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Abstract. Baoding and Shijiazhuang are key areas of air pollution in North China, especially in the winter 

heating period. However, atmospheric deposition levels of metal/metalloids across different ecotopes in 

these cities need further investigation. During the winter heating period, from November 2018 to March 

2019, we exposed the lichen Ramalina sinensis (RSI) to three ecotopes (urban, suburban, and rural 

mountain) in both cities for 140 days and measured concentrations of 55 elements in both exposed and 

unexposed RSI samples using inductively coupled plasma mass spectrometry (ICP-MS). The results show 

that the concentrations of potassium (K) and phosphorus (P) in the exposed samples were lower than those 

in the unexposed samples, suggesting nutrient loss in RSI due to air pollution in the exposure areas. For 

most of the studied elements (48 out of 50), its concentrations were significantly higher in the exposed 

samples compared to the unexposed ones but were not different between cities and among ecotopes. Among 

the 50 elements, chromium (Cr) and antimony (Sb) exhibited moderate bioaccumulation, primarily linked 

to industrial and traffic activities, while the bioaccumulation of the other 48 elements was low and attributed 

to atmospheric-crustal sources. These findings suggest that air pollution in the exposure areas is not severe 

and is primarily influenced by non-point pollution sources during the exposure period. Increased attention 

should be given to the emissions from industrial and traffic activities, particularly those associated with Cr 

and Sb. 

Keywords: urbs, suburbs, atmospheric deposition, air pollution, lichen biomonitoring 

Introduction 

In recent decades, urban agglomerations in North China had high concentration 

loading of atmospheric heavy metals in aerosols and great atmospheric metal/metalloid 

deposition flux due to the dual effects of local anthropogenic emissions from the North 

China Plain and dust transport from the arid/semi-arid regions of Northwest China (Wang 

et al., 2019). This is especially true for the urban agglomerations in the Piedmont Plain 
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of Taihang Mountains, where the atmospheric heavy metals/metalloid pollutants released 

in the plain were transported to the Taihang Mountains. Atmospheric deposition 

contributed 50-93% for As, Cd, Cr, Hg, Ni and Pb inputs in farmlands in China, 

highlighting strong negative impacts on human and ecosystem health in both urban and 

remote areas (Peng et al., 2019). 

Baoding and Shijiazhuang are the key areas for the development of the persistent 

regional pollution events in North China in recent decades, especially in the winter 

heating period (Wang et al., 2018; Li et al., 2020). The ecotopes (urbs, suburbs, and rural 

mountains) in both cities are generally different in traffic and industrial intensity, biomass 

and coal combustion, and population density. However, atmospheric deposition of 

metal/metalloids is still poorly studied in ecotopes of Baoding and Shijiazhuang. This is 

because the conventional automated monitoring systems in the country generally detect 

the punctual concentrations of a limited number of contaminants/pollutants, such as 

atmospheric suspended particulate matters (PM2.5 and PM10) and gases (NOX, SO2, O3, 

and CO etc.). Such monitoring systems are implemented in a limited number of sites and 

do not monitor atmospheric deposition of metal/metalloids. 

Active biomonitoring technique using lichen transplants is a powerful tool for 

integrating atmospheric metal/metalloid deposition over a long period in large areas at 

low cost, and therefore it is an effective compensation for the conventional monitoring 

systems. In this technique, the lichens are generally taken from a “clean” site and exposed 

to the polluted sites, and element composition in lichen transplants before and after 

exposure are recorded (Brunialti and Frati, 2014; Abas, 2021). Lichens are an association 

of fungi and green algae/cyanobacteria. These organisms are highly dependent on 

atmospheric deposition of nutrients, and can accumulate the atmospheric pollutants in 

amounts exceeding their metabolic requirements (Abas, 2021). Metal concentrations in 

lichen transplants are positively correlated with those in the air, indicating that lichens are 

good active biomonitors for atmospheric element deposition (Paoli et al., 2018; Massimi 

et al., 2019). 

Foliose lichens are preferred in active biomonitoring method due to their large surface 

area, which allows a high capacity of element uptake from the air (Abas, 2021). Among 

which, Ramalina sinensis (RSI; Fig. 1a) has been validated a good active biomonitor 

(Tumur et al., 2011; Sohrabi et al., 2021; Gao et al., 2022; Li et al., 2024). In addition, 

the other four foliose lichens have also been used as active biomonitors in Northern China, 

they are Evernia mesomorpha (Lin et al., 2024), Xanthoparmelia camtschadalis (Jia et 

al., 2020), Flavopunctelia soredica and Rhizoplaca chrysoleuca (Zhao et al., 2019). 

