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Abstract 

Background  The European Water Framework Directive foresees the establishment of emission inventories for micro-
pollutants (MP) to facilitate an evidence-based development of mitigation measures. Regionalized pathway analysis 
constitutes a moderately data-intensive approach to quantify the contribution of different pathways to the total 
pollution of surface waters. So far, only few European member states have created an inventory that includes dif-
fuse pathways. The fundamental basis to enable it is an accessible, well-structured and harmonized database 
with data on the concentration of MPs in multiple compartments, such as soils, groundwater, atmospheric deposition 
and urban systems. Combined with the water and suspended substance balance in river basins, such data enables 
the estimation of emission loads via specific pathways. In the Danube River Basin, but in general in Europe, a public 
data management platform with such scope and criteria is still lacking.

Results  We collected and harmonized MP measurements across multiple compartments and countries together 
with key metadata, harmonized and combined them into a new database. The resulting tool, available for download, 
facilitates the assessment of current data availability, in terms of quantity and quality. For example, while the major-
ity of available data stems from groundwater and surface water, other highly relevant compartments are scarcely 
represented. By examining differences in MP concentration level across compartments, the database can lead 
to understand the relevance of specific emission pathways and thus to prioritize data-retrieval and calculation efforts 
in modelling applications. Selected examples show how to exploit the metadata associated to the measurements 
to extrapolate the results to regions not covered by specific monitoring programmes. For example, PFAS concentra-
tions in treated wastewater show significant dependence on the design capacity of the treatment plant.

Conclusions  This study showcases how such database can support the setup of emission inventories, guide data 
providers and national authorities in prioritizing the allocation of resources for new surveys and in optimizing their 
national data collection and management systems. The process tested showed a great need for enhanced data 
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literacy across countries and institutions to increase data availability and quality to secure the exploitation of the full 
information potential generated via monitoring programmes.

Keywords  Trace contaminants, Emission inventory, Surface water pollution, Concentration database, Regionalized 
pathway analysis, Wastewater, Groundwater, Atmospheric deposition, Soil, Stormwater runoff

Background
The European Water Framework Directive [1] and its 
daughter directives define a policy regime to improve 
the quality of surface waters and is considered one of the 
world’s most advanced approaches in this area. Regarding 
micropollutants (MP), besides requirements for moni-
toring in surface water bodies as basis for the chemical 
status assessment, member states are required to set up 
inventories of emissions, discharges and losses of prior-
ity and priority hazardous substances to facilitate the 
evidence-based development of emission mitigation 
measures. The guidance document No. 28 [25] presents 
a tiered methodological approach that should be fol-
lowed to establish such inventories, depending on data 
availability and substance-criticality. The riverine load 
approach (tier 2) relies on hydrological and chemical 
measurements in the rivers to estimate the mass of con-
taminants transported per unit of time. When combined 
with the inventory of point source emissions (tier 1) and 
considering in-river processes such as degradation or 
transformation, it allows estimation of the proportion of 
diffuse emissions. These are, however, treated as a black 
box. To provide an accurate inventory of point and spe-
cific diffuse emissions, the next level (tier 3) is neces-
sary. This involves using a pathway-oriented approach 
or regionalized pathway analysis (RPA). Its application 
requires riverine loads from tier 1 to validate the esti-
mated emissions, but also more information on land use, 
hydrology and main processes in the river catchments. 
In particular, data on occurrence and concentration lev-
els of contaminants in multiple compartments, such as 
soils, groundwater, atmospheric deposition and urban 
systems are essential. In order to obtain a comprehensive 
depiction of the life cycle of contaminants, the source-
oriented approach (tier 4) is designed to estimate emis-
sions factors for different human activities, starting from 
substance-specific data on production, sales and con-
sumption. As the tier increases, so does our understand-
ing of sources and pathways, as well as our capability to 
identify the most appropriate measures. However, higher 
tiers are also associated with a larger amount and higher 
complexity of data needs.

The second cycle of river basin management plan 
development in 2015 revealed that only a limited num-
ber of EU member states were able to report data and 
estimations of diffuse emissions and only for a limited 

range of substances [64]. This is also the case for the 
Danube River Basin (DRB), which is one of the most 
international river basins in the world [63]. Only a 
handful of countries in the DRB have explicitly included 
diffuse emissions according to tier 3 in their invento-
ries, while all others have only created an inventory of 
point sources. As of the update of the DRB manage-
ment plan in 2021, no transnational emission inventory 
was available [39].

