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A B S T R A C T   

Research on the environmental fate and behavior of novel brominated flame retardants (NBFRs) remains limited, 
especially in the remote alpine regions. In this study, the concentrations and distributions of NBFRs were 
investigated in soils and mosses collected from two slopes of Shergyla in the southeast of the Tibetan Plateau 
(TP), to unravel the environmental behaviors of NBFRs in this background area. The total NBFR concentrations 
(
∑

7NBFRs) ranged from 34.2 to 879 pg/g dw in soil and from 72.8 to 2505 pg/g dw in moss. 
∑

7NBFRs in soil 
samples collected in 2019 were significantly higher than those in 2012 (p < 0.05). Decabromodiphenyl ethane 
(DBDPE) was the predominant NBFR, accounting for 90% of 

∑
7NBFRs on average. The ratio of the concen-

trations in moss and soil showed significantly positive correlations with LogKOA except for DBDPE (p < 0.05), 
indicating that the role of mosses as accumulators compared to soils are more pronounced for more volatile 
NBFRs. In addition, the concentrations of NBFRs generally decreased with increasing altitude on the south-facing 
slope, whereas on the north-facing slope some NBFRs exhibited different trends, suggesting concurrent local and 
long-range transport sources. Normalization based on total organic carbon/lipid concentrations strengthened the 
correlation with altitude, implying that the altitude gradient of the mountain slope and forest cover could jointly 
affect the distribution of NBFRs in the TP. Furthermore, principal components analysis (PCA) with multiple 
linear regression analysis (MLRA) showed that the average contribution of the mountain cold trapping effect 
(MCTE) accounted for the major (77%) contribution and forest filter effect (FFE) has only a modest contribution 
to the deposition of NBFRs in soil.   

1. Introduction 

Brominated flame retardants (BFRs), such as polybrominated 
diphenyl ethers (PBDEs), a group of compounds used to improve flame 
resistance in furniture and building materials, have been confirmed to be 
persistent in the environment and able to be transported to remote areas 
(McGrath et al., 2017; Moller et al., 2011). Combined with increasing 
awareness of their potential to accumulate and trigger adverse effects to 
organisms, some of these compounds are now regulated under the 
Stockholm Convention (Law et al., 2006; Shi et al., 2009; UNEP, 2019; 

Verreault et al., 2007). Because the global demand for flame retardants 
is still growing, novel brominated flame retardants (NBFRs) have 
emerged as substitutes in order to meet the flammability standards of 
products (Ezechias et al., 2014). It was estimated that the global pro-
duction of flame retardants (FRs) was 2.8 million tons in 2018, and BFRs 
accounted for 17% of the total global production (Yasin et al., 2016). 
Among them, decabromodiphenylethane (DBDPE) is used in place of 
deca-BDE and 1,2-bis(2,4,6-tribromophenoxy)-ethane (BTBPE) in place 
of octa-BDE, and are the most common NBFRs. DBDPE was produced in 
China, with a production level of 230 thousand tons (kt) between 2006 
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and 2016 (Shen et al., 2019). 
Concern about the distribution of NBFRs is gradually growing, as 

many studies have already been observed the occurrence of NBFRs in a 
variety of environmental matrices, including air (Zhang et al., 2019), 
dusts (Ali et al., 2013), water (Zhang et al., 2015), soils (Li et al., 2017), 
and sediments (Ricklund et al., 2010), as well as human samples (Ma 
et al., 2017). The biomagnification and toxicological risks of NBFRs have 
been documented, biomagnification factors of pentabromotoluene 
(PBT) and pentabromoethylbenzene (PBEB) in a predatory fish are 2.09 
and 2.13, respectively (Tao et al., 2019). In vivo tests showed that 
exposure to high doses of DBDPE could lead to obesity in mice, acute 
toxicity to water fleas, and have injurious effects on the reproductive 
physiology of zebrafish (Nakari and Huhtala, 2010; Yan et al., 2018). 
Meanwhile, the potential for transport of NBFRs over considerable dis-
tances in the atmosphere has also been found (Lewis et al., 2020; Vor-
kamp et al., 2015; Yu et al., 2015; Zhao et al., 2020). For example, 
BTBPE was first detected at higher concentrations in the atmosphere in 
2012 in the Arctic (Xiao et al., 2012), and the first occurrence of NBFRs 
in Antarctic biota was reported in 2015 (Wolschke et al., 2015), which 
indicates that NBFRs could experience long-range atmospheric transport 
(LRAT) similar to that of the regulated BFRs. However, environmental 
data on NBFRs in the remote alpine regions remains limited and their 
biogeochemical fate is still mostly unclear. 

