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Abstract Past and present gold mining operations scattered

throughout the Kharaa River basin, Mongolia, have been

identified as a major source of heavy metal and metalloid

contamination. However, the potential accumulation of toxic

contaminates including Cr, Zn, As, Cd, Hg, Cu, Ni and Pb in

the resident fish fauna and the subsequent human health

risks associated with their consumption have previously not

been quantified. In the current study, contaminates in water,

sediment and five consumed fish species (Leuciscus

baicalensis, Thymallus baicalensis, Brachymystax lenok,

Lota lota and Silurus asotus) were examined. The results

indicated that concentrations of As and Hg exceeded the

national permissible limits for drinking water in the Gatsuurt

tributary of 10 lg L-1 and 0.05 lg L-1 respectively, while

Hg contents detected in the sediment of the Boroo tributary

were highly elevated (0.78 lg g-1). Heavy metal and arsenic

accumulation was evident in all five fish species sam-

pled across the basin, with maximum muscle contents of Cr,

As, Hg and Pb detected in several species caught in the

middle and lower river reaches, while Zn was highly ele-

vated in B. lenok collected in the upper tributaries. Elevated

median contents of Cr, Cu, Hg and Pb increased with trophic

level, with Hg accumulation posing the greatest threat to

humans as 10.7 % of all fish sampled in the study exceeded

the internationally recommended threshold for Hg in con-

sumable fish tissue. Although recreational fishing is rapidly

growing throughout Mongolia, the overall level of fish

capture and consumption remains relatively low. However,

increasing pollution and accumulation in resident fish spe-

cies could lead to chronic heavy metal intoxication in people

who consume them regularly from the most polluted regions

of the basin, while additionally being exposed to other

sources of contamination.

Keywords Brachymystax lenok � Thymallus baicalensis �
Heavy metal bioaccumulation � Gold mining
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Introduction

Globally, heavy metals and metalloids have been increas-

ingly released into the environment as a result of a plethora

of anthropogenic activities (von Tümpling et al. 1995;

Durrieu et al. 2005; Dhanakumar et al. 2015; Pfeiffer et al.

2014). Upon release, these toxic pollutants are often trans-

ported to, and concentrated in, nearby rivers and lakes where
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they contaminate the water and sediment, and are ultimately

incorporated into the aquatic biota (Dušek et al. 2005; Lü

et al. 2011; Nyirenda et al. 2012). While trace amounts of

chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn) are

biologically essential for normal growth and functioning of

organisms, they are damaging in high concentrations,

whereas arsenic (As), cadmium (Cd), lead (Pb) and mercury

(Hg) are all nonessential and highly toxic even at low levels

(Shukla et al. 2007). Certain elements can also potentially

accumulate and magnify along the food chain amassing

hazardous concentrations in higher trophic level species

such as fish. If these fish are then regularly consumed by

people, potential serious health implications can occur

including neurochemical and cardiovascular damage, can-

cers, restrictive lung disease, renal and gastrointestinal

problems and prenatal abnormalities or death (Weil et al.

2005; Morea et al. 2007). The risk is amplified if people are

simultaneously exposed to elevated levels of heavy metals in

drinking water, other foods and/or their domestic or occu-

pational environments (Järup 2003; Tchounwou et al. 2012).

In order to gain a complete overview of the heavy metal

contamination within an ecosystem, including the potential

threat to human health, it is necessary to not only identify the

source and extent of the pollution through sampling water

and sediment, but to also evaluate the magnitude of the

bioaccumulation in the consumed fish species (Pérez-Cid

et al. 2001). Numerous studies have identified elevated

concentrations of one or more heavy metals in locally con-

sumed freshwater fish, including multiply instances where

national and international thresholds established for their safe

consumption have been exceeded. These studies have also

identified both biotic (e.g. fish length or age) and abiotic

factors (e.g. water or sediment contents) which have influ-

enced the heavy metal concentrations in resident fish species.

For example, in the Puyango River basin of southern Ecuador

and the Petit-Saut hydroelectric reservoir in French Guiana,

Hg contamination from small-scale gold mining has made

local piscivorous fish species a potential risk for human

consumption (Tarras-Wahlberg et al. 2001; Durrieu et al.

2005). Tarras-Wahlberg et al. (2001) reported that bottom

dwelling species were more likely to accumulate higher

contents of Hg due to the ingestion of contaminated sedi-

ments from the river substrate compared to other species.

While, in Lake Titicaca, pollution from intensive mining

activities and urban sewage discharge had also elevated

levels of Cu, Zn, Cd and Hg in four fish species, prompting

recommendations by the authors to limit fish consumption in

certain heavily polluted parts of the lake (Monroy et al.

2014). It was reported that metal bioaccumulation in fish was

only weakly related to metal concentrations in the environ-

ment (water and sediment), although nonessential elements

(Cd, Hg, Pb) were generally more consistent with environ-

mental peaks than biologically essential ones, with the

exception of Cu (Monroy et al. 2014). Additionally in

France, 60 % of brown trout (Salmo trutta fario) sampled

from an historical mining region in the Cévennes National

Park exceeded the maximum allowed concentrations for

human consumption of Pb and Cd in fish tissue (Monna et al.

2011). The heavy metals detected in trout from this study

reflected the high content in the river sediment, although

age-related effects were also identified as an influential factor

determining contamination in fish (Monna et al. 2011). These

results highlight the capacity of various heavy metals origi-

nating from mining operations to contaminate locally con-

sumed freshwater fish stocks to the point where they

potentially pose a health risk to people consuming them, even

if the contamination occurred in the past.

In Mongolia, gold mining is currently a driving force in

the national economy, with substantial operations located

in the country’s northern regions including the Boroo and

Gatsuurt tributaries of the Kharaa River Basin (KRB)

(Sandmann 2012; Karthe et al. 2015a). However, recent

reports indicate that these mining activities are often major

sources of heavy metal and arsenic pollution in both river

water and sediment (Hofmann et al. 2010; Enkhdul et al.

2010; Oyuntsetseg et al. 2012; Brumbaugh et al. 2013;

Pfeiffer et al. 2014). Mercury is known to have been used

extensively in the Boroo River subcatchment by the thou-

sands of illegal small-scale, artisanal miners who have used

and released Hg into the environment during the gold

amalgamation process (Grayson et al. 2004; Steckling et al.

