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A B S T R A C T   

Mercury (Hg), as a global pollutant, its contamination has been documented in environmental compartments of 
the Himalayan region. However, little research exists regarding to Hg accumulation in terrestrial wildlife, as well 
as its driving factors. In this study, surface soil and small mammals were collected in the Lebu Valley, East 
Himalayas of China, in order to measure the uptake of the long-distance transported Hg along an elevational 
gradient approximately from 2300 to 5000 m a.s.l. The soil Hg concentrations were measured and predicted 
mostly by vegetation type as well as soil organic matter, while the Hg in hair of small mammals (Muridae and 
Cricetidae) showed deeply influenced by soil Hg. Notably, combined with the field survey data, soil and hair Hg 
were both enhanced in low and mid-elevations, which overlapped the distribution ranges of a majority of 
mammals. Overall, this indicates that Hg contamination in low- and mid-elevations poses a potential threat to the 
top predators that consuming small mammals directly or indirectly. Furthermore, our data advances the un
derstanding of Hg dynamics in remote, high mountain ecosystems and provides baseline data for biomonitoring 
for reduction of Hg emission globally.   

1. Introduction 

The mountainous areas have traditionally been thought to be a 
pristine paradise for wildlife with limited human-driven disturbance. 
However, high-elevation regions were also considered as condensers for 
a variety of volatile and semi-volatile persistent toxic pollutants, which 
are emitted from increasing anthropogenic activities remotely and 
redeposited back to ecosystems through the “grasshopper effect” and 
“mountain cold-trapping effect” (Loewen et al., 2005; Wania and 
Mackay, 1995; Zhang et al., 2013). Among toxicants, mercury (Hg) has 
been recognized as a well-known, persistent and hazardous contaminant 
globally (Driscoll et al., 2013). Due to toxicities, trans-boundary and 
long-range air transportation abilities, as well as the capacities of bio
accumulation and biomagnification along food webs, Hg and its com
ponents, particularly methyl-mercury (MeHg), pose serious threats to 

wildlife and human (Chételat et al., 2020; Rice et al., 2014). The esti
mated atmospheric emission is mainly from combustion of fossil fuels 
and biomass, such as coal combustion and non-ferrous metal produc
tion. Furthermore, almost half of the emission occurs in Asia (UN 
Environment, 2019). Worse, unlike other remote ecosystems (e.g. the 
Polar region), the Himalayas, which is well-known as “the world’s third 
pole”, actually locates among large Hg emitted areas, i.e. East Asia, 
South Asia and Southeast Asia (Loewen et al., 2005). Meantime, its 
complicated geological topography, significant vertical climatic zona
tion with biological and environmental characteristics, together make 
this area one of the world’s biodiversity hotspots (Myers et al., 2000). In 
fact, Hg content has been recorded in environmental compartments (e.g. 
water, soil and glacier) of the Himalayas (Sun et al., 2020; Tripathee 
et al., 2019; Wang et al., 2008). However, bioaccumulation in terrestrial 
mammals remains unclear. In such circumstances, if Hg contamination 
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exists in the environment, whether and how organisms respond to this 
pollutant in the hotspot of global biodiversity, would be of significance 
to ecological conservation. 

Small mammals are abundant and important components of terres
trial ecosystems, offering prey for other higher trophic predatory 
mammalian and avian species. Thus, with limited home range, small 
mammals, act as bioindicators to provide insights into local contaminant 
loading and accumulation in terrestrial ecosystems. Often, the 
commonly sampled species belong to three families of Soricidae 
(shrews), Cricetidae (hamsters and voles), and Muridae (Old World mice 
and rats) (Talmage and Walton, 1991). For instance, small mammals 
have been extensively used for the assessments of environmental 
contaminant exposure in mine tailings and industrial areas for effec
tively understanding contamination in wildlife (Gdula-Argasińska et al., 
2004; Gerstenberger et al., 2006; Pankakoski et al., 1993; Turna Demir 
and Yavuz, 2020). During hair growth, Hg can be transported by 
circulating blood from internal tissues and incorporated into this keratin 
structure (Crewther et al., 1965). With less harming to individuals, hair 
Hg has been widely applied in the ecotoxicological field for bio
monitoring in Europe and North America (e.g., Martinková et al., 2019; 
Peterson et al., 2021) and provide insights into local contamination. 