We transplanted RSI (Fig. 1a) from a clean site to the three ecotopes (urbs, suburbs, 

and rural mountains) of Baoding and Shijiazhuang (Fig. 1b-d) in winter heating period. 

The unexposed and exposed concentrations for 55 elements were analyzed. These 

elements are Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ge, Hg, K, Li, Mg, 

Mn, Mo, Na, Nb, Ni, P, Pb, Rb, S, Sb, Se, Si, Sn, Sr, Th, Ti, Tl, U, V, and Zn, as well as 

16 REEs (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). Our 

purpose was to evaluate the differences in atmospheric deposition levels between cities 

and among ecotopes. This study is one of the few active lichen biomonitoring studies in 

China and also one of the studies involving the largest number of elements. 
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Materials and methods 

Background area, sample collection and preparation 

The background area is Saihanba Forest Farm, Hebei Province, North China (Fig. 1b). 

The climate, geology, and vegetation are detailed in our previous studies (Li et al., 2024; 

Lin et al., 2024). In short, Saihanba Forest Farm is a remote mountain forest ecosystem 

dominated by Larix gmelinii (Rupr.) Kuzen. and Betula platyphylla Suk with a forest 

coverage of 80%. The area is sparsely populated with few industrial and agricultural 

activities and low concentrations of atmospheric pollutants (PM2.5, PM10 and SO2; 

Fig. 1e). 

 

Figure 1. (a) Ramalina sinensis in the background area (Saihanba). (b) Location of Saihanba, 

Baoding and Shijiazhuang. (c) Selected ecotopes and exposure sites in Baoding. (d) Selected 

ecotopes and exposure sites in Shijiazhuang. (e) Box and violin plot of daily mean concentration 

of air pollutants in the background area, and urbs and suburbs of Baoding and Shijiazhuang 

during exposure period; A same letter denotes concentrations were not significantly different 

between the exposure areas. A “*” denotes concentrations were significantly different between 

the background and exposure areas. Differences were tested by One-way ANOVA with a 

Turkey’s HSD test for multiple comparisons; α = 0.05. Data sourced from the Baoding 

Meteorological Bureau of Hebei Province. (f) Exposed samples of Ramalina sinensis 

 

 

We collected RSI samples on Oct. 30, 2018, within a site of 500×500 m2 (42°14′N, 

117°14′E), at an altitude of 1681-1700 m. The procedures of sample collection and 

preparation are detailed in our previous studies (Li et al., 2024; Lin et al., 2024), and have 

been adopted by many authors (Agnan et al., 2014; Klos et al., 2018; Dörter et al., 2020). 

In short, RSI thalli of 2-4 cm in size were randomly collected by hand from all aspects of 

tree barks at a height of 1-2 m from the ground. All samples were rinsed 3-5 times with 
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deionized water, each lasting for 5 s. Each sample was a composite sample consisting of 

4-6 thalli (dry weight 4.0-6.0 g). We randomly selected 5 samples as control samples, and 

put the other samples into nylon bags for exposure. The procedures mentioned above can 

minimize the effects of collection height and collection aspects on the lichen element 

concentrations (Adams and Gottardo, 2012). The adoption of composite samples 

comprising thalli of similar size can minimize the effects of intra-species effects on lichen 

element concentrations (Zheng et al., 2023). Washing the samples can effectively lower 

the unexposed concentrations and their variability (Godinho et al., 2009; Kumari et al., 

2024). 

Exposure area and sample exposure 

The exposure areas are located in Baoding and Shijiazhuang of Hebei Province, North 

China (Fig. 1b). Both cities were the key areas of development of persistent regional 

pollution events in northern China (Li et al., 2020). According to a study on the aerosol 

heavy metal contents in 44 cities in China before 2013, Shijiazhuang ranked in the bottom 

1 in terms of Zn and V, in the bottom 3 in terms of Mn and Ni, and in the bottom 4 in 

terms of Cr and Pb (Duan and Tan, 2013). During 2013 to 2015, Baoding and 

Shijiazhuang were the cities that contributed the most to regional emissions of 

atmospheric suspended particulate matters among the southern cities of Hebei Province 

(Wang et al., 2018). Air quality is the worst in the winter heating period (Nov. 15-

Mar. 15), in which the atmospheric pollutants often cross the Taihang Mountains, 

forming a continuous persistent haze from the North China Plain to the Shanxi Basins 

(Wang et al., 2018). 

We selected six exposure areas in three different ecotopes of the two cities. Urbs of 

the two cities are located in the plain, surrounded by the dense highways, with a high 

population density and a certain degree of industrial activities. Suburbs of the two cities 

are located to the west of the urbs and are plains with the villages, roads, and agricultural 

and industrial sites. Rural mountains are located to the west of the suburbs, with a large 

number of shrubs and woodlands, moderate farmland, and sparse villages and roads. The 

traffic intensity and population density decrease from the urbs to suburbs to rural 

mountains. The industrial intensity is higher in the urbs and suburbs than that in the rural 

mountains. 