2011). This source of Hg has added to the existing pollu-

tion that has resulted from a factory accident in 1956 where

a substantial amount of this highly toxic and persistent

element escaped into the nearby Boroo River (Tumenbayar

et al. 2000). Further upstream in the Gatsuurt tributary, the

expanding open-cut gold mining operations have also been

correlated with the release of As from the surrounding soil

and rocks (Tsetsegmaa et al. 2009), elevating As concen-

trations in the tributary’s water and sediments (Enkhdul

et al. 2010; Pfeiffer et al. 2014). In addition, the Kharaa

River upstream from Darkhan city at Khongor sum has also

been the location of a second industrial accident that

occurred at a mining ore postprocessing plant in 2007,

which saw both Hg and cyanide escaping in large quanti-

ties (Hofmann 2008). As a result of these past and present

gold mining operations and accidents, several locations

across the KRB have been identified as pollution hotspots

as they are known to have elevated concentrations of toxic

heavy metals in the water and sediment (Hofmann et al.

2010; Batbayar et al. 2015; Kosheleva et al. 2015). This

high level of pollution in certain regions is a cause for

concern, as it is also a likely source of contamination for

the resident fish species, including those that are increas-

ingly being captured and consumed by the basin’s small,

but growing, recreational fishing community.
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Traditionally, in Mongolia there has been little cultural

connection to fishing or consuming fish, although in recent

decades this has changed rapidly (Chandra et al. 2005;

Jensen et al. 2009). Seventeen fish species inhabitat the

KRB including the Siberian sturgeon (Acipenser baerii)

and Siberian taimen (Hucho taimen) that are listed as

critically endangered and endangered, respectively, in the

Mongolian Red Book of Fishes. However, over recent

years both have become extremely rare due to overfishing

and are now likely locally extinct. Up to eight species of

fish are regularly caught by the recreational fishers in the

KRB, which fish year round but are mostly concentrated in

the summer and autumn months between June and

November. Fishers typically target two salmonid species

including the sharp snout lenok (Brachymystax lenok) and

the Baikal grayling (Thymallus baicalensis), but also con-

sume incidentally caught fish including the Siberian dace

(Leuciscus baicalensis), burbot (Lota lota) and the intro-

duced Amur catfish (Silurus asotus), among others (Kaus

pers. obs.). The catch is mostly consumed by the fisher,

their family and friends, or sometimes sold to the public in

roadside stands or in city markets. To date, the human

health risks associated with the consumption of these

potentially contaminated fish species remains unknown,

but needs to be urgently determined. This study aimed to

quantify the existing contents of four nonessential and

highly toxic elements (As, Cd, Pb and Hg) and four bio-

logically important, but potentially contaminating heavy

metals (Cr, Zn, Ni and Cu) in the muscle and liver of five

consumed fish species, surface water and river sediment

from across the KRB. In addition, it was set out to iden-

tify in which species and regions has the heavy metal

bioaccumulation in fish exceeded the internationally rec-

ommended thresholds for human consumption of fish tissue

and thus evaluate, whether or not, health warnings are

warranted considering the current level of fish capture.

Materials and methods

Study site

The Kharaa River Basin (14,534 km2) is located in north-

ern Mongolia within the Selenga River catchment. The

main river channel is 362 km long from its source in the

Khan Khentii Mountains (2668 m a.s.l.) to its confluence

with the Orkhon River (654 m a.s.l.). Annual air temper-

atures fluctuate between -40 �C in winter and ?40 �C in

summer, while the average annual rainfall varies between

250 and 350 mm (Karthe et al. 2015a). The population in

the basin is approximately 147,000 with over half residing

in the city of Darkhan. Gold mining remains an important

industry and key source of income for thousands of people

in the basin. Hofmann et al. (2010) has identified nine gold

mines in operation, four gold mines out of use, six main

centres of small gold mining activities and nine potentially

contaminated regions including areas in the Boroo, Gat-

suurt and Zagdalin tributaries and both upstream and

downstream from Darkhan city (Fig. 1).

Field sampling

Surface water, river sediment and fish were collected from

11 sites across the KRB in June 2011 (see Fig. 1). In the

upstream region, which is largely undisturbed and moun-

tainous (Hofmann et al. 2015a) two tributaries were sam-

pled, Sugnugr and Olgin, which were selected as the

study’s reference sites (UP). In the mid-upper region

(MID-UP), three sites were sampled including the Gatsuurt

tributary, a small stream flowing directly through the

Gatsuurt mining area; Kharaa 8.4, the most upstream main

channel site, located approximately 1 km downstream from

the Gatsuurt tributary and the Kharaa River confluence;

and Kharaa 8, another main channel sampling location,

which is a popular fishing spot in a lower impacted area of

the basin. The middle region (MID) has two sampling sites

including the Boroo River, a heavily polluted tributary

draining a subcatchment with a high concentration of

illegal small-scale mining activities as well as a large open-

cut mine; and Kharaa 5.5, a main channel site located

several kilometres downstream from the Boroo and Kharaa

River confluence. The mid-down region (MID-DOWN)

also consists of two sites including the Zagdalin River,

another tributary with mining and agriculture dominating

the subcatchment; and Kharaa 4, a main channel site

located 2.6 kilometres downstream from the Zagdalin and

Kharaa River confluence. Finally, in the downstream

region (DOWN), sites Kharaa 3 and Kharaa 1 were sam-

pled. Both are main channel sites located either side of

Darkhan city and are characteristically slow flowing,

meandering river reaches with little riparian vegetation and

high levels of bank erosion (Hofmann et al. 2015a).

Surface water samples were each collected with a new

plastic syringe that had been triple-rinsed and strained

through a single-use 0.45-lm membrane filter. One sample

was collected at each site for the Hg analysis in an acid-

washed glass bottle and acidified with hydrochloric acid,

while a second sample was taken for analysis of the other

considered heavy metals (Cr, Zn, As, Cd, Ni, Cu and Pb) in

new polyethylene vials and acidified with redistilled nitric

acid. Water samples were kept chilled during transportation

and storage until final analysis at the Helmholtz Center for

Environmental Research (UFZ) analytical laboratory in

Magdeburg, Germany. Fine surface sediment samples were

collected from the river’s edge and small backwaters

where sediment had accumulated as a result of the natural

Regional patterns of heavy metal exposure and contamination in the fish fauna of… 2025
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flow regime. A single sediment sample of approximately

0.3–0.5 kg was taken with a teflon scoop and kept in plastic

containers for transportation back to the UFZ laboratory as

well. Fish were captured using two backpack electrofishing

machines (Hans Grassl GmbH, Germany; Type ELT 60) or

obtained via angling and sampling catches of local fishers.

Total lengths (cm) and weights (grams) were measured,

and otoliths were taken for ageing purposes. A sample of

muscle from the left dorsal fillet and the liver was removed

from each fish for analysis. In order to avoid cross-con-

tamination, all dissections were conducted using ceramic

scalpels and pincers on a teflon cutting board that was

cleaned thoroughly between each fish.