Studies in terrestrial ecosystems indicate that Hg contamination 
varied along elevations. For instance, Hg accumulation showed an 
increasing trend along elevation (Blais et al., 2006; Townsend et al., 
2014; Yu et al., 2011; Zhang et al., 2013), likely due to the “moun
tain-trapping effect” (Loewen et al., 2005; Wania and Mackay, 1995; 
Zhang et al., 2013). Moreover, vegetation type (Gerson et al., 2017; 
Obrist et al., 2017, 2012), vegetation photosynthetic activity (Fu et al., 
2019), soil characteristics (Gerson et al., 2017), precipitation and tem
perature (Loewen et al., 2005) might contribute to Hg accumulation. 
However, knowledge regarding to the drivers that predict the bio
accumulation in terrestrial ecosystems at higher elevation (>2500 m a.s. 
l.) has been rarely tested (Ecke et al., 2020; Martinková et al., 2019), 
particularly along large elevational gradients. 

In the highest mountainous ecosystem i.e. the Himalayas, the Hg 
contamination in small terrestrial mammals, and factors contributing to 
Hg accumulation, are sorely lacking. Moreover, elevational gradients of 
mountain ecosystems condense a large amount of environmental vari
ation into a small geographical space, providing us ideal natural 

experiment systems for examination of Hg bioaccumulation. Making 
good use of the valley ecosystem as a natural laboratory with varied 
terrestrial landscapes across large elevational transects, we seek to 
assess Hg contamination in the East Himalayas. The specific objectives 
include below: 1) examine total Hg content and its trends in the envi
ronment (soil) and small mammals (rodent) along elevational gradient; 
2) test the potential environmental drivers that predict Hg contamina
tion: soil organic matter (SOM), vegetation type, local vegetation ac
tivity (the Normalized Difference Vegetation Index, hereafter NDVI), 
precipitation, temperate and/or soil Hg); 3) combined field survey data 
for mammal community, identify mammalian species at Hg risk in 
certain elevational ranges. 

2. Methodology 

2.1. Study area 

Our field works were conducted in the Lebu Valley (26◦25′ - 28◦27′N, 
91◦28′ - 94◦22′E), located in the East Himalayas of China (Fig. 1). There 
are five main vegetation zones across the 2700 m elevational gradience 
from 2300 to 5000 m a.s.l: broadleaf deciduous forest (2300–2900 m a.s. 
l.); coniferous and broadleaf mixed forest (2900–3500 m a.s.l.); dark 
coniferous forest (3500–3800 m a.s.l.); alpine shrub and meadows 
(3800–4400 m a.s.l.) and alpine meadow (4400–5000 m a.s.l.). Thus, 
the low elevation range (2300–3200 m a.s.l.) is dominated by deciduous 
forest type and its transited zone with coniferous; the mid-elevation 
range (3200–4100 m a.s.l.) consists of the transited zone and conif
erous forests, while the high elevation (4100–5000 m a.s.l.) is in the 
range of alpine zone. Habitats are continuous along the elevational 
gradients and relatively undisturbed. 

2.2. Mammal community investigation 

From May 2018 to September 2019, non-volant mammals in our 
study area were surveyed using a standardized protocol by snap traps, 
camera traps, and visual observations along nine 300-m elevational 
bands from 2300 to 5000 m a.s.l. Field surveys could not be done at 
lower or higher elevations because of inaccessible topography (e.g., 
turbulent rivers and cliffs). Sampling was standardized to keep the same 

Fig. 1. Details of study site in the Lebu Valley, East Himalayas of China. Colored solid points present sampling site for various vegetated habitats.  
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sampling intensity across elevations. 

