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Abstract Lake Baikal is the largest near-surface global

freshwater source and of high interest for water quality

alterations, as deterioration of water quality is a main

global and an increasing issue in the Selenga River Basin.

Here, the Selenga River Basin as main contributor to the

inflow of Lake Baikal is extremely important. Pressure on

ecosystems and water resources increased due to popula-

tion growth, rapid urbanization and rising industrial

activities, particularly in the mining sector. In this study,

the large-scale water resources model WaterGAP3 is

applied to calculate loadings of conservative substances

(total dissolved solids) and non-conservative substances

(faecal coliform bacteria and biological oxygen demand) in

a spatially explicit way as well as in in-stream concentra-

tions to get an insight into the state of water quality under

current and future scenario conditions. The results show a

strong increase in loadings in the scenario period and

consequently increasing concentration levels. Comparing

the sectoral contributions of the loadings, domestic and

industrial sectors are by far the main contributors today and

expected to be in the future. Furthermore, for all modelled

substances and time periods, water quality thresholds are

exceeded posing a potential risk to aquatic ecosystems and

human health.

Keywords Selenga River Basin � Lake Baikal � Large-
scale modelling � Water quality � WaterGAP3

Introduction

Deficient water quality induced by water pollution is one of

the main global issues, as it is causing risk to human health,

biodiversity, and food security. Generally, freshwater

ecosystems are facing ‘‘increasing and multiple threats,

including overgrazing, dams and irrigation systems,

growing urbanization, mining and gravel extraction, impact

of climate change and lack of water management policies

and institutional framework’’ (FAO 2012). Lake Baikal, as

the world’s largest freshwater reservoir, and its corre-

sponding catchments are already affected by global chan-

ges, and sensitive regarding alterations in water quality.

The mostly semi-arid environment is highly vulnerable and

influenced by climate change as observed by an increasing

temperature trend during the last decades (Batimaa 2006;

Malsy et al. 2012; Törnqvist et al. 2014) accompanied by

increasing water temperatures causing chlorophyll a and

zooplankton grazers intensification (Hampton et al. 2008).

The Selenga River Basin contributes more than 60 % to the

total inflow of Lake Baikal (Törnqvist et al. 2014), mean-

ing that changes in the Selenga River system in terms of

water quantity and quality are of high importance con-

cerning potential impacts on Lake Baikal. Mining

increased strongly during the last decades accounting for

about 25 % of the total national Gross Domestic Product

(GDP) in 2014 (compared to *10 % at the beginning of

the twenty-first century, Mongolian Statistical Information
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Service 2015) as well as the highest share of total nation-

wide water use (cf. Batsukh et al. 2008; Malsy et al. 2013).

Here, washing processes for mining from both licensed and

unlicensed mining activities have severe impacts on sur-

face water quality (Farrington 2005; Bolormaa et al. 2006;

Krätz et al. 2010; Thorslund et al. 2012). During the last

years, particularly in the Mongolian part of the Selenga

River Basin, an expansion of agriculture and land use

intensification took place (Hofmann et al. 2011; Sor-

okovikova et al. 2013). Furthermore, increasing industrial

activities accompanied by a rapid urbanization trend put

additional pressure on water resources. Low connection

rates to wastewater treatment plants, malfunctioning

wastewater treatment plants, and use of cyanide and arsenic

in gold mining are of high concern and can lead to water

quality deterioration (Hofmann et al. 2011; Sorokovikova

et al. 2013). Studies focusing on the Kharaa River sub-

basin showed high heavy metal concentrations in the sur-

face water as well as high levels of boron, chloride, and

electrical conductivity in the groundwater (Hofmann et al.

2010, 2015).

In the Selenga River Basin, water quality studies have so

far been focusing on a sub-basin level (e.g. Hofmann et al.

