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Abstract Mongolia is a country with a quickly growing
economy mainly based on mining of gold, copper, coal,
and other minerals. Mining, urbanization, and agricul-
ture impact the water quality in the upper Selenga River
Basin in northern Mongolia, which is the center of theé
Mongolian economy. Previous measurements of pollifion
loads were alarming, but restricted to chemical pflasurc

ments. Here, for the first time, we combinesfi yhwater
biomonitoring and laboratory water qualityAdata acissra
broad gradient of water quality and land/use intensity! We
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track the'\ern g, of different types of pollution on aquatic
invertebraty$ and test their use as bioindicators. We col-
layad wate? samples, environmental parameters, and
maci_invertebrates at 36 sampling sites at the rivers of
Tuul/Kharaa, and Orkhon and their tributaries Sugnugur,
Biroo, Sharyn Gol, Gatsuurt, and Yeroo. PCA of catch-
ment water quality distinguished three groups of pollutants
prevalent at the sites: (1) nutrients, (2) saline components
(CI, Na*, Mg**, SO, Ca®*") and mining by-products (B,
Sr, U, Mo), and (3) (heavy) metals, which often exceeded
regulatory standards. We recorded a total of 59 macroin-
vertebrate taxa belonging to 32 families in seven insect
orders plus Amphipoda and Gastropoda. Species diversity
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declined with higher impact. Five environmental factors
structured macroinvertebrate community composition in
RDA: elevation of sample location, site total nitrogen, dis-
solved oxygen, electrical conductivity, and water chemis-
try. We conclude that macroinvertebrate communities are
an appropriate and inexpensive tool for monitoring water
quality in Mongolia and suggest government action to
establish a long-term monitoring program.

Keywords Bioindicators - Biotic index -
Ephemeroptera-Plecoptera-Trichoptera (EPT)
complex - Metal pollution - Mongolia

Introduction

River water quality is under serious global threat
from the increasing demands of the world’s grow-
ing population, rapid economic development, and the
effects of climate change (Biittner et al., 2020; IPCC,
2022). In many river basins, especially in the devel-
oping world, urbanization, mining, or intensive agri-
culture has led to extensive sedimentation from riyé:
bed erosion and increased surface runoff, metald yol-
lution, and eutrophication from the surroundifighanc
scape or settlements (Fan et al., 2022; Nérajgarvuu
et al., 2014b).

In Mongolia, urbanization and ec/mnomic develop-
ment have already led to extensive ali yatiog’of river-
ine environments (Batbayar et\ 2015, 2019). Vari-
ous types of water pollution (i.e§, @06mi stic, industrial,
and agricultural activiz€s; affectithe quality of river
water, hamper the sutvi el 38mgrhatic biota, and even
cause the extinctfon of It et populations, posing a
potential thred{ to“juman health (Batbayar et al.,
2017; Narafigarvuu et 1., 2014b).

The miipg sedsor is a major contributor to the
natigf#feconc i, accounting for 24% of the country’s
GE)), 60 et total industrial output, and 93% of its
export: #n,2020 (Mongolia EITI, 2022). Gold, copper,
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and coal are the most important export-related miner-
als in Mongolia. The environmental impact of mining
to the river ecosystem includes riverbank erosion, loss
of biodiversity, and contamination of groundwater and
surface water by anthropogenic chemicals and geo-
genic minerals (Batsaikhan et al., 2017; Bafogtokh
et al., 2014; Pfeiffer et al., 2015). In Moafoliahopen
placer gold mining by illegal miners (“ninja’ ;5 witke-
spread and causes further negatived mpactsy si.Ch as
the use of mercury and cyanidesMy pa. hing'the gold
(Byambaa & Todo, 2011; Oyujtsetseg et ai., 2012).

Aquatic insects are impgrtai jinhakitants of a river
ecosystem due to theim, hi_h abuiidance, taxonomic
diversity, and impgf ynce in“ any ecological pro-
cesses. They play ‘divei)s roles in nutrient process-
ing and energy’ 1ic W in river food webs (Narangarvuu
et al., 20144,/ &pier with other aquatic inverte-
brates, they have™»¢n shown to regulate the structure
and fungtic, Wés.g., productivity and energy transfer
and nutriént cycling) of river ecosystems. Therefore,

lerstancing the structural and functional responses
of & uatic invertebrate communities along anthropo-

epic gradients is key to assessing ecosystem response

aud developing appropriate management strategies at
catchment- and regional scales (Berger et al., 2017).
Aquatic macroinvertebrates are often used as indica-
tors for assessing human impacts on river ecosystems.
There are a number of reasons for this, including their
diverse life histories, their wide distribution and rela-
tive ease of taxonomic identification, their multiple
functions in water and sediment, and their varying tol-
erance to pollution and ecological fluctuations (Feio
et al., 2007; Pfeiffer et al., 2021; Rico-Sanchez et al.,
2022). Effects of water pollution and sedimentation on
their community structure have been well-documented
in temperate regions (Assefa et al., 2023; Goncharov
et al,, 2020; Narangarvuu et al., 2014b), including
Mongolia (Avlyush et al., 2018; Morse et al., 2007).

In the southern part of the upper Selenga River
Basin in North East Mongolia Tuul, Kharaa, and Ork-
hon rivers flow through the three major cities of Mon-
golia (Ulaanbaatar, Darkhan, and Erdenet), which are
key agricultural, industrial, and mining areas (in par-
ticular for gold and copper). This not only increases
water consumption, but also increases the chance of
water contamination. Although Selenga’s tributaries
flow largely through rural areas, there is point and
non-point pollution from industrial mining and artisa-
nal gold panning operations, from intensive livestock
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and scattered crop farming, and from municipal dis-
charges. Treated and untreated sewage is contributing
to pollution, which has the potential to harm a large
number of people (Chalov et al., 2013).