2.2.1. Mammal investigation 
We made two replicated surveys during the wet seasons (May to 

September): one in the early wet season (May to June) and the other in 
the late wet season (August to September), with the same sampling 
effort. There were five trapping sites for typical representative habitats 
in each elevational band (a total of 45 sites). Each trapping site included 
30 snap traps (120 × 60 mm) that were placed 2–3 m apart. Trapping at 
each site was conducted for six consecutive nights for a total of 16,200 
trap nights. To reduce the temporal autocorrelation among sites, ele
vational bands were sampled in a random order. Considering the 
different diets of non-volant mammals, the traps were baited with fried 
peanuts and ham (in equal proportions by weight). The traps were 
checked once a day in the morning and re-baited if needed. The captured 
individuals were identified, measured, and weighed. 

Camera trap and visual observation were focused on medium and 
large-bodied mammals which could not be sampled by snap trap. The 
camera traps were established alongside the small mammal trapping 
sites (>30 days for each camera, a total of 45 camera traps were set 
along the elevational gradient). For the visual observation, we recorded 
and counted only the first visual observations of each mammal in the 
trapping site of each elevational band during our field survey, in each 
season, to avoid recording the same individual twice. Taxonomy of 
mammals followed Jiang et al. (2015). Bats (Chiroptera) were excluded 
from our statistical analyses, because it was difficult to sample the bat 
species adequately using our sampling protocol in the study area. 

2.2.2. Species composition 
In total, we recorded 27 mammal species (including 1 unknown 

species, Niviventer. sp) in our field surveys, including 8 carnivores, 2 
primates, 6 artiodactyls, 8 rodents, 2 insectivores and 1 lagomorph (see 
Table S1). Since our goal is to better understand the primary consumers 
from the base of the food webs, we mainly chose herbivorous individuals 
(n = 68) from families Muridae and Cricetidae here to study Hg bio
accumulation. Specifically, Smoke-bellied Rat (Niviventer eha ranged 
from 2300 to 3800 m a.s.l.) and Stoliczka’s Mountain Vole (Alticola 
stoliczkanus ranged from 3200 to 5000 m a.s.l.) were the most common 
small mammals with a relatively larger elevational range in the Lebu 
Valley. 

We used species distribution and species richness to identify species 
distribution trends along elevation. The range of species distribution 
was identified as the difference between the lowest and highest eleva
tions recorded for each species. We assumed that species potentially 
exist between its elevational limits. To avoid species being “lost” be
tween sampling elevations, species with elevational ranges less than 
300 m (or species with a single elevational distribution record, eleva
tional range of 0 m were adjusted to 300 m considering the mobility of 
our studied taxa. Species richness of each 300-m elevational band was 
the number of species existed in the band. 

2.3. Small mammal hair and soil sample collection 

In 2019, for each elevational band, approximately 0.1 g hair from 
upper back of small mammal individuals was collected and put into 
paper coin envelopes or polyethylene bag. In addition, we collected five 
soil samples (10 cm from surface, ~20 g per sample) randomly using soil 
collectors in total 44 samples were collected and were packed into the 
plastic bag. All hair and soil samples were labeled clearly in location, 
vegetation type and time, then transported by car to the laboratory of 
the Institute of Zoology, Guangdong Academy of Sciences, then stored at 
cool ambient temperature until further analysis. Approval for capturing, 
handling and taking samples from small mammals was granted by the 
Forestry Bureau of Cuona County and Department of Forestry of Tibet 
Autonomous Region (the regulatory approval number: 2018–32). 

2.4. Environmental data collection 

To catch the precise characteristics of the meteorological condition, 
we placed mini weather stations in seven 300-m elevation transects 
(2440, 2822, 2914, 3311, 3499, 4219, and 4504 m a.s.l.) in the Lebu 
Valley. Each mini weather station included two data loggers (HoBo Pro- 
RH/Temp and HoBo Pro-Precipitation/Temp) and was surrounded by a 
mesh wire fence to keep interference from wild animals. Mean daily 
temperature (temperature) and amount of precipitation (precipitation) 
were measured and recorded between August 2018 and August 2019. 
Specifically, temperature data were recorded every 10 min and were 
averaged afterward 1 h to minimize the impact of possible outliers. 
Temperatures were extrapolated to all nine elevational bands using 
simple ordinary least squares regression. Precipitation data were 
extrapolated to all elevational bands in the study area using ArcGIS 10.4 
(Oliver and Webster, 2007). Vegetation types were recorded during the 
field survey for each elevational band. In addition, the NDVI was used as 
a proxy for net primary productivity. We extracted NDVI data (1-km2 

resolution) in each 300-m elevational band of January, April, July and 
October for 4 consecutive years (2009–2012) from the Computer 
Network Information Center, Chinese Academy of Sciences (date of the 
download: 2016/6/17). 

