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Abstract: Mongolia is a water-scarce land-locked country, and available water resources are utilized
for multiple purposes including irrigation, food preparation, drinking water for livestock and people.
Limited data availability on water hygiene means that the related risks to public health are only
partially understood. This is particularly problematic due to the widespread use of unimproved water
sources such as surface water and water from simple shallow wells. Based on two field surveys in the
Kharaa River Basin in spring 2017 and 2018, we assessed the presence and quantity of total coliforms
(TC), fecal coliforms (FC), and E. coli bacteria in surface waters and wells and investigated potential
linkages between temperature and hygiene. In the Kharaa River and its tributaries, TC concentrations
averaged at a most probable number of (MPN) of 754 ± 761 per 100 mL and FC concentrations at an
MPN of 31 ± 33. Only small and non-significant correlations between coliform concentrations and
temperature were identified. Coliforms concentrations in wells were lower (average MPN for TC:
550 ± 1286, and for FC 58 ± 253). There was considerable variation between wells, with moderate but
significant correlations between temperature and bacterial counts. Low water temperatures in April
and May (just above freezing to less than 6.5 ◦C in wells and 7.5 ◦C to 14.5 ◦C in the river system)
and the positive correlations between temperature and coliform concentrations particularly for well
samples indicate that further warming is likely to increase the risks of microbiological water pollution.
In the future, this should be complemented by modeling at a watershed scale. This should include
the consideration of a trend towards stronger rainfall events, changes in livestock density, and urban
sewage treatment and discharge, which are other likely drivers of changes in water hygiene.

Keywords: water; hygiene; total coliforms; fecal coliforms; climate change; warming; strong
rainfall events

1. Introduction

The access to a sufficient amount of safe drinking water is considered a basic human right, and
according to Sustainable Development Goal (SDG) 6 (“Clean Water and Sanitation”), the aim has
been declared to provide universal access to clean drinking water and safe sanitation to the entire
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world population by 2030. Despite some progress, it currently appears unlikely that SDG6 will be fully
achieved by this deadline in all countries [1]. For instance, in Mongolia in a 2019 SDG progress report
published jointly by Mongolian civil society organizations, SDG 6 is the only goal for which no specific
progress report is given; the percentage of the population without access to safe drinking water is still
based on 2010 figures (27.4%) [2]. An observed increase in the incidence of severe (bloody) diarrhea
(from 2.0 cases per 10,000 population in 2009 to 16.1 cases per 10,000 population in 2017) is a clear
sign that infections related to poor hygiene are an emerging threat to public health in Mongolia [3].
Published information on the microbiological conditions of surface waters in Mongolia is almost
non-existent. In the proximity of our study region, coliform concentrations exceeding Russian sanitary
standards have been described for the Selenga at the Mongolian-Russian border, which is less than
100 km north of our study region [4]. With a focus on water use, a survey in the peri-urban areas of
Ulaanbaatar revealed that the average contamination rate of household water containers with E. coli
was approx. 36% during winter and 56% in summer, with average concentrations increasing from
12.5 to 50 E. coli per 100 mL, respectively [5]. A review study on emerging infectious diseases in
Mongolia, including infections by hepatitis A, Salmonella spp. and Shigella spp., point towards a similar
seasonal pattern with a peak incidence during the warmer summer months [6]. Data from Ulaanbaatar
showed that about 5% of samples taken from water kiosks exceeded a concentration of 100 E. coli
per 100 mL [5]. Hygienic risks are even greater when private wells are used for abstracting shallow
groundwater, as is often the case in so-called “ger” areas (peri-urban settlement areas dominated by
small houses and “gers”, i.e., traditional Mongolian felt tents) located in floodplains [7,8]. There is
not only a considerable likelihood of wells being contaminated from nearby unsealed pit latrines and
animal excreta but also very little monitoring of such water sources [7–9]. It should be also noted
that in most parts of Mongolia, facilities and experienced staff for detecting water-borne pathogens or
water-induced infections are lacking [7], which is likely to lead to an underestimation of actual risks.
Furthermore, very little is currently known about the hygienic quality of water consumed by nomads
and semi-nomads living outside settlements, but reportedly high incidence rates of diarrhea indicate
potential deficits in this regard [10]. A study on water management in a tourist camp located in the
remote countryside provides further evidence that water hygiene may be a major problem in locations
not served by adequate infrastructures [11].