A growing body of literature has studied the impact
of urbanization, mining, and intensified livestock
breeding on the water quality at the upper Selenga
Basin in northern Mongolia (e.g., Batbayar et al.,
2015, 2017; Byambaa & Todo, 2011; Hofmann et al.,
2015; Karthe et al., 2019; Kasimov et al., 2017; Kritz
et al., 2010; Zandaryaa et al., 2013). Water chemistry
(e.g., Thorslund et al., 2012) or sediment load (e.g.,
Jarsjo et al., 2017) has been investigated, while only
a few articles considered the impact of water pol-
lution on aquatic organisms (Avlyush, 2011; Kaus
et al.,, 2017). However, recently, researchers inves-
tigated the impact of sediment load (Schiffer et al.,
2019) and land use change and grazing (Yadamsuren
et al., 2020, 2022) on macroinvertebrate communities
in the upper Selenga. Pfeiffer et al. (2021) studied the
response of macroinvertebrates to water chemistry
data, but they focused on the upper headwaters of the
Kharaa River, with limited anthropogenic influences:
Thus, up to now, no detailed study has been attem{ ed
to quantify the responses of macroinvertebrafc eon:
munities along the pollution gradients in MOri, hlia.

Considering pollution from miningsRagricui e,
and urbanization, we propose that gjuatic macroin-
vertebrates can serve as a useful tool )¢ tragking the
effects of different types of pol &@n on the environ-
ment of northern Mongolia. We£Xp_ct to identify
bioindicator taxa that #esp»nd specifically to their
aquatic surrounding,anc a7 8mprnd to their ecologi-
cal niches. At thefsame tii. ) invertebrate communi-
ties should difier sijmificantly in their composition
depending gh the sour¢"and impact of pollutants.

Our fifiaijgé wikh be useful for designing biomoni-
toring®Mocedu )¢ and river restoration programs and
wilt Qelrsmpdevelop innovative approaches to deepen
and diprsify our knowledge of Mongolian river
ecosystems.

Material and methods

Study area

The Selenga Basin has a catchment area of 425,245
km?, covering 30.6% of Mongolia’s water resources

and spanning a variety of ecoregions including high
mountains, taiga, forest steppe, and steppe (Bazha
et al., 2019; Tumurchudur & Jadambaa, 2012). Our
study area in northern Mongolia includes the south-
ern part of the upper Selenga basin, namely the Ork-
hon, Tuul, and Kharaa catchments. It includs®rivers
such as Orkhon, Yerdo, Kharaa, Sharyng ol JXhu-
iten, Bayangol, Gatsuurt, Boroo, Sugnugt, Tusl,
and Selbe, which are affected by 4 sriculture.) min-
ing, industry, and settlements. Thiysani }ingssites are
shown in Fig. 1, and the charficteristics bt the main
rivers are described below,

i. Tuul River. The{gater qui ity of the Tuul River
is relatively gooa“ostream until Ulaanbaatar
(UB), the/Caj tal of Niongolia, with a population
of abolt “ )84 ph. Here, the small Selbe River
joias into the #Faul. Further downstream the Tuul
is hieay, Jg@olluted by discharges from UB’s cen-
tral Wastéwater treatment plant (WWTP), which
contain high levels of nutrients, oxygen-deplet-
ng substances, and chemicals that can signifi-
cantly affect water quality (Altansukh & Davaa,
2011). A further 300 river km downstream is the
Zaamar gold mining area on the banks of the
Tuul River. Previous research has shown that
inefficient mining methods have resulted in the
loss of floodplain habitat, the discharge of large
amounts of suspended solids and high levels of
phosphorus into the Tuul River, and potential
threats to the habitat of local fish species (Bat-
bayar et al., 2017; Jarsjo et al., 2017; Thorslund
etal., 2012).

ii. Orkhon River. The Tuul discharges into the
Orkhon River, the main tributary of the Selenga
River, which feeds Lake Baikal. The Kharaa,
Sharyn, and Yero6 rivers also join it.

iii. Kharaa River. The Kharaa River basin covers
an area of 14,534 km? northern Mongolia (Hof-
mann & Battogtokh, 2017; Zandaryaa et al.,
2013). The tributaries of the Kharaa River origi-
nate from several relatively pristine valleys of
the Khentii Mountains (Pfeiffer et al., 2021). It
flows through an area of intensive agricultural
use (including large pastures), several small
towns, and gold mining areas in the middle
reaches. Along its downstream section, around
the city of Darkhan, agricultural areas are occa-
sionally interspersed with larger settlements and

@ Springer
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Fig. 1 Location of our survey sites in the so

some industry. A total of
the Kharaa River basin, h

8; Karthe et al., 2015).
iv. The Gatsuurt River flows
r, which flows into the Kharaa River.
orphology of the Gatsuurt River has also
be¢n altered in the past by the construction of
roads, earth dams, alluvial deposits, and a sur-
face water reservoir.

Boroo River. The Boroo River crosses the gold
mining area and is an important water supply for
agriculture. The Boroo Gold Mine is an open
pit gold mine located approximately 120 km
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northwest of the capital city of UB in Selenge
province in northern Mongolia (Batbayar et al.,
2019). Illegal small-scale mining also occurs in
this area. Elemental analyses along the Boroo
River indicate that downstream waters are
impacted by gold mining in the area (Oyuntset-
seg et al., 2012).

Sharyn Gol. The Sharyn Gol is a 120 km long
ephemeral river that flows from the headwaters
of the western Khentii Mountains and empties
into the Orkhon River. A coal mine operates
there, and the whole area is affected by small-
scale gold mining (MclIntyre et al., 2016).