Laboratory analysis

Heavy metal concentrations were obtained from the filtered

and acidified water samples prepared in the field without

alteration. Concentrations of Cd, Cr, As, Zn, Cu, Ni and Pb

were analysed with the ICP-MS, while total Hg concen-

trations were determined using the Mercury Analyser

(Jena, Germany). Sediment samples were freeze-dried at

-51 �C for 48 h (Christ Alpha 1–2 lyophiliser, B. Braun

Biotech International, Melsungen, Germany) (Margetı́nová

et al. 2008) and sieved to obtain a\63 lm homogenised

fine sediment sample. From this sample, a 0.5 g subsample

was extracted and digested overnight in acid-washed teflon

containers in a combined 10 ml mixture of HCL and HNO3

(Aqua Regia) at room temperature. To ensure complete

digestion of the sediment, the samples were then micro-

waved on a 40 min cycle and after diluted with Milli-Q

water to obtain a standard volume of 20 ml for the final

analysis.

Fish tissue samples were cleaned of all remaining skin,

scales, bone and blood and a 1.00 g of muscle and 0.50 g

of liver were subsampled and digested overnight in 2 ml of

H2O2 and 8 ml of HNO3 (69 %) at room temperature. The

acidified samples were further digested in a 40 min

Fig. 1 Kharaa River basin in northern Mongolia including the 11

sample sites marked with a red circle. UP stream reference sites:

Sugnugr and Olgin. MID-UP sites: Gatsuurt, Kharaa 8.4 and Kharaa

8. MID sites: Boroo and Kharaa 5.5. MID-DOWN sites: Zagdalin and

Kharaa 4, and DOWN stream sites: Kharaa 3 and Kharaa 1 (colour

figure online)
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microwave cycle of heat and pressure before being trans-

ferred to new polyethylene vials where Milli-Q water was

added to standardise the sample volume to 20 ml. Heavy

metal analysis was conducted using the ICP-MS and the

Mercury Analyser as per the water and sediment samples.

Due to the small size of L. baicalensis, it was necessary to

combine muscle and liver samples from two individuals

captured at the same site and of similar sizes into a single

sample to meet the required minimum analytical amount of

0.5 g. The tissues from both individuals were combined at

a ratio of 50:50 where possible. Thus, as a result, 37 of the

46 L. baicalensis final samples contained two combined

individuals. No aggregations of tissues were necessary for

the other species. L. baicalensis individual ages were

estimated using length and age data reported for Siberian

populations by Lobón-Cerviá et al. (1996). For the

remaining species, fish ages were obtained by counting

annual growth rings of whole otoliths under a stereomi-

croscope with translucent light by two independent read-

ers conducting two blind reads each.

Quality assurance

For every ten water, sediment or fish tissue samples, one

blank and one standard sample was also analysed. The

analysis of blanks was undertaken to determine potential

contamination during the analysis, while the assessment of

standard reference material was conducted to test the

accuracy and precision of the analytical method and

identify drifting errors. The standard reference materials

used were from the National Institute of Standards and

Technology (NIST) and the National Research Council of

Canada (NRC). For sediment samples NIST 2704 was

used, for fish muscle NRC Dorm-2 was used and for fish

liver NBS DOLT was used.

Data analysis

Dissolved water (lg L-1) and fine sediment (lg g-1)

results are presented as unaltered analytical values for each

KRB sample site. Only water concentrations for Ni were

taken from a similar 2007 sampling campaign (Ibisch

unpublished). Heavy metal content data from fish tis-

sue samples were tested for normality and homogeneity of

variance using both Shapiro–Wilk and Levene’s tests.

Significant differences within and between species muscle

and liver heavy metal contents were calculated using the

non-parametric Mann–Whitney U test due to the non-nor-

mal distribution of the data. In order to investigate the

relative influence of different biotic and abiotic variables

on the heavy metal accumulation patterns detected in KRB

fish species, a generalised linear model (GLM) with a

Gaussian distribution was fitted to log-transformed heavy

metal data. Included as explanatory variables for all ele-

ments were fish tissue, fish length, fish age and site sedi-

ment contents from the location where the fish were

caught. Site water concentrations from the fish sampling

locations were added for As and Hg only, as all other heavy

metals considered were below detection limits. Site sedi-

ment content and water (for As and Hg) concentrations

were used to indicate the contamination level of each

sampling locations and determine whether fish heavy metal

content reflected site contamination. Fish length was also

included over the highly correlated (R2 = 0.98) fish weight

measurements to reflect fish size. Multiple GLMs were

completed per species and heavy metal, and the best model

was selected by first using the automatic ‘step’ function in

R which removes nonsignificant elements from full models

containing full fixed factors and interactions, then using the

manual backwards stepwise deletion method of remaining

non-significant variables. All figures and statistics were

produced using R (R Development Core Team 2010, ver-

sion 3.1.3) or STASTICA 12 (STATSOFT 2013).

Results

Water concentrations (filtered to <0.45 lm)

Dissolved water concentrations (lg L-1) of Cr (\0.5), Ni

(\0.5), Zn (\5), Cd (\0.2), Cu (\0.5) and Pb (\0.5) in the

water samples were all below the analytical detection limits

(see Table 1). Arsenic was detected at every site in the

basin, with an overall mean concentration of

3.4 ± 4.29 lg L-1 (mean ± SD). The highest concentra-

tions were recorded in the Gatsuurt (15.3 lg L-1) and

Boroo (6.9 lg L-1) tributaries, while the lowest concen-

trations were detected in the Sugnugr (0.6 lg L-1) and

Olgin (1.0 lg L-1) tributaries. Total dissolved Hg was at

or below the detection limit of 0.008 lg L-1 in the surface

water at Sugnugr, Zagdalin and Kharaa 1, with the highest

concentrations in the basin detected at Gatsuurt

(0.066 lg L-1), followed by Kharaa 3 (0.031 lg L-1) and

Kharaa 8.4 (0.03 lg L-1). Mercury concentrations in the

Boroo tributary were 0.025 lg L-1. The mean total dis-

solved Hg concentration for the Kharaa River basin surface

water was 0.022 ± 0.02 lg L-1 (mean ± SD).