2.5. Mercury determination 

Prior to Hg analysis, soil samples were dried at 40 ◦C overnight, 
manually ground, and sieved through a 75 μm mesh to remove large 
debris, while hair samples were washed by 90% acetone, then rinsed by 
D.I. water and dried at 40 ◦C. We analyzed the soil and hair samples for 
total Hg (THg) concentration using a Direct Mercury Analyzer (DMA 80, 
Milestone Inc., Italy) at wavelength used of 253.7 nm, following US 
Environmental Protection Agency Method 7473 (U.S. Environmental 
Protection Agency, 2000) at the State Key Laboratory of Environmental 
Geochemistry. The certified reference materials DORM-4 (fish protein, 
National Research Council Canada) and GSS-5 (soil, National Research 
Center for Standards in China) to confirm that this approach ensured 
complete combustion of the sample and did not contribute measurable 
contamination. Laboratory quality control samples included system and 
method blanks, calibration check standard, and a duplicate sample with 
each batch of 10 or fewer samples. The method detection limit for the 
DMA 80 is 0.0008 μg/g dry weight. Relative percentage differences 
(mean ± sd) for duplicate samples were 10.61 ± 9.51% (n = 9). Re
coveries of GSS-5 was 100 ± 2.66% (n = 5), while DORM-4 was 97 ±
3.15% (n = 3). All Hg analyses met the measurement quality objectives 
in accordance with the certified methods. 

2.6. SOM determination 

Approximately 0.5 g dried samples for SOM were determined 
following a national standard method (GB 9834–88, a modified version 
from Nelson and Sommers, 1996). The procedure involves using 
K2Cr2O7 (Cr2O7

2− ) to oxidize soil organic carbon (SOC), and FeSO4 to 
reduce the excess Cr2O7

2− in solution. The amount of Cr2O7
2− consumed 

in the reaction is used to estimate the carbon content of the soil, and 
times 1.724 to convert to SOM. The duplicate measurements were per
formed, and the relative standard deviations of sample duplicates were 
all below 5%. 

2.7. Statistical analysis 

Polynomial regression analyses were performed to assess the form of 
the patterns of species richness and THg (both in soil and small mam
mals) as a function of elevation along the gradient. Order 1 equation 
indicates linear pattern, whereas order 2 and order 3 equations indicate 
unimodal pattern (hump-shaped pattern). Further, we applied the 
Kruskal-Wallis test to find out the differences of THg accumulation 

Y. Ma et al.                                                                                                                                                                                                                                      



Environmental Pollution 288 (2021) 117752

4

among low, medium and high elevation ranges. To determine factors 
contributing to variation in soil THg, we conducted a series of linear 
regression models to examine the effects of potential environmental 
variables, including vegetation, NDVI, SOM, precipitation and temper
ature in candidate models. 

We then evaluated the effects of these environmental factors, as well 
as soil THg in small mammalian species in another set of candidate 
linear regression models. We used an information theoretic approach, 
which builds on likelihood estimates and yields an assessment of a 
collection of models to select the most parsimonious model, separately 
(Burnham et al., 2011). We used the second order Akaike information 
criterion (AICc), a version of Akaike’s Information Criteria (AIC) cor
rected for a small sample size, with an extra penalty term for the number 
of parameters. In fact, AICc is one of the commonly used metrics for 
model evaluation and selection for prediction error and model robust
ness. Also, ΔAICc, the difference between a model’s AICc value and that 
of the best-supported model in the candidate set, was applied to select 
the top models (Symonds and Moussalli, 2011). Support for each model 
was evaluated using the Akaike weight (wi), which represents the rela
tive likelihood of the model, given the data, relative to all other models 
in the candidate set. Variable importance weights were used to assess an 
individual variable’s relative importance within the candidate model 
set. Notably, the autocorrelation of environmental factors could affect 
the credibility of the results; thus, autocorrelation analysis was per
formed prior to model running. The variables with autocorrelation were 
avoided put together in candidate models (See Table S2). 