The first fundamental step to enable the generation 
and regular update of an accurate emissions inven-
tory is to have an accessible, well-structured and har-
monized data basis that contains information on the 
concentration of MPs in various environmental and 
technical compartments. This information, when com-
bined with the water and suspended solids balance of 
the basin, allows for the estimation of emission loads 
through specific pathways. Due to the impossibility of 
monitoring the whole territory, it is essential to have 
thorough documentation and accessible metadata asso-
ciated with surveys in different compartments. This will 
enable the identification of statistically significant pat-
terns and correlations, allowing for the extrapolation 
and interpolation of data for unmonitored locations 
and regions.

Multiple international initiatives have been launched 
recently to collect data on MPs at European and DRB 
scale:

The NORMAN network maintains the “EMPODAT” 
database [62] to support the identification and prior-
itization of pollutants of emerging concern. It focuses 
on new substances that are known, but not yet well 
investigated [22]. In line with this purpose, the data-
base contains several metadata on the analytical meth-
ods and analytical quality assessment. Metadata on the 
sampled environmental compartment are included to 
a lesser extent. The data cover many substances with 
measurements at different levels of quantitative preci-
sion, ranging from uncalibrated screening methods to 
fully quantitative target analysis with application of 
quality control procedures. In line with its purpose, 
the database does not collect monitoring data for 
well-known substances such as heavy metals or from 
national administrations. The absence of measurements 
for well-known parameters, missing metadata about 
the sampling sites and facilities, and semi-quantitative 
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measurements in the database impede its use as a basis 
for emission modelling. Nevertheless, the metadata 
regarding analytical methods can serve as a best-prac-
tice example.

The EU joint research centre (JRC) maintains the 
“JRC FATE Monitoring Database on Occurrence and 
Levels of Chemical Contaminants” [35], probably con-
taining reported data from the EU member states. 
Unfortunately, this database is not public.

Many EU and non-EU countries report environmen-
tal data to the European Environmental Agency (EEA) 
within the EIONET network. The EEA then publishes 
this data, such as the concentration data for surface and 
groundwater bodies found in the “Waterbase—Water 
Quality ICM” dataset [30]. This dataset provides only 
limited metadata on analysis methods and sampling 
site properties and, as it covers only ground and surface 
water, it cannot be used as a basis for an inventory of 
multiple emission pathways. Comparable datasets for 
other compartments, e.g. soil or atmospheric deposi-
tion covering more than a few substances, are not yet 
available from the EEA.

The European Industrial Emissions Portal [29] pub-
lishes the emissions to water reported under the Pol-
lutant Release and Transfer Register (PRTR) directive 2 
by the EU member states and some non-member states, 
such as Serbia. The reporting of emissions is restricted 
to industries belonging to the 65 economic activi-
ties listed in Annex I of the directive and exceeding at 
least one of the PRTR capacity thresholds (regarding 
production or processing volumes). Additionally, only 
data on emissions of pollutants that exceed thresholds 
specified in Annex II must be released. If industries 
meet these preconditions, they must report emissions 
to water for 71 pollutants, but only where they exceed 
the given threshold. The reported emissions in mass 
per year can be based on measurements, calculations or 
estimations. Due to the rather high pollutant-specific 
thresholds, only major polluters are required to report 
their emissions. Further, the reported emissions are 
subject to large uncertainties depending on the method 
applied for quantification. For MPs, values below the 
analytical limit of quantification are often regarded as 
0, resulting in a best-case evaluation of emission loads. 
To extrapolate the reported loads to other emitters 
who are not required to report their emissions for the 
aforementioned reasons, or to estimate emissions for 
substances not included in the PRTR, one would need 
the water volumes and concentration data used to cal-
culate the loads. Even if the water volumes are known—
which is mostly not the case, as they do not need to 
be reported—the aforementioned reasons make the 
extrapolation highly uncertain.