In each exposure area, we selected 3-5 exposure sites with a minimum distance of 3-5 

km (Fig. 1c,d). In each exposure site, we set 3-5 replicates, each replicate is a composite 

sample packaged into several nylon bags. Nylon bags containing RSI thalli were hung to 

the tree trunks at a height of 1.5-2.5 m for exposure (Fig. 1f). 

RSI samples were exposed on Nov. 7-10, 2018, and recovered on Mar. 29-31, 2019 

after exposure for 140 days. A total of 95 exposure samples in 23 exposure sites of 6 

exposure areas were recovered (Table 1). 

According to the data from Baoding Meteorological Bureau of Hebei Province, during 

the experiment period, concentrations of both PM10 and PM2.5 were higher in the exposure 

areas than those in the background area, and were not different between the two cities and 

between the urbs and suburbs. Concentration of SO2 in the background area was lower 

than that in the suburbs, but was similar to that in the urbs (One-way ANOVA with a 

Turkey’s HSD test for multiple comparisons; α = 0.05; Fig. 1e). Data of air pollutants are 

lacking in the concerned rural mountains. 
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Table 1. Exposure area, exposure site, recovered sample, site weighting, and sampling site 

GPS coordinates (Weighting ensures equal exposure sites across all exposure areas) 

Exposure 

area 

Exposure 

site 

Number 

of samples 

Weighting value 

for each site 

Latitude 

(°) 

Longitude 

(°) 

Baoding urbs 

S1 4 12 38.539403 115.276454 

S2 4 12 38.526999 115.300526 

S3 4 12 38.514755 115.31873 

S4 4 12 38.51369 115.300516 

S5 5 12 38.51043 115.27712 

Baoding suburbs 

S6 5 15 39.019777 115.182851 

S7 3 15 39.00263 115.250861 

S8 4 15 38.541516 115.226307 

S9 4 15 38.532176 115.312829 

Baoding rural mountains 
S10 5 30 39.077806 115.111414 

S11 5 30 39.077451 115.11137 

Shijiazhuang urbs 

S12 5 12 38.044153 114.280569 

S13 4 12 38.041514 114.333161 

S14 4 12 38.023908 114.31005 

S15 3 12 38.01923 114.336841 

S16 4 12 38.018082 114.27733 

Shijiazhuang suburbs 

S17 4 15 38.008468 114.219345 

S18 4 15 37.5804 114.209248 

S19 5 15 37.575959 114.267252 

S20 4 15 37.54984 114.238708 

Shijiazhuang rural mountains 

S21 4 20 37.536216 114.220331 

S22 5 20 37.53165 114.219133 

S23 2 20 37.523087 114.219845 

Total 23 95    

 

 

Sample preparation and element determination 

The procedures of sample preparation and element determination have been detailed 

in our previous studies (Li et al., 2024; Lin et al., 2024). In short, the recovered samples 

were cleaned, oven-dried, ground, homogenized, and mineralized using a HNO3-H2O2 

microwave digestion system. Concentrations were tested for 55 elements using ICP-MS 

(Agilent 7700X, Agilent Technologies, Tokyo, Japan). These elements are Ag, Al, As, B, 

Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ge, Hg, K, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, 

Rb, S, Sb, Se, Si, Sn, Sr, Th, Ti, Tl, U, V, and Zn, as well as 16 REEs (Sc, Y, La, Ce, Pr, 

Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). Reference materials for quality control 

purpose are GBW10014 (cabbage), GBW10015 (spinach) and GBW10052 (green tea; all 

from the Institute of Geophysical and Geochemical Exploration, Chinese Academy of 

Geological Sciences) and IAEA-336 (a Portugal lichen from International Atomic Energy 

Organization). 

EU ratio and the interpretive scale for lichen transplants 

EU ratio was calculated using Eq. (1): 
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 EU =
[X]exposed

[X]unexposed
× 100 (Eq.1) 

 

where [X] represents concentration of element X, the subscripts indicate which sample 

the concentration referred to. 

We adopted the 12-week interpretive bioaccumulation scale (Cecconi et al., 2019) to 

evaluate the bioaccumulation level of elements in RSI. In this scale, EU≤1 denotes 

absence of bioaccumulation; 1<EU≤1.8 denotes low bioaccumulation; 1.8<EU≤3.1 

denotes moderate bioaccumulation; 3.1< EU≤3.7 denotes high bioaccumulation; and 

EU ＞3.7 denotes severe bioaccumulation. 