Remote alpine regions can trap semi-volatile organic chemicals 
(SVOCs) through distillation at low temperature and high precipitation, 
and present an inverted gradient with increasing altitude, which is all 
known as the “mountain cold-trapping” effect (MCTE) (Wania and 
Westgate, 2008). The Tibetan Plateau (TP) is known as the “third pole of 
the earth”. The vast high-altitude mountains, special geographical 
environment and relatively sparse human population make this region 
an indicator area for investigating the environmental behavior of 
persistent organic pollutants (POPs) (Wang et al., 2010; Yang et al., 
2011). In particular, the southeast TP is affected by the South Asia 
monsoon where higher precipitation is induced, and thus the forest 
vegetation is very rich in this region. Previous work has documented 
that some SVOCs from the surroundings can be transported to the TP by 
the South Asia monsoon (Wang et al., 2016; Yang et al., 2008). 

SVOCs can be accumulated by various types of tree leaves, moss and 
other plants, which are regarded as natural passive air samplers. Even-
tually the withered leaves carrying contaminants fall into the soil, a 
process called the “forest filter effect” (FFE) (McLachlan and Horstmann, 
1998; Weiss, 2000). Forest soil ultimately becomes a sink for selected 
SVOCs. Our previous work reported that significantly higher concen-
trations of PAHs and DDT were observed in forest soils compared to the 
adjacent clearing sites in the southeast TP (Yang et al., 2013). Most 
emerging contaminants such as NBFRs can be classified as SVOCs. Thus, 
the cyclic processes of SVOCs in forest systems are of great significance 
in understanding the environmental behavior of emerging 
contaminants. 

Recent studies have reported on the occurrence of emerging con-
taminants in the TP to elucidate their environmental behavior (Du et al., 
2019; Jin et al., 2020; Li et al., 2018; Wu et al., 2020). For instance, the 
distribution and fate of short- and medium-chain chlorinated paraffins 
(SCCPs and MCCPs) were evaluated in soils, barks, needles, lichens, and 
mosses in the TP area during the period from 2010 to 2016 (Wu et al., 
2020). To the best of our knowledge, research in the alpine ecosystems 
of TP focused little attention, there was only one study about environ-
mental behaviors of NBFRs in Gongga Mountain, southwest China (Liu 
et al., 2018). 

To examine the presence of NBFRs in the TP area, this study presents 
results on the occurrence of NBFRs in soil and mosses on two slopes of 
Mt. Shergyla in the southeastern TP in 2012 and 2019, respectively. The 
objectives of the present study were (1) to investigate the levels and 
contamination patterns of NBFRs in TP forest systems; (2) to compare 
the altitudinal distributions on the two slopes of Mt. Shergyla; (3) to 
estimate the potential influencing factors on the distributions of NBFR in 

the TP. Ultimately, our results provided new insights, which can facili-
tate better understanding of the fate and behavior of NBFRs in the 
environment in remote alpine regions. 

