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� MeHg in songbird feathers comprised of 74.1e95.9% of THg.
� MeHg in feathers was mainly bound to cysteine and reduced glutathione, while IHg was bound to reduced glutathione.
� Hg chemical forms in feathers was highly dependent on the exposure sources.
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a b s t r a c t

The chemical forms of mercury (Hg), particularly methylmercury (MeHg), in songbird feathers from an
abandoned mining region were analyzed via X-ray absorption near-edge structure analysis (XANES). In
feathers, proportions of MeHg as total mercury (75.6e100%) quantified by the XANES were directly
comparable to the chemical extraction values (74.1e95.9%). Most of MeHg were bound with cysteine
(Cys) and reduced glutathione (GSH), whereas inorganic mercury (IHg) was mainly bound with GSH.
These results were consistent with those found in fish muscles and human hairs of both fish consumers
and occupational Hg exposure populations. Our study suggested that chemical forms and speciation of
Hg were highly dependent on the exposure sources and food consumption, respectively. Bird feathers
were able to selectively accumulate MeHg due to their special binding ways. However, detailed mech-
anisms of Hg accumulation in bird feathers remain to be further elucidated.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a global pollutant and one of the most haz-
ardous substances in the world (ATSDR, 2017). Methylmercury
(MeHg), an organic Hg form with high neurotoxicity and bio-
magnification potential, can be produced under anoxic conditions
nvironmental Geochemistry,
es No. 99, Lincheng Western
by bacteria, and transported and biomagnified along the food chain
in aquatic systems (Morel et al., 1998; Chen et al., 2005). In
terrestrial systems, invertebrates such as spiders can also be
involved in the transfers of Hg between avian and aquatic food
chains, exacerbating the biomagnification of Hg (Cristol et al.,
2008). Terrestrial birds may suffer from high Hg exposure risks
through invertebrates’ consumption (Cristol et al., 2008; Rimmer
et al., 2010).

Bird feather is a noninvasive bioindicator of environmental Hg
pollution and also can reflect the body Hg burden or exposure risks.
(Furness et al., 1986; Becker et al., 1993; Agusa et al., 2005).
Reproductive success reduction, reduced survival and immune
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competences in songbirds such as Tree Swallows (Tachycineta
bicolor), Zabra Finches (Taeniopygia guttata) and Carolina Wrens
(Thryothorus ludovicianus) can occur under elevated Hg exposure
both in feeding experiment and field study (Hawley et al., 2009;
Hallinger et al., 2011; Jackson et al., 2011; Paris et al., 2018). In
seabird feathers, Hg speciation was mainly dominated by MeHg,
which accounted for 90e100% of total mercury (THg) (Thompson
and Furness, 1989; Bond and Diamond, 2009). Over the last
decade, X-ray absorption near-edge structure analysis (XANES) has
been used to identify the Hg chemical forms in biological samples,
such as plants, fish muscles, seabird's liver, human brain and hair
(Wang et al., 2012; Harris et al., 2003; Arai et al., 2004; Korbas et al.,
2010; Li et al., 2008b). For birds, it reported that HgS and HgSewere
the dominant Hg forms in seabird's liver (Arai et al., 2004). How-
ever, little is known about the Hg chemical forms and its pro-
portions in bird feathers.

Recently, we found that Hg in feathers (Hgf) of insectivorous
songbirds (Spot-breasted Scimitar Babbler Pomatorhinus mcclel-
landi) from an Hg-contaminated terrestrial ecosystem reached as
high as 123.3± 34.2mg kg�1 (Abeysinghe et al., 2017), which was
higher than the previously reported highest values of 91.6mg kg�1

in feathers of seabird (Wandering albatross Diomedea exulans)
(Renedo et al., 2017), suggesting extremely high exposure risks of
songbirds in contaminated sites. Meanwhile, such elevated Hg
levels in feathers provided an ideal material to investigate the Hg
chemical forms via XANES. The objectives of this study were 1) in-
situ analyze the Hg chemical forms and its proportions in feathers
using XANES technique and 2) discuss the potential factors
affecting the proportions and chemical binding of such extremely
high MeHg in songbird feathers.

2. Materials and methods

2.1. Sampling and preparation

The sampling site, situated in the Wanshan Hg mine (WSMM)
area, was adjacent to abandoned artisanal Hg retorting sites (Gouxi,
GX) and historically intensive Hg mining sites (Wukeng and Mei-
zixi, WK and MZX) with an area of approximately 4� 4 km. In
WSMM, large scale Hg mining and smelting activities lasted about
3000 years and finally ceased after 2004, and artificial smelting was
subsequently prohibited several years ago.