2011, 2013; Karthe et al. 2013; Sorokovikova et al. 2013;

Hofmann et al. 2015), while water quantity-related topics

were addressed by sub-basin and large-scale studies (Stub-

blefield et al. 2005; Batimaa 2006; Malsy et al. 2012; Malsy

et al. 2013; Törnqvist et al. 2014; Chalov et al. 2015; Nad-

mitov et al. 2015). A comprehensive spatially explicit water

quality assessment covering the entire Selenga River Basin

has, to our knowledge, not yet been carried out. Therefore,

this study applies the large-scale modelling framework

WaterGAP3 to simulate current and future scenario loadings

and in-stream concentrations of conservative (total dissolved

solids—TDS) and non-conservative substances (biological

oxygen demand—BOD, faecal coliform bacteria—FC) in

the Selenga River Basin to gain insight into the sectoral

(agricultural, industrial, and domestic) contributions as well

as spatial patterns of potential water pollution. These sub-

stances were chosen as they represent different kinds of

pollution and indicate potential risks for human health (FC)

and aquatic ecosystems (BOD, TDS). In general, Mongolia

is not only a water-scarce region but also scarce in terms of

environmental data (Karthe et al. 2015) which require a

comprehensive water quality modelling study.

Materials and methods

The WaterGAP3 modelling framework

The global integrated water resource model WaterGAP3

(see Fig. 1) operates on a five arc minutes spatial resolution

and consists of three main components: (a) a water balance

model to simulate the terrestrial water cycle with the aim to

estimate the available water resources (Verzano et al. 2009;

Schneider et al. 2011; Müller Schmied et al. 2014), (b) the

water use sub-models to estimate anthropogenic water

abstractions (withdrawal and consumption) for the sectors

such as agriculture (irrigation, livestock), industry (manu-

facturing processes, thermal electricity production), and

domestic households and small businesses (aus der Beek

et al. 2010; Flörke et al. 2012, 2013), and (c) a water

quality model (WorldQual) to calculate loadings and in-

stream concentrations of conservative (e.g. TDS) and non-

conservative (e.g. BOD) substances (Voß et al. 2012;

Williams et al. 2012; Reder et al. 2015).

Climate data on precipitation, air temperature, and

radiation from the WATCH forcing data (WFD, Weedon

et al. 2011) were used to calculate the daily water balance

for each grid cell for the time period 1971–2000, taking

into account physiographic characteristics like soil type,

slope, and vegetation. Runoff generated on the grid cell is

routed to the basin outlet based on a global drainage map

(Lehner et al. 2008). The routing approach considers the

influence of lakes, wetlands, reservoirs, and dams (Döll

et al. 2009). For the scenario period 2071–2100, bias-cor-

rected climate input developed within the WATCH project

(Piani et al. 2010; Hagemann et al. 2011) was used as a

basis to derive representative conditions for a wet, dry, and

average year to cover the whole range of future projections.

Based on the results of the hydrological and water use

modelling, simulations with the water quality module

WorldQual of TDS, BOD, and FCwere conducted following

the methodology described in Voß et al. (2012), Williams

et al. (2012), and Reder et al. (2015). For this study, effects of

water use in mining were also considered as described in

Malsy et al. (2013). Pollutant loadings are calculated for

point and diffuse sources separately (see Fig. 2) where point

sources include domestic sewage, wastewater from indus-

tries and mining, and urban surface runoff. Diffuse sources

comprise agricultural inputs such as manure (livestock),

industrial fertilizer, and natural background emissions.

Additionally, domestic—non-sewered—sources are con-

sidered as point (e.g. hanging latrines) and diffuse (e.g. open

defecation) sources depending on the type of disposal.

Diffuse loadings frommanure application are calculatedby

multiplying the substance-specific loading in livestock man-

ure with a substance-specific release rate and the respective

surface runoff. Domestic—non-sewered—sources cover

loadings from population not connected to wastewater treat-

ment plants (WWTPs). In this context, three different classes

of sanitary waste disposal were distinguished:

• (a) Settlements with some type of private onsite

disposal, such as septic tanks or pit toilets, etc.:

1978 M. Malsy et al.
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calculated by multiplying the connected population

with a per-capita emission factor. To achieve the final

loadings inflowing into the stream a reduction factor is

used.

• (b) Settlements with open defecation: calculated anal-

ogously to loadings from manure application by

multiplying the load of a pollutant in human faeces

by a substance-specific release rate and the respective

surface runoff.

• (c) Settlements with hanging latrines: calculated by

multiplying the per-capita load by a per-capita emission

factor.