River sediment contents (sieved to <63 lm)

All heavy metals and As were detected in the fine river

sediment across the basin (see Table 1). Only Hg was at or

below the detection limit (\0.05 lg g-1) in eight of the 11

sites. The maximum total Hg content was in the Boroo

River sediment (0.78 lg g-1), followed by Kharaa 4

(0.08 lg g-1) and Kharaa 5.5 (0.06 lg g-1). The Boroo

Regional patterns of heavy metal exposure and contamination in the fish fauna of… 2027
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River sediment also contained the highest content of Pb

(17.6 lg g-1), Ni (23.6 lg g-1), Cu (21.7 lg g-1) and Cr

(44.5 lg g-1), with the Gatsuurt tributary recording the

next highest measurements for these four metals. The

maximum total As content was detected in the Gatsuurt

tributary sediment (30.8 lg g-1), followed by the Boroo

tributary sediment (14.5 lg g-1). Sugnugr had the highest

content of both Zn (112 lg g-1) and Cd (0.55 lg g-1),

with Boroo (cZn = 102 lg g-1) and Kharaa 4

(cCd = 0.46 lg g-1), recording the next highest contents in

the basin for these heavy metals, respectively.

Fish muscle and liver contents

A total of 119 muscle samples and 74 liver samples were

analysed for their heavy metal and metalloid contents

from the five fish species captured across the KRB

(Table 2). The basin-wide accumulation of heavy metals

in fish tissue indicated Cr, Hg and Pb were typically

present in higher amounts in fish muscle, while As, Zn,

Cd and Cu were associated with fish liver (Fig. 2). Sig-

nificant differences (p\ 0.05) between heavy metal

muscle and liver contents were identified for Cr, Zn, As,

Cd, Ni, Cu and Hg in L. baicalensis, for Cr, As, Zn, Cd

and Cu in T. baicalensis, for Cr, As, Hg, Zn, Cu and Pb

in B. lenok and for all elements in L. lota, but no ele-

ments in S. asotus, most likely as a result of the small

sample size. Median muscle contents of Cr, Hg and Pb

generally increased from the lower trophic level species

to the higher trophic level species (L. baicalensis\ T.

baicalensis\B. lenok\ L. lota and S. asotus), while

liver contents of these heavy metals remained lower than

the levels in the muscle. Extremely elevated (p\ 0.05)

median liver contents were observed for As in L. lota, Cd

in S. asotus and Zn in B. lenok, while liver contents of

individual B. lenok had the maximum amounts of Ni

(0.82 lg g-1) and Cu (33.8 lg g-1) detected in the study.

In fish muscle, several individuals exceeded the maximal

permissible limits for human consumption for Zn, Hg and

Pb. Four B. lenok (53.2–109 lg g-1) had Zn contents in

their muscle above the 40-lg g-1 threshold. For Hg, six

L. baicalensis (0.52–1.85 lg g-1), one B. lenok

(0.58 lg g-1), five L. lota (0.50–0.72 lg g-1) and two S.

asotus (0.65–0.88 lg g-1) had contents in their muscle

above the 0.5-lg g-1 threshold, and for Pb two B. lenok

(0.59 and 0.73 lg g-1) and two L. lota (0.32 and

0.34 lg g-1) had contents in their muscle above the 0.3-

lg g-1 threshold.

Table 1 Dissolved surface

water concentrations

(\0.45 lm) and river sediment

contents (\63 lm) of Cr, Zn,

As, Cd, Hg, Pb, Cu and Ni per

region and sampling site in June

2011

Region Site Cr Zn As Cd Hg Pb Cu Ni

Surface water concentration (lg L-1)

UP Sugnugr \0.5 \5 0.6 \0.2 \0.008 \0.5 \0.5 \0.5

UP Olgin \0.5 \5 1.0 \0.2 0.009 \0.5 \0.5 \0.5

MID-UP Gatsuurt \0.5 \5 15.3 \0.2 0.066 \0.5 \0.5 \0.5

MID-UP Kharaa 8.4 \0.5 \5 2.0 \0.2 0.030 \0.5 \0.5 \0.5

MID-UP Kharaa 8 \0.5 \5 1.7 \0.2 0.024 \0.5 \0.5 \0.5

MID Boroo \0.5 \5 6.9 \0.2 0.025 \0.5 \0.5 \0.5

MID Kharaa 5.5 \0.5 \5 1.6 \0.2 0.009 \0.5 \0.5 \0.5

MID-DOWN Zagdalin \0.5 \5 2.0 \0.2 0.008 \0.5 \0.5 \0.5

MID-DOWN Kharaa 4 \0.5 \5 2.2 \0.2 0.019 \0.5 \0.5 \0.5

DOWN Kharaa 3 \0.5 \5 2.1 \0.2 0.031 \0.5 \0.5 \0.5

DOWN Kharaa 1 \0.5 \5 1.5 \0.2 0.008 \0.5 \0.5 \0.5

River sediment content (lg g-1)

UP Sugnugr 23.8 112.0 13.2 0.55 \0.05 13.7 12.3 11.4

UP Olgin 28.7 77.7 13.0 0.38 0.05 13.4 15.3 14.7

MID-UP Gatsuurt 40.9 99.2 30.8 0.45 \0.05 15.9 18.8 19.2

MID-UP Kharaa 8.4 33.1 79.1 10.5 0.45 \0.05 14.1 15.1 15.9

MID-UP Kharaa 8 30.3 78.1 8.2 0.44 \0.05 12.2 13.0 13.7

MID Boroo 44.5 102.0 14.5 0.45 0.78 17.6 21.7 23.6

MID Kharaa 5.5 27.9 67.6 6.1 0.45 0.06 11.6 11.5 11.7

MID-DOWN Zagdalin 37.7 78.3 4.8 0.42 \0.05 12.0 12.1 15.5

MID-DOWN Kharaa 4 39.0 91.1 8.0 0.46 0.08 15.9 19.3 20.5

DOWN Kharaa 3 30.6 74.6 4.3 0.39 \0.05 10.9 11.3 13.0

DOWN Kharaa 1 31.4 77.2 4.4 0.42 \0.05 11.1 11.1 12.8

Ni water samples are from a June 2007 sampling campaign
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Generalised linear model (GLM)

The GLM determined the influence of five variables in

explaining the observed heavy metal patterns detected in

the sampled fish species (Table 3 Supplementary Material).

The most important explanatory variables across species

and heavy metals were fish age and length/tissue interac-

tions, followed closely by fish tissue, fish length and site

sediment contents. Site water concentrations for As and Hg

were significant (p B 0.05) for all species except S. asotus

for Hg. For L. baicalensis, length/tissue interactions were

the most important explanatory variable being significant

for all heavy metals, while for T. baicalensis and B. lenok

fish age was the only variable significant for each heavy

metal and arsenic. Fish length, fish tissue and length/age

interactions were all significant for L. lota and S. asotus,

while fish tissue and fish age were both significant for all

but one heavy metal (Pb and Cr), respectively.