Feathers were collected in Wanshan mercury mining areas
(WSMM) with permission from the Forest Department of Wanshan
District and the Institute of Geochemistry Chinese Academy of
Sciences from 2014 to 2015. Detailed information of study areas and
sampling procedures can be found in our previous study of
Abeysinghe et al. (2017). A total of thirty two flight feather samples
were collected from residential adult songbirds and washed by
deionized water, acetone and deionized water with ultrasonic
cleaners, air dried until of constant weight, then cut into pieces
about 1e2mm length for analysis. Among these feathers, twenty
eight were measured for their proportions of MeHg as THg (MeHg
%), and four feather samples containing high THg concentrations
were selected for XANES analysis. Detailed bird information is lis-
ted in Table S1 in supporting information (SI). Based on the main
diet composition of birds, the birds were roughly categorized as
primary insectivorous (PI) including Chinese Hwamei (Garrulax
canorus), Chestnut-headed Tesia (Cettia castaneocoronata) and
Spot-breasted Scimitar Babbler (Pomatorhinus mcclellandi), primary
omnivorous (PO) including Grey-headed Parrotbill (Psittiparus
gularis) and Collared Finchbil (Spizixos semitorques), primary
frugivorous (PF) including Mountain Bulbul (Ixos mcclellandii), and
primary granivorous (PG) including Tree Sparrow (Passer
montanus).
2.2. Hg and XANES analysis

2.2.1. Hg analysis
THg concentrations weremeasured by the USEPAMethod 1631E

(USEPA, 2002). Approximately 0.05 g of feathers were digested at
95 �C in a mixed acid (HNO3: H2SO4¼ 4:1, v/v), oxidized by BrCl,
reduced by NH4OH HCl and SnCl2 and measured by cold vapor
atomic fluorescence spectrometry (F-732VJ) (Shanghai Huaguang
Company, China). For MeHg analysis, approximately 0.01 g feathers
were digested in 25% (m/m) KOH methanol solvent for 3 h at 75 �C,
diluted to 50ml with ultrapure water and measured via aqueous
ethylation, purge, trap and gas chromatography cold vapor atomic
fluorescence spectrometry (GC-CVAFS) (Brook Rand Model III,
Brooks Rand Company, United States) following USEPA Method
1630 (USEPA, 1998).

For THg and MeHg, certificated reference materials (CRMs)
including human hair (GBW 0910b) (Shanghai Institute of Applied
Physic, China) and lobster hepatopancreas (TORT-2) (NRDC, Can-
ada) and duplicated samples (10%) were used to ensure data
quality. Method blanks and sample blanks were also applied. The
recoveries of CRMs were 98± 1.5% and 102± 8% for THg and MeHg,
respectively. Each samplewasmeasured by three times and relative
standard deviation (RSD) of duplicated samples was less than 5%.

2.2.2. XANES analysis
Hg LIII X-ray absorption spectra were collected at XAFS beamline

1W1B at the Beijing Synchrotron Radiation Facility (BSRF). Four
feather samples including Chinese Hwamei (S1-hw), Chestnut-
headed Tesia (S2-cht), Spot-breasted Scimitar Babbler (S3-sbsb)
and Tree Sparrow (S7-ts) were selected for the XANES analysis. THg
concentrations in these samples are listed in Table 1. To investigate
the Hg chemical forms in feathers, thirteen Hg standard reference
materials (SRMs) including mercuric acetate (Hg(AC)2), mercuric
sulfate (HgSO4), cinnabar (a-HgS), metacinnabar (b-HgS), mercuric
oxide (HgO, yellow and red), mercuric chloride (HgCl2), mercuric L-
cysteinate (HgCys), mercuric homocysteine (HgDicys), mercuric
selenide (HgSe), methylmercury L-cysteinate (MeHgCys), methyl-
mercury glutathionate (MeHgSG) and mercury glutathionate
(Hg(SG)2) were employed. Most of these compounds were pur-
chased. However, HgDicys and HgCys were synthesized according
to Andrews andWyman (1930) and Neville and Drakenberg (1974),
respectively. MeHg-Cys, MeHgSG and Hg(SG)2 were synthesized
according to Lemes and Wang (2009) and Mah and Jalilehvand
(2010). All XANES data were processed and linearly fitted by
Athena (version 0.9.24) in the IFEFFIT package developed by Ravel
and Newville (2010).