2. Materials and methods 

2.1. Study area and sample collection 

The sampling area was located at Mt. Shergyla, southeastern TP. It 
belongs to Nyingchi Prefecture (29◦34′ N, 94◦28′ E, 3000 m a.s.l), where 
the meteorological station recorded an average annual precipitation of 
676.7 mm, of which 72% of rainfall occurs during the monsoon season 
(June to September). The mean temperatures at the warmest (July) and 
coldest months (January) of the year are 15.8 ◦C and 0.5 ◦C, respectively 
(Huang et al., 2017). The southeast TP is generally characterized by 
mountain-valley topography, covered by abundant forests with a 
distinct vertical gradient distribution along the mountain slope. The area 
of this study is located on the south-facing (S) and north-facing (N) 
slopes of the windward side of Mt. Shergyla, which belong to Nyingchi 
Prefecture, where the forest coverage is 46.1% and ranks third among 
China’s wide forested regions. Among them, the north-facing slope can 
be regarded as the windward side, whereas the south-facing slope is less 
affected by the monsoon. The south-facing slope is expected to be more 
influenced by local sources due to being relatively closer to the settle-
ment of Lulang Town. 

The sampling campaigns were carried out in September 2019 and in 
August 2012, respectively. A total of 46 samples, including 15 soils and 
15 moss samples from 2012 and 16 soils from 2019 (moss samples was 
not available from 2019), were collected from the two slopes of Mt. 
Shergyla with an elevation of 3800–4500 m a.s.l. (above sea level) 
(Fig. 1). The species of mosses sample were Dicranum scoparium. 
Detailed descriptions of the sampling sites and related information are 
provided in Table S1. The sampling sites were set for every 100 m 
elevation increase on both slopes. At each sampling site, surface soil 
samples (0–5 cm) and mosses were collected and pooled from six 
different spots within 30 m of the sites, respectively. All samples were 
wrapped in aluminum foil, sealed in zipper bags and kept under − 20 ◦C 
before laboratory analysis. 

2.2. Sample pretreatment and analysis 

A total of 7 NBFR standards (Table S2), including 1,2,3,4,5-pentab-
romobenzene (PBBz), pentabromotoluene (PBT), pentabromoe-
thylbenzene (PBEB), 2,4,6-tribromophenyl 2,3-dibromopropyl ether 
(DPTE), hexabromobenzene (HBB), 1,2-bis (2,4,6-tribromophenoxy) 
ethane (BTBPE), and decabromodiphenylethane (DBDPE), were pur-
chased from Wellington Laboratories (Guelph, ON, Canada). 3,3′,4,4′- 
tetrabromodiphenyl ether (BDE-77), 2,2′,3,3′,4,4′-hexabromodiphenyl 
ether (BDE-128), and 2,2′,3,4,4′,5′-hexabromodiphenyl ether (BDE-138) 
were purchased from AccuStandard Inc. (USA). Dichloromethane (DCM) 
and n-hexane reagents (pesticide-grade) and purchased from J. T. Baker 
(Phillipsburg, NJ, USA). Silica gel (100–200 mesh, Merck, Darmstadt, 
Germany) was baked at 550 ◦C for 12 h and then activated at 180 ◦C for 
2 h. Anhydrous sodium sulfate was baked at 550 ◦C for 4 h. 

The analytical procedure in this study was similar to the method 
described in our previous work (Yang et al., 2012). All samples were 
freeze-dried and soil samples were screened (100 mesh) before analysis. 
Aliquots of the samples were spiked with 1 ng BDE-77 and BDE-128 as 
surrogate standards and extracted by accelerated solvent extraction 
(ASE 300, Dionex, USA) using mixed solvents (dichlor-
omethane/n-hexane, 1:1, v/v). The extract was concentrated to near 1 
mL and cleaned up by a glass column was packed from bottom to top 
with 1 g activated silica gel, 8 g acidic silica gel (33% concentrated 
sulfur acid, w/w), 1 g activated silica gel, and 4 g anhydrous sodium 
sulfate. The column was conditioned by 60 mL n-hexane and the targets 
were eluted by 90 mL dichloromethane/hexane (1:5, v/v). The eluents 
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were then concentrated to 20 μL. Final extracts were spiked with 1 ng of 
an injection standard (BDE-138) before instrumental analysis. 