Yeroo River. The Yeroo River is the northern-
most tributary of the Orkhon River. The catch-
ment area is covered by forest and steppe and
characterized by intensive livestock breeding
(Hofmann & Battogtokh, 2017).
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Recording environmental parameters

Fieldwork was conducted in 2016 from 24 August to
6 September. At each site (Table 1), we conducted a
detailed survey of the river to collect data on water
quality (water temperature (°C), pH, dissolved oxygen

Table 1 Sampling sites of the study (n=36). Given are sam-
ple name, sampling location, river name, altitude, geographic
coordinates, and type of human impact on the surround-

(mg/L), and conductivity (uS/cm)), nutrients, and dis-
solved metal/metalloid concentrations (0.2 um filtra-
tion). Water sampling and recording of water param-
eters was repeated three times at each site (upstream,
midstream, and downstream). At each sampling site, the
required physicalchemical parameters were pfeasured

ing area. The samples are sorted upstrea: hdownsgeam and
according to river confluences (see Figthl). W TP gvastewater
treatment plant, R.P. reference point

Sample Sampling location River Altitude Longitude Latitudg Hufnan impacts
T1 Bosgo bridge Tuul 1545 m N47°59.525"  EMi7°27.600,» No impacts R.P.
T2 Gachuurt Tuul_River Tuul 1339 m N47° 55.124' E106°010.156 Rural

Sel Selbe River Selbe 1300 m N47° 55.2284 E106° 57362  Urbanization
T3 Tuul Biocombinate Tuul 1224 m N47° 4823, /E106°36.795 WWTP

T4 Tuul Lun bridge Tuul 997 m N47°51.767° E105° 12.011" Rural

T5 Tuul Zaamar Tuul 954 m N4§ 4’ #E104° 18.572'"  Mining

T6 Tuul Zaamar Bridge Tuul 948 m N48°\lt.04¢ E104° 19.736’ Mining

T7 Tuul Zaamar downstream Tuul 917 m N48° 224375  E104°30.745'"  Mining

T8 Orkhon Tuul junction Tuul 780fm 148°57.011"  E104°47.890"  Rural

01 Orkhon Tuul after junction Orkhon 275 1 JN48°58.036"  E104°52.554"  Rural

02 Orkhon bridge Orkhon 731 m N49° 07.782' E105° 20.862’ Rural

Sul Sugnugur River Sugnugur 1151 71 N48° 23.783’ E106° 52.627' No impacts
Gl Gatsuurt upstream Gadl oyt K99 m N48°37.616"  E106°39.114"  Mining

G2 Gatsuurt midstream Gatsuul 1066 m N48°35.896"  E106°42.097"  Mining

G3 Gatsuurt downstream Gatsuurt 1020 m N48°35.744"  E106° 45.270°  Mining

K1 Zuunkharaa Khay ia 852 m N48°49.604"  E106°22.428'  Rural

K2 Kharaa up Boroo Lidraa 845 m N48°49.591"  E106°22.437' Mining

B1 Boroo upstream Boroo 763 m N48°29.877"  E106° 15.79' Mining

B3 Boroo downstreas Boroo 849 m N48°52.037"  E106° 15.640°  Mining

K3 Baruunkharaa Kharaa 805 m N48°54.683"  E106° 04.512 Rural

Bal Bayangoldiownstic Bayangol 782 m N49°01.858"  E105°58.745"  Agriculture
K4 Upstrgdm< darkhan Kharaa 697 m N49°23.205"  E105°53.773'  Rural

K5 Dafxivan Khai ybridge Kharaa 679 m N49°29.323"  E105°53.720"  Urbanization
K6 arkban WWTD_up Kharaa 675 m N49° 30.679’ E105° 53.884' Urbanization
K7 Dar handVWTP_down (Island) Kharaa 675 m N49° 30.91" E105° 53.856' Urbanization/WWTP
K8 Darkban_ WWTD_down Kharaa 675 m N49° 31.391' E105° 53.721' WWTP

K9 Buren Tolgoi Kharaa 667 m N49° 35.559' E105° 51.641' Rural

S1 Sharyn upstream Sharyn 971 m N49° 12.940' E106° 34.125' Rural

S2 Sharyn khuiten station Sharyn 928 m N49°25.829' E106° 42.367' Mining

S3 Sharyn midstream Sharyn 812 m N49°29.546' E106° 33.224' Mining

S4 Sharyn jimst station Sharyn 621 m N49° 50.466' E106° 08.592' Agriculture
Y1 Yeroo Upstream Yeroo 670 m N49° 43.517' E106° 39.552' Rural

Y2 Yer66_mid/SRB project/ Yerod 638 m N49° 52.774' E106° 14.725' Rural

Y3 Yeroo downstream Yerdo 618 m N49° 53.835' E106° 12.483' Rural

03 Orkhon Shaamar Orkhon 619 m N50°03.892 E106° 07.914' Rural

04 Orkhon Selenge junction Orkhon 608 m N50° 15.160' E106° 08.272' Rural

@ Springer
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on-site. In addition, five different water samples were
collected, which were treated differently depending on
their subsequent analytical route: filtered (0.2 pm and
0.45 pm cellulose acetate filters, Sartorius Stedim Bio-
tech GmbH, Gottingen, Germany), partially acidified
(HNO3, distilled), or left in their original state. Chemical
analyses were performed at the Central Laboratory for
Water Analysis & Chemometrics of the Helmholtz Cen-
tre for Environmental Research (UFZ) in Magdeburg,
Germany, as described in detail in Pfeiffer et al. (2021),
using coupled plasma optical emission spectrometry
(ICPeOES, Optima 7300 DV, PerkinElmer) and induc-
tively coupled plasma mass spectrometry (ICP-MS/MS;
Agilent 8800, Agilent Technologies, Germany).

Macroinvertebrate sampling

To assess the macroinvertebrate fauna, we used quan-
titative and qualitative sampling methods. Analo-
gous to the water sampling, we collected three rep-
licate samples from different habitats (upstream,
midstream, downstream) using an aquatic kick net
(0.25%x0.25 m area and of 250 pm mesh size). THC
kick net is used to penetrate the river bed to a nf xi-
mum depth of 0.3 m and filter out free-floating Grgai:

isms attached to the substrate by movingghc hottom
substrate within an area of approximatsinl m” aligve
the flow at an inclination of 45 degref's. Filtered mac-
roinvertebrates were collected on wi ke traf’s. Sam-
ples were preserved in 96% ali dggl for turther study
and stored in a laboratory. Al #nag.oinvertebrates
were identified to the geri s levyl,under the micro-
scope (Techno EMT=3P“@mp€o microscope x40,
Leica S9i stereo gficroscop ¢55) in the laboratory of
the first author €t theNational University of Mongolia
using the ldiest local #ad international literature and
keys (Bouc w1, 23! 2; Chuluunbat et al., 2022; Dash-
dorj£0l., 1N89; McCafferty & Provonsha, 1983;
MG e 6wl /1994; Tsalolikhin, 1997; Zaika, 2000a,
b). Sor s taxa, such as the Chironomidae, were only
identified as subgroups. The identified macroinver-
tebrates were classified and stored according to the
standard. The resulting data were entered into a data
matrix and prepared for statistical analysis.