3. Results and discussion

3.1. THg and MeHg

Feathers of four dietary birds (n¼ 28) were quantified for their
Hg concentrations and the proportions of MeHg as THg (MeHg%).
The concentrations of THg and paired MeHg are listed in Table 1.
THg concentrations in PI, PO, PG and PF bird feathers displayed a
decreasing trend that 7.4e177 (average 126.7e161.0) mg kg�1,
7.4e33.3 (average 19.2e29.1) mg kg�1, 15.8e24.9 (average
20.7± 4.1) mg kg�1, and 0.6e1.7 (average 1.2± 0.4) mg kg�1,
respectively. In addition, differences were observed in MeHg% for
feathers of four dietary type birds. Except for feathers of PF birds
which had the lowest percentage (74.1± 4.6%), MeHg% of most bird
feathers was elevated and in a similar variation (89.0e95.9%).

Such difference of MeHg concentration and proportions may be
related to their dietary types. Rice is an anomalous plant for MeHg
accumulation and has high MeHg% reaching up to 93% than other



Table 1
THg and paired MeHg concentrations in bird feathers from WSMM and the literatures (mg kg�1).

Sites Species/Latin name No. Primary diets N THg MeHg MeHg% Sources

Range Mean Range Mean

Wanshan, China Chinese Hwamei/Leucodioptron
canorum

S1-
hw

Insectivorous 4 92.2
e114.0

94.8± 24.5a 90.1
e104.4

84.3± 22.2 89.0± 7.4 This Study

Chestnut-headed Tesia/Cettia
castaneocoronata

S2-
cht

Insectivorous 4 127.0
e177.0

161.0± 23.0 101.6
e166.5

147.2± 30.6 90.7± 7.2

Spot-breasted Scimitar Babbler/
Pomatorhinus mcclellandi

S3-
sbsb

Insectivorous 4 79.6
e153.0

126.7± 32.8 69.7
e140.4

113.3± 31.4 89.1± 2.8

Grey-headed Parrotbill/Psittiparus
gularis

S4-
ghp

Omnivorous 4 25.6
e33.3

29.1± 3.3 24.3
e32.3

27.9± 3.4 95.9± 1.0

Collared Finchbill/Spizixos
semitorques

S5-cf Omnivorous 4 7.4e32.8 19.2± 10.5 5.9e31.9 17.7± 10.8 89.7± 7.5

Mountain Bulbul/Ixos mcclellandii S6-
mb

Frugivorous 4 0.6e1.7 1.2± 0.4 0.5e1.1 0.9± 0.3 74.1± 4.6

Tree Sparrows/Passer domesticus S7-ts Granivorous 4 15.8
e24.9

20.7± 4.1 14.3
e23.3

19.3± 4.3 93.0± 2.6

Wanshan and
Leishan, China

Oriental Scops Owl/Otus sunia Predatory 21 e 7.71e27.1b e e 94.2± 3.1 Abeysinghe et al.
(2017)Common Kingfisher/Alcedo atthis Fish eating 20 e 5.89e22.48 e e 93.5± 4.9

Songbirds Insectivorous 44 e 1.54
e123.28

e e 94.3

Songbirds Frugivorous 20 e 0.11e5.09 e e 74.1
Songbirds Granivorous 37 e 0.30e19.34 e e 94.5

Foula, England Seabirds Fish eating 109 e 1.5e30.7 e 1.7e29.2 77e118 Thompson et al.
(1990)Gough, England Seabirds Fish eating 7 e 9.4± 3.9 e 9.1± 4.0 97

Chaun, Russia Seabirds Fish eating 15 e 0.7e6.1 e 0.9e6.5 106e128 Kim et al. (2004)
New Brunswick,

Canada
Seabirds Fish eating 25 e 0.9e4.9 e 0.8e5.3 82e133 Bond and Diamond

(2009)
North Canada Seabirds Fish eating 51 0.24

e43.66
0.59e15.79 0.21

e27.88
0.52e11.28 67e91 Mallory et al.

