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ABSTRACT

In this study, total mercury (THg) and methylmercury (MeHg) concentrations in muscles (leg and breast),
organs (intestine, heart, stomach, liver) and blood were investigated for backyard chickens, ducks and
geese of the Wanshan Mercury Mine, China. THg in poultry meat products range from 7.9 to 3917.1 ng/g,
most of which exceeded the Chinese national standard limit for THg in meat (50 ng/g). Elevated MeHg
concentrations (0.4—62.8 ng/g) were also observed in meat products, suggesting that poultry meat can
be an important human MeHg exposure source. Ducks and geese showed higher Hg levels than chickens.
For all poultry species, the highest Hg concentrations were observed in liver (THg: 23.2—3917.1 ng/g;
MeHg: 7.1-62.8 ng/g) and blood (THg: 12.3—338.0 ng/g; MeHg: 1.4—17.6 ng/g). We estimated the Hg
burdens in chickens (THg: 15.3—238.1 ug; MeHg: 2.2—15.6 pg), ducks (THg: 15.3—238.1 ug; MeHg: 3.5
—14.7 pg) and geese (THg: 83.8—93.4 ug; MeHg: 15.4—29.7 pg). To not exceed the daily intake limit for
THg (34.2 pg/day) and MeHg (6 pg/day), we suggested that the maximum amount (g) for chicken leg,
breast, heart, stomach, intestine, liver, and blood should be 1384, 1498, 2315, 1214, 1081, 257, and 717,
respectively; the maximum amount (g) for duck leg, breast, heart, stomach, intestine, liver, and blood
should be 750, 1041, 986, 858, 752, 134, and 573, respectively; and the maximum amount (g) for goose
leg, breast, heart, stomach, intestine, liver, and blood should be 941, 1051, 1040, 1131, 964, 137, and 562,
respectively.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

major exposure pathway of Hg to humans (Ullrich et al., 2001).
Mercury exposure due to non-fish food sources is thought to be

Mercury (Hg), a toxic metal pollutant, is released to the envi-
ronment via natural and anthropogenic sources (Pirrone et al.,
2010). Mercury can be methylated via microbial processes, espe-
cially in aquatic ecosystems (Ullrich et al., 2001). Methylmercury
(MeHg), the most toxic form of Hg, can be easily bioaccumulated
and biomagnified in food chains. Bioaccumulation of MeHg results
in high MeHg levels in fish, and fish consumption is regarded as the
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limited due to the short nature of most farmed animal food chains.
However, in Hg mines and other sites with extreme Hg contami-
nation, crops at the base of the food chain can have high levels of
Hg. leading to the possibility that livestock may have high levels of
Hg as they forage on crops. In Wanshan Mercury Mine (WMM),
which is China's largest and the world's third largest Hg mine, long-
term mining activities have resulted in serious Hg contamination to
the surrounding environment (Jiang et al., 2006). Rice paddies have
been shown to enhance Hg methylation, and high MeHg levels
were reported for rice in WMM (Rothenberg et al., 2011; Zhang
et al.,, 2010). Rice, a staple, is considered the primary human Hg
exposure source due to limited fish consumption by locals (Feng
et al.,, 2008; Zhang et al., 2010). In recent years, due to the aware-
ness of Hg contamination, local residents in WMM started to buy
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imported food supplies. Local crops were more and more used to
feed poultry (e.g., chickens, ducks and geese) and domestic animals
(e.g., pigs), to increase the economic value of local crops. Theoret-
ically, Hg in crops can be bioaccumulated in meat products, and if at
high concentrations pose risks to the population who consume
them.

Birds have been considered as bio-indicators of environmental
Hg contamination (Bond and Diamond, 2009; Peterson et al., 2017).
Total Hg (THg) concentrations cannot fully represent the environ-
mental risk of Hg in poultry, and measurement of MeHg concen-
trations is necessary due to its high toxicity. Previous studies
showed that >95% of the MeHg in food items is likely taken up by
birds and mammals, whereas the corresponding proportion for
inorganic Hg species is only about <15% (WHO, 1993; Mori et al.,
2012). THg and MeHg concentrations have shown to be largely
variable among different tissues of different bird species, while
organs have higher THg and MeHg concentrations compared to
muscles (DesGranges et al., 1998; Ruelas-Inzunza et al., 2009;
Kalisinska et al., 2014).