Regional patterns of heavy metal bioaccumulation

in fish muscle

The regional differences between the median heavy metal

muscle contents of sampled fish species were considerable

(Fig. 3). The median Cr contents were generally low and

well below the internationally recommended threshold of

1 lg g-1 for this heavy metal in consumed fish muscle. For

Zn, only B. lenok in the UP region had elevated contents

close to the 40 lg g-1 threshold, while for all other species

and regions Zn accumulation remained low (\10 lg g-1).

The highest As median muscle contents were detected in L.

lota sampled from the DOWN region, although As was

also elevated in S. asotus (DOWN) and B. lenok (UP). The

median As contents in the muscle of all other fish species

and regions was below 1 lg g-1, however, no threshold has

been given for As in consumed fish, as the principle form in

fish tissue is organic arsenic (arsenobetaine) and thus non-

toxic to humans (FAO/WHO 2011). Cadmium (Cd) was

below the analytical detection limits in all species and

regions except for B. lenok in the upper tributaries (UP),

although median muscle contents were still well below the

recommended threshold of 0.05 lg g-1 for fish tissue.

Median muscle contents of Ni and Cu were negligible in all

fish species and regions sampled in the KRB. Mercury

detected in fish muscle exceeded the international recom-

mended threshold of 0.5 lg g-1 in three different species

and two regions: L. baicalensis in the MID region and L.

lota and S. asotus in the MID-DOWN region. S. asotus in

the DOWN region also recorded an elevated median

muscle Hg content of 0.46 lg g-1. Lead (Pb) was very low

or below the detection limit for L. baicalensis, T.

baicalensis and B. lenok in the UP, MID-UP and MID

regions. Elevated median Pb contents were detected in four

fish species (TB, BL, LL, SA) in the MID-DOWN region,

although the 0.3 lg g-1 threshold was not exceeded.

Discussion

Several studies of surface water, groundwater and river

sediment in the KRB have highlighted the localised heavy

metal and arsenic pollution associated with gold mining

activities (Hofmann et al. 2010, 2015b; Inam et al. 2011;

Pfeiffer et al. 2014; Batbayar et al. 2015). In the current

study, maximum surface water concentrations for both

cAs = 15.3 lg L-1 and cHg = 0.066 lg L-1 were detected

in the Gatsuurt tributary downstream from the mine site,

where these elements were more than double any other

concentration detected in the KRB during the study, but

less than half that of previously reported maximum con-

centrations for As (30.1 lg L-1) and Hg (2.0 lg L-1)

(Hofmann et al. 2010; Pfeiffer et al. 2014). However, the

2011 concentrations still exceeded the Mongolian drinking

water thresholds of 10 lg L-1 for As and 0.05 lg L-1 for

Hg, indicating a significant health risk for the local resi-

dence, their livestock and wildlife who rely on this tribu-

tary for their drinking water. The As content detected in the

Gatsuurt tributary sediment was also the highest in the

basin at 30.8 lg g-1, although well below the previously

reported level of cAs = 136 lg g-1 sampled from closer to

the mine site (Enkhdul et al. 2010), and still below the

recommended threshold for As (cAs B 40 lg g-1) in river

sediment recommended for German Rivers (Schneider

et al. 2003). In contrast to the elevated Hg in river water,

Hg in Gatsuurt sediment was beneath the analytical

detection limit, suggesting a more recent source of Hg

pollution is contaminating the river water, but had not yet

accumulated in the sediment. In any case, the Gatsuurt

tributary is one of the most polluted in the KRB and con-

sidering the future expansion of the mining operations, the

potential increased pollution could have significant impacts

on the usability of the river water for downstream residents

as well. Mitigating measures should be urgently imple-

mented to minimise As leaching from the overburdened

soil and rocks during the open-cut mining operations, while

attempts should be made to identify the source of the high

Hg concentration in the tributary water. Current residents

must be made fully aware of the hazards of drinking the

water from the Gatsuurt tributary, as prolonged exposure to

even low concentrations of these toxic elements can induce

serious health problems (Pfeiffer et al. 2014; Steckling

et al. 2011).

A second polluted site identified in the KRB was the

Boroo tributary. While water concentrations for As and Hg

were elevated above reference levels, they did not surpass

Mongolian drinking water thresholds even with the very
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high content of cHg = 0.78 lg g-1 in the sediment. The

Boroo River Hg sediment contamination can be charac-

terised as a moderately polluted ecosystem (cHg -

B 0.8 lg g-1), according to the German Chemical

Classifications (LAWA 1997a), and recorded the same

maximum Hg content as Lake Titicaca sediment

(cHg = 0.78 lg g-1; Monroy et al. 2014), but a lower

maximum content compared to the Puyango River in

Fig. 2 Heavy metal contents (Cr, Zn, As, Cd, Ni, Cu, Hg and Pb) in

liver (grey boxes) and muscle (white boxes) of five consumed fish

species in the Kharaa River basin (L. baicalensis n = 14 liver

samples/46 muscle samples, T. baicalensis n = 23/24, B. lenok

n = 34/35, L. lota n = 10/11 and S. asotus n = 3/3) collected in June

2011. Letters (a, b, c, d) above each plot indicate significant

differences between species groups—grey letters relate to liver, and

black letters relate to muscle. Boxes indicate the median and 10/90

percentile, whiskers 2 9 percentile range, open dots are outliers;

b.d.l. indicates values are below detection limits. Dotted lines indicate

international recommended thresholds for human consumption of fish

tissue where applicable
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Ecuador (cHg = 0.99 lg g-1; Tarras-Wahlberg et al.

2001), both regions that reported hazardous Hg contami-

nation in resident fish tissue. Elevated contents of Cr, Zn,

Pb, Cu and Ni were also detected in the Boroo tributary

sediment; however, all heavy metals there and elsewhere in

the KRB were below the German Chemical Classifications

for river sediment Class I thresholds as related to an aquatic

ecosystem without any anthropogenic interference (cCr -

B 80 lg g-1, cNi B 30 lg g-1 and cPb B 25 lg g-1), or

below the Class I–II thresholds indicating levels of very

low pollution (cZn B 150 lg g-1, cCu B 20 lg g-1 and

cCd B 0.6 lg g-1; LAWA 1997a). Thus, the Boroo tribu-

tary was confirmed as a key source of Hg pollution in the

KRB owing to the contamination related to artisanal,

small-scale mining as well as the 1956 Hg industrial

accident (Hofmann et al. 2010; Tumenbayar et al. 2000).

Although the use of liquid Hg to amalgamate gold in

Mongolia’s small-scale mining operations was prohibited

in 2008, strict enforcement is lacking and so its use likely

continues, potentially adding to the already high Hg levels

in this subcatchment.

