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Abstract

The quality of the Dniester River Basin has been seriously impacted by the chemicals released by agriculture, industry, and
wastewater discharges. To assess its current chemical pollution status, a transboundary monitoring campaign was conducted in
May 2019. Thirteen surface water, 13 sediment, and three biota samples were collected and analyzed using generic sample
preparation methods for the determination of organic substances by liquid chromatography high-resolution mass spectrometry
(LC-HRMS) and metals by inductively coupled plasma mass spectrometry (ICP-MS). Wide-scope target and suspect screening
resulted in detection of Water Framework Directive (WFD) priority substances and emerging contaminants, whereas the raw data
were stored in NORMAN Digital Sample Freezing Platform (DSFP) for future retrospective screening. Furthermore, risk
assessment was performed to prioritize detected substances and propose a draft list of river basin—specific pollutants. All studied
metals (As, Hg, Zn, Cu, Cr, Cd, Pb, Ni) were detected in the surface water and sediments. In total, 139 organic contaminants
belonging to various chemical classes (pesticides, pharmaceuticals, drugs of abuse, stimulants, sweeteners, industrial chemicals,
and their transformation products) were detected. The highest cumulative concentration of contaminants was observed in surface
water from the Byk River, a tributary of the Dniester (Moldova). Concentrations of WFD priority substances diuron and mercury
and EU Watch List neonicotinoid compounds imidacloprid and thiamethoxam exceeded their environmental quality standards
(EQS), whereas concentrations of 23 emerging substances exceeded their predicted no-effect concentration (PNEC) at minimum
one site. Emerging contaminants telmisartan, metolachlor, terbuthylazine, and 4-acetamidoantipyrine were prioritized as poten-
tial river basin—specific pollutants.
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for a significant part of Ukraine, including 3.5 million people
living outside of the basin area [1].

Careful management of the Dniester River Basin resources
is needed, including control over chemical pollution. Despite
the importance of the Dniester River for the inhabitants, it is
facing serious environmental challenges as a result of various
anthropogenic activities, deteriorating the water quality and
posing threats for the ecosystem and human health. The major
pollution sources of the Dniester are intensive agriculture and
livestock farming, mining, oil-refining, chemical, woodwork-
ing, and food industry, and discharges from municipal waste-
water treatment plants [1, 2]. The environmental issues of the
Dniester are transboundary, since the river flows through two
countries before it discharges into the Black Sea. Another
aggravating factor for the chemical pollution status of the
Dniester River Basin is the frozen conflict in Transnistria,
which makes it difficult for Moldovan and Transnistrian au-
thorities to cooperate at the improvement of existing ineffi-
cient infrastructure for wastewater treatment [1].

Comprehensive monitoring of chemical contaminants in
combination with risk assessment and identification of pollu-
tion sources is a prerequisite for the protection and restoration
of the adversely impacted aquatic environment. Ukraine and
Moldova have agreed on the joint management and protection
of cross-border waters [3], in addition to their national require-
ments regarding water quality and management [4, 5]. This
excludes the Transnistrean Region, which falls outside the
laws and policies of Moldova in the sphere of water manage-
ment [6]. Nevertheless, the two countries aim to harmonize
their national water laws with the Water Framework Directive
(WFD) [7], as they also share other transboundary river basins
and seas with the EU (e.g., Danube River and its tributaries;
Black Sea). Since 2017, Ukraine is an EU-associated country
[6, 8]. The EU EQS Directive establishes a list of 45 priority
substances that must be monitored by Member States [9].
Additional compounds are included in the EU Watch List
and their Europe-wide monitoring is required so that sufficient
information is collected about their occurrence and risk [10].

In addition to the regulated substances, the so-called con-
taminants of emerging concern (CECs) might pose a threat to
water quality. These substances are currently not included in
the routine monitoring programs at EU level, but may be can-
didates for future regulation depending on research on their
(eco)toxicity, potential health effects, and public perception
and on monitoring data regarding their occurrence in the var-
ious environmental compartments [11]. These contaminants
can be classified in different chemical classes (e.g., pharma-
ceuticals, pesticides, industrial chemicals) including their bi-
otic [12] and abiotic transformation products (TPs) [13],
which may be more persistent, more bioaccumulative, and
more toxic than the parent compounds.

The Dniester River is one of the less studied rivers in
Europe. Basic physico-chemical and microbiological
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parameters have been reported in the literature [1, 2], supple-
mented by a limited number of studies focusing on a narrow
number of compounds in a single chemical class (e.g., metals
[14-17], aliphatic and polycyclic hydrocarbons [18],
polychlorinated biphenyls [15], chlorine, and phosphorous-
containing pesticides [14, 15]).

The objectives of this study were to (1) apply state-of-the-
art analytical methods and data-processing tools to get a broad
view on both inorganic and organic chemical pollution in
surface water, sediment, and biota samples from the Dniester
River and its tributaries; (2) screen the samples for wide range
of suspect contaminants and archive the LC-HRMS chro-
matograms for future retrospective analysis; (3) evaluate spa-
tial distribution of the detected chemicals, explain the varia-
tions in concentration levels, and detect potential pollution
sources in the Dniester River Basin; and (4) carry out ecotox-
icological risk assessment and prioritize detected substances
to establish a list of potential river basin—specific pollutants.

Materials and methods
Sampling

Thirteen surface water, 13 river sediment, and three biota
samples were collected from different sampling sites along
the Dniester River (Fig. 1). The sampling was carried out in
the period from 25 to 28 May 2019. The sampling sites were
selected with the aim to cover the entire basin, including
inflowing tributaries and the estuary, and include all kinds of
anthropogenic pressures (e.g., agricultural sites, industrial
areas, wastewater outlets, reservoirs). The sampling period
covered the spring season, when there was an increased use
of herbicides in agriculture; however, only a slight rainfall and
surface runoff were recorded prior to and during the sampling.
Detailed description of the sampling sites is provided in sec-
tion S1 of the Electronic Supplementary Material (ESM).

Sample preparation

Surface water and sediment samples were screened for pres-
ence of five (As, Hg, Zn, Cu, Cr) and eight (As, Hg, Zn, Cu,
Cr, Cd, Pb, Ni) pre-selected metals, respectively. [CP-MS was
used for their determination after acidification (for surface
water), microwave digestion and dilution (for sediments).
Internal standards were added on-line during analysis. In order
to minimize the risk of metal contamination, manipulations
were performed inside of a clean room.

All surface water samples and a representative number of
sediments and biota samples collected from upper, middle,
and lower parts of the basin were extracted following generic
sample preparation protocols and then analyzed by LC-
HRMS. The sample preparation of 2 L surface water samples
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Fig. 1 Spatial distribution of
sampling sites (1-13) along the
Dniester River

Moldova

included extraction, clean-up, and pre-concentration of the
analytes by large-volume solid-phase extraction (SPEDEX
HORIZON). Oasis HLB disks were used for the sorption of
a wide polarity spectrum of analytes, which were then eluted
by methanol. The procedure resulted in 4000-fold concentra-
tion of analytes in the final extracts. The sample preparation of
sediment samples consisted of an ultrasonic extraction with
methanol and Milli-Q water acidified with EDTA. The biota
sample preparation comprised of an ultrasonic extraction of
the analytes with aqueous solution (0.1% EDTA, 0.1% formic
acid)/methanol/acetonitrile, followed by lipid and protein pre-
cipitation at low temperature and a defatting process with
hexane. All sample preparation methods are described in de-
tail in section S2 of the ESM.