In China and many other countries, there is a long history and
culture of consumption of organs, and elevated Hg levels in organs
may induce a risk of human Hg exposure. However, Hg levels and
risks in poultry meat products in the WMM has been still poorly
understood so far, and therefore warrants investigation. In this
study, THg and MeHg burdens in muscles (leg and breast), organs
(intestine, heart, stomach, liver) and blood of chickens, ducks and
geese in the WMM were investigated. We further evaluated the risk
of Hg exposure though consumption of poultry by local residents.

2. Methods
2.1. Study area and sample collection

WMM is located in Guizhou Province, Southwestern China
(Fig. 1). As the “Mercury Capital” of China, Hg mining in WMM has
lasted for few thousand years, and Hg was intensively extracted
before WMM was officially closed at the beginning of this century
(Jiang et al., 2006; Feng et al., 2008). Long-term Hg mining activities
have resulted in several large Hg-rich calcine piles, which are
mainly located at the headwaters of major rivers (Yin et al., 2013a,
2016a). The Wukeng (WK) pile, which is one of the largest piles at
WM, is located on the Dashuixi River (DSX). Runoff of Hg from the
WK pile led to extremely high Hg levels in the DSX river which is an
important water resource for nearby farmlands (Yin et al., 2016b).
In recent years, illegal Hg mining was revived near the Gouxi (GX)
site, and resulted in extremely high Hg concentrations in ambient
air (Li et al., 2009). At both DSX and GX sites, elevated Hg levels
were reported for vegetables, rice and other crops (Qiu et al., 2008;
Yin et al., 2013b).

In December 2015, backyard poultry were collected from 2
farms at DSX and 2 farms at GX. A number of about 5—10 poultry
were fed in each farm, and we purchased all poultry from the farm.
Poultry were fed with local crops and vegetables for approximately
1 year. A total of 35 poultry were collected at DSX (chicken: 3 males
and 7 females; duck: 3 males and 2 females; goose: 2 males) and
GX (chicken: 3 males and 3 females; duck: 8 males and 4 females).
Each live bird was weighed before processing. Whole blood sam-
ples were collected in PTFA tubes and weighted. Then 2 g of fresh
blood sample was immediately pipetted into two 15 mL centrifuge
tubes (1 g blood in each tube) and stored at —20 °C for further THg
and MeHg analysis (Section 2.2). No anticoagulant was used
because anticoagulant has the potential to break up the original Hg
species (Pirrone and Mahaffey., 2005). In this study, only edible
portions including muscles such as leg and breast (or pectoralis)
and organs such as intestine, heart, liver and stomach (or

proventriculus) were collected. Non-edible tissues (e.g., feather,
skin, fat, head and feet, etc), which were dirty and hard to wash,
were not investigated in our study although we acknowledged that
some of these tissues are often consumed by the local people. Leg,
breast, intestine, heart, stomach and liver of each bird were sepa-
rated, washed with 18.2 MQ cm water (Millipore water system,
Germany), weighed (wet weight, ww), packaged in sealed poly-
ethylene bags, and stored at —20 °C until chemical analysis.

2.2. Total mercury and MeHg concentration analysis

Approximately 50 g of leg and breast muscle pieces were
randomly used, and were further minced to ensure homogeniza-
tion, prior to being digested for THg and MeHg analysis. Each organ
sample (heart, stomach and liver) was entirely minced. A stainless
steel knife and a plastic cutting board were used, and were washed
with EtOH prior to preparing each sample.

For THg analysis, approximately 1 g (ww) of each sample was
digested with 5 mL of HNO3 at 95 °C for 3 h until the sample was
completely dissolved in an open system. 0.5 mL of BrCl was added
to the digest for overnight, to convert all Hg species to Hg(II).
Excessive BrCl was reduced by 0.2 mL of NH,OH-HCL. The digestate
was analyzed by cold vapor atomic fluorescence spectrometry
(CVAFS) (Tekran 2500, Canada) according to USEPA (2002). Accu-
racy was assessed using certified reference material (TORT-2, lob-
ster), sample duplicates, method blanks, matrix spikes. The limit of
detection (30) was 10 pg/g for THg. The measured THg for TORT-2
was 275 + 11 ng/g (SD, n = 6), comparable with the certified value
of 270 + 20 ng/g. Recoveries of THg were 96—106%, and the relative
standard deviation of sample duplicates were within 10%.