During high rainfall and snow melt events, contaminates

are either washed or leached from mining sites into nearby

streams and tributaries or are infiltrated into groundwater

bodies (Chalov et al. 2015; Hofmann et al. 2015b), where

they are influenced by processes including dispersion,

sorption, dissolution—precipitation and different chemical

reactions that ultimately bind them to sediments and sus-

pended loads (Thorslund et al. 2012; Chalov and Roman-

chenko 2015). As a result, heavy metal concentrations in

surface waters fluctuate greatly, making a single water

sample capable of only providing an approximation of the

local contamination at a specific point in time, whereas the

analysis of the heavy metal sediment content can offer a

more robust assessment of the long-term pollution status of

a local area. Therefore, future water and sediment moni-

toring programmes in the KRB should have an increased

temporal sampling regime in order to accurately follow the

contamination levels stemming from the expanding open-

cut and illegal, placer mining operations.

Palaearctic riverine fish communities are naturally sep-

arated into upstream salmonid-dominated and downstream

cyprinid-dominated communities due to the species’ eco-

logical and biological preferences for specific habitat

conditions. Mature individuals of many fish, including the

sampled species, typically have extended home ranges

which include spawning, feeding and winter refuge pools

in river reaches separated by up to 10s of km. Particularly,

in the harsh conditions of the prolonged Mongolian winter,

individuals are forced to exit the smaller tributaries before

they freeze solid forcing fish to return to the main river

channel and accumulate in the deeper pools under the river

ice, only re-entering those tributaries in spring to access

more optimal spawning and feeding sites. It is expected

that for at least B. lenok and T. baicalensis, individuals

have likely travelled between multiple sampling sites and

potentially across adjacent regions during extended sea-

sonal migrations ([45 km) as has been indicated by

acoustic telemetry tagging and population genetics studies

of these species in Mongolia (Kaus unpublished). Thus,

individuals have potentially been exposed to different

levels of heavy metal contamination, and therefore, in

order to gain a complete understanding of the accumulation

pattern of KRB fish, it was necessary and reasonable to

evaluate fish both at a basin-wide scale by grouping indi-

viduals by species, as well as at a regional scale by dividing

fish into sampling regions.

The heavy metal accumulation observed in KRB fish

species was highly variable depending on the contaminate

and the main depository tissue. S. asotus, like other catfish,

are opportunistic predators that feed on most other fish

species in their habitat (Stolyarov 1985). Thus, they are at

the top of the aquatic food chain, where they tend to

accumulate elevated contents of heavy metals such as Hg

due to biomagnification processes (Paterson et al. 2009).

This has evidently happened with regard to the high S.

asotus Hg content in the KRB, and has likewise occured in

the lower Selenga River basin near Lake Baikal, where S.

asotus accumulated the highest Hg muscle content of the

13 fish species investigated there. S. asotus recorded a

mean Hg muscle content of *0.216 lg g-1 wet weight

(ww) (1.08 lg g-1 dry weight, dw; Komov et al. 2014;

Haines et al. 1992), which was 2.4 times lower than KRB

S. asotus (mean = 0.52 ± 0.43 lg g-1 ww, median =

0.65 lg g-1 ww, n = 3). In addition, a related catfish

species (Silurus glanis) in the Danube River, Serbia, also

accumulated the highest Hg content of the four fish species

investigated in that study, recording a mean Hg muscle

Table 2 Summary table of

sampled species displaying

sample size (n), total length (LT)

in cm and standard deviation,

total weight (WT) in grams and

standard deviation and the

number of individuals in

different age classes (years)

Species N LT (SD) WT (SD) ?2 ?3 ?4 ?5 ?6 ?7 ?8 ?9

L. baicalensis 46 18.16 (±1.61) 56.33 (±19.10) 0 0 0 3 17 15 8 3

T. baicalensis 24 22.73 (±4.08) 117.75 (±59.34) 6 3 11 4 0 0 0 0

B. lenok 35 32.35 (±8.03) 376.61 (±334.83) 0 3 12 11 6 2 1 0

L. lota 11 37.54 (±24.0) 801.73 (±975.40) 6 1 0 0 1 1 2 0

S. asotus 3 52.87 (±7.04) 949.9 (±424.44) 0 0 0 0 1 1 0 1
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Fig. 3 Median heavy metal

contents with standard error in

the muscle of five fish species

(L. baicalensis, LB; T.

baicalensis, TB; B. lenok, BL; L.

lota, LL and S. asotus, SA)

grouped into five regions across

the KRB; UP stream (Sugnugr

and Olgin), MID-UP (Gatsuurt,

Kharaa 8.4 and Kharaa 8), MID

(Boroo and Kharaa 5.5), MID-

DOWN (Zagdalin and Kharaa

4) and DOWN stream (Kharaa 1

and Kharaa 3). The dotted lines

indicate the international

recommended thresholds for

human consumption of fish

tissue. The line of numeric

values above the bars represents

the number of samples included

in each region (n)
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content of *0.326 lg g-1 ww (Subotić et al. 2013),

although this was also less than the Hg detected in KRB S.

asotus. The generalised linear model (GLM) results indi-

cated fish length, fish tissue, fish age and site sediment all

significantly contributed to the Hg accumulation in S.

asotus, suggesting that older, larger fish accumulate more

Hg in their muscle tissue and that this species close affinity

to the river substrate has also played a substantial role. The

elevated Cd observed in the liver of KRB S. asotus, com-

pared to muscle, was related to biotic factors only (e.g. fish

length and age), as site sediment was not significant.

Danube catfish also showed higher mean contents of Cd in

their liver (*0.004 lg g-1 ww) compared to muscle

(*0.002 lg g-1 ww) (Subotić et al. 2013), although at far

lower levels in relation to KRB S. asotus liver contents

(mean = 0.655 ± 0.58 lg g-1 ww,

median = 0.426 lg g-1 ww, n = 3). Therefore, in com-

parison with the lower Selenga basin and Danube River

catfish, the Kharaa River S. asotus had accumulated con-

siderably higher heavy metal contents in the muscle for Hg,

Pb, As, Cr and Cd but lower contents of Zn and Cu thus

highlighting the hazardous heavy metal contamination of

this consumed Kharaa River species.