Soil and hair THg were both reported as mean ± s.d. μg/kg dry 
weight and were natural log transformed to improve the assumption of 
normality and fitted linear trend lines for statistical analysis. Data were 
checked visually for normality and residuals of all models were assessed 
for normality using diagnostic plots and qq-plots. We performed linear 
models and model selection analysis in R version 3.6.0 using the Pack
age “MuMIn” (version 1.43.15, Bartoń, 2019). 

3. Results and discussion 

3.1. Elevational pattern of mercury distribution and its conservation 
implication 

Overall, the elevational range in our study area is among the largest 
ranged and the highest altitude reported elevational research in Hg 
contamination (Blackwell & Driscoll, 2015; Townsend et al., 2014; 
Tripathee et al., 2019; Wang et al., 2008), providing further data to 
understand Hg bioaccumulation in high mountain terrestrial ecosys
tems. Specifically, the average of surface soil THg in the Lebu Valley is 
54.8 ± 31.2 μg/kg (ranged: 10.69 μg/kg in the alpine meadow zone to 
112.23 μg/kg in the transition zone, Fig. 2, n = 44). The soil THg is 
comparable to the background values of the world soils, and it actually 
consists with the soil Hg reported in the Central Himalaya, Nepal (Tri
pathee et al., 2019). The mean of small mammalian THg is 43.0 ± 35.0 
μg/kg range from 8.25 to 183.0 μg/kg (Fig. 2; n = 68). The Hg content in 
hair of small rodents feeding on primary herbivorous diets is comparable 
or even higher to Hg reported in some mammals collected at locations 
with active human disturbance (Huckabee et al., 1972), such as the Las 
Vegas Valley (Gerstenberger et al., 2006). 

We observed a unique Hg trend in the floor and its subsequent bio
accumulation in primary consumers from the highest elevational 
terrestrial ecosystems. The enhanced Hg in the low and mid-elevations 
did not follow the general trend of Hg contamination in mountainous 
landscapes. For instance, Blackwell and Driscoll (2015) observed that a 
continuously increasing pattern in Hg deposition from the deciduous to 
alpine zone along the Whiteface Mountain, so did other montane studies 
(Stankwitz et al., 2012; Townsend et al., 2014; Zhang et al., 2013). 
Unlike the increasing pattern of Hg contamination in environmental 
compartments (e.g. atmospheric Hg inputs and ice core), in our case, the 
polynomial regressions for THg along elevations in the Lebu Valley 

demonstrates that THg in soil and THg in small mammals both followed 
a hump-shaped pattern–better fitted by a quadratic (order 2) or cubic 
(order 3) equation of elevation than a linear equation, while the 
mammal species richness generally decreased monotonically along 
elevation–better fitted by a linear (order 1) equation (Table 1, Fig. 2). 
Specifically, the low/middle elevation in both soil and hair THg were 
significantly higher than the high elevation (Chi-squared = 27.62, df =
2, p-value <0.001 for soil THg, while chi-squared = 9.62, df = 2, 
p-value = 0.008 for hair THg), however no significant difference existed 
between low and middle elevations. In details (Fig. 2), soil THg reached 
a peak at about 3200 m a.s.l. of coniferous and broadleaf mixed forest, 
while hair THg elevated in 3500–3800 m a.s.l. of the dark coniferous 
forested zone. The THg trends we observed in topsoil and small mam
mals suggest that at extremely high altitudes, Hg contamination may not 
simply follow the “mountain cold-trapping effect”. 