For MeHg analysis, about 1 g (ww) of each sample was digested
with 5 mL of 25% KOH solution at 75 °C for 3 h in a close system
(pressure decomposition). Then the extract was buffered with so-
dium acetate at pH 4.9 and ethylated in a borate glass bottle with a
Teflon-lined cap. Quantification of MeHg was performed by gas
chromatographic separation and pyrolysis, followed by CVAFS
detection (MERX, Brooks Rand) according to USEPA (2001a). Ac-
curacy was assessed by method blanks, certified reference mate-
rials (TORT-2), and sample duplicates. The limit of detection (30)
was 2 pg/g for MeHg. Measured MeHg concentration of TORT-2 was
143.4 + 6.7 ng/g (SD, n = 6), consistent with the certified value
(152 + 20 ng/g). MeHg recoveries ranged from 90 to 102%, and the
relative standard deviation for sample duplicates were <10%.

2.3. Total mercury and MeHg concentration burdens

THg and MeHg burdens of each tissue were estimated based on
THg and MeHg concentrations multiplied by the weight of the
tissue. The sum of THg and MeHg burdens of all edible tissues, were
evaluated to roughly represent the total burden of poultry. The
proportion of THg and MeHg burdens of each tissue was further
estimated to understand the relatively distribution of Hg.

2.4. Statistical analyses

Data were analyzed in SPSS (version 13.0). Distributions of Hg
concentrations (THg and MeHg) were not normal, and Logyo
transformation of the data produced normal distributions for the
data, and therefore geometric mean concentrations were reported
in this study. Correlation coefficients (r) and significance proba-
bilities (p) were computed for the linear regression fits according to
Pearson correlation analysis. One-way analysis of variance
(ANOVA) was carried out to compare whether concentrations var-
ied significantly between poultry species, and among different
tissues.
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Fig. 1. Study area and sampling sites.

3. Results and discussion
3.1. THg and MeHg distributions

Only a few studies have reported Hg concentrations in poultry
meat products, and previous results mainly showed very low
concentrations for THg and MeHg in poultry meat products, in
general less than 10 ng/g (ww) for THg and less than 4 ng/g (ww)
for MeHg (Table 1). Several studies showed relatively higher Hg
concentrations but they were reported in dry weight (Table 1).
Therefore, consumption of meat is not likely a major concern for
human MeHg exposure in most areas, especially in comparison to
fish and rice (USEPA, 1997; Zhang et al., 2010). However, in
certain areas (e.g., Hg mines and gold mining sites), poultry meat
products have shown much higher Hg concentrations of tens to
thousands ng/g (Table 1). THg and MeHg concentrations in
muscles and organs of this study, reported in wet weight, are
summarized in Fig. 2(A—F). Our concentration values were more
consistent with that reported for Hg pollution sites (Ji et al,,
2006; Bortey-Sam et al., 2015), suggesting pollution of Hg in
WMM poultry. At DSX, 90% of livers and 40% of blood samples for
chickens, and 20% of legs, 20% of breasts, 20% of intestines, 100%
of livers and 20% of blood samples for ducks, and 100% of blood
samples for goose, exceeded the Chinese national standard limit
for THg in meat (50 ng/g). At GX, much higher proportions for
chickens (breast: 17%; intestine: 50%; heart: 17%; stomach: 34%;
liver:100%; blood; 83%) and ducks (leg: 50%; breast: 58%; intes-
tine: 75%; heart: 42%; stomach: 33%; liver: 92%; blood: 58%)
exceeded the Chinese national standard limit for meat THg

(Fig. 2A—C). All poultry species showed similar THg distribution
patterns (Fig. 2A—C), with higher THg concentrations in liver and
blood, and relatively lower concentrations in muscles and other
organs (e.g., intestine, heart, stomach).