Statistical analyses 

Coefficient of variation (CV) were calculated using Eq. (2): 

 

 CV =
SD

Mean
× 100 (Eq.2) 

 

where SD denotes standard deviation. 

Data normality was tested using a Shapiro-Wilk test. Homogeneity of variances were 

tested using Leven’s test. Concentration difference between exposure site and 

background area were tested using an independent samples T test. 

The EU ratios were log-transformed to enhance data normality. A two-way analysis of 

variance (Two-way ANOVA) with a Turkey’ HSD test for multiple comparisons was 

performed on the log-transformed EU ratios to test the main effects of cities and ecotopes 

and their interactions. A simple effect analysis was performed on data with significant 

interactive effects. 

Each exposure site was weighted according to Table 1 to ensure an equal number of 

exposure sites between exposure areas. Then a type-R cluster analysis was performed on 

the log-transformed EU ratios. A Ward’s method was used for clustering on the Euclidean 

distance matrix. 

Statistical analyses were performed using PAST 4.17C software (Ø. Hammer, June 

2024). The other analyses were performed using SPSS 21.0 software (SPSS Inc., 

Chicago, IL, USA). 

Results 

Table 2 presents the unexposed concentrations of 55 elements in RSI. The unexposed 

concentrations are K > Si > Ca > Al > S > P > Fe > Mg > Na > Ti > Mn > Zn > Ba > Sr > 

B > Cu > Rb > Cr > Pb > V > Ce > Co > As > Ni > La > Li > Nd > Y > Se > Sc > Hg > 

Th > Pr > Sn > Cs > Sm > Ge > Gd > Mo > Nb > Dy > Cd > Sb > Bi > U > Er > Yb > 

Be > Tl > Ag > Eu > Ho > Tb > Tm > Lu. They have a high variability for Ca (CV = 

38.4%), Co (66.2%) and Hg (36.0%%), and a low variability for all the other elements 

(CV < 14.0%). 

Table 3 presents the exposed concentrations of 55 elements in six exposure areas. The 

element ranks of the exposed concentrations are roughly similar to that of the unexposed 

concentrations. In each exposure area, the exposed concentrations are significantly lower 

than the unexposed concentrations for K and P, are not different from the unexposed 
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concentrations for Ca, Co and Hg, but are significantly higher than the unexposed 

concentrations for all the other 50 elements. 

 
Table 2. Unexposed concentrations (μg·g-1) and their variability (CV%) of 55 elements in 

Ramalina sinensis. n = 5 for each element 

 
Mean 

(μg·g-1) 
CV (%)  

Mean 

(μg·g-1) 
CV (%) 

Ag 0.032 9.37 Sb 0.075 8.84 

Al 1389 6.55 Se 0.303 4.27 

As 1.258 7.88 Si 4084 4.39 

B 4.801 9.93 Sn 0.201 7.06 

Ba 11.74 5.45 Sr 5.696 9.76 

Be 0.036 8.73 Th 0.239 4.21 

Bi 0.062 9.84 Ti 62.44 5.30 

Ca 1463 38.41 Tl 0.034 11.31 

Cd 0.081 9.59 U 0.060 3.20 

Co 1.824 66.21 V 1.953 3.18 

Cr 2.546 11.76 Zn 21.73 10.54 

Cs 0.177 3.39 Rare earth elements 

Cu 3.911 9.37 Sc 0.302 4.91 

Fe 759.1 4.83 Y 0.530 4.18 

Ge 0.136 7.62 La 0.938 3.58 

Hg 0.281 35.98 Ce 1.836 4.07 

K 4416 4.99 Pr 0.206 4.43 

Li 0.848 6.33 Nd 0.792 4.74 

Mg 509.6 8.87 Sm 0.144 4.86 

Mn 24.67 8.14 Eu 0.032 3.85 

Mo 0.121 9.31 Gd 0.128 4.71 

Na 248.3 8.84 Tb 0.017 4.86 

Nb 0.107 6.18 Dy 0.099 5.05 

Ni 1.017 7.42 Ho 0.019 5.10 

P 918.6 13.07 Er 0.052 5.73 

Pb 2.009 7.19 Tm 0.007 4.57 

Rb 3.272 8.67 Yb 0.046 4.28 

S 935.6 13.10 Lu 0.006 5.23 

 

 

Fig. 2a presents the results of type-R cluster analysis (Ward’s method, Euclidean 

distance) performed on the log-transformed EU ratios of 50 elements (all elements barring 

Ca, Co, Hg, K, and P) at 23 exposure sites, with each site being weighted according to 

Table 1. The elements are divided into 3 groups (Cophenetic correlation = 0.75; Fig. 2a). 