In the meantime, our survey also identified the distribution of 
mammal species in this valley (Fig. 3). Specifically, 21 and 15 species 
were found at low and mid elevation bands respectively, whereas only 6 
species had a distribution at high elevation bands i. e > 4100 m a.s.l. 
Notably, according to IUCN Red List (https://www.iucn.org/redlist), 10 
of 10 threaten species such as Asia golden cat Catopuma temminckii and 
Leopard Panthera pardus inhabit at low and mid-elevations, while only 1 
of 10 threaten species, the Black Musk Deer Moschus fuscus found at 
extremely high altitudes. Although we were not able to collect related 
samples from the higher trophic position, likely, the Hg risk to top avian 
and mammalian predators might already occur if there are multiple 
steps in Hg accumulation (Lavoie et al., 2013). In addition, small 
mammals at low-and mid-elevations might be exposed to elevated MeHg 
bioaccumulation in the Himalayas indicated by elevated hair THg, since 
MeHg is assumed to be the predominant form of Hg in hair of mammals 
(Evans et al., 2000; Wang et al., 2014). Unfortunately, species richness 

Fig. 2. Hair THg and top soil THg concentrations, mammal species richness 
along elevational gradience in the Lebu Valley, East Himalayan Mountain, 
China. Black diamonds represent data points from soil THg, grey triangles 
present data points from hair THg, and light grey dots present data points from 
mammal species richness. Lines are the patterns predicted by the best poly
nomial regression for soil THg (blackline, order 3), hair THg (grey dashed line, 
order 2) and mammal species richness (light grey dotted, linear) in the overall 
Lebu Valley of East Himalayas. 

Table 1 
Polynomial regression analyses were performed to assess the form of the ele
vational patterns of THg (both in soil and small mammals) as a function of 
elevation along the gradient. All polynomial regressions are significant (P <
0.05). Bold numbers indicate the best regression model selected by the lowest 
Akaike information criterion value (AICc).   

Order 1 Order 2 Order 3 

AICc AICc AICc 

Soil THg 417.563 400.650 378.833 
Hair THg 681.574 677.953 680.261 
Species richness 29.556 33.778 33.680  
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and Hg concentration all found elevated at low and middle elevations, 
suggesting possibly that enhanced Hg exposure might exist in top 
predatory species in this range. In fact, similar to the widely reported 
hump-shaped pattern found in species richness in mountain systems 
along elevational gradients (McCain, 2009, 2007; 2005; Rahbek, 1995), 
the highest biodiversity of reptiles (Chettri et al., 2010), birds (Acharya 
et al., 2011; Hu et al., 2018; Pan et al., 2016) and mammals (Hu et al., 
2017, 2018) frequently appears at low-mid elevations in the Himalayas. 
Thus, our findings shed light to the concerns in ecological conservation 
of fragile biodiversity in the Himalayan Mountains. 

3.2. Environmental factors influencing soil Hg contamination 

The details of vegetation type, NDVI, SOM, temperature and pre
cipitation can be found in Table S3. Based on our model selection, there 
is only 1 of eleven candidate models within △AICc less than 2 (Table 2). 
According to the best linear model, the predictors vegetation type as 
well as SOM together, explained 75.65% of soil THg (P < 0.0001). 
Furthermore, both variable importance and the number of containing 
models (Table S4) indicated that vegetation and SOM are the most 
important predictors (weight = 1.00), while temperature, precipitation 
and NDVI are less influencing factors (all have weight less than 0.01). 
The second-best model that included vegetation only, resulting in a 
decrease in △AICc greater than 19, and model weight wi equal to 0.00, 
indicating the unparallel importance of the combination of vegetation 

and SOM in predicting soil THg (Table 2). 
In remote high-altitude areas, multiple drivers complicatedly 

contribute to Hg accumulation. Among them, forests are important re
ceptors for atmospheric Hg deposition (Graydon et al., 2009) and 
vegetation type is known as an important factor influencing the 
biogeochemical cycle of Hg in terrestrial ecosystems (Obrist et al., 
2012). In addition, Gerson et al. (2017) highlighted elevation as well as 
forest type both contributed to soil Hg. Our models support the recent 
findings (Xue et al., 2019), further pointing out that the SOM plays an 
essential role in Hg accumulation along terrestrial landscapes. This is 
likely due to the strong binding affinity between Hg and thiol (-SH) 
groups in organic matter (Skyllberg et al., 2000). Other factors, such as 
precipitation, which is able to facilitate vegetation growth, might also 
contribute to Hg in soil via complicated interactions on biomass pro
duction and litter decomposition processes (Wang et al., 2019), but had 
little influence when compared with strong influencing factors (i.e. 
vegetation type as well as SOM) as stated by our models. 