Data processing

For each of the sample sites (Figs. 1, 2; Table 1), we
collected a set of physicochemical parameters. One

@ Springer

site had to be excluded from the analysis, due to miss-
ing data (total n=236).

We quantified macroinvertebrate diversity of each
site with R package vegan (Oksanen et al., 2018).
Using the script of Borcard et al. (2011), we calcu-
lated the effective number of species: taxongfichness
(NO), Shannon diversity, the exponentiziof JShan-
non entropy H' (N1), and the reciprocal of Siyosgit’s
diversity (N2) (see also Hill, 1973),

We assessed the water qualityef tiihrivers using
the biotic index according to fthe formuli developed
by Hilsenhoff (1987) (Onlifie kjysourg?: Appendix B,
Eq: B1, Table B1). Tolatanc)valucs for the macroin-
vertebrate taxa assed ad were\ Wken from the litera-
ture (Lenat, 1993; IMand ille, 2002).

To calculat€ e water quality index (WQI) for
each sampling §it; took eight chemical measure-
ments (RO (dissc yzd oxygen) (mg/L), NH4Jr (mg/L),
NO,”™ (ngMANO,” (mg/L), PO (mg/L), Fe
(mg/L), Cu (mg/L), Cr (mg/L)). The formula and its
@Wluation/scheme are given in the Online Resource
(Apj »ndix B, Eq: B2, Table B2).

We used the Kolmogorov—Smirnov test to validate
the normality of the data. Differences between mac-
roinvertebrate community structure and chemical-
physical factors at the sampling sites were examined
by one-way analysis of variance (ANOVA).

We applied principal component analysis (PCA)
to reduce the number of environmental variables and
extracted principal components from the main chemi-
cal parameters (total Al (mg/L), NH,-N (mg/L), total
As (ug/L), B (ug/L), Ca** (mg/L), total Cr (ug/L), CI'
(mg/L), Co (ug/L), total Cu (ug/L), total Fe (mg/L),
PO,* (mg/L), K (mg/L), Mg** (mg/L), Mn (mg/L),
Mo (ug/L), Na (mg/L), Ni (ug/L), NO5-N (mg/L),
NO, -N (mg/L), Pb (ug/L), SO42' (mg/L), Sr (ug/L),
U (ug/L), V (ug/L), Zn (mg/L)).

Macroinvertebrate communities were assessed by
redundancy analysis (RDA) with Hellinger transfor-
mation of taxon data (Borcard et al., 2011). To evalu-
ate the impact of environmental factors on taxa, we
used a set of z-standardized environmental factors
including latitude, longitude, altitude, water tempera-
ture, water quality index (WQI), pH, electrical con-
ductivity (EC), DO, and total bound nitrogen (TNb)
of the sites, as well as the first three PCA scores of
the water chemistry. We identified the most signifi-
cant environmental variables using forward selection,
but later optimized R? and AIC in parsimonious RDA
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Fig. 2 Images ¥t the Jurveyed sites in northern central Mon-
golia, ite T1\ Wle upper Tuul River (Tuul B-Bosgo) was
use€ hs a/-amparison site because of the low impact of human
activit ompared to other sites. B Bal: Bayangol River, with
human ai Plivestock impacts. C K2: Kharaa River upstream
of the confluence with the Boroo River. The whole area is

and calculated the variance inflation factor (VIF) to
exclude covariates with VIF>5.5.

We took a procrustes rotation in R package vegan
to compare the structure of PCA and RDA scores and
tested the correlation of the matrices with R function
protest (999 permutations).

affected by mining. There is also a farm and a sand quarry. D
G1-3: The Gatsuurt River is affected by mining. E Y1, Y2:
The Yerdo River is affected by settlements, agriculture, and
livestock. Almost half of the Yer66 River basin is covered
by forest. F T5-T7 The Tuul River around the mining area in
Zaamar soum in Tuv Aimag

Results
Water chemistry and environmental factors

The physicochemical parameters for each of the
sampling sites are shown in the Online Resource

@ Springer
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(Appendix A, Table A.l). Results for TNb, total
metal levels, and WQI are given in Fig. 3, while
the whole chemical data are presented in the Online
Resource (Appendix C, Table C.1).

A PCA explained 82% of the cumulative variance
in the data (Online Resource, Table D.1). It divided
the sample sites into four groups of different water

50

quality (Fig. 4), which differed highly signifi-
cantly in their PCA scores (ANOVA F, ¢.60)=27.5
p=0.00001): (A) low impact sites, including our
no-impact site T1 and other upstream sites such as
K1 and Y1. (B) Sites with higher levels of nitrogen
(NH4+), but low metal concentrations, e.g43 and
K8 downstream of WWTPs in UB and D¢:khaa, but

Fig. 3 Water pollution in
the Selenga River Basin.
Sampling sites are arranged
along the x-axis from
upstream to downstream
(see Fig. 1, Table 1). A
Total bound nitrogen. B
Total metal levels based on
the added concentrations of
Al, Co, Cr, Cu, Fe, Mn, Ni,
Pb, U, V, and Zn in mg/L.
C Water quality index,
including eight chemical
measurements (DO, NH,*,
NO,", NO,~, PO,.>7, Fe,
Cu, Cr)
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Fig. 3 (continued) 22
(¢)
20
18 |

16

Water Quality Index (WQI)

T1 Sel1 T4 T6 T8 02 G2
T2 T3 15 T7 O1

also many sites along the Kharaa River. (C) S
in the positive ordination space of the seco

that were affected by higher
heavy metals. This included

manure,/resulting in higher ammonium concentrations.
On the other hand, point-source nitrogen pollution was
measured at T3 at the outlet of the wastewater treat-
ment plant (WWTP, turquoise diamonds) of the capi-
tal UB, where NH,* concentrations were seven times
higher than the MNS4586 standard (1998) (3.6 mg/L),
demonstrating that urbanization is a major driver of
nitrogen pollution in water bodies. The high concentra-
tion of NH,* is also confirmed by the concentrations