For the Selenga River Basin, a recent model-driven investigation predicted that hygienically
relevant surface water contamination would aggravate under the pressures of socio-economic
development and climate change [12]. From different parts of the world, it has been documented that
environmental and meteorological conditions (e.g., precipitation, temperature, and solar intensity)
affect the growth and transport of coliforms in rivers and streams [13–15]. Cha et al. [16] found that
rainfall intensity strongly influences fecal coliform concentration in a water body due to the first
flush of pollution coming with runoff. Numerous studies have shown that increasing air and water
temperatures may lead to the proliferation of harmful microorganisms [17–23]. Against the background
of predicted changes in the context of climate change, microbiological contamination of drinking water
sources in Mongolia may therefore worsen.

In Mongolia, the mean air temperature has increased by approx. 2.1 ◦C since the 1940s and
climate models predict a further acceleration of the warming trend which is approximately twice
the global average warming and typical for regions with a continental climate such as Central
Asia [24–26]. Climate models predict a temperature increase of approximately 2.6 ◦C (B1 scenario) to
5.1 ◦C (A2 scenario) for the last three decades of the 21st century as compared to the same period of the
20th century [25]. Even though there has not been a clear trend in precipitation, a slight increase is
predicted for the future. Moreover, since the 1980s, a notable trend towards strong convective rainfall
events and a reduction of moderate but longer-lasting stratiform rains has been observed in Mongolia;
this process is expected to continue in the future [27]. Climate change affects the regional hydrology
and water quality both directly and indirectly. It has, for example, resulted in the desiccation of a
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growing number of small streams, and increased pollutant concentrations during low-flow periods in
major rivers [12,28–30].

While globally there is some uncertainty regarding the direct effects of warming on (drinking)
water hygiene, as it may lead to increases or decreases in pathogen concentrations depending on the
temperature range and microorganisms commonly found in a specific region [18–20], almost nothing
is known about the impacts of climate change on water hygiene in Mongolia to this date. However,
in regions currently characterized by subpolar or temperate climates, a growing frequency and intensity
of extreme hydro-meteorological events [30–32] are likely to increase public health risks related to
water hygiene, even in regions with highly developed water supply systems.

The aim of this study is to provide an overview of the hygienic contamination of potential drinking
water sources in the Kharaa River Basin, Mongolia, and to discuss the potential of aggravating hygienic
problems in the context of climate change. In particular, we focused on the linkages between water
temperature and hygienic quality. Our data set was collected in 2017 and 2018, covering potential
drinking water sources such as river water, household wells, water kiosks, and tap water. The proxies
comprise total coliforms (TC), fecal coliforms (FC), and E. coli (EC).

2. Methods

2.1. Study Site

The Kharaa River Basin (KRB) is a 14,534 km2 subbasin of the Selenga River which ultimately
drains into Lake Baikal in Russia (see Figure 1). The KRB is representative of most other subbasins of the
Selenga River in terms of climate, landscapes, land use, hydrology, and environmental change [33,34].
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The Kharaa River Basin was selected as a model region for the implementation of Integrated Water
Resources Management (IWRM) from 2007 onwards. The research presented here was conducted with
the intention to improve the scientific basis for IWRM implementation in a previously data-scarce
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region [24,35]. Even though the Kharaa River Basin is very sparsely settled by international standards
(approx. 10 inhabitants per km2), it is Mongolia’s most densely settled region apart from the national
capital Ulaanbaatar and its immediate surroundings. With an official population of around 75,000,
Darkhan is Mongolia’s third-largest city. Several smaller towns exist along the river, typically with
populations of a few thousand (see Figure 2). The Kharaa and most of its tributaries have their source
in the Khentii Mountains north of Ulaanbaatar. Elevations in this region partially exceed 2500 m,
but most settlements are located in the floodplains of the Kharaa. At its outlet at 654 m above mean sea
level just north of Darkhan, the 362 km Kharaa River has a mean annual discharge of 12.1 m3/s, albeit
with large interannual variations [24,36].
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Within the Kharaa River Basin, there are three principal sources for the emission of hygienically
relevant microorganisms into the environment. Municipal wastewater treatment plants (WWTPs) exist
in major settlements, including Darkhan, Zuunkharaa, and Baruunkharaa, and typically discharge into
the Kharaa or its floodplains. WWTPs are typically based on Soviet technologies and in a poor technical
state. In urban areas, approximately half of the population (those living in apartment complexes)
is connected to the WTTPs [37]. The population living in peri-urban “ger areas as well as the rural
population are normally not connected to central wastewater infrastructures, with unsealed pit latrines
forming the dominant form of sanitation [7,8,38]. Another important source of microbiological water
pollution is livestock. The livestock population of the Kharaa River Basin exceeds half a million heads
of animals (see Table 1), which may not only defecate in or near open bodies of water but also near
domestic wells [38,39].