3.3. Predictors of small mammalian Hg 

Small mammals serve as the base of the energy flow for predatory 
species in the entire food webs. When considering factors to predict THg 
biocontamination, there are 3 of 15 candidate models within △AICc less 
than 2 (Table 3). The soil THg explained most of the variation in hair 
THg (wi = 0.29). Notably, variable importance and the number of 
containing models (Table S5) also indicated that the habitat i.e. vege
tation type is an important factor (sum of weight: 0.66, 8 models con
tained), followed by soil THg (sum of weight: 0.5, 2 models contained), 
then SOM (sum of weight: 0.41, 6 models contained). Other factors such 
as precipitation, temperature and NDVI are less likely to influence THg 
in small mammals. The second-best model that includes both soil THg 
and SOM resulted in a decrease in △AICc to 0.4 and slightly lower 
model weight (wi = 0.24) (Table 3), while the third alternative model 
including both soil THg and vegetation resulted in a drop of △AICc to 
0.6 and weight to 0.21. 

The best linear regression model including only soil THg explains 
11.31% of hair THg (P < 0.0001), suggests the complexity of Hg 
transportation along food webs and less predictable by a single factor i. 
e., soil THg here. Diet structure possibly is a strong factor when 
considering Hg bioaccumulation (Peterson et al., 2021). Here, we 
measured 6 individuals belong to Soriculus, which primary forage on 
invertebrates. Even within a small sample size, 2 of 6 invertebrate-eating 
individuals (8306.5 and 1415.0 μg/kg Hg) exceed the contamination 
threshold for non-human mammals at 1100 μg/kg Hg in hair (Suzuki, 

Fig. 3. The elevational ranges of non-volant mammal species in the Lebu 
Valley. Symbol *: endangered species; #: vulnerable species; ^: Near Threatened 
species (IUCN Red List). The dash lines indicated the boundaries between low 
and middle (3200 m a.s.l.), middle and high (4100 m a.s.l.) elevational ranges. 
For visualization, species scientific names are shown in Table S1. 

Table 2 
Model selection for predicting soil THg collected in the Lebu Valley of East 
Himalayas.  

Model K logLik AICc ΔAICc Weight 

Soil THg ~ SOM + vegetation 7 ¬15.64 48.39 0 1.00 
Soil THg ~ vegetation 6 ¬26.76 67.79 19.41 0.00 
Soil THg ~ vegetation +

precipitation 
7 ¬26.12 69.36 20.97 0.00 

Soil THg ~ vegetation + temperature 7 ¬26.19 69.5 21.11 0.00 
Soil THg ~ NDVI + vegetation 7 ¬26.54 70.19 21.8 0.00 
Soil THg ~ SOM + temperature 4 ¬31.35 71.73 23.34 0.00 
Soil THg ~ SOM + precipitation 4 ¬32.87 74.77 26.38 0.00 
Soil THg ~ temperature 3 ¬38.96 84.52 36.13 0.00 
Soil THg ~ NDVI 3 ¬39.18 84.96 36.57 0.00 
Soil THg ~ precipitation 3 ¬40.84 88.27 39.89 0.00 
Soil THg ~ SOM 3 ¬42.27 91.15 42.76 0.00  

Table 3 
Model selection for predicting hair THg collected at East Himalayas in 2019 
summer.  