(2015)
Southern Ocean Seabirds Fish eating 175 0.3e91.6 0.4e39.9 e e 81e97 Renedo et al. (2017)

a Mean is mean concentration with standard deviation.
b Range of mean value.
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plants in grain (Horvat et al., 2003; Qiu et al., 2008; Zhang et al.,
2010), and its consumption is the dominant MeHg exposure
pathway for local residents in mining areas (Feng et al., 2008;
Zhang et al., 2010). Rice consumption was likely an important Hg
exposure pathway for granivorous birds and specialized rice pests,
and elevated concentrations of THg (0.35e21.8mg kg�1) and MeHg
% (25.8e65.9%) in insects at WSMM were also documented in
earlier study (Abeysinghe et al., 2017). Data on Hg concentrations in
fruits were not available, but the exposure dosage via fruit con-
sumption may account for only a small proportion based on studies
mentioned above. Consumption of such high MeHg% food
increased the potential exposure of MeHg, finally resulting in
elevated MeHg burden and MeHg% in songbird feathers. Table 1
also summarizes the results of MeHg% in bird feathers from the
literature. Due to the consumption of high MeHg containing fish,
Hg in seabird feathers reached up to 91.6mg kg�1 and MeHg was
the main speciation (67e133%) in aquatic bird feathers (Renedo
et al., 2017; Thompson and Furness, 1989; Bond and Diamond,
2009). In the present study, we also found that MeHg% in the
feathers of songbirds with different dietary types was close to the
proportions observed in seabird feathers, suggesting similarly high
MeHg% also exits in terrestrial bird feathers.
3.2. Hg chemical forms in bird feathers

3.2.1. Hg LIII XANES spectra process
Normalized Hg-LIII edge XANES spectra of SRMs and the four

samples are shown in Fig. 1. The similarity in spectra of the samples
suggested that the Hg forms in songbirds were similar despite the
large variations of Hg concentrations. By principal component
analysis (PCA), the three principal compounds represented almost
all (>99%) Hg in the samples and the SRMs were restricted to only
five compounds including Hg(SG)2, MeHgCys, MeHgSG, HgCys and
HgDicys. The linear combination fitting (LCF) analysis was con-
ducted by two methods, including normalized m(E) and the first
derivative nm(E) used in mine wastes and human hair (Kim et al.,
2004; Elgazali et al., 2018). However, due to large difference in
MeHg% by normalized m(E) in fitting results (Table S3), we found
that the MeHg% in LCF results by the first derivative m(E) was much
closer to the chemical extraction analysis (90.6e98.0% and
89.1e96.5%), exhibiting a higher resolution for complex biological
materials and providing more accurate results.
3.2.2. Hg chemical forms
The LCF fitting results and the Hg-LIII spectra of the four samples

are shown in Table 2 and Fig. 2. Based on the LCF analysis, the
percentage of MeHgCys was 71.5e100%, while it ranged from un-
detectable (Nd) to 27.7% for MeHgSG, suggesting that MeHgCys was
the dominant form. In this study, MeHg was predominated by
MeHgCys and MeHgSG, and both two forms accounted for
90.6e98.0% of total MeHg. Because LCF analysis usually had an
approximately 10% error (Kim et al., 2004), our result was repre-
sentative of the main Hg chemical forms.

For MeHg, the proportions of MeHgCys (MeHgCys%) and
MeHgSG (MeHgSG%) varied within the four feathers of different
dietary type birds. In all samples, MeHgCys% ranged from 69.5% to
90.6%, while MeHgSG% ranged fromNd to 27.7%. In addition, except
for feather of S2-cht, there was no large difference of MeHg forms
between feathers of the two diet (PI and PG) birds. Both the
elevated MeHg in rice grains and insects in contaminated sites and
the high diet consumption may result in similar proportions of
MeHg in various dieted bird feathers. In addition, the dietary
habitats may affect the MeHg chemical forms in feathers. For
example, S2-cht, which mainly preyed on spiders with elevated



Fig. 1. Hg LIII XANES spectra of bird feathers and standard reference compounds. Solid
lines in grey color refer to spectra of SRMs, dotted lines in grey color refer to spectra of
samples, and black dotted lines in black color refer to the spectrum of S1-hw.
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MeHg% (65.9%) (Abeysinghe et al., 2017) had the highest proportion
of MeHgCys and the lowest proportion of MeHgSG among the four
samples. Thus, consumption of such elevated MeHg food like spi-
ders may affect the percentages of MeHgCys and MeHgSG in
feathers. In addition, other factors such as gender, molting, life
stage and individual difference in birds may also affect the
proportions.