Lota lota are also close to the top of the aquatic food

chain as they are a predatory species that consumes mainly

fish, but also invertebrates at smaller sizes (Pääkkönen and

Marjomäki 2000). L. lota have accumulated a median Hg

muscle content of 0.178 lg g-1 ww (mean = 0.306 ±

0.28 lg g-1 ww, n = 11), with four individuals exceeding

0.5 lg g-1 ww. However, this was in contrast to L. lota

sampled from the Taimyr Peninsula in northern Russia,

which recorded a mean Hg muscle content of

*0.494 lg g-1 ww (Allen-Gil et al. 2003), or consider-

ably above KRB L. lota levels. Although, in the Lena and

Mezen rivers, also in Russia, mean Hg muscle contents of

L. lota were lower with *0.05 and *0.15 lg g-1 ww,

respectively (Castello et al. 2014), or well below KRB L.

lota contents. The GLM results indicated a complex pro-

cess of Hg accumulation in L. lota, with fish age appearing

to play the most significant role. For Cr, L. lota accumu-

lated the highest median muscle content of all KRB species

with a content of 0.193 lg g-1 ww (mean = 0.171 ± 0.1

lg g-1 ww, n = 11), which was elevated compared to

Danube River L. lota with *0.008 lg g-1 ww (Subotić

et al. 2013). Fish length, fish tissue and site sediment along

with the interactions of these variables have influenced Cr

contents in L. lota muscle as determined by the GLM.

Arsenic was found to be extremely elevated in the liver of

L. lota compared to the other species investigated, which

was also the case for L. lota in the Danube River, Serbia

(Subotić et al. 2013), and from the Taimyr Peninsula in

Russia (Allen-Gil et al. 2003). KRB L. lota As liver con-

tents (median = 1.2 lg g-1 ww, mean = 0.99 ± 0.56

lg g-1 ww, n = 11) were 4.6 and 3.5 times higher than the

mean As liver contents from this species in the Danube

River (*0.212 lg g-1 ww) and the Taimyr Peninsula

(*0.28 lg g-1 ww), respectively, once dry weights were

adjusted to wet weights (see Komov et al. 2014; Haines

et al. 1992). According to the modelling results, As accu-

mulation in L. lota was complex, with all variables and

interactions significant, except for tissue/age. Previous

studies have suggested that elevated As contents in fish can

be explained by the geomorphological substratum (Row-

land et al. 2011), but this does not appear to be the case in

the KRB with low As sediment contents and water con-

centrations compared to references sites detected in the

lower basin (Kharaa 1 and Kharaa 4) where L. lota with the

highest As contents were captured.

B. lenok and T. baicalensis are both benthopelagic

species that prefer clearer, faster flowing and well-oxy-

genated waters of the middle and upper KRB basin. The

diet of these salmonids including zoobenthos, macro

invertebrates, fish and terrestrial rodents (Chandra et al.

2005), which has along with their upstream habitat pref-

erences, likely contributed to their low heavy metal con-

tents detected in most of the KRB individuals. These

species typically recorded lower median heavy metal

contents in comparison with L. lota and P. asotus for all

elements, except Zn in B. lenok sampled from the UP

region. The reason behind the high Zn content in B. lenok

in the upper reference tributaries was undetermined,

although elevated levels were generally found in individ-

uals sampled from the Olgin tributary site, which although

itself did not have elevated Zn in the water or sediment

(77.7 lg g-1), it is located in the same upstream region as

the Sugnugr tributary where the highest Zn sediment con-

tents were detected in the KRB (112 lg g-1). This con-

tamination supports the idea that individuals of this species

undertake extended seasonal movements between the main

channel and various spawning and feeding tributaries,

which was also observed in acoustic telemetry tagging

studies (Kaus unpublished). In other regions that have

examined heavy metal accumulation in B. lenok, including

the Genhe and Ussuri rivers in north eastern China, heavy

metal contents in the muscle were also very low, being

below KRB levels for Cr, Cd, Zn, Ni and Pb in both rivers,

and for Cu in the Ussuri River (Wang and Mou 2011).

While for T. baicalensis sampled in Lake Baikal at the

mouth of the Selenga River (0.076 lg g-1 ww–

0.38 lg g-1 dw; Komov et al. 2014), mean Hg muscle

contents were comparably low with the KRB individuals

(mean = 0.084 ± 0.03 lg g-1 ww,

median = 0.086 lg g-1 ww, n = 24), while further

downstream in the Yenisei River near Krasnoyarsk City,

Russia, the heavy metal burden was investigated in Thy-

mallus arcticus and was again found to have a similar low
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muscle content of Pb, Zn, Ni and Cd, but elevated Cr

contents compared to KRB grayling (Anishchenko et al.

2009).

Leuciscus baicalensis is a small bodied cyprinid that

consumes periphyton, zoobenthos and terrestrial insects

(Chandra et al. 2005) and thus occupies the bottom tier of

the KRB food web. However, the elevated contents

detected in this species are likely due to its benthic feeding

behaviour, where it incidentally ingests contaminated fine

sediments and suspended organic matter, which can

increase its uptake of heavy metals, than what would

generally be the case for a lower trophic level species. This

has been previously described in other regions and species,

where sediment contaminated with heavy metals has posed

a direct risk to benthic feeding fish (Köse et al. 2015;

Monroy et al. 2014). Although the GLM results determined

site sediment as a significant factor influencing the accu-

mulation of most heavy metals in L. baicalensis, it also

identified water concentrations for As and Hg, fish length,

fish age, fish tissue and multiply interactions of these

variables as also being significant, thus suggesting that

heavy metal accumulation in L. baicalensis in the KRB is

more complex than just considering heavy metal contam-

ination in the river sediment. In similar studies, L.

baicalensis sampled in the Russian section of the lower

Selenga River basin and nearby lakes were reported as

having mean Hg muscle contents between *0.136

(0.68 lg g-1 dw) and *0.054 lg g-1 ww (0.27 lg g-1 -

dw) (Komov et al. 2014), which is substantially lower than

in the KRB where the mean muscle Hg content was

0.362 lg g-1 ww (median = 0.254 ± 0.32 lg g-1 ww,

n = 45). While, in the Pechora River, northern Russia,

Leuciscus idus also had lower muscle contents for Cd and

Pb, but higher contents for Cu and Zn (Allen-Gil and

Martynov 1995), further illustrating the increased

bioavailability of contaminating heavy metals in the KRB

compared to other similar rivers and species.