MeHg concentrations showed a similar distribution patterns to
THg (Fig. 2D—F). Liver and blood had the highest geometric mean
MeHg concentrations of 19.6 ng/g (range: 3.6—62.8 ng/g; ww) and
8.6 ng/g (range: 1.4—17.6 ng/g; ww), respectively. These values
were higher than previous results on MeHg concentrations in the
WMM rice (mean: 8.5 ng/g; range: 1.9-27.6 ng/g; dry weight)
(Feng et al., 2008). The observation of high MeHg levels in liver and
blood indicates that these dietary sources may also be important
MeHg exposure sources to WMM residents. Other tissues (e.g., leg,
breast, intestine, heart and stomach) showed relatively lower mean
MeHg concentrations (3.7—5.4 ng/g, ww), lower than in WMM rice.
However, rice MeHg were reported in dry weight concentrations in
previous work (Feng et al., 2008).

3.2. Understanding THg and MeHg differences among poultry
species

THg and MeHg concentrations in tissues were largely variable
among poultry species (Fig. 2A—F). At both sites, chickens showed
the lowest THg and MeHg levels in tissues, whereas ducks and
geese showed relatively higher THg and MeHg. The variability of
THg and MeHg levels among poultry species may be determined by
their differing food sources. Poultry in the WMM were backyard-
fed, and typically prey on field food sources other than field crops
from farmers. Chickens mainly feed in arid farmlands, whereas
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Table 1
Previous results on THg and MeHg concentrations in muscles and organs in poultry.
Species Muscle THg (ng/g) MeHg(ng/g) Organs THg (ng/g) MeHg(ng/g) Study area Reference
Chicken (ww)  Muscle N/A 0.1-3.1° Liver N/A 0.5-16.5"  Northern Greece Kambamanoli-Dimou et al.,
1989

Chicken (ww) Muscle 1.8 + 1.0° (0.8-5.6") NJA Liver 2.1 +05%(1.6-2.8°) N/A Northern Poland Falandysz et al., 1994
Turkey (ww)  Muscle 1.2 + 0.6 (0.6—-2.9°) NJA Liver 29 +1.8%(1.3-62") NJA
Duck (ww) Muscle 1.9 + 0.6° (0.8—-3.4") NJA Liver 34 +1.5%(1.0-7.0°) N/A
Geese (Ww) Muscle 1.3 + 0.8 (0.5-4.0°) NJA Liver 2.3 +1.0%(1.0-59") NJA
Chicken (ww) Muscle 0.6 +0.1° N/A Jakarta, Indonesia Surtipanti et al., 1995
Chicken (ww) Muscle 5.0 +0.3° N/A Liver 5.0 + 0.4° N/A Assiut and Beni-Suef ~ Sharkawy and Ahmed, 2002
Duck (ww) Muscle 3.8 +0.2° N/A Liver 6.1 + 04" N/A Cities, Egypt.
Geese (Ww) Muscle 2.0 +0.1° N/A Liver 4.0 +0.3° N/A
Chicken (ww)  Muscle 8.4 + 8.3%(0.5-30°) N/A Brazil Batista et al., 2012
Chicken (dw) Leg 1.3-3.2° N/A Liver 1.6-5.5° N/A Hyderabad, Pakistan ~ Shah et al,, 2010a; Shah

Breast 1.4-3.9° N/A Heart  1.4-3.3" N/A et al., 2010b
Chicken (dw)  Muscle 9-11° N/A Northern Saudi Alturiqi and Albedair., 2012

Kingdom
Chicken (dw) Liver 0-2.8 N/A Bucharest, Romania Ghimpeteanu et al., 2012
Chicken (dw)  Muscle 15 + 50° N/A Northern Algeria Badis et al., 2014
Chicken (dw)  Muscle 9+ 10° N/A Southern Algeria Badis et al., 2014
Duck (ww) Muscle 8+37 N/A Liver 22+8° N/A Shanghai, China Ji et al., 2006
Stomach 22 + 17¢ N/A
Chicken (ww)  Muscle 10 + 10% (10—20°) N/A Liver 110 + 70° (50—250°) NJ/A Tarkwa gold mining, Bortey-Sam et al., 2015
Ghana
Duck (ww) Muscle 158 + 347 N/A Liver 4465 + 1567 N/A Wanshan Mercury Ji et al., 2006
Stomach 96 + 13? N/A Mine, SW China