IHg was mainly bound to glutathione compounds and existed as
Hg(SG)2 complex. In four samples, the proportions of Hg(SG)2 were
within a small variation (Nd to 9.4%). Our present results were
different from IHg forms in seabirds’ liver which were dominated
Table 2
Hg- LIII LCF analysis results of four feathers by the first derivative of nm(E).

Samples THga MeHga Hg(SG)2

mg kg�1 % %

S1-hw 114 89.0± 7.4 2.0± 5.1
S2-cht 190 90.7± 7.2 9.4± 4.2
S3-sbsb 100 96.5± 2.7 2.8± 3.8
S7-ts 35 93.1± 2.6 Nd±4.6c

a Analyzed by GC/CVAFS.
b Sum of MeHgSG and MeHgCys.
c Nd means undected data.
by HgS and HgSe (Arai et al., 2004). Unlike MeHg which was mainly
accumulated through fish or rice consumption, sources of IHg in
feathers included direct accumulation or MeHg demethylation like
in human hair (George et al., 2010). In addition, bird feathersmainly
consisted of keratin (or a-keratin) enriched in cysteine residue
(Gregg and Rogers, 1986), which had high affinity for MeHg
(Rabenstein et al., 1982). However, because liver and kidney can
store Hg from ingested food and demethylated MeHg to other tis-
sues (Thompson et al., 1990; Ek et al., 2004; Kim et al., 1996). Thus,
the chemical compositions and function differences may relate to
such difference of Hg chemical forms in feathers and liver.

3.2.3. Potential affect factors
In biological tissues, MeHg can form water-soluble complexes

via the attachment of thiol groups (-SH) in proteins, certain pep-
tides like GSH and amino acids (Clarkson and Magos, 2006).
MeHgCys has a close structure as methionine and can enter into
cells by neutral amino acids carriers such as L-type amino trans-
porter (LAT). In liver cells, MeHg can be transported into bile as a
MeHgSG complex (Ballatori and Clarkson, 1985), which is then
broken down to constituent amino acids such as MeHgCys complex
by extracellular enzymes (Clarkson and Magos, 2006), and MeHg-
Cys can be re-absorbed into bloodstream in the gallbladder and
finally deposited into feathers (Dutczak et al., 1991). Meanwhile,
thiol groups in the reduced glutathione molecules can combine
with Hg2þ and form Hg(SG)2, which was exported from liver cells
by glutathione carriers such as multidrug resistance-associated
proteins (MRPs) (Ballatori et al., 2002; Bosnjak et al., 2009).
Although there was no direct studies on the transport of various Hg
forms (e.g. MeHgCys and MeHgSG) in human hair and feather fol-
licle, the neutral amino acids carriers may likely be involved.

Recent reports on the Hg chemical forms in various non-biota
and biota samples are listed in Table 3. Among these samples,
only Hg in rice, fish and hair exists as HgCys, MeHgCys and
MeHgSG. Meanwhile, feather and human hair had similar compo-
sitions of keratin (or a-keratin) enriched in cysteine residues (Gregg
and Rogers, 1986; Powell and Rogers, 1986). Thus, Hg in feather and
human hair should have certain similar chemical forms. However, it
has been reported that IHg in hair of occupational or extremely
high IHg (Hg vapor) exposure populations (i.e., workers from Hg
mining sites or chemical plants) was mainly Hg(SG)2 rather than
MeHgCys, which is dominat form in hair of fish consumption
populations (Li et al., 2008b; Elgazali et al., 2018; George et al.,
2010). These results strongly indicated that exposure routes high-
ly affected the Hg chemical forms in hair.

Since the abandon of Hgmining activities inWSMM in 2004, the
total gaseous mercury (TGM) concentration in atmosphere was
28± 13 ngm�3 (abandoned mining site) and 403± 399 ngm�3

(artificial Hg smelting site) (Zhao et al., 2016), which was much
lower than a previously reported value of 718e40,000 ngm�3 in a
typical artificial Hg smelting sites in Wuchuan (Li et al., 2008a). In
addition, studies reported that Hg in workers’ hair was mainly
MeHgCys MeHgSG MeHgb R-factor

% % %

71.5± 8.7 26.5± 5.0 98.0 0.0202
90.6± 7.2 Nd±4.2c 90.6 0.0137
69.5± 6.2 27.7± 3.5 97.2 0.0100
82.2± 20.2 17.8± 21.1 100 0.0236



Fig. 2. Hg-LⅢ spectra of the four feathers based on LCF analysis. Dotted lines refer to spetra of samples, colorful soild lines refer to spetra of SRMs while sold line in black color refers
to fitting spectra. a) LCF result of S1-hw, b) LCF result of S2-cht, c) LCF result of S3-sbsb and d) LCF result of S7-ts. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Table 3
Hg forms and its proportions reported in biological samples based on XAFS methods.