NBFRs were identified by a gas chromatograph coupled with a 
negative ion chemical ionization mass spectrometer (GC–NCI–MS/MS, 
SHIMADZU, TQ-8050, Japan). Chromatographic separation was ach-
ieved with a DB-5MS capillary chromatographic column (15 m × 0.25 
mm × 0.1 μm, J&W Scientific, USA). The GC oven temperature program 
was set as follows: the initial temperature was held at 90 ◦C for 1.5 min, 
and increased to 325 ◦C at 15 ◦C/min and held for 20 min. The tem-
peratures of the injector, interface and ion source were kept at 280 ◦C, 
280 ◦C and 250 ◦C, respectively, and the injection volume was 1 μL. The 
MS was operated with NCI in selected ion monitoring mode as described 
in our previous study (Zhang et al., 2019). 

Total carbon (TC) and inorganic carbon (IC) values in soils were 
measured using a carbon analyzer (SHIMADZU, SSM-5000 A). The total 
organic carbon (TOC) content in soil samples was calculated based on 
the difference between the TC and IC content. Lipid content was 
determined using the gravimetric method. 

2.3. Quality control 

All glassware was baked in a muffle furnace at 450 ◦C for 2 h. Prior to 
experiment, the ASE cells were pre-extracted with filter membranes and 
anhydrous sodium sulfate. A laboratory blank sample was prepared 
every set of 10 samples to evaluate for interference and cross- 
contamination during the whole analytical process. Levels of NBFRs in 
procedural blanks were <10% of the values of the sample concentra-
tions. Therefore, the results of this study were not corrected by the blank 
levels. The method detection limits (MDLs), calculated based on the 
average of the procedural blanks plus three times the standard deviation 
(SD), were in the range of 0.10–4.40 pg/g. Sample concentrations re-
ported as < MDL and not detected (ND) were assigned values of half the 
MDL and zero, respectively, in summed concentration calculations. The 
native standard recoveries of the spike matrix were 70.0%–131% in soils 
and 84.5%–136% in mosses. The recoveries of surrogates in all samples 
were 87% ± 13.2% for BDE-77 and 89.1% ± 9.7% for BDE-128, 
respectively. For each type of matrix, two samples were analyzed in 
duplicate and the average relative percentage differences (RPDs) were in 
the range 2.10%–19.4% and 0.50%–21.3% for soil and moss sample, 
respectively. The instrument performance was routinely checked using 
quality control standards for each batch of ten samples. 

2.4. Statistical analysis 

Statistical analysis was performed by SPSS 22. Principal component 
analysis (PCA) and multiple linear regression analysis (MLRA) was used 
to evaluate the contribution of influencing factors. Air mass backward 
trajectories were from the US NOAA. The 7-day (168 h) backward 

trajectories ending in a single site with a height of 500, 1000, 1500 m 
above ground level were calculated. 

3. Results and discussion 

3.1. Occurrence of NBFRs in TP 

Summary statistics of the dry-weight-based concentrations of NBFRs 
in soil and moss samples are shown in Fig. 2 and Table S3. The detection 
frequencies were 96% for BTBPE and 87% for DPTE in soil samples, and 
100% for the other 5 NBFRs and total NBFRs in moss samples. Com-
parison of levels between the two slopes showed that the concentrations 
of PBBz, PBT, HBB, BTBPE and DBDPE were significantly different (p <
0.05) (Nonparametric test). The concentration of total NBFRs in soils in 
2019 was significantly higher than in 2012 (p < 0.05). However, the 
samples in 2012 were collected for a longer time, the possible degra-
dation of NBFRs during the storage was not evaluated. 