Instrumentation

LC-ESI-QTOF-MS analyses were conducted using an ultra-
high-performance liquid chromatographic (UHPLC) system
with a HPG-3400 pump (Dionex Ultimate 3000 RSLC,
Thermo Fischer Scientific, Dreieich, Germany) coupled to a
quadrupole-time-of-flight (QTOF) mass spectrometer (Maxis
Impact, Bruker Daltonics, Bremen, Germany).
Chromatographic separation was performed using an
Acclaim RSLC C18 column (2.1 x 100 mm, 2.2 um) from
Thermo Fischer Scientific (Dreieich, Germany), preceded by
a guard column of the same packaging material, thermostated
at 30 °C. For positive ionization mode (PI), the mobile phases
consisted of water/methanol 90/10 (solvent A) and methanol
(solvent B), both containing 5 mM ammonium formate and
0.01% formic acid. For negative ionization mode (NI), the
mobile phases consisted of water/methanol 90/10 (solvent
A) and methanol (solvent B), both acidified with 5 mM
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ammonium acetate. The adopted gradient elution program
was the same for both ionization modes, starting with 1% B
with a flow rate of 0.2 mL/min for 1 min, and it increased to
39% in 2 min (flow rate 0.2 mL/min), and then to 99.9% (flow
rate 0.4 mL/min) in the following 11 min. Then, it was kept
constant for 2 min (flow rate 0.48 mL/min); then, the initial
conditions were restored within 0.1 min, kept for 3 min; and
then, the flow rate decreased to 0.2 mL/min for the last minute.
The injection volume was 5 pL.

The QTOF-MS system was equipped with an electrospray
ionization interface (ESI), operating in positive and negative
mode, with the following operation parameters: capillary volt-
age 2500 V (PI) and 3500 V (ND); end plate offset 500 V;
nebulizer pressure 2 bar; drying gas 8 L/min; and gas temper-
ature 200 °C. The QTOF-MS system was operated in data-
independent acquisition mode (broadband collision-induced
dissociation (bbCID)), as well as in data-dependent acquisi-
tion mode (Auto MS/MS), and recorded spectra over the range
of m/z 50-1000, with a scan rate of 2 Hz. A QTOF-MS ex-
ternal calibration was performed daily with the manufacturer’s
solution. The instrument provided a typical resolving power
(FWHM) between 36,000 and 40,000 at m/z 226.1593,
430.9137, and 702.8636.

Metal determinations were performed by inductively
coupled plasma mass spectrometry (ICP-MS) by a Thermo
Scientific ICAP Qc (Waltham, MA, USA). Measurements
were carried out in a single collision cell mode, with kinetic
energy discrimination (KED) using pure He.

LC-HRMS screening and quantification

Wide-scope target screening was performed with the use of an
in-house developed database of 2273 contaminants (list S21

@ Springer



4896

Diamanti K.S. et al.

UATHTARGETS in Suspect List Exchange https://www.
norman-network.com/nds/SLE/) and software TASQ Client
2.1 and DataAnalysis 5.1 (Bruker Daltonics, Bremen,
Germany). Detection was based on specific screening
parameters (mass accuracy <2 mDa, retention time shift + 0.
2 min, isotopic fitting < 100 mSigma (only for confirmation of
positive findings)), whereas the presence of fragment ions
confirmed the analytes.

The screening detection limit (SDL) was reported for the
contaminants that were screened by the wide-scope LC-
QTOF-MS target screening method. The SDL was established
as the lowest concentration level tested for which a compound
is detected in all spiked samples, at the expected retention time
and with a specific mass error of the precursor ion, not ex-
ceeding the pre-set threshold values [19]. Standard solutions,
spiked samples, and matrix-matched samples (samples spiked
with analytes at the end of the sample preparation) at different
concentration levels for a representative set of analytes were
used for method validation. The SDL was not compound-spe-
cific, but a generic reporting value was derived after method
validation.

A thorough compound-specific validation was performed
for quantification purposes for the compounds detected with
the screening method. Selected samples of each matrix were
spiked with the detected compounds and structure-related iso-
tope labeled compounds (IS), processed using the above
methods and analyzed together with the unspiked samples.
The preferred samples used for spiking experiments were
those in which only a few compounds were detected. The
samples were spiked at three different concentration levels,
considering the sensitivity of the method for each analyte in
each matrix. Compound-specific LOD and LOQ values were
determined as the concentration of a compound in the spiked
sample that corresponds to signal-to-noise ratio that equals to
3.3 and 10, respectively. Meanwhile, procedural blank sam-
ples were used for the subtraction of eventual laboratory-
introduced contamination.

Suspect screening was performed for 6152 environmental-
ly relevant pollutants by archiving all raw chromatograms into
NORMAN Digital Sample Freezing Platform (DSFP) (www.
norman-data.eu), a novel tool developed for revealing the
presence of suspects and identification of unknown
compounds [20]. The calibrant substance, producing ion
clusters over all m/z, was used to recalibrate the whole
chromatogram using HPC fitting algorithm, which is
embedded in DataAnalysis 5.1 (Bruker Daltonics, Bremen,
Germany). This calibration method ensured mass accuracy
below 2 mDa during the whole chromatographic run for
m/z=50-1000. For exporting files in mzML format,
CompassXport 3.0.9.2 (Bruker Daltonics, Bremen,
Germany) was used. Chromatograms acquired under bbCID
were separated in low and high collision energy layer
chromatograms. All mzML files and their meta-data
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(instrumental, sample meta-data, matrix-specific meta-data,
and retention time of Retention Time Index (RTI) calibrant
substances) were uploaded to DSFP. DSFP utilizes an embed-
ded integrated standard operating procedure (SOP) to process
the mzML files and all meta-data for generation of standard-
ized Excel-based Data Collection Templates (DCTs). This da-
ta reduction technique resulted in an automatic generation of
DCTs, which include condensed relevant information from
bulky LC-HRMS files. The data reduction produces accept-
able number of false negative results (less than 5%) for the
presented suspect screening method. For more details, one is
addressed to the previous study [20].

Ecotoxicological risk assessment

The identified substances were evaluated for their probable
adverse effects on the environment. Concentration levels of
the determined WFD priority substances were checked for
their compliance with the legacy EQS values. Assessment of
a potential risk of an identified emerging contaminant at a
polluted site was based on comparing the measured concen-
tration with its PNEC value. PNEC is regarded as the concen-
tration below which unacceptable effects on living organisms
will most likely not occur. PNEC values are usually deter-
mined on the basis of results from single species laboratory
tests or, in a few cases, established effect and/or no-effect
concentrations from model ecosystem tests, taking into ac-
count adequate assessment factors. The PNEC can be derived
using an assessment factor approach or, when sufficient data is
available, using the statistical extrapolation methods [21].
Therefore, in this study, experimental data on PNEC were
preferred, and mostly chronic toxicity data were preferred
over acute toxicity data. When neither PNEC chronic nor
PNEC acute from experimental tests were available, P-
PNEC (Provisional-PNEC) was used, which was derived by
QSAR (Quantitative Structure-Activity Relationship) toxicity
prediction models [22].