Sample Pollution IHg (%) MeHg (%)a MeHg (%)b Sources

Soil, Wanshan, China Hg mining a-HgS (1.6e16.4),
b-HgS (67.4e79.1),
HgCl2 (1.4e12.7),
HgO (4.4e16.7)

ec <1 Yin et al. (2016a);
Zhao et al. (2016)

Soil, Mt. Amiata District, Italy Hg mining b-HgS (100) e e Rimondi et al. (2014)
Calcine, Wanshan, China Hg mining a-HgS (8.3e45.9),

b-HgS (35.6e85.0),
HgCl2 (<5.5),
HgO (12e25.8)

e <1 Yin et al. (2016b)

Calcine, Mt. Amiata District, Italy Hg mining a-HgS (21e40),
b-HgS (37e60),
Mosesite (42)

e e Rimondi et al. (2014)

Rice, Wanshan, China Hg mining Hg-Cys (76e77) MeHg-Cys (24e25) 3.7e8.3 Meng et al. (2014)
Fish muscles e e MeHg-Cys (~100) ~100 Harris et al. (2003)
Human brain e HgSe (35) MeHg-Cys (65) e Korbas et al. (2010)
Human hair, Seychelles e [Hg(SR)3]- (19e23) MeHg-Cys (77e81) e George et al. (2010)
Human hair, Wanshan, China Hg mining Like Hg(SG)2 e 7.08± 0.78 Li et al. (2008b)
Human hair, Pakistan Chemical industry Hg(SG)2 e 1.4± 2.3 Elgazali et al. (2018)
Seabirds' liver, North Pacific e HgSe and b-HgS e e Arai et al. (2004)
Songbird feathers, Wanshan, China Hg mining Hg(SG)2 (Nd-24.4) MeHg-Cys (71.5e90.6)

and MeHg-SG (Nd-28.5)d
89.0e96.5 This study

a Result of XANES fitting.
b Analyzed by GC/CVAFS or other chemical extraction methods.
c means no data.
d Nd means not detected.
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Hg(SG)2 and exogenous Hg0 or gaseous mercury was also absorbed
in the cuticle (Li et al., 2008b; Elgazali et al., 2018). However,
because birds in the present study dwelled in a heavily Hg
contaminated environment, the possibility that feathers received
IHg such as elemental Hg (Hg0) from the ambient atmosphere
cannot be excluded. Considering rice and fish consumption were
the two major MeHg exposure pathways for human beings in
mining areas and coastal areas without occupational exposure
(Feng et al., 2008; Zhang et al., 2010), consumption of food such as
plant grains and insects were the dominant Hg exposure pathways
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for birds. The large difference among Hg forms in hair of both fish-
eating and occupational exposure population and songbird feathers
in contaminated sites suggested that Hg exposure routes also
highly affected the Hg chemical forms in bird feathers.

4. Conclusions

Overall, this study is the first time to examine the chemical
forms of Hg in songbird feathers. We demonstrated that MeHg is
the main Hg speciation in songbird feathers from a contaminated
site, which was similar to seabird feathers. We also found that
MeHgCys and MeHgSG were the dominant chemical forms of
MeHg, while Hg(SG)2 was the main form of IHg. Food consumption
affected the proportions of MeHgCys and MeHgSG, while the Hg
exposure routes can highly affect the chemical forms. Considering
Hg in feather mainly come from inner organs with a dynamic
process of body burden, it is worthy to measure the Hg concen-
trations during the feather formation. In addition, because Hg
toxicity was highly dependent on its speciation or chemical forms, a
better understanding of its speciation is critical for elucidating the
Hg exposure risks to birds. However, further studies such as syn-
chrotron microscopic X-ray fluorescence analysis (m-XRF), high-
resolution (HR) XANES and Hg stable isotopes are needed to
reveal the detailed accumulation processes and sources of Hg in
bird feathers.
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