Concentrations of total NBFRs (Σ7NBFRs) in soil samples ranged 
from 34.2 to 879 pg/g dw with a mean concentration of 288 ± 246 pg/g 
dw. Investigations on NBFRs in TP soil samples are scarce, although the 
NBFR levels in soils in our study are slightly higher than those in the 
Arctic and Antarctica. For example, the level of NBFRs in Arctic soils was 
150 pg/g dw on average (Hao et al., 2020), and in west Antarctica 128 
± 49.8 pg/g dw on average (Xiong et al., 2021). This may due to the TP 
being closer to potential source areas and by comparison, the polar re-
gions are less anthropogenic and rarely affected by local sources. DBDPE 
was the predominant compound, with average abundance of 90% of 
Σ7NBFRs in soils, followed by HBBz (4.1%), PBBz (2.1%), PBT (1.1%), 
PBEB (0.65%), BTBPE (0.6%), and the least abundant was DPTE. DBDPE 
concentrations (31.2–771, 263 ± 227 pg/g dw) in this study were still 
clearly lower than the levels in urban areas of five Asian countries 
(360–24,000 pg/g dw) (Li et al., 2017) and also was the predominant 
compound from below the detection limit (BDL) to 1450 (maen 462 ±
482 pg/g dw) on Mt. Gongga (Liu et al., 2018). The level of HBBz in this 
study (0.72–94.2, 11.7 ± 20.8 pg/g dw) is higher than that on Mt. 
Gongga (BDL–4.48 pg/g dw), in Arctic soils (9.8–15.4 pg/g dw) and in 
west Antarctica (n.d.–11.1, pg/g dw). It has been suggested that HBBz 
may be used in building materials due to its detection in building ma-
terials manufacture (McGrath et al., 2018a). Therefore, construction in 
the human localities near the sampling site in this study may also be a 
potential source of HBBz emissions. PBT (0.68–6.88, 3.28 ± 1.62 pg/g 
dw) and BTBPE (<MDL-12.0, 1.68 ± 2.48 pg/g dw) in the present study 
are lower than in urban soil samples (ND-15000, 40 pg/g dw) and 
(<20–18,000, 2500 pg/g dw) collected from Australia (McGrath et al., 
2018b), and BTBPE in famland soils of southern China (20–110, 50 ±
35.4 pg/g dw) (Wang et al., 2009b). 

Moss is widely used to monitor SVOCs in the atmosphere (Wu et al., 
2020; Zhu et al., 2015). The concentration of Σ7NBFRs in mosses in 2012 

Fig. 1. Map of the study area and sampling sites.  
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was in the range of 72.8–2506 pg/g dw, with a mean concentration of 
444 ± 634 pg/g dw in the present study. The concentrations of Σ7NBFRs 
in mosses in this study are comparable to the values reported for 
Antarctica in 2014 (283–1065, 506 pg/g dw) (Xiong et al., 2021). 
DBDPE also was the dominant contaminant, with average contribution 
ratios of 91%, followed by PBT (2.6%), PBEB (1.9%), BTBPE (1.7%), 
DPTE (1.4%), PBBz (0.94%), and HBBz (0.87%), different from the 
Σ7NBFRs ratios in Antarctica mosses, which were DBDPE (76%), HBBz 
(9.3%), PBEB (5.8%), BTBPE (3.4%), DPTE (2.1%), PBT (2.1%), and 
PBBz (0.79%) (Xiong et al., 2021), indicating that the releases of NBFRs 
in the two remote regions showed different patterns. There is no sig-
nificant correlation between moss and soil concentrations in 2012 (p >
0.05). This is consistent with related previous studies (Jin et al., 2020; 
Xiong et al., 2021), implying that mosses are bio-monitors for air SVOCs, 
while soil accumulates pollutants through a variety of transport path-
ways such as leaf litter and atmospheric dry and wet deposition. 

With PBDEs banned due to the convention, the use of NBFRs has been 
increasing in last two decades. We compared the levels of NBFRs and 
PBDEs with our previous research (Meng et al., 2018). The concentra-
tion of NBFRs in this study was an order of magnitude higher than that of 
Σ19PBDEs in 2019 soils, which ranged from 5.7 to 37 pg/g dw with 
average concentration of 15 pg/g dw. It is well known that DBDPE is a 
substitute for BDE-209, and the concentration of DBDPE in the present 
study in 2019 (31.2–718, 322 pg/g dw) was three orders of magnitude 
higher than that of BDE-209 (0.2–0.8, 0.5 pg/g dw) in surface soils of 
Central TP, implying that more attention should be paid to NBFRs in the 
environment. (Sharkey et al., 2020). 