Dniester River Basin—specific pollutants

CECs whose concentration levels exceeded ecotoxicity
threshold values (lowest PNECs) were prioritized for future
monitoring campaigns using adapted NORMAN
Prioritisation Framework [23]. The full-scale prioritization
could not be applied due to only a limited dataset available
from a single monitoring campaign. The adapted prioritization
methodology presented recently by Alygizakis et al. [24] was
applied using the following three parameters: frequency of
appearance (FoA), which is the number of sites at which a
contaminant was detected divided by the total number of in-
vestigated sites; spatial frequency of exceedance of the lowest
PNEC (FoE) calculated as n/N where “n” is the number of
sites with maximum environmental concentration per site
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(MECsite)/lowest PNEC ratios above 1 and “N” is the total
number of sites with analytical measurements for the respec-
tive compound; extent of exceedance of the lowest PNEC
(EoE) where 95th percentile of MEC (MEC95) is divided by
the lowest PNEC of the compound. Please, note that at least
20 sites with analysis above the LOQ are required to calculate
the MEC95 and, in our simplified approach, only one value
per site was used. EoE is calculated for sites with substances
with MEC95 exceeding the lowest PNEC as the sum of the
fractions MEC95 to the PNEC normalized to 1. The normal-
ization comes from division by the compound with the max-
imum ratio. Each of the three parameters (FoA, FoE, EoE) is a
number between 0 and 1, and their sum total can vary between
0 and 3. In this study, we have set arbitrarily a threshold of “1”
to qualify a substance as river basin—specific pollutant [24].

Results and discussion
Occurrence and spatial distribution of metals

All five investigated metals were detected in the surface
water samples and the results are provided in Table S3A
(see ESM). Concentration of the WFD priority sub-
stance mercury exceeded its maximum allowable con-
centration MAC-EQS (0.07 pg/L) in the sample collect-
ed from the headwaters (site 1). The surface water sam-
ple collected at the mouth of the Byk River discharging
into the Dniester River in Moldova (site 10) was highly
dominated by the studied metals, with their total cumu-
lative concentration of 126 pg/L. The industry (electron-
ic goods, building materials, machinery, plastics, rubber,
textiles) and agricultural activities around the capital of
Moldova Chisinau, which is located on the banks of the
Byk River [25] can be considered potential sources of
anthropogenic inputs of metals into the aquatic
environment.

Metals were also investigated in the sediment samples in
order to understand their distribution, transportation, and
availability with consideration of metals’ partition between
aquatic and sediment phase [26]. All investigated metals were
determined in sediments (ESM Table S3B). The highest cu-
mulative concentration (313 mg/kg dry weight (d.w.)) was
observed in sediments collected from the Seret River (site
5), a tributary of the Dniester in Ukraine. The second highest
cumulative concentration (302 mg/kg d.w.) was observed up-
stream of the Dniester reservoir (Zalishchyky, Ukraine; site 4).
Both sites are located in the Ternopil Oblast, which is a region
with significant industrial and agricultural activity such as
machine-building, metal-working, construction materials,
light, food production, and woodworks. All of these may be
among the sources introducing metals into the Dniester River.

Occurrence and spatial distribution of organic
contaminants

Altogether, 109 targeted organic compounds were detected in
at least one of the samples. The overlaid extracted ion chro-
matograms in a single surface water sample (site 10) are pre-
sented in Fig. S1 (ESM). The presence of the compounds was
confirmed by the use of reference standards and quantified by
standard addition. The SDL for the non-detected compounds
was 1.25 ng/L for surface water, 5 pg/kg dry weight (d.w.) for
sediments and 5 pg/kg wet weight (w.w.) for biota. Table 1
and ESM Tables S4A and S4B present concentration levels of
the detected organic contaminants in surface water, river sed-
iment, and biota samples, respectively, whereas the column
chart in Fig. 2 depicts the distribution of the studied classes
of contaminants in each surface water sample, as well as the
total number of contaminants detected in each sample. When
the detected compound was below LOQ, LOQ/2 was used for
the statistical treatment of the results [27]. All classes of the
detected contaminants are presented in detail in the following
sub-chapters.

Pesticides and pesticides’ TPs

In total, 44 pesticides and pesticides’ TPs were detected in the
surface water samples, three of which were also detected in
one sediment sample. However, only one TP of a pesticide
was detected in biota samples. The detected pesticides were
mainly herbicides (24 compounds, some of them also used as
algicides), fungicides (10 compounds), insecticides (9 com-
pounds, some of them also used as acaricides, molluscicides,
nematicides), and insect repellents (2 compounds). The most
frequently detected pesticides were metolachlor and DEET
(diethyltoluamide), present also in the headwater sample (site
1). The spatial distribution of pesticides proved to be signifi-
cantly higher in the central part of the basin (concentration
range 0.2—14.3 ug/L) comparing with the upper and lower
basins (concentration range 0.01-0.1 pg/L). As expected,
concentrations of pesticides and their TPs reached their max-
ima in the vicinity of agricultural sampling stations.

The highest total cumulative concentration was observed at
site 6 (14.3 pg/L) at the city Mohyliv-Podilskyi of the
Vinnytsia Oblast in Ukraine. The Vinnytsia Oblast has the
highest proportion of cultivated agricultural land within the
whole Dniester River Basin. The conversion of forest land to
agricultural land has led to increased levels of soil contamina-
tion and consequent deterioration of surface water quality [1].
Here, it should be considered that in total, ca. 100,000 tons of
pesticides is used in Ukraine annually, and 25% of its total
pesticides’ market is estimated to be illicit pesticides, both
imported and locally produced counterfeit products [28].
The other locations with high total cumulative concentration
of pesticides were sites 9 and 10 (4.2 pg/L and 3.0 pg/L,
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Table 1 Concentration levels of target compounds detected in surface water samples
site1 | site2 | Site3 | Sited | Sites | Site6 | Site7 | site8 | sieo | Sie | Site | Site | Sie
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Concentration (ng/L)
Pesticides Acetamiprid 3.18 9.54 3742 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
Pesticides Acetochlor 28.6 85.8 13.0 <LOD | <LOD | <LOD | <LOD | <LOD 124 <LOD 238 143 <LOD | <LOD | <LOD | <LOD
Pesticides Atrazine 7.82 235 600 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ 552 <LOQ | <LOD | <LOD | <LOD
Pesticides TPs 2-hydroxyatrazine 2.69 8.07 10000 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 17.8 <LOD | <LOD | <LOD | <LOD
Pesticides Azoxystrobin 0.344 1.03 200 <LOD | <LOD | <LOD 8.65 11.9 <LOD | <LOD | <LOD 73 <LOD | <LOD | <LOD | <LOD
Pesticides TPs Azoxystrobin acid 0.53 1.59 213 <LOD | <LOD | <LOD | <LOD 1.77 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Bentazone 502 | 154 100 | <cop | <cop | <LoD | <Lob [ <LoQ | <LoQ | <LoQ | <LoQ | <LoQ | 41 | <LoQ | <LoD | < oD
Pesticides Carbaryl 55.8 167 230 <LOD | <LOD | <LOD 149 66.2 5601 <LOD 162 1353 | <LOD | <LOD [ <LOD | <LOD
Pesticides Carbendazim 7.1 213 150 <LOD | <LOD | <LOD | <LOQ | <LOD | <LOQ | <LOQ | <LOQ 30 755 <LOQ [ <LOQ | <LOQ
Pesticides TPs 2-aminobenzimidazole 539 16.17 2315 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 311 <LOD | <LOD | <LOD
Pesticides TPs Methyldesphenylchloridazon | 0.162 | 0.486 37000 <LOD | <LOD | <LOD | <LOD 1.4 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Cyprodinil 1.29 3.88 26.0 <LOD [ <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
Pesticides DEET (Diethyltoluamide) 0.743 | 2.23 88000 <LOQ 12.4 345 4.05 298 <LOQ 227 2.86 593 91.4 325 234 <LOQ
Pesticides Dimethenamid 0.848 | 2.54 130 <LOD | <LOD | <LOD | <LOD | <LOD 319 | <LOD | <LOD | 1198 | <LOD | <LOD | <LOD | <LOD
Pesticides Dimethoate 9.13 274 70.0 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ 85.2 <LOD | <LOD | <LOD
Pesticides Dimoxystrobin 0.347 1.04 276 <LOD | <LOD 1.64 1.97 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Dinoterb 0.87 2.61 30 <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOQ | <LOQ | <LOQ 3.8 <LOQ | <LOQ | <LOD
Pesticides Diuron 10.9 32.7 200 <LOD | <LOD | <LOD [ <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 1197 <LOD | <LOD | <LOD
Pesticides Fipronil 0818 | 245 0.77 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 3 <LOD | <LOD | <LOD
Pesticides Fludioxonil 0.935 2.8 500 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 6.9 <LOD | <LOD | <LOD
Pesticides Imidacloprid 14.6 438 8.30 <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD 46.6 107 <LOD | <LOD | <LOD
Pesticides Lenacil 3.08 9.24 950 <LOD | <LOD | <LOD [ <LOD | <LOQ | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Metalaxyl 4.16 12.5 20000 <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD 16 153 <LOD | <LOD | <LOD
Pesticides Metamitron 2.66 7.98 4000 <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOQ | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides TPs Desaminometamitron 1.79 5.36 3452 <LOD | <LOD | <LOD | <LOQ | <LOD 12.5 <LOD 6.32 48.3 <LOD 5.36 <LOD | <LOD
Pesticides Metazachlor 57 17.1 20.0 <LOD | <LOD | <LOD | <LOD 28.5 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Metolachlor 3.41 10.2 200 14.6 <LOD 355 160 33.1 4612 146 131 720 13.6 72.3 432 17.6