The domestic loadings from sewage are calculated by

multiplying a per-capita emission factor by the urban and

rural population connected to wastewater treatment plants.

Loadings reaching WWTPs are reduced depending on the

treatment level, i.e. primary, secondary, and tertiary treat-

ment. Loadings from urban surface runoff are calculated by

multiplying a typical event mean concentration with the

urban surface runoff. The loadings resulting from indus-

tries are estimated by multiplying the average raw effluent

concentration by the return flow from industries. An

overview of the input assumptions used for Mongolia is

given in Table 1.

The estimated cell-specific pollutant loadings are divi-

ded by the river discharge of each grid cell to calculate the

in-stream concentration. In addition, the model simulates

substance-specific sedimentation and decay processes

depending on temperature and/or solar radiation that

reduce the in-stream concentration.

In this study, atmospheric deposition, background con-

centration from vegetation and loadings from inorganic

fertilizers are not considered. Furthermore, background

Fig. 1 WaterGAP modelling

framework (Verzano 2009,

modified)

Fig. 2 Pollutant loading sectors represented in WorldQual categorized as either point sources or diffuse sources (Reder et al. 2015, modified)
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concentration from soil and rock is only used for TDS

calculations.

The simulations in this study concentrate on the Mon-

golian part of the Selenga River Basin because the socio-

economic projections and information on mining water use

were only available for this particular part of the basin.

Further, no information was available on the future

development of connection rates and treatment levels, and

therefore, baseline values were kept constant in the sce-

nario period.

Study region

The Selenga River Basin (see Fig. 3) accounts for over

60 % of the total inflow and contains 80 % of the total

drainage basin of Lake Baikal (Törnqvist et al. 2014).

Hereby, around two-thirds of the Selenga River Basin area

is located in Mongolia, and one-third is in Russia. In

Mongolia, increasing impacts due to mining activities,

urbanization, and land use changes have already been

observed and further growth is expected (Hofmann et al.

2011; Priess et al. 2011; Sorokovikova et al. 2013; Priess

et al. 2015). The Strahler stream number for the Selenga

River Basin network based on the model stream net is of

order six, which is comparable to, e.g. the Colorado River

in the USA (Strahler 1957; Pierson et al. 2008; see Fig. 3).

The climate is continental with cold, dry winters and short

mild summers, while most of the precipitation occurs in

summer (Batimaa et al. 2006). The basin is underlayed by

mountain and arid land permafrost (Gruber 2012; Kopp

et al. 2014; Törnqvist et al. 2014). During the last decades,

air temperature has been increasing with a warming rate

almost twice as high as the global average, especially

during the winter period (?3.6�K between 1940 and 2001),

whereas no clear trend could be detected for the summer

season (Batimaa et al. 2005; Malsy et al. 2012; Törnqvist

et al. 2014). Runoff showed a slight decrease in the mid-

1990s but without a long-term trend, although precipitation

as well as evapotranspiration has been increasing (Törn-

qvist et al. 2014). Projections, on the other side, show a

further increase in temperature as well as in precipitation

until the end of the twenty-first century (Malsy et al. 2012;

Törnqvist et al. 2014). The dry, wet, and average condi-

tions as derived from various GCM outputs and used in this

study are characterized by a high temperature increase of

more than 5�K and a precipitation increase of 2.3 mm (dry)

to 96.3 mm (wet) for the entire basin compared to the

baseline period (cf. Table 2). The socio-economic scenario

applied in this study is marked by an increasing trend in

population growth, urbanization, and industrial develop-

ment and based on the assumptions given in Table 3.