Climate change in Mongolia has been linked to various impacts on the environment [40],
including glacier recession in high mountain areas [41], the degradation of permafrost [42], increasing
wildfires [43], grassland degradation and desertification [44], and greater risks of droughts and
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associated livestock mortality [45]. Climate change affects the regional hydrology and water quality
not only directly but also indirectly via the mentioned impacts on the environment and has resulted in
the desiccation of a growing number of small streams, and increased pollutant concentrations during
low-flow periods in major rivers [12,24,29].

Table 1. Composition of livestock in the KRB (in heads of the respective animal types).

2014 2015 2016 2017 2018

Camel 0.16 0.13 0.14 0.09 0.12
Cow 94.57 96.62 100.81 94.14 84.75
Goat 176.40 157.49 172.07 163.99 168.29

Horse 32.47 33.62 37.49 37.88 38.72
Sheep 277.46 252.36 276.33 255.06 247.40
Total 581.06 540.22 586.84 551.16 539.28

Data are for Mandal and Bayangol Sums of Selenge Aimag and Darkhan-Uul Aimag.

2.2. Data Collection

Microbiological water quality is of interest when a water source is used for drinking
water abstractions [46] or when water bodies are used for certain recreational purposes such
as water sports [47]. Moreover, rivers are relevant as pathways for the transport of pathogenic
microorganisms [38,48], including antibiotic-resistant bacteria that originate from wastewater inputs
containing antibiotics and their metabolites [49]. Hygienically relevant microorganisms are defined by
at least one of the following criteria: (1) They are excreted by humans or animals in high doses or have
low infective doses; (2) they can survive in the environment for an extended period of time; (3) they
may be difficult to inactivate during water treatment [50]. Since this definition includes a large number
of protozoans, bacteria, and viruses, microbiological water quality is normally assessed by a small
number of easily identifiable indicator bacteria. The use of the coliform group of bacteria dates from
their first isolation from feces at the end of the 19th century. Even though the definition of coliform
bacteria differs slightly depending on the country or organization in charge of monitoring regulations,
total, as well as fecal coliforms, are commonly used subgroups for hygienic water monitoring, as is the
determination of Escherichia coli (E. coli) [50].

Water sampling was conducted in spring (mid-April to early May) of 2017 and 2018 during dry
weather. At this time of the year, the ice cover on rivers has melted almost completely, and wells that
were frozen during the winter continue to be used. Due to generally dry weather at this time of the
year, microbiological pollution patterns are not influenced by animal feces being washed into water
sources from surrounding soils. Sampling locations in the Kharaa River Basin were in or close to the
following settlements: Darkhan, Baruunkharaa (also known as Bayangol), Zuunkharaa, Mandal (also
known as Tunkhel), and Batsumber (see Figure 2). A total of 86 samples were taken to include surface
water bodies (streams and rivers,), different types of wells (between approx. 3 m and 15 m and mostly
less than 10 m deep), municipal tap water, and water from water kiosks where the population that is
not directly connected to a piped supply system can buy water in canisters. In 2017, samples were
usually taken as duplicates, and as triplicates in case of notable differences or uncertainties regarding
the dilution. In 2018, single samples were taken for comparative purposes, but duplicates or triplicates
were taken if deemed necessary (in case of notable deviations from 2017 values). Samples from rivers
were taken about 10 cm below the water surface in mid-river locations with a clearly visible flow. Well
water samples were taken with the container commonly used by residents after flushing it several
times with fresh well water. Wells with manual or electric pumps were left running for several minutes
prior to sampling.