Pesticides TPs Metolachlor-ESA 10.7 32.1 8626 <LOD | <LOD | <LOQ | <LOD 331 143 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides TPs Metolachlor morpholinone 3.57 10.7 9961 <LOD | <LOD | <LOD | <LOD | <LOD 29.8 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Metribuzin 1.23 3.68 58 <LOD | <LOD | <LOD 7.77 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Nicosulfuron 224 6.73 9 <LOD | <LOD | <LOD | <LOD | <LOD 15 <LOD | <LOD 325 <LOD | <LOD | <LOD | <LOD
Pesticides Omethoate 3.6 10.8 4 <LOD | <LOD | <LOD [ <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ 432 <LOD | <LOD | <LOD
Pesticides Picaridin (Icaridin) 16.1 484 5000000 | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 59.1 <LOD | <LOD | <LOD
Pesticides Prometryn 15.5 46.4 500 <LOD | <LOD | <LOD 61.9 <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides TPs 2-hydroxypropazine 17.5 52.6 44.1 <LOD [ <LOD | <LOQ | <LOQ | <LOD 608 <LOQ | <LOQ 529 <LOQ | <LOQ | <LOD | <LOQ
Pesticides Pyrimethanil 6.57 19.7 1500 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 56.9 <LOD | <LOD | <LOD
Pesticides Simazine 19.2 57.6 1000 <LOD | <LOD | <LOD | <LOD | <LOD 70.4 <LOD | <LOD 210 <LOD | <LOD | <LOD | <LOD
Pesticides TPs 2-hydroxysimazine 19.2 57.6 370 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 952 <LOD | <LOD | <LOD | <LOD

The values highlighted in red were above PNEC
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Table 1 (continued)

Pesticides Tebuconazole 0.482 1.45 240 <LOD | <LOD 33 11.2 8.67 4.08 <LOD | <LOQ 10.1 <LOD | <LOD | <LOD | <LOD
Pesticides Terbuthylazine 4 12 60 <LOD | <LOD | <LOQ 33.7 <LOQ | 2514 325 66 833 <LOD 133 12.9 <LOQ
Pesticides TPs Desethylterbuthylazine 42 12.6 250 <LOD | <LOD | <LOD | <LOD | <LOD 280 <LOD | <LOD 28.5 <LOD | <LOD | <LOD | <LOD
Pesticides TPs E;;:;?;l;zr;)ulhy]azine 2.57 7.71 374 <LOD [ <LOD | <LOD | <LOD | <LOD 17.1 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pesticides Thiacloprid 1.8 54 10 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 72 <LOD | <LOD | <LOD
Pesticides Thiamethoxam 16.1 48.3 42 <LOD | <LOD | <LOD | <LOD | <LOD 174 <LOD | <LOD 51.9 145 <LOD | <LOD | <LOD
Pharmaceuticals TPs | Amisulpride N-oxide 11.2 337 7223 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 165 <LOD | <LOD | <LOD
Pharmaceuticals TPs | 4-acetamidoantipyrine 6.34 19 167 <LOD 974 264 <LOQ | <LOD 49.1 63.4 56.3 113 1611 75.4 46.4 53.6

Pharmaceuticals TPs | 4-formylaminoantipyrine 4.54 13.6 | 1000000 | <LOD 348 213 <LOD | <LOD 324 36.3 36.6 230 915 46.6 275 474

Pharmaceuticals Atenolol 2.65 7.96 150000 | <LOD 32.7 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pharmaceuticals Carbamazepine 4.59 13.8 50 <LOD | 494 | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 743 1981 | <LOQ | <LOD [ <LOQ
Pharmaceuticals TPs | 01 1-dihydro-10,11- 459 | 138 | 2388 |<cobp | 218 | <LoQ | <cop | <cop | <Lop | <Lop [ <top | 190 | 2858 | 26 |<cop | 235

dihydroxycarbamazepine

Pharmaceuticals TPs g;:l;';‘d‘zaze”i"e' 10,11- 459 | 13.8 | 2689 |<LOD [ 199 | <LOD | <LOD | <LOD [ <LOD [ <LOD | <LOD | <LOD | 307 [ <LOD | <LOD | <LOD
Pharmaceuticals Chloramphenicol 6.43 193 2729 <LOD 75.9 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
Pharmaceuticals Climbazole 2.78 8.33 520 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 178 <LOD | <LOD | <LOD
Pharmaceuticals Diphenhydramine 5.51 16.5 991 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 147 <LOD | <LOD | <LOD
Pharmaceuticals Esmolol 20.3 60.9 5905 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 81.2 | <LOD | <LOD | <LOD
Pharmaceuticals Fluconazole 61.3 184 1043 <LOD 110 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | 3390 | <LOD | <LOD | <LOQ
Pharmaceuticals Griseofulvin 1.73 5.18 148 <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD 19.2 52 <LOD | <LOD | <LOD
Pharmaceuticals Hydrochlorothiazide 1.47 4.42 8381 <LOD 186 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pharmaceuticals Ibuprofen 51.5 155 10 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 155 <LOD | <LOD | <LOD
Pharmaceuticals Ketoprofen 27.6 829 2096 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
Pharmaceuticals Lamotrigine 16.2 485 10000 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 189 <LOD | <LOD | <LOD
Pharmaceuticals TPs | Lidocaine N-oxide 0.701 2.1 11858 <LOD 106 13.6 | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | 7708 | <LOD | <LOD | <LOD
Pharmaceuticals Lopinavir 1.68 5.03 7.31 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ 76.6 <LOD | <LOD | <LOD
Pharmaceuticals Losartan 9.55 28.6 78000 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 296 <LOD | <LOD | <LOD
Pharmaceuticals Mefenamic acid 10.7 322 205 <LOD 257 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pharmaceuticals Meperidine (Pethidine) 48.9 147 19653 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 212 <LOD | <LOD | <LOD
Pharmaceuticals Metformin 2.47 7.4 156000 | <LOD 779 27.6 <LOD | <LOD | <LOD 133 13.1 <LOD 1103 14.7 <LOD | <LOD
Pharmaceuticals Naproxen 522 157 1700 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
Pharmaceuticals Oxcarbazepine 32 9.6 2950 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 18.1 <LOD | <LOD | <LOD
Pharmaceuticals Oxycodone 4.61 13.8 8036 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 23 <LOD | <LOD | <LOD
Pharmaceuticals Paracetamol 14.6 439 134000 | <LOD 48.7 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD
Pharmaceuticals Pentoxifylline 3.13 9.4 6016 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 334 <LOD | <LOD | <LOD
Pharmaceuticals Phenazone 4.21 12.6 1100 <LOD | <LOQ | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 13.7 19.6 <LOD | <LOD | <LOD
Pharmaceuticals TPs | Pheniramine N-oxide 5.07 15.2 7304 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 40.5 <LOD | <LOD | <LOD
Pharmaceuticals Salicylamide 16.9 50.8 39115 232 <LOD | <LOD | <LOQ | <LOQ | <LOD 164 112 <LOD | <LOD | <LOD | <LOD | <LOD
Pharmaceuticals Salicylic acid 445 | 134 | 18000 [<LOQ | 264 | <LOQ [<LOQ | <LOQ | <LOQ [ <LOQ [ <LOQ | 249 102 | <LoQ [ <LoQ | 282