According to the assumptions, an ongoing trend of rising

water abstractions is very likely. However, the quantifica-

tion of the scenario resulted in an increase in water

Table 1 Input data assumptions for Mongolia

Input variable Spatial resolution Temporal resolution Assumptions for Mongolia

Connection rate [%] Country Annual 21

Treatment level [%]

Primary; secondary; tertiary; untreated but collected

Country Annual 0; 15; 0; 6

Treatment efficiency [%]

Primary; secondary; tertiary

Global Static BOD 50; 90; 90

FC 43; 97; 99

TDS 1; 1; 1

WWTP not working properly [%] Country Static 59

Effluent concentration (manufacturing; irrigation; mining)

BOD [mg/l]; TDS [mg/l]; FC [1010 cfu/L]

Country Static BOD (400; 0; 0)

FC (0.0004; 0; 0)

TDS (3000; 165–3500; 3000)

Human emission factor

BOD [g/cap*d]; TDS [g/cap*d]

FC [1010 cfu/cap*d]

Country Static BOD 40

FC 1.9

TDS 100

Event mean concentration (urban surface runoff)

BOD/TDS [mg/l]; FC [cfu/100 ml]

Country Static BOD 105

FC 105000

TDS 246

Emission from livestock (excretion of one livestock unit)

BOD/TDS [t/a*livestock unit (lsu)]; FC [1010 cfu/a*lsu]*

FAO Region Static BOD 0.31

FC 16.79

TDS 0.17

1980 M. Malsy et al.
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abstractions, particularly in the domestic (from 82 to

367 mill m3) and mining (from 81 to 343 mill m3) sectors.

The water abstractions for thermal electricity production is

expected to rapidly decrease due to a change from one-

through cooling to tower cooling systems in the future as

assumed under the given scenario (Vassolo and Döll 2005;

Malsy et al. 2013).

Model validation

As already mentioned, Mongolia can be described as a

data-scarce region (cf. Törnros and Menzel 2010; Malsy

et al. 2013; Karthe et al. 2015) and only few measurements

are available to validate the water quality model. The

validation of the hydrological model is described in Malsy

et al. (2012) and Malsy et al. (2015). In this study, BOD

and TDS measurements at Tuul River in Ulaanbaatar for

the time period 1996–2000 were used (Altansukh 2008),

Fig. 3 Left Overview of the study region including the sub-basins contributing to the Selenga–Lake Baikal River system; right Strahler stream

order number for the Selenga River Basin

Table 2 Changes of temperature and precipitation comparing the

baseline period (1971–2000) and the wet, dry, and average scenario

Scenario

Wet Dry Average

Temperature (�K) 5.27 5.05 5.29

Precipitation (mm) 96.29 2.32 43.70

Table 3 Key drivers of the socio-economic scenario for Mongolia

taken from Malsy et al. (2013)

Indicators/driving forces Urban Rural

Population development ??? ?

Growing rate ??? ?

Household size – 0

Population density ??? ?

GDP/capita ???

Gross value added (GVA) ???

Access to water ? ?

Land use management ?? (in terms of forest -)

Technological change ?

What drives the water quality changes in the Selenge Basin: ... 1981
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but no values for FC validation could be found. The model

results (see Fig. 4) show a peak overestimation for BOD

during the winter period, while the overall dynamics and

the level of simulated concentrations are in a good agree-

ment with the observed data. In contrary to BOD, for TDS,

the higher concentrations during winter could not be

reproduced by the model, while the concentration levels

during summer match with the observed data quite well.

During winter, the water availability is in general very low

in Mongolia and leads therefore to larger deviations, i.e.

higher uncertainties, in the modelled results. Because of

missing information on measured surface water quality

data, particularly consistent time series, a validation of

model results could not be carried out for wide regions.

Results and discussion

The simulation results for the Mongolian part of the

Selenga River Basin (cf. Table 4) show a strong increase in

BOD, FC, and TDS loadings in the future. TDS loadings

are expected to be 4.5 times higher in the scenario period

compared to the baseline conditions, while BOD loadings

may increase by a factor 3.4 and FC by 1.5, respectively.

Overall, the climate change effect represented by dry, wet,

and average climatic conditions in the scenario runs on the

calculation of future loadings is negligible compared to the

effect of socio-economic development. However, to our

knowledge no information is available on recent BOD,

TDS, and FC loadings for the entire catchment or a sub-

catchment for model testing. Nevertheless, Hofmann et al.

(2013) report a nearly doubling in total nitrogen loadings in

the Kharaa River Basin for the time period 2007–2012.

