in the moss D. angustum than
in other species (angiosperms), also suggesting a higher degree of element enrichment in moss than
in angiosperms. It is noted that element concentrations in S. Polaris could be unrepresentative of the
general concentration patterns in Ny-Alesund, considering that only one sample was included in the
interspecies comparison.
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Figure 2. Element concentration means in the six species of plants, with error bars of one standard
deviation. The sample numbers of plants D. caespitosa, P. phryganodes, D. angustum, S. aizoides, S. Polaris,
and C. arcticum are 2, 3, 6,4, 1, and 3, respectively. Note that a base-10 log scale is used for the y-axis of
element concentrations.

4. Discussion

4.1. Spatial Variation of Elements in Plants

According to the distance from settlement points, the sampling stations were divided into two
groups, Zones I and II (Figure 1). Zone I includes sites 52, 5S4, and S5, which are close to the settlement
points, research stations, airport, and the main roads. In this case, elements in plants in Zone I tend to
be influenced by local human activities, while sampling sites in Zone II (S1, S3, and S6) are away from
the residential areas.

Element concentrations in the six species of plants in the two zones are shown in Figure 3,
and element means in Zone I are generally higher than those of Zone II, especially Pb, Cd, Se, Co,
and Zn. The spatial distribution pattern of elements in D. angustum is likely more representative due
to its largest sample numbers being among the six plant species (i.e., three samples in Zone I and
three samples in Zone II). For D. angustum, the means of 10 elements are generally higher in Zone
I than in Zone II, with the ratios (Zone I over Zone II) of 2.2(Pb), 1.2(Ni), 1.3(Cu), 1.6(Co), 3.2(Cd),
1.2(Sb), 1.9(Hg), 3.3(Se), 1.1(Zn), and 1.9(Mn). It is noted that element levels in D. angustum at S3 are
relatively low among the six sites. This is probably due to S3 being far from the settlement point in
comparison with other sites (Figure 1) and/or S3 being mainly in the prevailing windward direction of
the study region (winds blowing from the sea to the land) [31], and thus less influenced by local human
emissions. Interestingly, a previous investigation has reported a similar spatial distribution pattern of
elements in soils in Svalbard [46]. It is noted that element contents in plants at S2 are not significantly
higher than those of other sites, although S2 is close to a coal mine. It might be suggested that the
impacts of coal mining activities before the 1960s on element levels in Svalbard plants are rather minor.
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Figure 3. Element concentration means in different plants in the two zones. Note that only one sample
of S. polaris was collected, and this species was excluded. Error bars represent one standard deviation
of element concentrations in individual zones. Note that a base-10 log scale is used for the y-axis of
element concentrations.

In summary, the spatial distribution patterns of elements possibly suggests that local anthropogenic
activities are influential on some elements in plants in Ny-Alesund. However, it is hard to assess to
what extent the local human activities have influenced element levels in plants based on our data.

4.2. Enrichment Factors of Elements in Plants

EFs of elements in six species of plants are illustrated in Figure 4. The six species of plants show a
similar EF trend among different elements, generally following a decreasing order of Cd > Hg > Zn >
Sb > Mn > Cu > Pb > Ni > As > Co > Ti > Fe > Cr. EFs of Cd, Hg, and Zn in plants are much higher
than 10.0, suggesting that these elements were influenced by other sources which may be associated
with anthropogenic inputs. Most of the EFs of other elements are below or close to 10.0, suggesting an
influence from soil particles. It is noted that EFs of Cr, Co, Fe, and Ti are close to 1.0, possibly indicating
that the crustal source plays an important role in accumulation of these metals.
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Figure 4. Means of the enrichment factors of elements in the six species of plants in Ny-Alesund,
the Arctic. Note that a base-10 log scale is used for the y-axis of enrichment factors of elements.

In terms of different plants, EFs vary moderately among the six species (Figure 4). Different from
element concentration patterns of interspecies (Section 3), the EFs in D. caespitosa are generally high,
while the EFs in C. arcticum are relatively low. This difference possibly suggests that both concentrations
and EFs of elements should be considered for assessing the suitability of plants to monitor anthropogenic
inputs of pollutants. The differences in EFs of elements amongst species could be associated with
the different element adsorption capacity of plants [47], assuming that element contents in soils at
each site are similar and elements in plants are mainly from local soils. In this study, although there is
uncertainty regarding EF estimation (i.e., taking top soils as the reference environment instead of the
local root-zone soils), the EFs of elements in plants allow a useful first-order examination of element
sources. It is noted that only one S. Polaris sample was measured, and again EFs in S. Polaris could
remain uncertain, especially when compared with other species.