The group G1 consists of Cr and Sb. The group G2 consists of 42 elements (Ag, Al, Ba, 

Be, Bi, Cd, Cs, Cu, Fe, Li, Mn, Mo, Na, Nb, Ni, Pb, Rb, S, Si, Sn, Sr, Th, Ti, Tl, U, V, 

and 16 REEs). The group G3 consists of 6 elements (As, B, Ge, Mg, Se, and Zn). 

Fig. 2b presents the results of Two-way ANOVA (city × ecotope) performed on the 

unweighted log-transformed EU ratios of 50 elements in 95 samples. The exposed 

concentrations were not different between Baoding and Shijiazhuang for all of the 50 

elements except B and Be, and not different among ecotopes for all of the 50 elements 

except Al, B, Ba, Sb, Si, and Sn. The exposed concentrations of Al and Si are generally 

higher in the suburbs than in the urbs. The exposed concentrations of Ba, Sb, and Sn are 

lower in the rural mountains than in the urbs and suburbs. 
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Table 3. Exposed concentrations (μg·g-1) of 55 elements in Ramalina sinensis in three ecotopes 

of Baoding and Shijiazhuang 

 

Baoding Shijiazhuang 

Urbs 

(n = 5) 

Suburbs 

(n = 4) 

Rural mountains 

(n = 2) 

Urbs 

(n = 5) 

Suburbs 

(n = 4) 

Rural mountains 

(n = 3) 

Ag 0.047 (0.004) 0.049 (0.003) 0.049 (0.004) 0.047 (0.002) 0.044 (0.003) 0.051 (0.006) 

Al 2005 (211.2) 2502 (472.2) 2479 (506.5) 2025 (191.7) 2326 (76.88) 1959 (54.04) 

As 1.807 (0.117) 1.703 (0.071) 1.611 (0.144) 1.725 (0.068) 1.683 (0.093) 1.656 (0.133) 

B 6.026 (0.337) 6.442 (1.305) 6.618 (0.781) 8.072 (0.860) 7.780 (0.673) 5.833 (0.344) 

Ba 17.62 (1.107) 20.30 (1.055) 17.93 (1.986) 18.00 (1.903) 19.05 (1.410) 17.12 (1.130) 

Be 0.051 (0.004) 0.056 (0.008) 0.058 (0.009) 0.064 (0.005) 0.063 (0.007) 0.055 (0.004) 

Bi 0.101 (0.009) 0.100 (0.016) 0.094 (0.009) 0.095 (0.005) 0.104 (0.003) 0.099 (0.009) 

Ca 2089 (308.4) ! 2268 (460.3) ! 2237 (648.8) ! 3063 (874.3) 2793 (1178) ! 2548 (908.2) ! 

Cd 0.124 (0.008) 0.120 (0.017) 0.127 (0.011) 0.126 (0.008) 0.131 (0.025) 0.131 (0.017) 

Co 1.497 (1.491) ! 3.296 (2.043) ! 1.936 (0.321) ! 1.848 (0.803) ! 2.167 (0.861) ! 1.722 (0.395) ! 

Cr 5.157 (0.703) 5.560 (0.983) 5.129 (0.498) 5.278 (0.409) 5.499 (0.427) 6.308 (0.268) 

Cs 0.268 (0.021) 0.290 (0.028) 0.290 (0.040) 0.277 (0.021) 0.297 (0.006) 0.285 (0.026) 

Cu 6.058 (0.211) 5.808 (0.368) 5.585 (0.297) 6.013 (0.177) 5.940 (0.744) 5.779 (0.369) 

Fe 1154 (90.82) 1244 (176.8) 1161 (170.5) 1295 (92.00) 1309 (120.0) 1208 (98.31) 

Ge 0.177 (0.015) 0.188 (0.019) 0.177 (0.019) 0.181 (0.012) 0.193 (0.003) 0.185 (0.016) 

Hg 0.267 (0.042) ! 0.288 (0.054) ! 0.351 (0.026) ! 0.299 (0.074) ! 0.360 (0.100) ! 0.363 (0.041) ! 