3.2. Enrichment potential of NBFRs in mosses 

According to a previous study, each kind of moss has its own phys-
iological structure in connection with the accumulation of chemicals. 
Mosses have a large surface-area-to-volume ratio, so they can trap more 
gaseous chemicals from dry and wet deposition. Lipid in moss may be 
regarded as a reservoir for NBFRs, which are lipophilic contaminants. 
Lipid contents in mosses in 2012 were in the range of 2.48%–5.86% 
(Table S1). Interestingly, the lipid content in moss increased linearly 
with altitude from 3800 m to 4200 m on the N slope, which was in 
harmony with the general rule that lipid storage in biota tends to be 
higher in lower-temperature environments and in agreement with a 
study which found that the lipids of sylvestris increase with elevation 
(Hoch and Korner, 2003). The correlation between the lipid contents of 
moss samples on the N slope and the concentrations of NBFRs showed 
positive significance for PBEB and DPTE (p < 0.05), suggesting that lipid 
content is a potential factor affecting these NBFRs in TP mosses. In 
addition, NBFRs in moss can reflect the atmospheric distribution in this 

area. Compared with the heavier congeners (e.g. deca-brominated 
DBDPE), the lighter components (e.g. penta-brominated PBEB and 
DPTE) mainly exist in the gas phase, which can easily reach a dynamic 
equilibrium state between the atmosphere and vegetation by repeatedly 
exchanged with lipid in moss; while the heavier ones exist mainly in the 
particulate phase and therefore preferentially deposit near the source 
ground (McLachlan and Horstmann, 1998; Weiss, 2000). 

Besides, the higher concentration of NBFRs in mosses than soils may 
be also related to the degree of lipophilicity of NBFRs. The KOW and KOA 
of chemicals were found to describe the performance of plant roots and 
leaves in absorbing lipotropic organic contaminants from the soil and 
atmosphere (Collins et al., 2006). NBFRs generally have high KOA/KOW 
and great lipophilicity, and easily accumulate in vegetation lipids. 
Moss/soil concentration ratios, called bioconcentration factors (BCFs) 
are frequently used to evaluate the ability of plants to enrich POPs from 
the atmosphere (Hu et al., 2020; Zhou et al., 2018). In this study, the 
BCFs of 7 NBFRs averaged 2.05 and 4.59 on the S and N slope in 2012, 
indicating that moss has a higher potential for enrichment of NBFRs than 
soil on both of the slopes. (Table S4). As shown in Fig. 3, logKOA values 
had significantly positive correlations with logBCF except for DBDPE 
(R2 = 0.58, p < 0.05). This indicated that logKOA values can be used to 
predict the accumulation and distribution of NBFR homologues except 
DBDPE, and the capacity for NBFR enrichment in mosses compared with 
soils was stronger for more volatile NBFRs. 

3.3. Altitudinal distribution of NBFRs 

The equations and statistics of Σ7NBFRs with altitude (all 96 indi-
vidual regressions) are compiled in Table S5. There was a weak corre-
lation between the dry weight concentration of NBFRs and altitude 
(Only 10 of the 48 regressions were significant). It is noteworthy that the 
correlation between the concentration on the two slopes and altitude 
was more significant after TOC normalization (19 of the 48 regressions 
were significant). The regressions of log-normalized TOC concentrations 
against altitude are presented in Fig. 4. 