Looking at the main sources contributing to the annual

loadings (cf. Table 5) for biological oxygen demand,

domestic—sewered—sources (41.5 %) and industry

(39.8 %) are the main sources in the baseline period fol-

lowed by domestic—non-sewered—sources (12.7 %) and

livestock (5.3 %). Urban surface runoff has little to no

effect on the loadings of the different substances for the

baseline and scenario periods, and its share remains below

one per cent of the total loadings. For the scenario period,

industry has by far the highest share (74.6 %) followed by

domestic—sewered—sources (16.2 %), domestic—non-

sewered—sources (7.1 %), and livestock (2.0 %). For FC,

domestic (sewered and non-sewered) source is clearly the

dominant source in the baseline as well as in the scenario

period. Here, the share of domestic—sewered—source

decreases from 73.7 % in the baseline to around 63 % in

the scenario period, but persists as dominant source fol-

lowed by domestic—non-sewered—source with about

29 %. This is caused by a population increase which is not

Fig. 4 Validation of simulated BOD (top) and TDS (bottom) in-stream concentration at Ulaanbaatar for the time period 1996–2000

1982 M. Malsy et al.
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accompanied by enhanced connection rates or wastewater

treatment. Share of industry increases from 0.5 to above

5 %, while the shares of livestock and urban surface runoff

stay on the same low level as in the baseline period.

In terms of TDS, industry is in the baseline period as

well as in the scenario period the biggest contributor with

62.2 and 87.8 %, respectively. domestic—sewered—sour-

ces and irrigation shares drop from 15.1 and 17.9 to 5.6 and

4.8 % in the scenario period. Furthermore, livestock,

domestic—non-sewered—sources, and urban surface run-

off are a minor contributor in both time periods. The

industry sector dominates the generation of TDS loadings

as it contains both manufacturing and mining processes.

These are already the major water users (Batsukh et al.

2008) and are expected to increase in the future (cf. Hof-

mann et al. 2010; Malsy et al. 2013) which in turn poses a

risk to surface water quality.

Looking at spatial patterns of simulated loadings (see

Fig. 5), hot spots of FC loadings are next to bigger set-

tlements, and in the Tuul River around the capital Ulaan-

baatar. Comparing the baseline and scenario periods, FC

loadings increase in the south-western part of the Selenga

River Basin. In general, FC loadings are spread throughout

the Selenga River Basin, while BOD loadings are spottier

distributed mainly along the Tuul, Orkhon, and Kharaa

rivers. In the scenario period, increasing loadings can be

found particularly in the urbanized areas of Ulaanbaatar,

Darkhan, Sukhbaatar and Erdenet as increasing urbaniza-

tion, and population growth lead to rising pollution load-

ings. TDS loading hot spots are at Ulaanbaatar, in the

Orkhon River Basin as well as in the Kharaa River Basin,

which is the main region of irrigation and gold mining in

Mongolia (cf. Hofmann et al. 2010; Krätz et al. 2010;

Karthe et al. 2013).

Concentrations for BOD, FC, and TDS (see Fig. 6) are

shown for May, as this month shows on the one hand

effects of snowmelt (i.e. increased dilution capacity) and

on the other hand of increasing precipitation during spring

(i.e. increased wash-off capability) and is therefore par-

ticularly sensitive to potential climatic and socio-economic

changes. High BOD values can be found around and

downstream of the cities Ulaanbaatar and Erdenet, but also

in the Kharaa River Basin. The dry and wet scenarios show

very similar spatial patterns of simulated concentrations

compared to the baseline period, but with increasing

maximum values, while the average scenario results in

Table 4 Annual loading per

parameter in the Mongolian Part

of the Selenga River Basin for

the baseline (water use base

year 2000) and scenario time

period (water use base year

2085)

Parameter Loadings BOD, TDS [t/a], FC [1010 cfu/a]

Baseline Scenario—average Scenario—dry Scenario—wet

BOD 9832 33,537 33,328 33,616

FC 265,535,194 391,406,316 388,859,560 392,848,370

TDS 96,433 449,532 446,450 450,062

For TDS only the anthropogenic loadings (without natural background) are shown

Table 5 Sectoral contribution to total annual loading for the baseline and scenario period; values are given in per cent