Samples were collected in sterile single-use plastic bottles which were sealed directly after
sampling and then transported to a mobile laboratory in a cooling box so that the transport time did
not exceed 4 h. Samples from taps and piped wells were taken after 5 min of water flow. In open wells
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and for river samples, sampling containers were fully immersed in the sample three times and rinsed
with it. In the mobile laboratory, samples were screened for total coliforms (TC), E. coli (EC), and fecal
coliforms (FC) using the Colilert®-18 system (IDEXX Laboratories, Westbrook, ME, USA). The Colilert®

system is an internationally approved standard technique for the microbiological surveillance of both
drinking and surface water. Test results are not much affected by the microbial background flora,
and while underestimations are possible (as with most other microbiological techniques), Colilert® is
suitable for the enumeration of coliforms in different water types such as drinking water, surface water,
or wastewater [50,51].

For the purpose of assessing linkages between temperature and coliform concentrations, only
river and well water samples were considered. Treated wastewater samples were excluded because
of their specific character (higher coliform concentrations, and warmer temperatures which are
presumably related to the wastewater characteristics and potential warming during the treatment
process). Tap water samples as well as samples from water kiosks were also excluded because they
were in most cases treated (e.g., by filtration and chlorination) and from safe sources (deep wells).

In the laboratory, samples were diluted as necessary with sterile water and thoroughly mixed with
the culture substrates. Samples were then poured into the QuantiTray containers (IDEXX Laboratories,
Westbrook, Maine, USA), in which they were incubated for 18 h at 35 ± 0.5 ◦C (for total coliforms and
E. coli) and 44.5 ± 0.2 ◦C for fecal coliforms. Subsequently, the most probable number (MPN) for each
sample was calculated using interpretation tables provided by the manufacturer and the IDEXX MPN
Generator (Version 1.4). MPN is not a count of the actual number of indicator bacteria present in the
sample but an index of the number of coliform bacteria. In addition to the water samples collected,
we measured basic water quality parameters (temperature, pH, EC) in situ with the portable Hanna®

HI 9829 multiparameter water tester (Hanna® Instruments, Woonsocket, RI, USA).

2.3. Data Analysis

In order to describe the general microbiological characteristics of rivers and wells, we applied basic
descriptive statistics using the “pastecs” package of the software R, version 3.5.2 [52]. We additionally
performed a Wilcoxon signed-rank test to assess whether river and well samples differ in their mean
ranks. Our data met the assumptions of the statistical tests.

In order to investigate linkages between temperature and microbiological water quality,
we characterized the relationship between water temperature and coliforms (TC, FC, and EC) for
wells and rivers using linear regression of logarithmically transformed coliform concentrations versus
temperature. In order to measure the strength of association between coliforms and temperature,
we additionally used Kendall rank correlation as the sample size was small and coliform concentrations
were not normally distributed.

3. Results

3.1. Physicochemical Characteristics

In general, all water samples tested were neutral to slightly alkaline. The groundwater-based
sample types (wells, water kiosks, tap water) had a higher electric conductivity as compared to surface
water. There was very little variation between samples of a single type for pH and electric conductivity,
except for a single well in northern Darkhan which had an electric conductivity of 1528 µS/cm. This well
is located in close proximity to a channel discharging treated wastewater from Darkhan’s central
wastewater treatment plant into the Kharaa River. Since the sampling in 2018 was conducted, about 2
calendar weeks prior to the sampling in 2017 (starting in mid-April instead of early May), river water
temperatures were slightly colder in 2018. However, water wells were about 0.5 ◦C warmer in 2018 as
compared to 2017 (see Table 2).
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Table 2. General physico-chemical characteristics according to sample type (mean values).