Factors such as the total organic carbon (TOC) in soils and lipid 
content in vegetation have often been considered to be related to the 
distribution of NBFRs. Among them, TOC hs been found to influence the 
adsorption and retention capacity for the lipophilic organic contami-
nants in soil (Meijer et al., 2002; Sweetman et al., 2005). The values of 
TOC in soils ranged from 3.60% to 28.4% with an average of 10.9% 
(Table S1), which were basically consistent with the results of other 
studies in the southeast TP (Yang et al., 2013). There was no significant 
difference observed in the TOC and lipid contents between the two 
slopes. In the current study, the concentrations of NBFRs showed no 
significant correlations with TOC, which was consistent with another 

Fig. 2. Concentrations of NBFRs in soils (pg/g dw) and mosses (pg/g dw) in TP. (a) south-facing slope; (b) north-facing slope. The lower and upper ends of boxes are 
the 25th and 75th percentiles of the data, the median is shown as the square. The stars represent extreme values that are >1.5-fold beyond the interquartile range. 
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study (Xiong et al., 2021). 
For soil samples, linear regressions were performed on the two slopes 

in 2012 and 2019, and part of them (13 of 32 regressions) were statis-
tically significant (R2 = 0.49–0.95; p ≤ 0.05). On the N slope, the con-
centration of NBFRs presented an increasing trend with increasing 
altitude (5 of 16 regressions were significant). The observed altitudinal 
dependence may be related to global distillation, which includes the 

transport of POPs from the source of diffusion to remote environments 
due to cold condensation (Wang et al., 2009a). However, the 
TOC-normalized concentrations showed a negative dependence (8 of 16 
regressions were significant) with altitude on the S slope. The results 
were in line with our expectations. The S slope is located relatively 
closer to the human settlement of Lulang town, so that more influence by 
local use of flame retardants can be expected. Thus, this relationship 

Fig. 3. Relationships between logBCF and logKOA (or logKOW) for NBFRs in the TP soil and moss. (a) logBCF with logKOA; (b) logBCF with logKOW. The red bands 
represent 95% confidence interval for the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. Altitudinal distribution of NBFRs in soil and moss samples along the two slopes. (a) soil samples in 2012; (b) moss samples in 2012; (c) soil samples in 2019.  
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suggested that the distance from anthropogenic sources and wind di-
rection should be the dominant influencing factors for NBFRs on the S 
slope, besides the influence of the prevailing south Asia monsoon. 

This comparison suggests that the sources of NBFRs on Mt. Shergyla 
may have local sources and LRAT sources. The LRAT may be associated 
with the south Asia monsoon in summer and the prevailing south winds 
in both winter and summer (backward trajectories in Fig. S1). Previous 
research also supported the result that the south Asian monsoon trans-
fers pollutants from surrounding regions into the southeastern TP 
(Sheng et al., 2013; Wang et al., 2010; Zhu et al., 2014). In addition, the 
S slope has more abundant sunlight, resulting in greater diurnal tem-
perature variation, which could enhance the diurnal wind patterns (e.g., 
blowing up-slope when it is warm during the day and down-slope during 
the night), which could disturb the nomally downward deposition of 
NBFRs from the air and thus weaken the positive correlation with alti-
tude (Lavin and Hageman, 2013). 

NBFRs in mosses generally showed no trends with altitude, whereas 
only two statistically significant NBFRs had R2 = 0.56 and 0.52 (p <
0.05), respectively. After the normalization of lipids, the regression 
between concentration and altitude became positively significant (6 of 
16 regressions were significant). However, all these significant correla-
tions with altitude occurred on the N Slope, while not on the S slpoe. 
This result is consistent with those of soil samples, showing that the 
influence of LRAT sources on the N slope is greater than on the S slope. 

The altitudinal dependence distribution of NBFRs in mosses on the N 
slope provides evidence for an LRAT source. 

3.4. Implications of FFE and MCTE 

In order to quantitatively assess the contribution of different influ-
encing factors to the NBFR distribution, the present study referred to 
methods from previous studies (Larsen and Baker, 2003; Liu et al., 2014; 
Motelay-Massei et al., 2003). In brief, the contribution of influencing 
factors can be quantified by the principal component analysis (PCA) and 
multiple linear regression analysis (MLRA) methods. 