Parameter—time period Domestic sources—

sewered

Industry Domestic sources—

non-sewered

Livestock Irrigation Urban surface

runoff

BOD baseline 41.5 39.8 12.7 5.3 – 0.7

BOD scenario—average 16.2 74.6 7.1 2.0 – 0.2

BOD scenario—dry 16.2 74.6 7.1 2.0 – 0.2

BOD scenario—wet 16.2 74.5 7.1 2.0 – 0.3

FC baseline 73.7 0.5 23.0 2.5 – 0.3

FC scenario—average 63.2 5.2 29.0 2.5 – 0.2

FC scenario—dry 63.2 5.2 29.2 2.3 – 0.1

FC scenario—wet 63.0 5.1 28.9 2.6 – 0.3

TDS baseline 15.1 62.2 3.2 1.4 17.9 0.2

TDS scenario—average 4.8 87.8 1.3 0.4 5.7 0.1

TDS scenario—dry 4.7 87.8 1.3 0.4 5.6 0.1

TDS scenario—wet 4.8 87.8 1.3 0.4 5.6 0.1

What drives the water quality changes in the Selenge Basin: ... 1983
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lower concentrations, particularly in the Tuul River. High

FC concentrations are more widely spread throughout the

basin with hot spot areas around Ulaanbaatar and Darkhan

in the baseline period. Increasing concentrations can be

found in the south-western part of the basin for the average

and dry scenarios, while concentrations decrease under the

wet scenario conditions. The decrease is induced by the

high dependency of FC concentrations on loadings from

domestic sources (cf. Table 5) and the higher dilution

capacity in the wet scenario. The hot spot areas in the Tuul

and Kharaa River remain in all scenarios analysed in this

study. For TDS, values exceeding the water quality

guidelines can be found in the Tuul River Basin, particu-

larly in the dry scenario period. Furthermore, river stret-

ches downstream of Erdenet, and in the Tuul and Kharaa

River Basin feature increasing TDS concentrations. Beside

spatial alterations, maximum values differ clearly between

the scenarios and are up to seven times higher in the dry

scenario compared to the baseline period.

To gain further insight in the development of concen-

trations, for May cumulative distribution functions (see

Fig. 7) of simulated BOD, TDS, and FC concentration

were compared. For FC, the limit for primary contact and

irrigation of 1000 cfu/100 ml (WHO 2000; Britz et al.

2013) was used as a threshold to describe the impact of

future changes on water quality. Compared to the baseline

period, the wet scenario results in fewer values exceeding

the threshold and is generally characterized by more ‘‘low

values’’ due to a higher dilution capacity. The dry scenario

is indicated by a similar gradient and behaviour as the

Fig. 5 Spatial patterns for BOD (top), FC (middle), and TDS (bottom) loadings for the baseline and scenario period. For TDS background

loadings are not show in this figure

1984 M. Malsy et al.
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baseline period, while the average scenario builds a flatter

curve with one-sixth of the grid cells exceeding the

threshold. A threshold of 4 mg/l was set for BOD as a

concentration threshold in surface waters as guidelines

consider this level as moderately polluted with increasing

impact on freshwater, fisheries, and water supply (PCD

2004; Ministry of the Environment 2012). BOD shows

similar cumulative distribution functions across the base-

line and scenario periods as well as within the different

scenario projections. Generally, BOD is characterized by

lower concentration levels with spatially sparse loadings

(cf. Fig. 5), which leads to the similarity of curves and

median concentrations. BOD concentrations reach high

levels in densely populated areas with industrial production

like Ulaanbaatar. For TDS, 500 mg/l was used as a

threshold as restrictions for drinking water, freshwater, and

irrigation water use are unlikely below this level (FAO

1985; El Bouraie et al. 2011; Ministry of the Environment

2012). In general, the cumulative distribution functions of

the baseline and scenario period are similar, with a sharper

increase in TDS values and more values exceeding the

threshold of the scenario curves.