N wal

K4 K6 K8 S1 S2 Y1 Y3 O4
G1 G3 Bat K5 K7 K9 S3 S4 Y2 O3

Wager sample sites

Nb that were highest around the capital city of
B in Tuul River T3 (4.6 mg/L) and Selbe River Sel
(4.0 mg/L). Urbanization (yellow squares) increases
general water pollution as indicated by higher concen-
trations of chloride and boron. Boron (B) compounds
enter wastewater mainly via detergent ingredients, but
also with fertilizers and from mining tailings (Pal-
iewicz et al., 2015). High B concentrations in our study
were found in the mining area (red triangle) at the
Gatsuurt River (G2—99 pg/L, G3—110 pg/L), in the
agricultural area of Bal at Bayangol River (153 ug/L),
and in the small village of Gachuurt (T2) in the out-
skirts of UB, below a ger district (198 pg/L). Chloride
(CI7) concentrations in our study ranged from a very
low 0.8 mg/L in T1 at the upper Tuul to 17.3 mg/L in
Sharyn River S3, with high values in the small tribu-
tary Selbe River within UB (Sel: 16.2 mg/L) and in
the mining areas of Zaamar downstream of the Tuul
(T5,T6,T7: 104 to 11.6 mg/L).

Calcium belongs to the alkaline earth metals and
is essential for living organisms. It originates from
dissolved rocks (limestone, dolomite) and clays and
is a determinant of water hardness. In our samples,
the concentrations of Ca’* ions were highly corre-
lated (Spearman correlations) with those of uranium
(U) (r=0.67, p<0.001), molybdenum (Mo) (r=0.75,

@ Springer
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2.2
20 PCA Total Inertia: 25
: Eigenvalues PC1: 9.919, PC2: 6.34

18 Cumulative explanation: 65%

il Groups A-D: ANOVA F = 27.5 p<0.001

14 Impacts

@ Rural
12 O Urbanization
10 A Mining
: * Agriculture L

o 08 © Waste water
O # No Impact
0 06

0,4

0,2

0,0

-0,2

-0,4

-0,6

-0,8 : .

-1,0 -0,5 0,0 0,5

Fig. 4 PCA of 25 water chemical parameters at the sampling
sites. Shown are the sites marked according to the surroun

82% of the total variance (see Table D.1 for a full list
factor loadings). For clarity, we show a two-dimensi

p<0.001), and strontium (Sr) (r=/".
The highest loads for U (21.1 pg/L) a
were found in the mining are
upstream of the confluence Boroo River

record for Sr

Mg (19.6 (39.3 mg/L), together
with high (7.4 mg/L), Sr (576 mg/L),
and U ( were recorded by S3 at Sharyn

Rivi i downstream of the mine at Khu-

(785 ) and SO42' (27.1 mg/L) were recorded
River (Sel) in UB (Online Resource,
Table C.1).

Mining activities are responsible for high loads
of arsenic and heavy metals in the nearby rivers.
Water flow rate is an important parameter and small
tributaries can carry higher concentrations. Par-
ticularly high levels of arsenic (As) from mining
areas were recorded in the Gatsuurt (G1-26.0 pg/L;
G2-14.8 pg/L), Kharaa (K2-12.6 pg/L), and

@ Springer
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a ), but also ammonium (NH,%), calcium (Ca?*), ions,
e pollution indicators chloride (C17) and boron (B). Site
es (marked with site names (see Table 1)) of the samples
are marked according to impact group. Four groups of sites
(A-D) could be identified across all impacts; their PC1 and
PC2 scores differed highly significantly in ANOVA

Khuiten-Sharyn (S2-10.3 ug/L) streams. S2 had also
the highest levels of vanadium (V) (35.6 pg/L), nickel
(Ni) (15.2 pg/L), and copper (Cu) (32.1 pg/L). High
metal concentrations were also measured at Boroo
Mining (B1), where we found high concentrations of
iron (Fe 11.6 mg/L) and lead (Pb 9.8 pg/L).

In contrast, the Zaamar mining areas on the wide
lower reaches of the Tuul River had much lower val-
ues, e.g., T7 for As 7.0 pg/L, Cu 9.0 pg/L, Ni 7 ug/L,
U 2.7 ug/L, V 16.7 pg/L (see Table C.1). This can be
explained by the higher discharge of the main river,
possibly pushed by heavy rainfall or the interruption
of mining activities. Interestingly, Bal, an agricul-
tural site, also had high values for V (23.8 pg/L), U
(16.6 pg/L), Ni (9.9 pg/L), and Cu (10.9 pg/L), poten-
tially indicating placer mining in the area.

Composition of macroinvertebrate communities
A total of 7368 individuals of macroinvertebrates

(59 taxa) were collected from 36 sampling sites
in northern Mongolia, belonging into eight orders
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(Ephemeroptera, Trichoptera, Plecoptera, Amphi-
poda, Odonata, Hemiptera, Coleoptera, and Diptera),
32 families (Apataniidae, Baetidae, Brachycentri-
dae, Caenidae, Capniidae, Chironomidae, Corixi-
dae, Ephemerellidae, Ephemeriidae, Gammaridae,
Georidae, Glossosomatidae, Gomphidae, Gyrinidae,
Heptageniidae, Hydrobiosidae, Hydrophilidae, Hyd-
ropsychidae, Isonychiidae, Leptophilebiidae, Lesti-
dae, Oligoneuriidae, Perlidae, Perlolidae, Phryganei-
dae, Phryganeidae, Psychomyidae, Rhyacophilidae,
Simuliidae, Tabanidae, Taeniopterygidae, and Tip-
ulidae), and 55 genera of insects (Online Resource,
Table E.1). Ephemeroptera was the most diverse
order with 21 genera and followed by Trichoptera
(15 genera). According to the ANOVA, Amphipoda
(F=2.16, p=0.002), Diptera (F=4.43, p=0.0001),
Ephemeroptera (F=4.66, p=0.0001), Hemiptera
(F=2.16, p=0.004), Plecoptera (F=2.21, p=0.002),
and Trichoptera (F=2.62, p=0.0003) were signifi-
cantly abundant among the sampling sites. Ephemer-
optera was also the most abundant order, occurring at
all sites and accounting for 59% of total abundance.
Among them, Baetis was the most abundant genus;
with 37.7% of the total abundance and 65.3% of 3ll
individuals of Ephemeroptera. Diptera and diemip
tera were common (13.07% and 15.71%) “Rnline
Resource Fig. E.1). Chironomidae wege™abunda: yin
almost all sampling sites. Trichopterfl made yp 7.6%
of the total abundance, with Hydropsy se aséne most
dominant genus. The most sens g, group Plecoptera
had a relatively low abundance\(272% o) in all sam-
pling sites and it was gifly < hore sbundant in the rel-
atively pristine sites, ‘at Syt (Sul) and Sharyn
upstream (S1), bafh headw ¥ers. Here, Agnetina was
a common gents an ywas recorded in fourteen sam-
pling sites y/ith few ind viduals.