In the current study, the original data (5Br, 6Br, 10Br, altitude, TOC) 
of soils was standardized and synthesized into two principal components 
(PCs, with eigenvalues greater than 1) on both slopes using PCA anal-
ysis. These accounted for 71% and 78% of the total variance in the data, 
respectively. According to Table S6 and Fig. 5, PC1 on the S slope, which 
was only dominated by three types of NBFRs, explained 47% of the total 
variance. In addition, the relatively low-brominated NBFRs (5Br and 
6Br) have low molecular weight and stronger migration ability than the 
high-brominated compound DBDPE, which more easily reaches distri-
bution equilibrium in the environment and made a greater contribution. 
PC2 accounted for 24% of the total variance and was heavily weighted 
by TOC and lower altitude on the S slope. On the N slope, PC1 explained 
57% of the total variance and had a large loading for altitude and PC2 

Fig. 5. Patterns of NBFRs in forests of the TP on the two slopes by principal component analysis/multiple linear regression (PCA/MLR). (a) south-facing slope; (b) 
north-facing slope; (c) the contributions of FFE and MCTE calculated through MLRA. 
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was 21%, with loading only by TOC. Altitude can be used as a repre-
sentation of the mountain cold trapping effect (MCTE), and TOC can be 
used as a representation of the forest filter effect (FFE). For the reasons 
mentioned above, the FFE made the same level of contribution for the 
two slopes. MCTE on the N slope made a major contribution, while on 
the S slope it played an insignificant role or even had a negative cor-
relation, which may have been affected by local emissions, in line with 
conclusions outlined above. 

To further evaluate the contribution of these two effects, MLRA was 
used to regress the factor scores of PCA with the “normally standard-
ized” concentrations (Larsen and Baker, 2003; Liu et al., 2014). The 
equation is shown in SI. Because the PCA score (Altitude and TOC scores 
together explain 24% of NBFRs) of the S slope did not meet the condi-
tions, MLRA was only performed on the N slope in this study. When the 
normal standardization of total NBFRs on the N slope was regressed 
against the two scores, the mean percent contribution of altitude was 
77% and TOC was 23% (R2 = 0.83, p < 0.01). 

As shown in Fig. 5C, the extent of altitude contribution increased 
significantly with the increase of altitude, but the TOC contribution 
showed no clear trend. It had been proposed that forest density and 
precipitation rate would affect the FFE (Su and Wania, 2005). The 
setting for this study is in the high-altitude range of 3800–4500 m, 
where the vegetation cover will be reduced due to low temperature. In 
previous studies, the TOC contribution of sampling sites above 3700 was 
significantly lower than that of altitude, which was consistent with the 
results of this study (Liu et al., 2014). In addition, FFE was proposed to 
be affected by the leaf area index (Nizzetto et al., 2008). Overall, the 
distribution of NBFRs at high altitude is mainly controlled by thermo-
dynamic partitioning behavior, while the deposition and accumulation 
of NBFRs by FFE in soils is strongly influenced by vegetation abundance. 

4. Conclusion 

This study presents a comprehensive investigation on the occur-
rence, distribution and influencing factors of NBFRs in soils and mosses 
in the southeast TP. Their presence in the TP environment confirms their 
long-range transport potential. NBFR levels in this study are slightly 
higher than those in the polar regions, due to the smaller distance from 
potential source areas. DBDPE was the predominant compound, likely 
related to its extensive manufacture and consumption. The distribution 
profile on the S slope supports the influence of local sources besides 
LRAT sources. NBFRs showed potential enrichment in mosses on both 
slopes, and the accumulation pattern was related to the LogKOA/KOW of 
NBFRs. TOC normalization strengthened the correlation between alti-
tude and concentration, although some of them did not significantly 
correlate with NBFR concentrations, emphasizing that the distribution 
of NBFRs in the TP is the result of the combined influence of several 
factors. Furthermore, the results of the assessment by PCA and MLRA 
showed that the distribution of NBFRs is mainly affected by elevation, 
while the direct deposition and accumulation induced by FFE contrib-
uted secondarily. The present study has established much-needed 
environmental data on NBFR contamination within the southeastern 
TP, and provides a reference for further studies to assess local sources 
and temporal changes within the TP. 
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