As Mongolia is a data-scarce region, particularly in the

western sub-basins of the Selenga River Basin, water

quality studies conducted in the study region focused

mainly on one sub-basin like Kharaa River (see MoMo

Consortium 2009; Hofmann et al. 2010; Inam et al. 2011;

Hofmann et al. 2013) or Tuul River (Byambaa and Todo

2011; Thorslund et al. 2012). Nevertheless, high pollution

loadings are reported in these studies focussing on heavy

metals, nutrients, or sediment loads, especially downstream

of mining areas. According to Nadmitov et al. (2015),

heavy metal concentrations are high in the Selenga River

Basin, in particular in the Tuul, Kharaa, and Orkhon River.

Fig. 6 Spatial patterns for BOD (top), FC (middle), and TDS (bottom) in-stream concentration in May for the baseline and scenario period

What drives the water quality changes in the Selenge Basin: ... 1985
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Batsukh et al. (2008) stated a high sediment load in the

Yeroo River, a high pollution level in the Orkhon River,

while the Khangal River is highly affected by mining.

Aquatic ecosystems can not only be harmed by large mines

(e.g. Erdenet mine), but also by small mining sites and

placer mining, i.e. the mining of stream bed deposits,

which are used in the study region, and are leading to an

increasing polluton (Krätz et al. 2010). Stubblefield et al.

(2005) reported a salinity range between 21 mg/l (Yeroo

River Basin) and 171 mg/l (Sharyn Gol) for August 2001,

and long-term mean annual concentrations of total dis-

solved solids are between 129 mg/l in the Yeroo River and

282 mg/l in the Kharaa River (UNESCO 2013), but exceed

thresholds, e.g. for drinking water and irrigation, occa-

sionally (cf. KEI 2006). According to Kelderman and

Batimaa (2006), high TDS concentrations mainly occur

after snowmelt and during rainstorms, but no correlation

between TDS and river discharge could be detected. As

high chloride concentrations are toxic for fishes, TDS

concentrations, as proxy, can be useful for the identifica-

tion of river stretches where water quality deterioration is a

potential threat to fish species. Even if species are not

directly affected by TDS concentrations, habitat alteration

may be a greater threat to aquatic ecosystems (Dunlop et al.

2005). Kaus et al. (this issue) detected the accumulation of

heavy metals in fish tissue. Here, endemic red list species,

e.g. Hucho taimen, are of high importance.

From the literature, only little is known about FC in

Mongolia. Considering a number of livestock units of

about 40 million in Mongolia (Hofmann et al. 2013) and

low connection and treatment rates, coliform bacteria

should be monitored, with priority in densely populated

areas. Sorokovikova et al. (2013) reported FC pollution

with 227–6600 cfu/100 ml for the Naushki settlement

located at the Selenga River at the Russian–Mongolian

border, which exceeds the thresholds of international

standards for primary contact and drinking water (e.g.

DWA 1996; WHO 2000). However, according to our

model results, FC concentrations are an issue in the

Selenga River Basin affecting surface water quality. As

shown for Ulaanbaatar, simulated and measured BOD

values can reach high levels of pollution and can be used as

Fig. 7 Cumulative distribution function for FC (top), BOD (middle), and TDS (bottom) for the baseline and the scenario period

1986 M. Malsy et al.
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an indicator for WWTPs effectivity and organic water

pollution. For instance, Hofmann et al. (2010) stated that

the WWTP of Darkhan is not working properly and MEGD

(2012) reported that 67 % of Mongolian wastewater

treatment plants are in a poor condition.

Conclusions

In this study, loadings and concentrations of BOD, FC

and TDS were modelled to assess current and future

water quality in the Mongolian part of the Selenga

River. So far no comprehensive study exists analysing

all Mongolian sub-basins of the Selenga River Basin,

and therefore, a large-scale modelling approach was

applied. Further, we used cumulative distribution func-

tions to analyse the change in concentrations between

current and future conditions. The key findings of this

study are as follows:

Overall, our model results show a strong increase in

loadings for the scenario period (average, dry, and wet)

likely leading to rising pressure on freshwater resources.

Connection rates and treatment levels are low, treatment

plants often do not work properly, and large urban areas are

initial loading hot spots. Hence, pollution prevention

becomes important to reduce the impacts of urbanization,

population growth, and increasing manufacturing and

mining activities on the wastewater generated and dis-

charged into surface waters.