Pharmaceuticals Sulfamethoxazole 0.529 | 1.59 600 <LOD | <LOD | <LOD [ <LOD | <LOD | <LOD | <LOD | <LOD 97 1229 | <LOD | <LOD | <LOD
Pharmaceuticals Sulfapyridine 6.93 20.8 1830 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 83.2 <LOD | <LOD | <LOD
Pharmaceuticals Telmisartan 15 449 0.55 <LOD 99.3 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 105 <LOD | <LOD | <LOD
Pharmaceuticals TPs | Tramadol N-oxide 19 56.9 75615 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 1536 | <LOD | <LOD | <LOD
Pharmaceuticals Triclosan 12.5 375 20 <LOD 319 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 159 <LOD | <LOD | <LOD
Pharmaceuticals Trimethoprim 1 3.01 120000 | <LOD 4.52 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 559 <LOD | <LOD | <LOD
Pharmaceuticals Valsartan 179 | 53.6 | 560000 | <LOD 197 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 810 | <LOD | <LOD | <LOD
Pharmaceuticals TPs | Venlafaxine N-oxide 0.497 1.49 34228 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 335 <LOD | <LOD | <LOD
Drugs of abuse Barbital 75 225 22083 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
Drugs of abuse Phenobarbital 7.5 225 4591 <LOD | <LOQ | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LOD | <LOD | <LOD
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Table 1 (continued)

Drugs of abuse Secobarbital 75 | 225 | 4244 | <LOD | <LOD | <LOD | <LOD [ <LoOD | <LOD | <LOD | <LOD | <LOD | <LOQ | <LoD [ <Lop | <Lop
Drugs of abuse ;}‘,‘;’::y}‘l;‘:g;:nolamine) 022 | 066 | 46064 | <LOD | 443 | 515 | <LoD | <LoD | <Lcop | 95 |[<LoQ | 487 | 2633 | 131 463 | <LOD
Stimulants Caffeine 241 | 724 | 1200 |<cop | 1180 | 121 |<LoQ | <coQ | 872 | 120 | 801 | <LoD | <LoD [ 958 | <LOQ | <LOQ
Stimulants Theobromine 251 | 754 | 100000 | <LOD | 838 | <LOD | <LoD | <LoD | <Lop | <LOQ | <LOD | <LOD | <LOD [ <LoD | <LoD | <LoD
Stimulants TPs Cotinine 125 | 376 | 10000 | <LOD | 255 | <LOQ | <LOQ [ <LoD [ <LoQ | <LOQ | <LOQ | 47 | <LoD [ <woQ [ <LoQ | <LOQ
Stimulants TPs Hydroxycotinine 323 | 97 | 20584 | <cop | 345 | <Lop | <cop | <cop | <cop | <LoD | <LoD | <LoD | <LoD [ <Lob | <Lob | <Lop
Sweeteners Acesulfame 307 | 92 | 67639 | <LoD | <LoD | <Lop | <cob | <cop | <Lop | <LoD | <LoD | <ob | 133 | <Lob [ <Lob | <Lop
Sweeteners Saccharine 15 | 449 | 20361 |<LoD | <LOQ | <LOD | <LOD | <LoD | <LoD | <LoD | <LoD | <LoD | <LOD | <LOD | <LOD | <LOD
Sweeteners Sucralose 0.177 | 0.53 29694 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | 2243 | <LOD | <LOD | <LOD
Industrial chemicals | Benzoic acid 122 | 367 | 44600 | <LOD | <LOD | <LOD | <LoD [ <LoD | <coD | <LoD | <LoD | <LoD | 183 | <wob [ <cop | 277

Industrial chemicals | 2-aminobenzothiazole 419 | 126 | 1000 |<LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | 19.5 | <LOD | <LOD | <LOD
Industrial chemicals 2-OH-benzothiazole 4.19 12.6 14000 <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD | <LOD 257 445 <LOD | <LOD
Industrial chemicals llg'?lil)’e“z"maz"le (1-H- 152 | 455 | 7765 | <LoD | 488 | <LOQ | <LoD | <LoD [ <LoD | <LoD | <LoD | <LO0Q | 707 | <LOD | <LOD | <LOD
Industrial chemicals | Tolyltriazole 141 | 422 | 150000 | <cop | 51 | <LoD | <Lop [ <Lop | <Lop | <LoD | <LoD | <Lob | 1079 | <cop [ <Lob | <LoD
Industrial chemicals | Bisphenol A 6.16 | 185 240 493 | <LoD | <LOD | <LOD | <LoD | <LoD | 824 | 202 | <LoD | <LOD | 23.1 | <LoD | <LoD
Industrial chemicals f’s‘fgﬁ‘i"gi‘gﬁg‘fg‘;‘&‘;ium 2 | 601 291 | <LOQ | 374 12 | <Lop | <Lop | <Lob | <Lop | <Lob | <Lop [ <Lop | <LeQ | < oD | <LoD
Industrial chemicals | 2.4-dinitrophenol (DNP) 735 | 22 4000 | <LOD | <LOD | <LoD | <LoD | <cop | <CoQ | 311 | 251 | 276 | 22 258 2 | <LoQ
Industrial chemicals | Triethyl phosphate 411 | 123 | 632000 | <LoD | <LOD | <LOQ | <LOD | <LoD | <LoD | <LoD [ <LoQ | <LoD | 356 | <LOQ | <LOD | <LOD
Industrial chemicals | Diethyl phthalate 123 | 369 | 15969 | <LOQ | 295 | <LoD | <LoQ [ <op | <Lop | <LOQ | <LOQ | <LoD | <Lop [ 186 [ 136 | <LOQ
Industrial chemicals | Dimethyl phthalate 285 | 8.56 900 123 | 181 | 224 | 156 | 132 | 856 | 989 | <LOQ | 991 |<LoD [ 858 [ 913 | <LOQ

*The values highlighted in red were above PNEC.

respectively), which are at the mouths of the Reut and Byk
rivers discharging into the Dniester River in Moldova. Within
the Moldovan part of the Dniester River Basin, 76% of the
land is used for agricultural production [1]. The Reut River is
located in an area dominated by agriculture [29], and the Byk

River is influenced, i.a., by agricultural runoff [30].