4.3. Element Groups in Plants

Elements in plants can have various sources, including local and long-range origins, absorption of
elements from the bedrock and soil, natural cycling process (e.g., sea salts and biogenic emissions),
as well as windblown soil dust [18,48]. In order to identify the main factors influencing element
levels, three principal components (PCs), with initial eigenvalues >1.0, were extracted using the PCA.
The three components account for 82% of the total variance in element concentrations, suggesting that
most of the variation of elements in plants can be explained by the three factors. The plot loadings of
different elements in three components are shown in Figure 5.
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Figure 5. Three-dimensional plot loadings (PC1, PC2, and PC3) of elements in plants by principal
component analysis (PCA). Varimax rotation method was applied in factor analysis to highlight the
main influence factors. The method of regression was chosen for calculation of factor score coefficient,

and three components were extracted.

PC1 could explain 53% of the total variance, in which Ni, Cr, As, Sb, Fe, Al, and Ti are highly
loaded, with loadings of 0.79, 0.96, 0.76, 0.58, 0.97, 0.96, and 0.97, respectively. These seven elements
are correlated well with each other (Table 3), possibly indicating that a common source controls their
concentrations [49-51]. In general, EFs of the seven elements are generally lower than or close to 10.0
(Figure 4), likely suggesting an influence from soil sources. In addition, Fe, Al, and Ti are the typical
lithophilic elements, usually selected as the reference elements in enrichment factor analysis [37,38,52].
In this case, PC1 may be interpreted as a mineral particle factor, i.e., the windblown soil dust. This is
consistent with previous reports that mineral particle is a main factor influencing Al, Ct, Fe, and Ti
contents in plants [18,53,54]. In a previous investigation in Greenland, the first principal component of
element concentrations in plants is also interpreted as a soil factor, consistent with our results [35].
Therefore, it seems that windblown mineral particles can account for most of the total variation of
elements in plants around the Arctic. It is noted that Co also shows a positive loading in PC1 (0.59),

indicating that Co in plants is also influenced by soil dust.

Table 3. Non-parametric Spearman correlation coefficients of element concentrations in plants collected
in Ny—Alesund, the Arctic (n = 19).

Pb Ni Cr Cu Co As Cd Sb Hg Se Fe Zn Mn Al Ti
Pb 1.00 057* 0.80* 021 0.67*  084* 048* 0.51* 0.85*  0.62*  0.70* 0.26 -0.11 0.65*  0.61*
Ni 1.00 078* 014 081* 073* 0.36 0.30 0.34 0.47 0.73*  0.53* 0.06 0.62*  0.73*
Cr 1.00 037 091*  093* 0.22 0.48 * 0.58 ** 0.58 * 0.92 ** 0.22 0.07 0.79*  0.88*
Cu 1.00 051* 0.40 -0.07 0.24 0.07 0.42 0.42 0.14 0.58 ** 0.24 0.33
Co 1.00 0.86 ** 0.33 0.51* 0.43 0.56 * 0.93 ** 0.44 0.25 0.80**  0.90*
As 1.00 0.20 0.64*  0.70** 0.57* 0.89 ** 0.31 -0.05 0.81*  0.82*
Cd 1.00 0.05 0.33 0.49 0.21 0.55 * 0.28 0.16 0.24
Sb 1.00 0.58 ** 0.28 0.67 ** 0.32 -0.02 0.74 ** 0.56 *
Hg 1.00 0.61% 0.53 * 0.22 -0.26 0.60 ** 0.43
Se 1.00 0.54 * 0.26 0.58 * 0.31 0.44
Fe 1.00 0.41 0.22 091*  0.96*
Zn 1.00 0.37 0.40 0.38
Mn 1.00 0.01 0.20
Al 1.00 0.93 **
Ti 1.00