Type of Sample Temperature (◦C) El. Conductivity
(µS/cm) pH

2017 2018 2017 2018 2017 2018

River (n = 17) 10.3 ± 1.9 9.4 ± 2.4 227 ± 115 126 ± 69 N/A 7.9 ± 0.4
Wastewater channel (n = 8) 11.9 ± 6.5 15.8 ± 3.3 1083 ± 394 1120 ± 345 N/A 8.1 ± 0.2

Household well (n = 32) 3.6 ± 1.2 2.4 ± 1.2 502 ± 324 314 ± 69 N/A 7.7 ± 0.3
Other well (n = 4) 4.3 ± 0.4 4.0 ± 0.5 418 ± 60 320 ± 41 N/A 7.7 ± 0.1

Water kiosk (n = 8) 6.2 ± 1.3 7.3 ± 1.6 543 ± 246 391 ± 170 N/A 7.8 ± 0.4
Tap water (n = 8) 13.5 ± 9.4 13.0 ± 5.8 471 ± 64 423 ± 76 N/A 7.6 ± 0.1

3.2. General Microbiological Characteristics

For both years, all river, wastewater, and livestock well samples were tested positive for total
coliform bacteria, and almost all samples also contained E. coli as well as fecal coliforms. Even though
the majority of household wells also contained total coliforms, E. coli and fecal coliforms were only
detected in some cases. Approximately one-quarter of the water kiosks and household tap water
samples contained total coliforms but in most cases, no other indicator bacteria (Table 3). The previously
mentioned household well which showed a very high electric conductivity (which might be interpreted
as a sign of pollution by the nearby wastewater channel) was tested positively for TC (MPN 231 per
100 mL) and EC (MPN 10 per 100 mL), but not FC. The absence of FC and the relatively moderate levels
of TC and EC are indications that the wastewater channel did not play a significant role in coliform
pollution in this well.

Table 3. The fraction of samples with detection of total/fecal coliforms and E. coli for different
sample types.

Type of Sample Positive for EC (%) Positive for FC (%) Positive for TC (%)

2017 2018 2017 2018 2017 2018

River 100 100 100 100 100 100
Wastewater channel 100 100 100 100 100 100

Household well 35 22 90 67 45 33
Other well 67 100 100 100 67 100

Water kiosk 0 25 25 25 0 25
Tap water 0 0 33 20 17 0

Total 55 52 83 68 60 55

Coliform concentrations had a strong variance. The concentrations of coliforms in rivers ranged
between 4 and 201 MPN for EC, between 3 and 116 MPN for FC, and 53 and 2420 MPN per 100 mL
for TC. Mean values accounted for 43 MPN (SD = 51 MPN), 33 MPN (SD = 33 MPN), and 781 MPN
(SD = 778 MPN) per 100 mL for EC, FC, and TC of river samples.

Coliform concentrations in wells also had a high variance They ranged between 0.1 and 660 MPN
for EC, 0.1 and 1350 MPN for FC, and 0.1 and 5794 MPN per 100 mL for TC. The mean value was
38 MPN (SD = 129 MPN) for EC, 59 MPN (SD = 253 MPN) for FC, and 550 MPN (SD = 1286 MPN) per
100 mL for TC. For further statistical metrics see Table 4.

The Wilcoxon signed rank test revealed that coliform concentration in river samples were
significantly higher than in well samples which was true for EC (p-value < 0.001), FC (p-value < 0.001),
and TC (p-value < 0.001) (Figure 3).



Atmosphere 2020, 11, 1113 8 of 15

Table 4. Descriptive statistics of coliform concentrations for E. coli (EC), fecal coliforms (FC), and total
coliforms (TC), distinguished between river and well samples. The given p-values are the results of the
Wilcoxon singed-rank test.

Descriptive
Statistics

EC FC TC

River Well River Well River Well

n 16 30 16 30 16 30
median 26.2 1.0 25.5 1.0 488.0 44.3
mean 43.3 37.9 33.1 58.5 780.6 549.6
min 4.1 0.1 2.6 0.1 53.1 0.1
max 200.5 660.1 115.9 1350.0 2419.6 5794.0
SD 51.3 129.0 33.0 253.3 778.4 1286.1
IQR 34.1 6.6 38.4 5.1 516.3 288.9

range 196.4 660.0 113.4 1349.9 2366.5 5793.9
p-value <0.001 <0.001 <0.001
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Figure 3. Box plots of coliform concentrations for E. coli (EC), fecal coliforms (FC), and total coliforms
(TC). Plots distinguish between river and well samples. Note that outliers were not shown to ensure a
better comparison between both groups. Red dots mark the mean value of each population. The given
p-values are the results of the Wilcoxon signed-rank test to test for significant differences in the mean
rank of coliform concentrations between the river and wells. p-values smaller than 0.05 indicate a
significant difference.