K 3409 (107.8) # 3300 (182.1) # 3025 (207.0) # 3571 (97.55) # 3288 (385.1) # 3260 (102.8) # 

Li 1.328 (0.097) 1.450 (0.205) 1.324 (0.191) 1.374 (0.101) 1.476 (0.102) 1.377 (0.097) 

Mg 742.3 (32.85) 784.3 (105.0) 652.7 (73.16) 772.4 (52.06) 735.0 (121.1) 683.1 (27.78) 

Mn 40.16 (2.076) 42.29 (4.653) 39.15 (2.386) 43.13 (1.365) 42.86 (5.846) 40.86 (1.084) 

Mo 0.188 (0.008) 0.194 (0.015) 0.184 (0.009) 0.202 (0.014) 0.198 (0.012) 0.185 (0.017) 

Na 393.2 (36.86) 372.0 (55.93) 314.1 (23.82) 409.9 (33.85) 438.0 (144.4) 348.4 (6.680) 

Nb 0.165 (0.011) 0.174 (0.017) 0.173 (0.014) 0.177 (0.010) 0.180 (0.010) 0.168 (0.011) 

Ni 1.711 (0.134) 1.767 (0.219) 1.632 (0.198) 1.722 (0.114) 1.797 (0.096) 1.767 (0.114) 

P 811.6 (39.27) # 763.6 (63.15) # 737.7 (48.34) # 646.4 (18.13) # 694.0 (51.43) # 812.1 (79.29) # 

Pb 3.244 (0.231) 3.106 (0.455) 2.990 (0.586) 2.974 (0.322) 3.177 (0.435) 3.107 (0.462) 

Rb 4.958 (0.379) 5.199 (0.515) 4.931 (0.410) 5.038 (0.354) 5.045 (0.368) 5.104 (0.170) 

S 1515 (67.42) 1545 (161.8) 1225 (87.30) 1526 (11.64) 1633 (372.2) 1445 (102.0) 

Sb 0.160 (0.012) 0.150 (0.030) 0.127 (0.011) 0.135 (0.013) 0.139 (0.016) 0.118 (0.004) 

Se 0.354 (0.021) 0.375 (0.030) 0.371 (0.032) 0.381 (0.013) 0.387 (0.024) 0.372 (0.032) 

Si 5434 (435.2) 7041 (1211) 6811 (988.9) 6034 (523.4) 6254 (207.1) 5690 (223.7) 

Sn 0.337 (0.025) 0.314 (0.028) 0.292 (0.018) 0.324 (0.026) 0.313 (0.009) 0.289 (0.022) 

Sr 8.166 (0.800) 8.718 (1.189) 8.487 (1.538) 9.346 (1.454) 9.228 (1.767) 8.617 (1.277) 

Th 0.369 (0.033) 0.403 (0.051) 0.383 (0.046) 0.388 (0.029) 0.418 (0.017) 0.391 (0.025) 

Ti 90.21 (6.507) 93.57 (10.37) 88.62 (9.716) 99.06 (6.005) 97.26 (7.492) 89.58 (6.561) 

Tl 0.046 (0.004) 0.051 (0.006) 0.052 (0.009) 0.048 (0.003) 0.056 (0.004) 0.052 (0.008) 

U 0.089 (0.008) 0.097 (0.011) 0.095 (0.012) 0.095 (0.008) 0.099 (0.004) 0.094 (0.006) 

V 3.017 (0.253) 3.196 (0.465) 2.919 (0.422) 3.172 (0.223) 3.273 (0.241) 3.083 (0.285) 

Zn 31.10 (1.089) 29.31 (1.553) 28.71 (1.838) 31.07 (1.400) 31.69 (4.426) 28.95 (1.295) 

Rare earth elements 

Sc 0.455 (0.038) 0.484 (0.064) 0.444 (0.060) 0.498 (0.031) 0.500 (0.043) 0.469 (0.044) 

Y 0.783 (0.061) 0.844 (0.084) 0.846 (0.102) 0.848 (0.069) 0.870 (0.067) 0.819 (0.079) 

La 1.409 (0.124) 1.531 (0.156) 1.527 (0.194) 1.497 (0.133) 1.581 (0.074) 1.489 (0.129) 

Ce 2.785 (0.250) 3.057 (0.343) 3.013 (0.398) 2.932 (0.270) 3.141 (0.143) 2.962 (0.260) 

Pr 0.310 (0.026) 0.341 (0.036) 0.344 (0.044) 0.329 (0.030) 0.350 (0.015) 0.330 (0.027) 

Nd 1.183 (0.102) 1.306 (0.139) 1.313 (0.172) 1.274 (0.116) 1.347 (0.065) 1.267 (0.109) 

Sm 0.216 (0.018) 0.235 (0.025) 0.233 (0.031) 0.235 (0.020) 0.242 (0.015) 0.230 (0.021) 

Eu 0.048 (0.004) 0.051 (0.005) 0.050 (0.007) 0.050 (0.004) 0.053 (0.003) 0.050 (0.005) 

Gd 0.192 (0.015) 0.207 (0.022) 0.202 (0.027) 0.206 (0.018) 0.214 (0.014) 0.204 (0.019) 
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Baoding Shijiazhuang 

Urbs 

(n = 5) 