Regional patterns of heavy metal bioaccumulation in the

KRB fish fauna was evident for Cr, Zn, As, Hg and Pb,

while Cd, Ni and Cu accumulation showed no obvious

regional differences in fish muscle content. In the unim-

pacted reference sites (UP region), B. lenok had still accu-

mulated elevated Zn and As due to the increased

background levels in the sediments. In the upper basin, B.

lenok is the largest species and also likely moves substantial

distances from deeper overwintering pools into smaller

tributaries to spawn and feed in spring. Thus, the bigger B.

lenok sampled in this region has likely been exposed over

multiple years to these elevated heavy metals during their

extensive seasonal movements and through the ingestion of

their contaminated prey items. In both the MID-UP and

MID regions, where only L. baicalensis, T. baicalensis and

B. lenok were collected, contamination levels were

comparable to the upstream reference region, except for Zn

and As in B. lenok and the elevated Hg levels detected in L.

baicalensis in the MID region. As L. baicalensis was the

only species collected in the heavily polluted Boroo tribu-

tary, it was not unexpected that the Hg contamination from

the sediment was reflected in these individuals. There was

also no apparent contamination in the MID-UP region fish

fauna from the expanding mining operations in Gatsuurt,

even with the hazardous As and Hg concentrations detected

in the tributary’s water. Heavy metal and metalloid con-

tamination was most apparent in the MID-DOWN and

DOWN regions of the KRB, particularly as the larger

trophic species were collected there. Both L. lota and S.

asotus recorded Hg contents above international thresholds

(0.5 lg g-1) in the MID-DOWN region, although the num-

ber of individuals sampled was very low. As Hg in the

sediment was below the detection limits in the Zagdalin

tributary, it is expected that the Hg recorded in the main

channel site (Kharaa 4) had been transported downstream

from its source in the Boroo tributary and thus the persistent

and accumulative capability of Hg in the environment has

likely contaminated these fish species in the neighbouring

MID-DOWN region as well. Lead (Pb), and to a small

degree Cr, contamination was limited somewhat to the MID-

DOWN region even though the maximum contents in the

river sediment was also detected in the Boroo tributary. It is

likely that both of these heavy metals (Pb and Cr) have also

been transported downstream, increasing sediment contents

in the adjacent MID-DOWN region main channel site and

further exposing the higher trophic level species to this

contamination, which has subsequently accumulated in the

individuals that were capture there. However, why T.

baicalensis and B. lenok, which were sampled in both

regions showed increased Pb and Cr accumulation in the

MID-DOWN compared to the more polluted MID region is

unclear. In the DOWN region, elevated As in L. lota and S.

asotus was also unexpected as there was low As in both

water and sediment sampled in this region. Individuals with

the higher As contents were also generally smaller

(\20 cm TL; n = 6), as was the case concerning L. lota,

potentially indicating that a specific nursery area, that was

not sampled, contains a higher As content than the main

river sites sampled in the DOWN region. Only one S. asotus

sampled in the DOWN region had a high Hg muscle content

of 0.88 lg g-1, while a second individual recorded

0.04 lg g-1. Both fish were also similar lengths of 49 and

48.6 cm TL respectively. The reason for this elevated Hg

content in a single individual in the DOWN region is

unclear, but it is likely related to either the fish’s own

movements or movements of its prey items potentially

having been exposed to Hg contamination elsewhere. Con-

sidering the sediment contents were similar for Hg both

above and below Darkhan (Kharaa 3 and Kharaa 1), it
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appears that neither Darkhan city nor the 2007 Hg spill has

had a major influence on fish contamination in the region,

although the Hg concentration in the water closest to the

spill location remained elevated above references levels

(0.031 lg L-1).

The Kharaa River basin fish fauna has been exposed to

and accumulated elevated contents of several toxic heavy

metals in their edible muscle tissue, with Hg posing the

greatest threat to human health if fish are consumed fre-

quently. Even though, in 2011 only 10.7 % of the total fish

sampled from the five species had accumulated Hg above

the internationally recommended threshold of

0.5 lg g-1 ww, this low level of contamination should still

be considered carefully in relation to the amount, fre-

quency and sensitivity of the people consuming fish from

the KRB. Therefore, preliminary information was obtained

from a recreational fishing survey conducted during the

summer of 2012 (Kaus unpublished), and indicated that

while fish consumption was generally low for most fishers,

it varied considerably from once or twice a year to almost

every day in the summer and autumn months for unem-

ployed and retired residents. The most common species and

mean size caught was B. lenok of 34 cm (25–40 cm),

which had a median Hg muscle content of 0.14–0.16

lg g-1 ww. So considering the average consumption rate

of KRB recreational fishers was approximately one B.

lenok per week during the fishing period, then the Provi-

sional Tolerable Weekly Intake (PTWI), as related to the

safe human consumption of methyl mercury (*80 % of

total Hg) in fish muscle, these fishers are ingesting between

21–24 % of the recommended weekly intake by the World

Health Organisation (WHO) (MeHg 1.6 lg kg-1 body

weight-1 week-1). With this weekly threshold potentially

being exceeded at the maximum consumption rate reported

in the survey (5–7 fish/week) or if a highly contaminated L.

lota or S. asotus are consumed. These potential health risks

also need to be seen in the context of other sources of

heavy metal exposure, of which several are relevant in

Mongolia. If the human body burden for Hg or other heavy

metals is already elevated due to occupational exposure

(e.g. artisanal gold miners) (Steckling et al. 2011), inges-

tion of contaminated water (e.g. Gatsuurt tributary), con-

sumption of other contaminated foods (plant products

grown on soils enriched in heavy metals; Kasimov et al.

2011), or exposure to significant air pollution (locally

elevated levels of several heavy metals; Sorokina et al.

2013), then frequently eating contaminated fish species will

serve to intensify the chronic absorption levels in a person.

This is critical considering the most sensitive community

members, including pregnant women and young children,

may already be facing potential serious health implications

from other sources of heavy metal contamination as well

(Steckling et al. 2011).

Conclusions

Although the demand for direct intervention (e.g. restric-

tions of fish consumption) is not immediately warranted, it

is advisable to implement an investigative monitoring

programme in order to quantify pollution levels and

determine trends of heavy metal contamination within the

KRB fish fauna. A meaningful set-up with regard to spatial

sampling strategies, analytical methods and potential bio-

logical indicator species may be derived from the results of

the current study. In a broader context, the data presented

here has filled an important knowledge gap for integrative

water resource management planning, which in the case of

the KRB has typically been impeded by poor data avail-

ability (Karthe et al. 2015b). For the first time in the KRB

or anywhere in Mongolia, it has been shown that heavy

metal emissions related to gold mining activities are not

only theoretical risks, but that accumulation from the

environment into consumed fish species is evident and has

reached concerning levels in the worst affected regions e.g.

in the middle and lower river reaches. The described

findings from the KRB, as a model study area, are also

important to better understand mining-related risks across

the vast Selenga-Baikal basin, which is characterised by a

similar natural environment and comparable anthropogenic

pressures (Karthe et al. 2015c).
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