3.3. Relationship between Temperature and Coliforms in River Samples

River water samples had a mean temperature of 10.5 ◦C with a range between 7.5 ◦C and 14.5 ◦C.
Even though warmer samples tended to contain higher concentrations of EC and FC (but not TC)
according to the regression analysis (see Figure 4), no statistically significant relationship between water
temperature and all three types of coliforms (TC, FC, EC) could be detected (TC: p = 0.23, FC: p = 0.75,
EC: p = 0.33). The results of the Kendall’s τ -Test support these findings (TC: τ = −0.25, p = 0.19; EC:
τ = 0.16, p = 0.39; FC: τ = 0.04, p = 0.82). The low slopes of the regression equations provide further
indication that for the Kharaa river and its tributaries, the temperature does not appear to be the
main driver of coliform concentrations. Nevertheless, it can be noted that the majority of cooler water
samples (9 ◦C or less) contained very low concentrations of EC and FC and that warmer samples (13 ◦C
or more) contained some of the highest EC and FC concentrations observed in our samples.
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3.4. Relationship between Temperature and Coliforms in Well Samples

In general, well water samples were cooler and contained lower coliform concentrations than
river water samples. Well water samples had a mean temperature of 3.5 ◦C (about 7 ◦C less than river
water samples) with a range between 0.4 ◦C and 6.3 ◦C. A single private well was free from TC, EC,
and FC and a small number of (cooler) wells did not contain EC or FC. The most strongly contaminated
wells contained concentrations of up to 5794 per 100 mL for TC, 660 per 100 mL for EC, and 1350 per
100 mL for FC (all MPN).

We found a strong positive linear relationship between well water temperatures and log
transformed coliform concentrations (TC: p < 0.001, FC: p < 0.001; EC: p < 0.001) with positives
slopes (b) of bTC = 0.84, bFC = 0.69, and bEC = 0.73. These findings are supported by a strong positive
correlation between all three types of coliform bacteria and temperature (Kendall’s τ -Test TC: τ = 0.52,
p < 0.001; EC: τ = 0.63, p < 0.001; FC: τ = 0.67, p < 0.001).

TC was absent in all samples with temperatures up to 1.5 ◦C and EC and FC was absent in all
samples up to 2.3 ◦C (Figure 5). All samples above 2.5 ◦C contained TC, whereas all samples above
3.6 ◦C contained EC and FC. Between 3.5 ◦C and 5.5 ◦C, coliform concentrations increased by about
two orders of magnitude. Moreover, the two warmest samples (5.5 ◦C and 6.3 ◦C) were those that
contained the highest concentrations of TC, EC, and FC. Thus, there is multiple evidence supporting the
assumption that well water temperature is a good predictor of hygienically relevant microorganisms
and their concentrations.
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4. Discussion

River water samples along the Kharaa River Basin would, according to international classifications
for surface water hygiene, be considered lightly to moderately polluted [53]. However, the specific
situation in Mongolia that surface water bodies are not only used by animals but sometimes also as
sources of domestic (drinking) water necessitate the comparison to drinking water standards. This is
even more true for wells, which often have various domestic water usage as their primary purpose.
When comparing the data to international guidelines and the Mongolian drinking water standard in
particular [54], it is alarming to see that a large number of water sources contain hygienically relevant
impurities. The fact that in some cases even fecal coliforms could be detected in improved water
sources (tap water, water commercially sold at water kiosks), raises serious concerns about their
hygienic safety, despite the fact that these sources were found to be much safer than untreated surface
or well water. Despite these problems, well water samples contained significantly lower concentrations
of TC, EC, and FC than river water samples, making them the relatively safer option among the two
water sources.

It should be noted that all of the mentioned water sources except for the treated wastewater
are used for drinking or food preparation by some parts of the population, and even the treated
wastewater effluent is accessible to livestock (cows were present in and around the effluent stream on
all sampling days). When asked, local residents often stated that they would not use well water for
drinking purposes. However, one local resident in Tunkhel drank water straight from his well during
our sampling campaign—despite mentioning water kiosks as the only source of his family’s drinking
water. This example illustrates that the mere presence of microbiologically contaminated wells located
on private property constitutes at least some risk.