Suburbs 

(n = 4) 

Rural mountains 

(n = 2) 

Urbs 

(n = 5) 

Suburbs 

(n = 4) 

Rural mountains 

(n = 3) 

Tb 0.026 (0.002) 0.028 (0.003) 0.028 (0.004) 0.028 (0.002) 0.029 (0.002) 0.028 (0.002) 

Dy 0.149 (0.011) 0.161 (0.016) 0.159 (0.019) 0.160 (0.013) 0.166 (0.011) 0.158 (0.014) 

Ho 0.028 (0.002) 0.030 (0.003) 0.030 (0.004) 0.030 (0.002) 0.031 (0.002) 0.030 (0.003) 

Er 0.078 (0.006) 0.084 (0.009) 0.084 (0.010) 0.085 (0.007) 0.087 (0.006) 0.083 (0.007) 

Tm 0.011 (0.001) 0.012 (0.001) 0.012 (0.001) 0.012 (0.001) 0.012 (0.001) 0.012 (0.001) 

Yb 0.070 (0.006) 0.075 (0.008) 0.074 (0.009) 0.074 (0.005) 0.077 (0.005) 0.073 (0.006) 

Lu 0.010 (0.001) 0.010 (0.001) 0.011 (0.001) 0.011 (0.001) 0.011 (0.001) 0.010 (0.001) 

Values are mean with a standard deviation in bracket. A “!” and a “#” following concentrations indicates 

that the exposed concentrations were similar to and lower than the unexposed concentrations, 

respectively. The concentrations without any marks were higher than the unexposed concentrations 

 

 

Figure 2. a. Cluster diagram using Ward’s method on Euclidean distance matrix of exposed to 

unexposed ratios (EU) of 50 elements in Ramalina sinensis. EU ratios were log-transformed 

after weighting according to Table 1. b. Differences between cities and among ecotopes. 

Different capital letters and small letters indicate a significant difference between cities and 

among ecotopes, respectively. Significance was tested using Two-way ANOVA with Tukey test 

for multiple comparison. A simple effect test was performed for elements (Si and B) with a 

significance interactive effects between the cities and among the ecotopes. SJZ denotes 

Shijiazhuang, BD denotes Baoding, URB denotes urbs. SBU denotes suburbs. RMT denotes 

rural mountains. c. EU ratios for 50 elements in Ramalina sinensis from six exposure areas (2 

cities × 3 ecotopes) 
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Fig. 2c presents the mean EU ratios for each of the six exposure areas. 

Bioaccumulation of Cr is of moderate bioaccumulation in all exposure areas. 

Bioaccumulation of Sb is of moderate bioaccumulation in urbs and suburbs, and of low 

bioaccumulation in rural mountains. Bioaccumulation for the other 48 elements are of 

low bioaccumulation in all exposure areas. 

Discussions 

Element bioaccumulation and loss 

Five elements (Ca, Co, Hg, K, and P; Table 3) were not accumulated in RSI after being 

exposed for 140 days. Theoretically, the exposed concentrations of Ca, K, and P could be 

higher than the unexposed concentrations, at least in urbs and suburbs. This is because 

these elements are rock-forming elements and therefore dominant components in the 

atmospheric particulates of crustal origin. However, exposed concentrations of K and P 

are significantly lower than the unexposed concentrations in all of the six exposure areas, 

indicating nutrient loss from thalli of RSI during exposure. Loss of nutrients are often 

associated with decrease in lichen metabolic activities (Cecconi et al., 2018), and both are 

strongly affected by air pollution and climate changes (Vannini et al., 2017; Cecconi et 

al., 2021; Bajpai et al., 2022; Kováčik et al., 2023; Kumari et al., 2024). The relevant 

studies have also observed that the trends of K and P in lichens is different from or even 

opposite to those of the pollutants (Adams et al., 2012; Yemets et al., 2014; Gao et al., 

2021). Li et al. (2024) pointed out that the use of RSI as an active biomonitor can greatly 

underestimate the atmospheric deposition of K and P. 

The 0 bioaccumulation of Ca, Co and Hg in RSI might be attributable to the great 

heterogeneity in the unexposed concentrations (CV: 36.0~66.2%; Table 2). The relevant 

studies suggest that the local variation in the background concentrations should be 

controlled to ≤25% (Malaspina et al., 2014; Chahloul et al., 2022; Zheng et al., 2023), 

otherwise may lead to an inflated false negative rate in comparing element concentrations 

before and after exposure. We have adopted measures to minimize the heterogeneity of 

unexposed concentrations, such as the thallus size, and bark aspect and height in sample 

collection, and the use of composite sample after water washing. Although these measures 

are popular and effective (Agnan et al., 2014; Klos et al., 2018; Dörter et al., 2020; Zheng 

et al., 2023), we failed to control variability of unexposed concentrations for the three 

element to an acceptable level. 