AlphaCyersity pf macroinvertebrate communities

Taxon Qichness of the invertebrate communities
ranged from 4 to 20 taxa per site (Online Resource,
Table F.1). We collected a total of 59 taxa (NO) across
all sites, giving a Shannon diversity (N1) of 10.54, a
Simpson diversity (N2) of 5.23, and a Shannon even-
ness (E10) of 0.179.

Twenty taxa, representing the highest richness, were
recorded in the Kharaa River, both at K3 near Baru-
unkharaa and at S1 upstream of Sharyn Gol. At G1,
the upper Gatsuurt, a tributary of the Kharaa and the

Sugnugur River (OWO04), we collected 16 taxa. The
highest Shannon diversity, 9.76, was calculated for T1,
our reference site on the upper Tuul River, represent-
ing 15 taxa with a relatively high Shannon evenness of
0.65 (Table F.1). This site was the highest and can be
considered free from any harmful human impag

Only four taxa were collected at the siyiteshwith
the lowest taxon richness, B1, K5, O1, T3, %, aid
Sel. Shannon diversity N1 of these & ies ranged rrom
1.40 to 3.31, with B1, a minind sitcupstieam of
Boroo, having the lowest valuef for Shannun diversity
and evenness (Table F.1).

Species richness andydivgsity were significantly
negatively correlatgd ) (Spearr; @ RO correlations
p<0.05) with tempeiure (N1=-0.35), TNb
(NO= —0.45, X1-)—0.34), and metal concentrations,
viz. Al (NO="0048 = —0.44), Cu (NO= —-0.44,
Nl1=-041), ViN0=-0.40, N1=-0.42), and
with higher, Ssificance (p<0.01): Cr (NO= —-0.45,
N1=-0.83), “ Mn (NO=-0.46, NI1=-0.53),
WN0=/-0.36, N1=-0.47), Pb (NO=-0.44,
N1=-0.56). However, the correlations with U and
n were not significant.

Fig. F.1 in the Online Resource shows the distri-
bution of macroinvertebrate diversity at sites grouped
by human impact. Although most groups overall did
not differ statistically significantly, we can see that
taxon diversity was highest under no impact (for N1
and N2: t-test df=34.1 r=—2.7 and—2.8, p=0.01),
decreasing progressively with increasing impact and
with the lowest values recorded for the urbanization
sites (#-test, n.s.).

We applied multiple regressions to identify the fac-
tors that drove macroinvertebrate diversity in our study
(Online Resource, Table G.1). Taxon richness was
significantly positively influenced by elevation and
longitude of collection sites, as well as by higher val-
ues of DO and U, and negatively influenced by higher
values for EC (multiple regression adj. R*>=0.56,
F528=9.38, p<0.001). Shannon diversity increased
with elevation and was negatively affected by higher
levels of total nitrogen (multiple regression adj.
R*=0.38, Fo31=11.13, p<0.001). Simpson diversity
at the sites was determined by elevation and longitude
of the sites (multiple reg. adj. R*=0.27 Fo3=1721
p<0.01). The strong effect of longitude is due to the
general flow direction of the Selenga’s tributaries from
southeast to northwest; thus, higher longitude is—like
altitude—an indicator of upstream sites.

@ Springer
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Using macroinvertebrate communities as
bioindicators

For each of the communities at the sample sites, we
calculated the biotic index, which measures the sen-
sitivity of aquatic organisms as an indicator of water
quality. A lower index number indicates a lower toler-
ance to pollution and is therefore evidence of a bet-
ter water quality. The highest index was found at K8,
in Kharaa downstream of the Darkhan WWTP, while
the lowest was found at the headwaters of Sugnugur,
Sul (Online Resource Fig. H.1). The biotic index was
significantly negatively correlated with the effective
species number of each site, indicating that higher
diversity was associated with lower tolerance (Pear-
son correlations n=36; NO: r=-0.48, p<0.01; N1:
r=-0.59, p<0.001; N2: r=—-0.57, p<0.001).

The index was also negatively correlated with lati-
tude (r=—-0.45, p<0.01) and altitude (r=—0.033,
p>0.05), but positively correlated with tempera-
ture (r=0.42, p<0.05), pH (r=0.43, p<0.01), EC
(r=0.46, p<0.01), chloride (r=0.52, p<0.01), and
water chemistry PC2 (r=0.38, p<0.05). A mul4-
ple regression with forward selection of vari€)les
explained 51% of the variation and showedsiiat ti:
biotic index was driven by CI~ and NE{"
trations, while altitude had a negative<affect (1 phi-
ple regression F3 50 =12.37, =001, p<0.00002,
Online Resource Table G.2).

We searched for bioindicatoi Sgsa, that should indi-
cate a particular type of land usg £1ay€ 1) or one of
the four groups of wateue ity (AsD) identified in the
PCA (Fig. 4). AnalySiswic@@pfunction indicspecies
identified six indifator taXc¥er no-impact sites of the
land use groupitig: ~Jxypnia (Phryganeidae), Anagape-
tus and Glgssosoma (V.iossosomatidae), and Ironodes
and Ecdyo.yus (Heptageniidae) were found exclu-
sivelyno-iti )Lt sites (all stat=1, p=0.031), while
27 of thagabundant Apatania (Apataniidae) were
recorde hthere (stat=0.984, p=0.025). Three indicator
taxa coutd be assigned to the water quality groups of the
PCA: Arcynopteryx (Perlodidae) (stat=0.8, p=0.003)
and Heptagenia (Heptageniidae) (stat=0.74, p=0.006)
indicated group A of water quality sites of the PCA,
while midges of the family Orthocladiinae (Chironomi-
dae) indicated group C (stat=0.83, p=0.022).