The investigation of linkages between water temperatures and the hygienic quality of the river
and well water samples in the Kharaa River Basin showed weak and non-significant correlations
for river water, but moderate and significant correlations for well water. Even though it is obvious
that temperature is not the only factor governing the hygienic quality of surface water and wells,
it is noteworthy that the warmest samples of each type contained the highest concentrations of bacteria,
with the only exception being TC in river water. The weaker and non-significant correlations between
temperature and coliform concentrations in river water are not very surprising. On the one hand,
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microbiological pollution rates in both rivers and wells depend on pollutant inputs, e.g., through
wastewater discharge, livestock, and unsealed latrines. However, in the case of rivers, their discharge,
other water quality parameters (e.g., nutrient concentration), and self-purification rates (e.g., through
UV disinfection) play major roles and can lead to strong temporal differences [55–58]. In the case of
wells, their construction (e.g., sealing) and depth play a major role. Within our study region, wells had
poor to no sealing at all, and their depths ranged between 5 m and 10 m only; much deeper wells, as
are used for the supply of some water kiosks or for urban water supply systems were not considered
in our study. This explains why temperatures played a much greater role in coliform concentrations.

The observed warming in the Kharaa River Basin (more than +2 ◦C since 1940) and the predicted
acceleration in this warming trend is likely to have significant impacts on the hygienic quality of
unimproved water sources, particularly simple wells. In several parts of the world, it has been shown
that the seasonality or change of climate affects not only surface but also groundwater temperatures
up to a depth of about 10 to 15 m [59]. Observations have shown temperature increases in shallow
groundwater that were approximately half of the increase in atmospheric temperature or even more [60].
Particularly for shallow wells as those found in the study region, observations during spring showed
that a 1 to 2 ◦C increase in temperature is likely to lead to an increase of TC, EC, and FC concentrations
by one to two orders of magnitude. Even though the observed increase was far smaller and not
statistically significant for river water, increasing temperatures would most likely also lead to increasing
concentrations of EC and FC. Besides these temperature changes, it should be noted that significant
changes in rainfall patterns have been described for Mongolia [27]. The trend towards short but
very strong rainfall events is likely to transport the almost omnipresent animal feces into surface
waters and shallow wells with limited or no sealing, further adding to the hygienic risks. Severe
outbreaks of waterborne diseases in several other regions of the world have been linked to extreme
hydrometeorological events. A particularly notable incident occurred in Milwaukee, USA in 1993,
where cryptosporidium cysts entered Lake Michigan and subsequently the municipal water supply
system, leading to more than 400,000 infections and 54 deaths [61,62]. In Walkerton, Canada, unusually
strong rainfall washed enterohemorrhagic E. coli (EHEC) and Campylobacter jejuni into shallow wells of
the municipal water supply company in 2000 [30]. In Europe, strong rainfall events have been linked to
the contamination of water supply systems by several types of bacteria, protozoa, and viruses [31,63,64].
These examples illustrate that the trend towards stronger rainfall events in Mongolia may become
problematic from a water supply and public health perspective unless suitable precautions are taken.

5. Conclusions

The case study on linkages between temperature and hygienic quality of surface and shallow
groundwater sources in the Kharaa River Basin, Mongolia revealed that temperature is one of the factors
that govern the concentration of coliform bacteria. Particularly with regard to wells, the predicted
increase in temperature of at least 2.6 ◦C by the end of the 21st century as compared to the end of
the 20th century means that coliform concentrations in small wells are likely to increase by one to
two orders of magnitude. Since these wells are used not only for livestock and irrigation purposes
of small-scale agriculture but often also for food preparation or even human consumption, local
adaptation measures to global warming must include the provision of safe and affordable alternatives
as well as awareness-raising among the local population. In the future, the findings of the present
study should be corroborated by further research (including modeling) that takes into account different
times of the year as well as the impacts of strong rainfall events, which did not occur during the two
sampling periods described here. Despite its limitations, this study confirms current review studies on
the climate change impacts on water hygiene [13–23] and provides a first empirically-based discussion
for its case study region in Mongolia.
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