Fig. 2 Distribution of various
classes of organic contaminants in
the investigated surface water
samples (bars) and total number
of detected analytes in each sam-
ple (line; different scale)
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metolachlor, high FoA was observed also for the
chlorotriazines terbuthylazine and the TP 2-
hydroxypropazine, as well as the herbicides bentazone and
dinoterb. The other detected chloroacetanilide and
chlorotriazine herbicides, such as acetochlor, metazachlor, at-
razine, and simazine, were detected with low FoA. From
among other herbicides and their TPs, lenacil, metamitron,
metribuzin, nicosulfuron, prometryn, and
methyldesphenylchloridazone were detected in one or two
water samples at concentrations below 50 ng/L.
Dimethenamid and diuron were also detected in only a few
samples; however, their maximum concentration exceeded
1000 ng/L. This is especially worrying for the WFD priority
substance diuron with annual average EQS. 200 ng/L.

Insecticides were detected with low FoA in surface water
samples, but their total cumulative concentration accounted
for 33% of the total concentration of pesticides in the river,
mainly because of the high concentration levels of the carba-
mate carbaryl reaching its maximum concentration 5.6 pg/L at
site 6 (Mohyliv-Podilskyi). The neonicotinoid insecticides
imidacloprid, thiamethoxam, acetamiprid, and thiacloprid
were also detected and their occurrence is of importance due
to their inclusion in the EU Watch List, relatively low PNECs,
and thus high potential of adverse impact on the environment.

Fungicides were detected at lower concentrations com-
pared with herbicides and insecticides. Carbendazim was the
substance that stood out of this class because of its high FoA
in surface water samples (69%) and relatively high concentra-
tion (maximum concentration 755 ng/L at site 10).

The herbicide prometryn and the fungicides azoxystrobin
and carbendazim were detected in both surface water and
sediment samples of the Dniester River in Zalishchyky, up-
stream of the Dniester reservoir, in the agricultural Ternopil
Oblast in Ukraine (site 4). Their total cumulative concentra-
tion in the river sediments was 157 pg/kg (d.w). Moreover, 3-
hydroxycarbofuran, which is a TP of carbofuran—carbamate
insecticide/acaricide/nematicide, was identified at similar con-
centration levels in all biota samples.

The findings of our study highlight the importance of
screening TPs in river basin and national monitoring cam-
paigns. Many TPs were detected in surface water and biota
samples. In selected cases (2-hydroxypropazine,
methyldesphenylchloridazone, 3-hydroxycarbofuran), TPs
were successfully identified while their parent compounds
remained undetected, whereas in case of the photolysis TP
of metamitron (desaminometamitron) [31], it was detected at
higher concentration and more frequently than the parent
compound.

However, in most of the cases, the parent compounds and
their TPs were both detected in the samples, especially at sites
where the parent pesticide reached its highest concentration.
Such was the case of metolachlor, known to be degraded to
two major TPs (metolachlor-ESA, metolachlor morpholinone)

[32], which were detected along with the parent pesticide in
surface water samples. Similar cases were the major TPs of
atrazine (2-hydroxyatrazine) [33], simazine (2-
hydroxysimazine) [34], terbuthylazine (desethylterbuthylazine
and desethyl-2-hydroxyterbuthylazine) [35], azoxystrobin
(azoxystrobin acid) [36], and carbendazim (2-
aminobenzimidazole) [37]. In all these cases, TPs were detected
at lower concentration and in locations where parent pesticides
were detected at relatively high concentration.

Pharmaceuticals and pharmaceuticals’ TPs

In total, 40 pharmaceuticals and their TPs were determined in
surface water samples. Three pharmaceuticals were found in
river sediments (two of which were also detected in surface
water), and one was present in biota.

The highest total cumulative concentration of pharmaceu-
ticals and their TPs (26.1 ug/L, 35 pharmaceuticals) was ob-
served in surface water collected from the mouth of the Byk
River (site 10). The second highest concentration of pharma-
ceuticals in surface water (3.6 pg/L, 19 pharmaceuticals) was
observed at the mouth of the Tysmenytsia River in Lviv
Oblast in Ukraine (site 2). In the rest of the surface water
samples, concentration levels of pharmaceuticals were one
or two orders of magnitude lower.

Both sites (10 and 2) are heavily impacted by municipal
and industrial wastewater discharges [1]. Site 10 receives
wastewater from Chisinau and wastewater from pharmaceuti-
cal industry. The concentration levels are even comparable
with the findings in a European wastewater campaign con-
ducted in the Danube River Basin [24]. Site 10 is obviously
impacted by wastewater discharges, which is also supported
by the presence of 17 pharmaceuticals, which were detected
exclusively at this location at concentrations ranging from
0.02 to 1.5 pg/L. Highest FoA was observed for the TPs 4-
acetamidoantipyrine (85%) and 4-formylaminoantipyrine
(77%), and the pharmaceutical salicylic acid (100%), all of
them reaching their maximum concentration at site 10. It is
worth highlighting that the metabolites of metamizole (4-
acetamidoantipyrine and 4-formylaminoantipyrine) are
known to be frequently detected in the aquatic environment
[38], and in our study were detected with high FoA, while the
parent compound remained undetected as expected, due to its
rapid metabolism in human body [39]. Moreover, the TP of
carbamazepine (10,11-dihydro-10,11-dihydro
xycarbamazepine) was detected at higher concentration levels
than the parent pharmaceutical—a fact that has also been pre-
viously reported to occur in wastewater samples [40].

A smaller number of substances were detected in the river
sediments. Carbamazepine and salicylamide were determined
in both surface water and sediment samples, whereas
mabuterol was detected only in the river sediments from sites
4 and 11 (Dniester River sites in Ukraine and Moldova,
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respectively), and at low concentration levels. Finally,
tolycaine was detected in the biota sample collected from site
9 (Reut River, Moldova) at 70.0 ug/kg (w.w.).

Drugs of abuse

Four drugs of abuse were detected in surface water samples.
Norephedrine (phenylpropanolamine) was observed with high
FoA (62%) and its concentration varied from < 0.66 to
2.6 pg/L (maximum concentration at the wastewater-
impacted site 10). The barbiturates barbital (site 10), pheno-
barbital (sites 2, 10), and secobarbital (site 10) were detected
at concentration above LOD but below LOQ. Alike pharma-
ceuticals, drugs of abuse were dominant in the Byk River in
Moldova (site 10).

Stimulants and sweeteners

Four stimulants and stimulants’ TPs (cotinine,
hydroxycotinine, caffeine, and theobromine) were detected
in surface water. No stimulant was observed in the headwaters
(site 1), indicating that headwaters were relatively free of an-
thropogenic pressures, since cotinine and caffeine are used as
marker substances. Cotinine, the predominant metabolite of
the stimulant nicotine, was detected with FOA 77% and at
maximum concentration in the Tysmenytsia River (site 2),
where another minor metabolite, hydroxycotinine, was also
detected. Caffeine was detected with the same FoA as cotinine
(77%) with concentration ranging from <0.07 to 1.2 pg/L
(maximum at site 2). Theobromine was detected in surface
water from the two sites, in which also caffeine was observed
at the highest concentration.