We further evaluated the association of specific taxa
or taxa groups with water chemistry using Spearman
correlation. Odonata were found to be significantly

aMmcen-
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(p<0.05) positively correlated with high concentrations
of Mo (R=0.39), U (R=0.34), and Zn (R=0.34). The
highly sensitive EPT complex (Ephemeroptera-Plecop-
tera-Trichoptera) was negatively correlated (p <0.05) in
its abundance with concentrations of CI~ (R= —0.40)
and TNb (R= —0.40). Plecoptera abundance a!®ae was
negatively correlated (p<0.01) with Cr &= 2947),
CI” (R=-049), Na+(R=-0.50), V (K —045,
p<0.05), and others, as well as with{ 2C1 (R=;-0.45,
p<0.01). Trichoptera were negatiely (related with
Cu (R=-0.50, p<0.01) and Ni (—0.35,p+0.05).

We assessed the effects dplandfuse and water
chemistry on aquaticginvcebraic communities in
more detail. The higi{y signifi ¥t RDA grouped the
macroinvertebrate womi. Jnities in groups, according
to the directigif 01 yhe arrews (Fig. 5): (1) macroinver-
tebrate assém lagdgiat preferred well-oxygenated
water (DO), (2)“pmmunities that occurred at sites
with high™ @gductivity (EC), (3) communities that
tolerated \high” nutrient concentrations (TNDb), or (4)
Wher corncentrations of mining by-products (PC2),
and nally (5) communities at higher altitudes.

Allong the RDA1 axis, macroinvertebrate commu-
pities are sorted along a gradient of dissolved oxygen
(DO) and EC, with the rural sites on the left, with
high DO and low EC, followed by urban sites in the
middle of the gradient, while mining sites are concen-
trated on the right, indicating high EC in the water.
PC2, the second axis of the PCA of water chemistry,
also points in this direction, being strongly correlated
with the values of Ca®*, CI~, Na®, SO,*", and Sr,
which are characteristic of mining effluents.

In contrast, there is a nitrogen gradient along the
RDAZ2 axis, with the highest values at T3, the central
WWTP of UB; Sel, the Selbe River, a small tribu-
tary of the Tuul that flows directly through a ger dis-
trict (yurt settlement) of UB; T3, the mining area in
Zaamar where many people work without adequate
sanitation; and K8, the WWTP of Darkhan, the second
largest city in Mongolia. As UB is located on the upper
reaches of the Tuul River at an elevation of 1224 m,
the highly concentrated wastewater is slowly degraded
as it flows downstream to the confluence of the Ork-
hon and Selenga Rivers (O4) at an elevation of 608 m.
The downstream sampling sites on the Orkhon River
are all located in the lower right-hand corner of the fig-
ure. The mines on the Gatsuurt River (G1-G3) are also
very high, between 1139 and 1020 m. The macroin-
vertebrate communities of the headwater streams (T1,
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3 Agriculture Constrained: 25.4 % .
08} © WwTP VIF< 5.7 T5 Altitude
® & ENV
0,6
T6
? 04 A
€ ool T4
0,2
. Y3
0,0 ® DO
Y1
-0,2 ®
T8
0.4 L4
-0,6
08 ‘ ‘ . - . . .
-16 -1,4 -1,2 -1,0 -08 06 -0,4 -0,2 2 04 0,6 0,8
RDA1

Fig. 5 Parsimonious redundancy analysis (RDA) based
on the composition of the macroinvertebrate communiti

variation: total nitrogen bound (TNb), diss
altitude, electrical conductivity (EC), and

n the relatively low explained variance
(F(s20=1.98, R?,;=0.13, P<0.001).

A scores were significantly correlated
with the PCA scores of the sample sites (R=0.3486,
p<0.05), as confirmed by symmetric Procustes rotation.

Discussion

Our study is the first to combine freshwater biomoni-
toring with laboratory water quality data across a

&)

A (PC2). Site scores of the samples are labelled (see
) and grouped according to the environmental impact at
Site. For space limitations, not all points are labelled. Blue

osses mark taxon scores, with some of which are named,
including the most abundant macroinvertebrate genera/groups,
e.g., Bae Baetis, Cor Corixidae nymphs, Pro Procloeon, Ort
Orthocladiinae, Chi Chironomidae, Hyd Hydropsyche, Epe
Epeorus, Che Cheumatopsyche, Cae Caenis

wide gradient of water quality and land use intensities
in the upper Selenga Basin, Mongolia.

Water quality in this area was highly variable:
some pristine sites upstream had excellent water qual-
ity, while mining sites often exceeded the limit val-
ues for metals and urban sites also failed the standard.
In K2, the concentration of U in the water was 422
times the limit value, in B1 concentration reached
226 times the limit value for V, in S2 we measured
36 times the limit value for Al, and in urban T2 we
found B at 396 times the allowable dose, possibly
indicating industrial gold processing (Paliewicz et al.,
2015) (Online Resource Table C.1). However, we did
not detect extreme concentrations of Zn, which was
a major source of pollution in Selenga Basin a few
years ago (Nadmitov et al., 2015).

Such excessive exceedances of government stand-
ards for certain substances were also reported by
Batbayar et al. (2017). We recorded the third-highest

@ Springer



1500 Page 14 of 18

Environ Monit Assess (2023) 195:1500

metal pollution at the cropland site Bal, most likely
due to artisanal mining. As river water may be used
for irrigation of croplands, authorities should identify
potential human health impacts. The highest organic
pollution came from the WWTPs in Darkhan and
UB, while the distribution of TNb and biotic index
showed that the impact of cropland sites (Bal, S4) on
nutrient pollution was limited.