The other 50 elements are bioaccumulated in RSI, with the exposed concentrations 

higher than the unexposed concentrations in all of the six exposure areas (Table 3). This 

trend matches the fact that the exposure areas had higher air pollutant concentrations than 

the background area during exposure (Fig. 1e). This trend has also been found in active 

biomonitoring studies using RSI in the cities of Iran and Northern China (Tumur et al., 

2011; Sohrabi et al., 2021; Gao et al., 2022; Li et al., 2024). 

Element sources and bioaccumulation level 

The G1 elements (Cr and Sb) were most likely derived from the industrial and traffic 

activies and had higher bioaccumulation levels (moderate bioaccumulation) than the other 

48 elements (low bioaccumulation; Fig. 2c). Sb is a typical tracer of traffic emissions 

(Vannini et al., 2019). It had higher exposed concentrations in the urbs than in the rural 

mountains. These results are in line with the denser road network supporing heavier traffic 
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in the urbs than in the rural mountains of the two cities (Fig. 1c,d). Cr is a typical industrial 

element in northern China (Duan et al., 2013). The exposed concentrations of both Cr and 

Sb were similar between the urbs and suburbs and between the two cities, in line with the 

spatial patterns in PM10 and PM2.5 concentrations (Fig. 1e). These results highlight the 

importance of industrial and traffic emissions to air quality of Baoding and Shijiazhuang. 

The G2 elements were from multiple sources, including traffic, industrail and domestic 

activities, as well as particulate matters of crustal orgin. Sn and Mo have been regarded 

as tracers of traffic emissions (Lucadamo et al., 2016). The exposed concentrations of Sn 

were higher in the urbs than in rural moutains (Fig. 2b). This spatial pattern is the same 

as that of Sb, again highlighting the relative importance of traffic emissions to air quality. 

S is a main pollutant in the haze of North China Plain (Wang et al., 2018) and can be 

released in a large amount by industrial and domestic activities using coal as fuel in winter 

heating period (Tian et al., 2015). In 2016, the atmospheric deposition of Cd and Pb in 

Shijiazhuang urbs were from power plants and traffic, and that of Cu came from traffic 

(Cai et al., 2019). In addition, Al, Sc, Fe, Ti, and 16 REEs have been regarded as of crustal 

origin and used as environmental tracers in most relevant studies (Agnan et al., 2014; 

Ratier et al., 2018; Dołęgowska et al., 2021). Therefore, crustal origin in the form of 

windblown dust is also an important source of the G2 elements accumulated in RSI. 

The G3 elements (As, B, Ge, Mg, Se, and Zn), like G2 elements, were also from 

multiple sources. However, the G3 elements were more affected by lichen physiology 

than G2 elements. The atmospheric deposition of Zn in Shijiazhuang urbs in 2016 were 

from industrial and traffic activities (Cai et al., 2019). An active biomonitoring study in 

Tangshan city indicate that Mg and Zn accumulated in RSI were of atmospheric origin, 

Ge of crustal origin, and As and Se of crustal-atmospheric origin (Li et al., 2024). In 

addition, B, Mg, Se and Zn are nutrient elements. These nutrients can be accumulated in 

lichen thalli and can also be leached out from the lichens by rainwater. 

Bioaccumulations of the G2 and G3 elements were of low bioaccumulation (Fig. 2c) 

and were similar between cities and among ecotopes (Fig. 2b). These results indicate that 

air pollution in the two cities during exposure period is low and dominated by the non-

point pollution sources. This is obviously a result of the strict regulatory measures since 

2013 to alleviate and control air pollution in China. Meteorological data show that, in the 

urban agglomeration of the North China Plain during 2014 to 2019, the number of "blue 

sky" days increased year by year, while the inverse occurred for the number and duration 

of persistent regional pollution events and the concentration of atmospheric suspended 

particles (Li et al., 2020). However, the release of Cr and Sb deserves further attention. 

Conclusions 

Exposed concentrations were higher than unexposed concentrations for 50 elements, 

indicating that Ramalina sinensis is a good active biomonitor for atmospheric deposition 

of these metal/metalloids. Exposed concentrations of K and P were low than unexposed 

concentrations, indicating a negative effect of air pollution on lichen physiology. Cr and 

Sb were of moderate bioaccumulation, indicating that the industrial and traffic activities 

were important sources of air pollution. The other 48 elements were of low 

bioaccumulation and had similar concentrations between cities and among ecotopes, 

indicating a low air pollution dominated by various non-point sources. 
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