Two sweeteners, acesulfame and sucralose, were detected
in surface water from the Byk River (site 10), and one sweet-
ener, saccharine, in water from the Tysmenytsia River (site 2).

Industrial chemicals

Eleven industrial chemicals were detected in surface water
samples. They were determined at very high cumulative con-
centration (2.3 pg/L) in water collected from the Byk River
(site 10). In this site, a presence of seven industrial chemicals
was revealed: benzoic acid, 2-aminobenzothiazole, 2-OH-
benzothiazole, 1-H-benzotriazole (1-H-BTR), tolyltriazole
(mix of isomers 4- and 5-methylbenzotriazole), 2,4-dinitro-
phenol (DNP), and triethyl phosphate. This result can be
interpreted by the fact that 75% of all Moldovan industries
are located along the Dniester River, and only 60% of these
have water treatment systems [14]. Part of the pollution (e.g.,
benzotriazole compounds) can be contributed from municipal
sources.
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Connection of the Dniester River Basin with the Black
Sea

The findings from the Dniester River Basin well correspond
with the findings from the Joint Black Sea Surveys (JBSS)
that took place in 2016 and 2017 [41]. The Dniester River
flows into the Black Sea and carries CECs and their TPs.
Emerging substances enter the marine environment, where
they are diluted, sorbed in the marine particulate matter, fur-
ther degraded or uptaken by the marine organisms.

In the context of the presented study, it was evaluated wheth-
er the detected contaminants in the Dniester River were also
detected in the Black Sea close to the estuary. Many contami-
nants belonging to various classes of emerging substances were
also detected in the marine ecosystem. Some of these classes
include: pesticides (atrazine, bentazone, carbendazim, DEET,
dinoterb, metolachlor, prometryn, simazine) and their TPs (2-
hydroxyatrazine, methyldesphenylchloridazone, metolachlor-
ESA, desethylterbuthylazine), pharmaceuticals (carbamaze-
pine, ketoprofen, lamotrigine, salicylamide, sulfamethoxazole,
telmisartan, valsartan) and their TPs (4-acetamidoantipyrine, 4-
formylaminoantipyrine, lidocaine N-oxide), stimulants (caf-
feine and cotinine), sweeteners (acesulfame, sucralose, saccha-
rine), and industrial chemicals (2,4-dinitrophenol, 1-H-benzo-
triazole, didecyldimethylammonium, diethyl phthalate, dimeth-
yl phthalate and tolyltriazole).

Tentatively identified emerging organic
contaminants

Once all samples from the sampling campaign were uploaded
into DSFP, the batch-mode screening module was used to
screen SusDat substances with experimental fragment infor-
mation available. In total, 6152 compounds were screened
(5459 in positive ESI and 2352 in negative ESI; 1659 com-
pounds both positively and negatively ionized). After the ex-
clusion of target substances determined in the samples as pre-
sented above and naturally occurring compounds, 30 emerg-
ing contaminants were tentatively identified in surface water,
sediments, and biota. Most of them belonged to the classes of
industrial chemicals (including surfactants, plasticizers, food
additives) and pharmaceuticals. The detected substances are
presented in Fig. 3 and in Table S5 (ESM).

Twenty-one compounds were tentatively identified in sur-
face water samples. Nine of them were detected in at least half
of the samples (FoA >50%): six plasticizers (6-
methylbenzotriazole, dimethyl sebacate, glutaric acid, N-
butylbenzenesulfonamide, TEBT (tris(2-butoxyethyl) phos-
phate), tributylphosphate), one additive used in food industry
(glycerol monostearate), one surfactant (N,N-bis(2-
hydroxyethyl)dodecanamide), and one pharmaceutical
(hymecromone, used for bile therapy). The remaining 12
emerging contaminants were detected only in smaller number
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Occurrence Results

TBEP (Tris(2-butoxyethyl) phosphate
Dimethyl sebacate
N-Butylbenzenesulfonamide

Glutaric acid

6-methylbenzotriazole

Glycerol monostearate
N,N-bis(2-hydroxyethyl)dodecanamide
Tributylphosphate

DDAO (N,N-Dimethyldecylamine N-oxide)
Hymecromone

Lauramine oxide

Telbivudine
2-(2-(2-butoxyethoxy)ethoxy)ethanol
8-Hydroxyquinoline

Malic acid

Viloxazine

4-Phenylbutenone -

Gabapentin related compound E

Compounds

Diethanolamine

2-Furoic acid
Tetradecylamine
12-Aminododecanoic acid
Anethole

Dimethyl cyclohexane-1,4-dicarboxylate
Tiglic acid
N-Formylmethamphetamine
Sulfamethoxazole-PtO
Heptanophenone

Bisphenol S
2-Amino-4-methylpyrimidine

| %

Samples

Fig. 3 Emerging substances detected by suspect screening and samples in which they were detected. The color coding indicates the number of detected

qualifier fragment ions

of samples. Apart from the TP of illicit drug N-
formylmethamphetamine, the rest of the substances were in-
dustrial chemicals (2-(2-(2-butoxyethoxy)ethoxy)ethanol,
bisphenol S, diethanolamine, dimethyl cyclohexane-1,4-
dicarboxylate, 2-furoic acid, heptanophenone, lauramine ox-
ide, 4-phenylbutenone, sulfamethoxazole-PtO,
tetradecylamine, tiglic acid).

Seven emerging contaminants were tentatively identified in
river sediment samples. Except glutaric acid, glycerol
monostearate, and N-butylbenzenesulfonamide, which were
also detected in surface water samples, the industrial
chemicals 12-aminododecanoic acid (additive), anethole
(additive) and DDAO (N,N-dimethyldodecylamine N-oxide)

(surfactant) exclusively occurred in sediments. Moreover, a
drug impurity, gabapentin-related compound E, was tentative-
ly identified.

Finally, eight CECs were tentatively identified in biota
samples. From the class of industrial chemicals, 2-amino-4-
methylpyrimidine, 8-hydroxyquinoline, and malic acid were
detected exclusively in biota, while lauramine oxide and N,N-
bis(2-hydroxyethyl)dodecanamide were detected in both sur-
face water and biota samples. Glycerol monostearate was the
most frequently detected substance in all investigated matri-
ces. From the class of pharmaceuticals, two compounds from
various therapeutic classes, telbivudine (antiviral drug) and
viloxazine (antidepressant drug), were detected. These
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tentative findings supplement the results of target screening
and highlight the input of industrial chemicals in the Dniester
River Basin.

Risk assessment and prioritization of organic
contaminants

Three WFD priority substances were detected in surface water
of the Dniester River Basin: atrazine (AA-EQS, 600 ng/L),
diuron (AA-EQS, 200 ng/L), and simazine (AA-EQS,
1000 ng/L). Atrazine and simazine were detected at concen-
trations below the EQS. The concentration of diuron at site 10
(1.2 ng/L) exceeded the EQS value. This is a matter of con-
cern and regular monitoring should reveal if the exceedance is
causing the failure to reach good chemical status of the im-
pacted water body.

Four substances (acetamiprid, imidacloprid, thiacloprid,
thiamethoxam) that were detected in surface water samples
are listed in the EU Watch List. These compounds belong to
the class of neonicotinoids, which are neuro-active insecti-
cides chemically similar with nicotine. PNECs proposed by
the EC Joint Research Center [42] were used for their risk
assessment. The concentrations of imidacloprid and
thiamethoxam exceeded the PNECs at sites 6, 9, and 10,
which indicates that they should be included in the regional
monitoring program.