2 Mean+SD.
b Range.
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ducks and geese are both arid farmlands and rice paddy feeders.
Rice paddies are potential zones of Hg methylation enhancement
compared to arid farmlands, and rice in the WMM has been shown
to exhibit higher MeHg levels than arid land crops such as corn,
wheat, etc (Qiu et al.,, 2008). Invertebrates in rice paddies also have
high MeHg, which can be eaten by ducks and geese (Abeysinghe
et al,, 2016). In general, chickens and ducks in the GX have higher
THg concentrations, but lower MeHg concentrations than the DSX
chickens and ducks (Fig. 2A and B, D, F), which may due to food
sources. For instance, higher THg concentrations and lower MeHg
concentrations have been reported for rice at GX (THg:
199 + 143 ng/g; MeHg: 12 + 11 ng/g; n = 14; dw) than at DSX
(59 +40 ng/g; MeHg: 14.6 + 4.7 ng/g; n = 25; dw) (Feng et al., 2008;
Zhang et al.,, 2010). Overall, we suggest that food source is an
important factor affecting THg and MeHg levels in poultry. We also
did not find clear differences in THg and MeHg between males and
females of any poultry species (p > 0.05, t-test), although we
acknowledge a limited sample size.

The fraction of MeHg (Fyeng-calculated in percent of THg con-
centration) in different tissues of poultry groups at two sites are
presented in Fig. 2(G—I). Fyeng values in this study range from 4 to
71%, which is a smaller range and mean than in wild birds. MeHg
fractions of 20—100% have been reported for wild bird tissues
(Ruelas-Inzunza et al., 2009; Aazami et al., 2012; Campbell et al.,
2005; Houserova et al., 2007; Scheuhammer et al., 2007). Differ-
ences in MeHg fractions among wild birds and poultry may due to
food source differences. Wild birds prey on a variety of food items
in the field, whereas poultry feeds on both field food items and
crops, and some field food sources (e.g., invertebrates) likely have
higher MeHg fractions than crops (Abeysinghe et al., 2016). Food
chain length is shorter for poultry than wild birds, and therefore
less Hg bioaccumulation. Poultry at DSX have higher Fyeng levels
than at GX, which may be explained by the fact that the DSX
poultry consumed more field food items than GX poultry. Indeed,
due to less intake of field food items, no difference in Fyeng Was
observed between the GX chickens and ducks. Unlike GX, FyeHg
was largely variable among different poultry species at DSX. Geese
and ducks in general, have higher Fyeng than chickens (Fig. 2G-I),
and this further supports our hypothesis that the DSX poultry
consumed more field food items. The higher Fyeng in geese and
ducks is consistent with the fact that they feed more extensively in
rice paddies.

3.3. Understanding THg and MeHg differences in tissues

Higher THg and MeHg concentrations in liver and blood
(Fig. 2A—F) is consistent with previous observations (summarized
in Table 1). A positive correlation (Fig. 3A, r = 0.4953, p<0.01) was
observed between liver and blood logio (THg) values, whereas
little to no correlations can be observed between other tissues for
both THg and MeHg values. It is noteworthy that a higher Fyeng
was found in heart and muscles. Particularly, livers show the
lowest Fyieng values. Similar trends were also reported by previous
studies (DesGranges et al.,, 1998; Ruelas-Inzunza et al., 2009;
Aazami et al., 2012; Teraoka et al., 2012; Kalisinska et al., 2014).
Detoxifying MeHg, whereby MeHg is demethylated to inorganic
Hg, has shown to take place in bird organs and tissues, especially
in liver (Bond and Diamond., 2009; Houserova et al., 2007;
Scheuhammer et al., 2007; Ikemoto et al., 2004), as studies have
reported negative correlations between Fyepg and THg in livers of
wild birds (Thompson and Furness., 1989; Kim et al., 1996). It is
interesting to note in our study that the mean Fyepg decreases
with an increase of Logio (THg) in liver of all poultry examined
(Fig. 3B, r = 0.7072, p<0.01). This too, is consistent with previous
observations that Hg demethylation processes occur in bird livers.

30
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Fig. 3. Relations between liver and blood THg concentrations (A), and between liver
THg concentration and liver Fyepg fraction (B) for the WMM poultry.

Studies hypothesized that enzyme systems for demethylating
MeHg exist in the liver, and this hypothesis has been shown in
laboratory feeding experiments using rats and mice (Yasutake and
Hirayama, 2001; Roos, 2011).