(a) * significant at the 0.05 level (two-tailed). (b) ** significant at the 0.01 level (two-tailed).
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PC2 explains 19% of the total variance of element concentrations. Elements Cd, Se, Mn, Co, Cu,
and Zn are highly loaded in PC2, with loadings of 0.74, 0.82, 0.82, 0.70, 0.67, and 0.71, respectively.
Furthermore, there is a better correlation between these elements (Table 3), possibly suggesting a
similar main source. In spatial terms, their concentrations in moss D. angustum, the most widely
distributed species in the study area (i.e., present at all six sampling sites), are generally higher in Zone
I than in Zone 1II, possibly indicating a local human influence. Moreover, the mean EFs of Cd and Zn
are 102 and 38, respectively, much higher than 10.0, suggesting human sources. Thus, PC2 possibly
represents an influence from anthropogenic activities. In Ny-Alesund, the local human activities,
such as transportation, operation of the research stations, and residential emissions, could potentially
contribute to elements in different environments (Figure 1) [46,55,56]. Moreover, the long-distance
atmospheric transport of elements to the Arctic was thought to be an important source [35,57].
The long-range transport, however, does not seem to play a dominant role regarding the significant
spatial variation in plant elements. Based upon the available data, it is difficult to distinguish the
pollutants associated with long-range atmospheric transport or local point sources.

PC3 explains 10% of the total variance, and is highly correlated with Hg and Pb, possibly indicating
a common source of the two metals. In addition, the two metals are correlated well with each other
(r =0.85, p < 0.01; Table 3), likely suggesting a common source. It is noted that all Hg EFs in plants
are much higher than 10.0 (Figure 4); this is most likely associated with the human inputs rather than
with soil dust. Among the 15 elements in this study, Hg arouses the greatest concern from researchers,
with loadings in Arctic environments appearing to be increasing due to human activities [58,59].
Previous investigations have suggested that long-range transport is responsible for Hg accumulation
in the Arctic [35,60]. In D. angustum, the highest level of Hg is present at S5, while in C. arcticum,
the highest value is found at S6 rather than at S5. In this case, it is hard to attribute Hg accumulation in
plants only to the local stationary point source. Similarly, Hg-Pb and Cd-Zn in the plants in Greenland
were also classified into two principal components (i.e., PC2 and PC3, respectively), and the four
elements were thought to be mainly from human sources rather than soil dust [35].

It is noted that the element data in different species were used for the PCA, and the number of
samples is relatively small here. Consequently, the outcomes of PCA, at least for a specific species,
maintained some uncertainty. Still, the PCA results here can provide the general information on
the sources of elements in plants collected in Ny-Alesund, which will be of significance to a better
understanding of element enrichment in the Arctic ecosystem.

5. Conclusions

We have performed an investigation focusing on element accumulation in different plants in
Ny-Alesund, the Arctic, to characterize the enrichment and sources of elements in plants. While few
samples were collected from individual species, the measurements provide the general information on
element accumulation status in Arctic plants. It is shown that element concentrations vary among
different species, with elevated concentrations in C. arcticum and D. angustum. In spatial, element levels
are generally higher in the plants near the settlement points than those of other sites, indicating the
local human sources.

The enrichment factor (EF) analysis showed that Cd, Hg, and Zn in plants are significantly
enriched with respect to the Spitsbergen topsoil elements, while EFs of Cr, Co, Fe, and Ti are close
to 1.0 (i.e., no enrichment). In the six species of plants, EFs of elements in D. caespitosa are generally
elevated, indicating that D. caespitosa could be a more sensitive bioindicator of elements, compared with
other species.

With the aid of PCA, the elements in plants were classified into three groups. The elements
Ni, Cr, As, Sb, Fe, Al, Ti, and to a lesser extent Co, are mainly influenced by continental crust
particles. Therefore, the atmospheric deposition of these elements could not be monitored by the
plants. The levels of Cd, Se, Mn, Cu, Zn, Hg, and Pb are likely associated with anthropogenic activities,
but it is difficult to distinguish the origins between the local emissions and the long-range atmospheric
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transport of pollutants. Together with the high EFs of Cd, Hg, and Zn, it can be concluded that, for these
three metals, the plants seem to have a great potential for monitoring the atmospheric transport
(i.e., an effective biomonitor) in Ny-Alesund. Together with the contents of the three metals in plants,
the moss D. angustum is likely more effective at monitoring the atmospheric deposition of elements in
the study area.
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