High BOD loadings are generated by the domestic

(23–55 %) and industrial (40–75 %) sectors, and hot spots

can be found in the Tuul and Kharaa sub-basins where

densely populated areas and/or areas with industrial

activities are major areas of concern. Depending on the

dilution capacity, BOD concentrations exceed a threshold

of 4 mg/l in the Tuul and Kharaa rivers and therefore may

pose a risk to aquatic ecosystems.

A major source of FC loadings is the domestic sector

([90 %), and hot spots are the big settlements, especially

Ulaanbaatar and Darkhan. In comparison, FC loadings

originating from livestock (about 3 %) are lower but spread

over large areas in the south-western part of the Selenga

River Basin. High TDS loadings are produced by industries

(62–88 %), in particular mining, with some contribution

from the domestic (6–18 %) and agricultural (6–19 %)

sectors. Hot spots can be found in the Tuul, Kharaa, and

Orkhon sub-basins, indicating the areas where industrial

activities are high. Overall, TDS concentrations are on a

moderate level; however, high concentration spots are

located in the Tuul River and downstream Erdenet mine.

High BOD, FC, and TDS in-stream concentrations are a

result of high loadings entering surface waters with low

dilution capacity. Törnros and Menzel (2010) and

Törnqvist et al. (2014) stated that an increasing tempera-

ture and in turn increasing evapotranspiration will lead to a

decrease in runoff in the study area in the future. Therefore,

rising concentrations can be expected in surface waters in

the future due to reduced river discharge and increased

point source pollution.

It can be expected that the above-mentioned key find-

ings will lead to major changes in water quality of the

Selenga River and consequently affect the Lake Baikal,

which is the world’s biggest freshwater source. In addition,

Mongolia is planning several major projects in the basin,

which will have huge effects on water resources and water

quality, in particular the Orkhon-Gobi canal and the Shuren

Hydropower project (Sorokovikova et al. 2013; Ministry of

Energy 2014; Withanachchi et al. 2014). Nevertheless, as

consistent, reliable, and sufficient environmental data are

not available for large parts of the study region (Karthe

et al. 2015), the presented results include uncertainties in

regard to input data and therefore calculated emissions and

in-stream concentration. This study is the first compre-

hensive water quality modelling study in this region lead-

ing to potential hot spots of insufficient water quality and

shows the need of a consistent monitoring programme in

Mongolia to get further insight of water quality in the

Selenga River Basin.
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Karthe D, Hofmann J, Ibisch R, Heldt S, Westphal K, Menzel L,

Avlyush S, Malsy M (2015) Science-based IWRM implemen-

tation in a data-scarce Central Asian region: experiences from a

research and development project in the Kharaa River Basin,

Mongolia. Water 7(7):3486–3514. doi:10.3390/w7073486

KEI Korea Environment Institute (2006) Joint research between

Korea and Mongolia on water quality and contamination of

transboundary watershed in Northern Mongolia. Seoul, Korea

Kelderman P, Batima P (2006) Water quality assessment of rivers in

Mongolia. Water Sci Technol 53(10):111–119. doi:10.2166/wst.

2006.304

Kopp B, Menzel L, Minderlein S (2014) Soil moisture dynamics in a

mountainous headwater area in the discontinuous permafrost

zone of northern Mongolia. Arct Antarct Alp Res

46(2):459–470. doi:10.1657/1938-4246-46.2.459

Krätz DA, Ibisch RB, Avylush S, Enkhbayar G, Nergui S, Borchardt

D (2010) Impacts of open placer gold mining on aquatic

communities in rivers of the Khentii Mountains, North-East

Mongolia. Mong J Biol Sci 8(1):41–50

Lehner B, Verdin K, Jaarvis A (2008) New global hydrography

derived from spaceborne elevation data. EOS Trans Am

Geophys Union 89(10):93–94. doi:10.1029/2008EO100001

Malsy M, aus der Beek T, Eisner S, Flörke M (2012) Climate change

impacts on Central Asian water resources. Adv Geosci 32:77–83.

doi:10.5194/adgeo-32-77-2012

Malsy M, Heinen M, aus der Beek T, Flörke M (2013) Water

resources and socio-economic development in a water scarce

region on the example of Mongolia. Geo-Öko 34(1–2):27–49
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