3.4. THg and MeHg burdens in tissues of poultry and their risks to
local inhabitants

The average body weight (bw) of 60 kg has been previously
proposed for adults from southern China (Zhang et al., 2010; Li
et al., 2012). The reference dose of THg and MeHg are 0.57 pg/
kg bw/day and 0.10 pg/kg bw/day, according to the World Health
Organization and the U.S. Environmental Protection Agency,
respectively (USEPA, 2001b; JECFA, 2003). In other words, daily
intake of no more than 34.2 pg and 6.0 pg for THg and MeHg,
respectively, are recommended for WMM adults. Total burdens of
THg in chickens, ducks and geese range from 15.3 to 238.1 pg,
39.9-275.2 pug, and 83.8—93.4 g, respectively. Total burdens of
MeHg in chickens, ducks and geese range from 2.2 to 15.6 ug,
3.5—14.7 pg, and 15.4—29.7 pg, respectively. A substantial amount
of poultry in the WMM, especially ducks and geese, have total
burdens of THg and MeHg that exceed the daily intake limits for
THg and MeHg.

Relative distribution of THg and MeHg burdens in tissues show
that for most poultry species, muscles (leg and breast) have less
THg and MeHg burdens than the sum of other tissues (Fig. 4).
Organs and blood account, in general, for >50% of total burdens for
THg and MeHg in poultry, and according to our study, these tis-
sues only account about 20% of the total weight. High THg and
MeHg burdens in organs and blood, therefore, poses a risk to the
local population in the WMM. In China and many other countries,
eating poultry organs is common and liver and blood in this region
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have high THg and MeHg concentrations that result in high risk
from human Hg exposure. Many cuisines that contain more than
one liver are also served in restaurants. The highest THg burdens
in liver (74.3 pg) is about 2.2 times than the daily intake limit for
THg (34.2 ug), and the highest MeHg burdens in liver (5.3 pg) is
also close to the daily intake limit for MeHg (6.0 pg). Considering
this information, eating livers and blood of local poultry is
strongly not recommended for WMM residents.

According to their geometric mean THg and MeHg concentra-
tions, we further estimated the maximum amount of muscles,
organs and blood that should be eaten to not exceed the daily
intake limit for THg and MeHg. To not exceed the daily intake limit
for THg, our results suggest that the maximum amount for chicken
leg, breast, heart, stomach, intestine, liver, and blood are 1384 g,
1498 g, 2315 g, 1214 g, 1081 g, 257 g, and 717 g, respectively; the
maximum amount for duck leg, breast, heart, stomach, intestine,
liver, and blood are 750 g, 1041 g, 986 g, 858 g, 752 g, 134 g, and
573 g, respectively; and the maximum amount for goose leg,
breast, heart, stomach, intestine, liver, and blood are 941 g, 1051 g,
1040 g, 1131 g, 964 g, 137 g, and 562 g, respectively. To not exceed
the daily intake limit for MeHg, our results showed that the
maximum amount for chicken leg, breast, heart, stomach, intes-
tine, liver, and blood are 2062g, 2657 g, 2886 g, 2396 g, 1932¢g,
432 g, and 703 g, respectively; the maximum amount for duck leg,
breast, heart, stomach, intestine, liver, and blood are 1495 g,
1830g, 1278 g, 2314 g, 1936¢g, 346 g, and 1387 g, respectively; and
the maximum amount for goose leg, breast, heart, stomach, in-
testine, liver, and blood are 415 g, 922 g, 590 g, 561 g,1077 g,192 g,
and 617 g, respectively.

4. Conclusions

As a product of human population growth and industry, envi-
ronmental Hg contamination continues to be a global issue with
increasing risk to wildlife and human populations in many parts of
the world. Mercury exposure due to non-fish food sources is
thought to be limited due to the short nature of most farmed ani-
mal food chains. In this study however, we observed high levels of
Hg (especially liver and blood) can be associated with poultry
surrounding mercury mines. A substantial amount of chickens,
ducks and geese in the WMM have total burdens of THg and MeHg
that exceed the daily intake limits for THg (34.2 pg) and MeHg
(6 pg). The enrichment of Hg in poultry is likely resulted from
bioaccumulation of Hg from local food stuff (e.g., crops and vege-
tables). This study demonstrated poultry meat products (especially
liver and blood) can be an important Hg exposure source for the
WMM residents.
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