Model K logLik AICc ΔAICc weight 

Hair THg ~ Soil THg 3 64.89 136.15 0 0.29 
Hair THg ~ vegetation + SOM 7 60.34 136.55 0.4 0.24 
Hair THg ~ vegetation + Soil THg 7 60.44 136.75 0.6 0.21 
Hair THg ~ temperature + SOM +

vegetation 
8 60.28 139 2.85 0.07 

Hair THg ~ precipitation + SOM +
vegetation 

8 60.3 139.05 2.9 0.07 

Hair THg ~ vegetation 6 63.69 140.76 4.61 0.03 
Hair THg ~ vegetation +

precipitation 
7 62.62 141.1 4.95 0.02 

Hair THg ~ SOM 3 67.54 141.45 5.3 0.02 
Hair THg ~ precipitation + SOM 4 67.22 143.08 6.93 0.01 
Hair THg ~ vegetation + SOM 7 63.64 143.14 6.99 0.01 
Hair THg ~ vegetation +

temperature 
7 63.69 143.24 7.09 0.01 

Hair THg ~ temperature + SOM 4 67.34 143.31 7.16 0.01 
Hair THg ~ NDVI 3 69.05 144.47 8.32 0 
Hair THg ~ temperature 3 69.17 144.71 8.56 0 
Hair THg ~ precipitation 3 69.22 144.82 8.68 0  
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1979). The advisory maximum tolerable level of human hair is 6000 
μg/kg Hg (Lodenius et al., 1983), in this case, 1 of 6 sampled 
invertebrate-eating shrews is still caught concern regarding to Hg 
accumulation in organisms at higher trophic positions (Lavoie et al., 
2013). Thus, due to the accumulation characteristics of Hg, Soriculus 
might have a relatively higher Hg accumulation due to diet structure. 
Further investigation into this family with a larger sample size is needed. 

4. Conclusions and future research 

Overall, our study reveals a unique pattern of Hg accumulation along 
a 2700-m elevational gradient in the East Himalayas of Southwestern 
China. The low/middle elevation in both soil THg and hair THg were 
significantly higher than the high elevation area. Combined with field 
investigation, our findings show that the Hg risk to terrestrial mammals 
distributes disproportionately and overlaps species richness in mountain 
systems along elevational gradients. Further attention should be given to 
mammals inhabiting low and mid-elevational ranges. Together, our re
sults provide strong evidence that vegetation and SOM strongly influ
ence soil THg; while soil THg, vegetation as well as SOM contribute to 
the Hg accumulation in small mammals. Based on our results, temper
ature and precipitation predict less for THg accumulation. Taken 
together, our study advances the understanding of the effects of envi
ronmental and elevational factors on patterns of Hg bioaccumulation in 
environmental compartments as well as fauna in montane ecosystems 
within the extremely high altitudes in Asia. 

For the active implementation of the Minamata Convention on 
Mercury (www.mercuryconvention.org), the development of bio
monitoring program in pristine region is needed to build the baseline 
data for both environmental compartments and montane fauna. 
Particularly, measurement of contaminants in indicator organisms will 
provide accurate data for bioavailability, mobility and fate of environ
mental contaminants in this highest mountain terrestrial system. Instead 
of the examined factors, please note we did not test whether THg con
centrations in hair differed among species, year, sex, and age class, etc. 
In addition, little is known about the bioaccumulation and trophic 
transfer of THg and particularly MeHg, via food webs in different 
terrestrial ecosystems along the high mountainous areas. Besides, 
whether this differential pattern in both surface soil and small mammals 
for Hg contamination among terrestrial ecosystems in other valleys of 
the Himalayas? Further, we only sampled in the wet season (summer). 
Since the Indian monsoon during the summer plays a key driver in 
bringing larger precipitation, while in winter, the westerly wind might 
reduce the amount of precipitation in the dry season, but the heating 
activities potentially increase the emission in the meantime, thus, the 
seasonal changes in Hg accumulation might exist. Moreover, as global 
climate warming, melting of glaciers in high mountains continuedly 
releases a large quantity of Hg originally locked in the ice into the at
mosphere and downstream ecosystems, potentially accelerate the up
take of atmospheric Hg (Wang et al., 2020). This region is already 
sensitive to climate change, then Hg contamination might enhance at 
vegetated ecosystems e.g. the ecozone, and further influence the hotspot 
of biodiversity in a complicated way. The increased loads of altitudinally 
enhanced Hg in montane might potentially bring profound impacts. 
These research questions worth more attention and investigative efforts 
for wildlife conservation in this biodiversity hotspot of the highest 
mountainous region. 
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