Our results demonstrate that mining, urban devel-
opment, and agriculture affect water quality and
macroinvertebrate communities in different ways.
The PCA of the water quality separated a group (A)
of unpolluted sites from three other clusters, which
were contaminated with various pollutants, namely
(B) nutrients, (C) salt components (C1~, Nat, Mg?*,
SO42_, Ca2+) and other mining by-products (B, Sr, U,
Mo), and (D) (heavy) metals.

Similar patterns of pollution have been reported
from the Sierra Gorda Biosphere Reserve in the
mountains of central Mexico (Rico-Sanchez et al.,
2022), which includes undisturbed natural areas
affected by industrial and artisanal mining activities,
wastewater, and agriculture, and is therefore compé=
rable to our study area.

However, in our study, these contaminap# group
were not consistent with the land use gircad the
sites; in particular, mining sites wptd, distric e
across clusters, and agricultural andfrural sites could
be heavily contaminated with metals from4ipstream
mining. Overall, this picture ¢\ fgghorated the earlier
study of Batbayar et al. (2017), Whichj:ocused on sea-
sonal trends of water pOnLJion 1ythe Selenga basin
and described a simiiar &3 Epe of their water sam-
pling sites. The }<ch leveiysf pollution with metals
and saline watés it icate that there has been only lit-
tle improvafnent in wa.cr quality over the last decade
(Nadmitoviysal:, B015; Zandaryaa et al., 2013). In
ordepthavoic Mbfeats to the environment and human
hea . Samapstiongly recommend closer monitoring
of site ywith extreme exceedances of legal limits for
metallic’contaminants, a more precise localization of
the sources of pollution, and enforcement of a signifi-
cant reduction in uranium and vanadium discharges.

In our study, RDA results show that not only min-
ing but also urbanization and agriculture contribute to
the pollution of surface waters and that these different
impacts (DO, EC, PC2, altitude, and TNb) structured
macroinvertebrate communities. Comparable results
have been reported from tropical Mexico, where
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macroinvertebrate assemblages were structured by
total phosphorous, water and air temperature, and Hg
concentration (Rico-Sanchez et al., 2022).

As indicated by the species scores in the RDA
figure, macroinvertebrate taxa differed in ecological
preference. For example, corixid nymphs dgfainated
site T4, which was characterized by high JT9 apd pH,
Chironomidae tolerated high levels of total % trog<n,
and the abundant Baetis could toles{ e highyleycls of
boron and metals. The mayfly gafus B gtisss one of
the largest in Ephemeroptera find such ircludes both
sensitive and tolerant spegfes \(Buss £ Salles, 2007).
The family Baetidae isgloniyant 11 Mongolian head-
water streams (Napfearvuu ¥ al., 2014a). Baetis
vernus, a common spulies in Mongolia (Erdenee
et al., 2016), 48 v »ll knoyvn to tolerate and accumu-
late high conc st J8ps of metals such as lead, zinc,
and cadmium (Fidtkowski et al., 2003). The highest
abundarice™, BpRaetis (569 individuals) was recorded
at the agriCultaral site Bal, where the total metal cen-
@hion was 56 mg/L. The stonefly family Perlidae
can | ccumulate metals (Goodyear & McNeill, 1999)

nd/although Plecoptera as a whole was negatively
correlated with metals, its genus Agnetina (Perlidae)
had its highest abundance in the mining affected sites
S1 and S2, where extra-high concentrations of U, V,
Mo, and Al were measured, with total metal contents
of 24 mg/L and 75 mg/L, respectively. Similarly,
Diptera of the genus Simulium had their peak abun-
dance at metal-impacted Bal and S1, and are known
to tolerate high total metal contents (Clements et al.,
2000). Odonata tolerated high concentrations of Al,
as reported from Mexico (Rico-Sanchez et al., 2022).
The tolerance values of taxa characterize their resist-
ance to organic water pollution (Table E.1). Caddis-
flies of the genus Apatania, for example, have a low
value of 1 and were only recorded in high abundances
at our no-impact sites T1 and Sul. They were one
of the six significant bioindicators we found for this
impact group.

Our study highlights the rich diversity of mac-
roinvertebrates in the waters of the upper Selenga
basin, which has already been the focus of other stud-
ies (Narangarvuu et al., 2014a; Pfeiffer et al., 2021;
Yadamsuren et al., 2022). Diversity was higher at
higher elevations and in the eastern (upstream) posi-
tion, and positively influenced by higher values of
oxygen and low levels of nitrogen and electrical con-
ductivity. While the lowest diversity was found in a
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mining area, urbanization and wastewater facilities
had a similar effect on diversity. Interestingly, mac-
roarthropod diversity was still high in the upstream
Gatsuurt River at G1 and downstream at G3, while it
declined midstream at G2 where the highest mining
impact occurred, thus pointing to the self-cleaning
forces of the watercourse further downstream. For
G3, the biotic index showed excellent values, and
metal concentrations were reduced, probably due to
dilution effects and/or sedimentation. In these cases,
metal loads were moderate, while high pH and higher
concentrations of Ca** and Mg?* from limestone lay-
ers in this area buffered the toxic effect of metals by
reducing their bioavailability (as in Rico-Sanchez
et al., 2022).

Conclusion

Overall, our results confirm that aquatic macroin-
vertebrate communities and species respond well
to changes in water chemistry, demonstrating their
potential as promising biomonitoring tools as know#
from other regions (Goncharov et al., 2020; Yag{m-
suren et al., 2022). As hypothesized, we wergdavle
identify indicator species and track changg§ i hinver-
tebrate community composition in rela€dn to p -
tion patterns.

Environmental monitoring in M¢jeolial is still
mainly conducted by academi_ Wmstitutions, indus-
try, and foreign research projecys/wi:ie implemen-
tation by government/agicies'\is less advanced.
However, given the ‘prlic®grith implications of
metal pollution (faus ety 2017), a more active
role for the gdliertiyent is imperative. Long-term
invertebratg/ monitorir g of water bodies is a cost-
effective mihod that can form the basis for a com-
prehedfiye gowliment monitoring system, which is
lik€i ) to dampsssential given the increasing demand
for wat(yfrom mining, agriculture, livestock, and a
growing’human population.
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