A risk of the rest of the detected substances was assessed by
comparing measured concentrations with PNEC values,
which were applied according to the following order of cred-
ibility: experimental PNEC (PNEC chronic followed by
PNEC acute) and in silico P-PNEC. The NORMAN
Ecotoxicology Database [22] contained at the time of the
study lowest PNEC values for > 65,000 substances, which
were either obtained experimentally or predicted by QSAR
[43]. All detected contaminants together with their ecotoxico-
logical threshold values and the PNEC type are included in
Tables S6A, S6B, and S6C (ESM).

Overall, sixteen pesticides (acetochlor, carbaryl,
carbendazim, dimethenamid, dimethoate, diuron, fipronil,
imidacloprid, metazachlor, metolachlor, nicosulfuron,
omethoate, 2-hydroxypropazine, terbutylazine,
desethylterbutylazine, thiamethoxam) and ten pharmaceuti-
cals (4-acetamidoantipyrine, carbamazepine, 10,11-dihydro-
10,11-dihydroxycarbamazepine, fluconazole, ibuprofen,
lopinavir, mefenamic acid, sulfamethoxazole, telmisartan, tri-
closan) exceeded the ecotoxicological thresholds in at least
one surface water sample. FoA, FoE, and EoE were calculated
for these 26 substances to retrieve a risk score (sum of FoA +
FoE + EoE (0-3)) for their prioritization, as presented in Table
2. The determination of the compounds of national or regional
concern (characterized as river basin—specific pollutants) is a
requirement by the WFD [44]. The risk scores indicated that
pharmaceuticals telmisartan and 4-acetamidoantipyrine, as
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well as herbicides metolachlor and terbuthylazine, could po-
tentially pose high risk and might be considered good candi-
dates for river basin—specific pollutants. In general, all sub-
stances exceeding their EQS or PNEC values should be in-
cluded into the regional investigative monitoring program to
confirm if the exceedance is widespread. If yes, critical mass
of the data should be collected allowing for their proper risk
assessment, e.g., according to the NORMAN Prioritisation
Framework [23], followed by the targeted Programme of
Measures.

In sediments, two emerging contaminants, pesticides
azoxystrobin and carbendazim, exceeded the PNEC at site 4.

In this study, the used sediment and biota PNECs were
calculated from freshwater PNECs and therefore should be
used only as an indicative values.

Conclusions

The presented study provided a comprehensive overview of
the chemical pollution status of the Dniester River Basin and
brought up evidence needed to improve the water quality of
the Dniester River. Metal analysis revealed presence of eight
metals in surface water and sediments. Systematic wide-scope
target screening of 2273 subatances in surface water, sedi-
ment, and biota samples revealed presence of 109 organic
contaminants from different chemical classes. Suspect screen-
ing of 6152 substances resulted in detection of additional 30
emerging contaminants, belonging mostly to the classes of
industrial chemicals (including surfactants, plasticizers, food
additives) and pharmaceuticals. The samples’ chromatograms
were also digitally “frozen” and thus allowing for future ret-
rospective screening of currently unknown or unsuspected
compounds. The screening campaign revealed places with
significantly higher pollution load, such as the Byk River
downstream Chisinau (Moldova), where 69 organic contami-
nants were determined with a total cumulative concentration
of 36.4 ug/L. Among the main polluting sources were traced
to be pharmaceutical industry, other industrial plants, and mu-
nicipal wastewater outlets. The Tysmenytsia River in
Ukraine showed a total cumulative concentration of organ-
ic contaminants of 7.4 pg/L, mainly due to increased levels
of pharmaceuticals. Metals were observed at their highest
concentration in the Byk and Tysmenytsia rivers.
Significant load of wide range organic pollutants was also
observed in Mohyliv-Podilskyi (Ukraine) and in the Reut
River (Moldova). In both places, pesticides were the dom-
inating contaminants. The ecotoxicological risk assess-
ment revealed that concentration levels of some detected
pesticides, pharmaceuticals, and their TPs exceeded the
PNEC values in the tributaries Byk, Reut, Tysmenytsia,
and Seret and in the Dniester River close to Rybnitsa/
Rezina and Mohyliv-Podilskyi. WFD priority substances
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Table 2 Parameters for calculating the risk score to prioritize the surface water contaminants with concentrations above PNEC

Classification Analytes Frequency of Frequency of Extent of Risk

appearance (FoA) exceedance (FoE) exceedance (EoE) score
Pharmaceuticals ~ Telmisartan 0.15 0.15 1.0 1.31
Pesticides Metolachlor 0.92 0.15 0.072 1.15
Pesticides Terbuthylazine 0.77 0.23 0.12 1.12
Pharmaceuticals’  4-Acetamidoantipyrine 0.85 0.15 0.042 1.04
TPs
Pesticides’ TPs ~ 2-Hydroxypropazine 0.69 0.15 0.040 0.89
Pesticides Carbendazim 0.69 0.077 0.014 0.78
Pharmaceuticals ~ Carbamazepine 0.38 0.15 0.11 0.65
Pesticides Carbaryl 0.38 0.15 0.081 0.62
Pesticides Acetochlor 0.23 0.23 0.10 0.57
Pharmaceuticals’  10,11-Dihydro-10,11-dihydroxycarbamazepine 0.46 0.077 0.0032 0.54
TPs

Pesticides Imidacloprid 0.23 0.23 0.057 0.52
Pesticides Thiamethoxam 0.23 0.23 0.024 0.49
Pharmaceuticals ~ Fluconazole 0.31 0.077 0.0087 0.39
Pesticides Omethoate 0.15 0.15 0.033 0.34
Pharmaceuticals ~ Triclosan 0.15 0.15 0.026 0.33
Pesticides Nicosulfuron 0.15 0.15 0.014 0.32
Pharmaceuticals ~ Lopinavir 0.15 0.077 0.028 0.26
Pesticides Dimethenamid 0.15 0.077 0.025 0.26
Pharmaceuticals ~ Sulfamethoxazole 0.15 0.077 0.0055 0.24
Pesticides Dimethoate 0.15 0.077 0.0033 0.23
Pesticides’ TPs ~ Desethylterbuthylazine 0.15 0.077 0.0030 0.23
Pharmaceuticals  Ibuprofen 0.077 0.077 0.042 0.20
Pesticides Diuron 0.077 0.077 0.016 0.17
Pesticides Fipronil 0.077 0.077 0.010 0.16
Pesticides Metazachlor 0.077 0.077 0.0038 0.16
Pharmaceuticals ~Mefenamic acid 0.077 0.077 0.0034 0.16

(diuron, mercury), WFD Watch List substances
(imidacloprid and thiamethoxam) exceeding their EQS,
and emerging contaminants (telmisartan, metolachlor,
terbuthylazine, and 4-acetamidoantipyrine) exceeding their
PNEC values were suggested as candidates for river basin—
specific pollutants. Additional 19 pesticides and pharma-
ceuticals exceeding their ecotoxicological threshold values
in at least one surface water sample were suggested to be
included in the regional investigative monitoring program.
A good match was found between the pollution pattern of
the Dniester River and Black Sea close to the estuary,
which was investigated within the EU/UNDP EMBLAS
project. The obvious adverse impact of the Dniester River
on the marine environment was recommended to be stud-
ied in more detail. The future monitoring campaigns
should be scheduled throughout the year to investigate
seasonal variation of the contaminants, mainly of pesti-
cides, because household and industrial discharges have a
more stable profile regardless of the season.
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