The International Commission for the Protection of 
the Danube River (ICPDR) operates the “Danube River 
Basin Water Quality Database” [40], which includes data 
from the “TransNational Monitoring Network” (TNMN) 
and the “Joint Danube Surveys” (JDS). The TNMN con-
tains analyses of water samples from selected stations 
along the Danube for a limited number of MP. To com-
plement this substance-wise rather limited monitoring, 
the JDS collects samples along the Danube once every 6 
years and analyses them for a very wide range of pollut-
ants. The content of this database focuses on contamina-
tion in the Danube River itself. The datasets only include 
a few major tributaries of the Danube, and do not cover 
other environmental compartments that contribute to 
river pollution, such as atmospheric deposition, storm-
water or soil. Although two other compartments (waste-
water and groundwater) were sampled during JDS4, their 
data are not yet included in the database system. To use 
this database as basis for basin-wide emission model-
ling, a massive extension of the scope would be required. 
This includes expanding the substance list, temporal 
and spatial coverage, and the covered environmental 
compartments.

Finally, the French newspaper “Le Monde” has com-
piled an extensive dataset on per- and polyfluoroalkyl 
substances (PFAS) pollution in Europe, which also 
includes data from various environmental compartments 
[20]. However, the amount of metadata included is differ-
ent as is the purpose of this web application.

A database which shows comparable efforts outside of 
Europe is the one established by the U.S. Environmental 
Protection Agency (US-EPA). This database compiles 
pre-existing data to support exposure assessment and has 
a wider focus regarding the environmental compartments 
covered [41]. The data can be traced back to the original 
source files. However, the database in its published state 
is not a suitable basis to set up emission inventories due 
to the limited metadata regarding the sampled environ-
mental compartments.

This brief overview clearly shows that these important 
and valuable initiatives were launched with a wide range 
of objectives, none of which included the creation of an 
accurate inventory of point and diffuse emissions. There-
fore, they were not designed to meet the data and meta-
data requirements of such endeavour. A public database 
or data management platform with this scope and criteria 
is still absent in the DRB and Europe as a whole.

To address this critical gap, the Danube Hazard m3c 
project [23] undertook a major effort to collect and har-
monize data and metadata on MP measurements across 
multiple compartments and Danube countries. This 
was done to create a new database with the goal of pro-
viding the optimal information basis for compiling a 
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transnational emission inventory according to the path-
way-oriented approach.

In doing so, we addressed several research questions. 
Firstly, we investigated the current availability of data 
in the different compartments and regions of the basin, 
considering both quantity and quality. The results of this 
analysis are important, as they provide modellers with a 
basis to assess the varying levels of uncertainty affecting 
the estimation of emission loads through different path-
ways. This, in turn, affects the uncertainty in predicting 
the effectiveness of measures implemented in different 
compartments. Additionally, the results provide data 
providers and national authorities with criteria to prior-
itize the allocation of resources in designing new surveys 
and optimizing their national data collection and man-
agement systems. Secondly, we examined the differences 
in the occurrence and concentration levels of specific 
substances across different compartments and coun-
tries. This screening helps us to better understand the 
relevance or dominance of specific emission pathways, 
allowing us to prioritize data-retrieval and calculation 
efforts in modelling applications. Moreover, one of the 
most important objectives was to explore the metadata to 
assess the potential for extrapolation of information for 
estimating regionalized emissions in areas of the basin 
that are not monitored by specific programmes.

This paper presents and critically discusses the concep-
tual design of the database, the lessons learned during its 
implementation, the criteria used to select the collected 
data and metadata, and the new knowledge and added 
value that can be obtained through their analysis. It will 
be highly valuable not only for institutions dealing with 
water quality management in the DRB, but also for scien-
tists or public authorities interested in launching a simi-
lar endeavour in other river basins worldwide.

Material and methods
Setup of the database
The database is implemented as relational database in 
PostgreSQL [56], as this is a powerful and open source 
database management system.

The data are organized into 31 main tables which con-
tain the actual data, and 38 supporting tables that contain 
the allowed entries for columns in the main tables with 
controlled vocabularies. The use of controlled vocabular-
ies is of utmost importance to harmonize the metadata 
for data from different data sources and make it evaluable 
as one.

All tables include information about the data source, 
the date of data import, and the user responsible. The 
main tables containing concentration data include meta-
data on the analysed matrix (total, dissolved or solid 
phase), sample preparation and analytical methods along 

with their limit of quantitation (LOQ) and, where appli-
cable, limit of detection (LOD), as well as references to 
national or ISO norms and the laboratory responsible for 
the analysis.

Separate main tables include data for the different envi-
ronmental and technical compartments:

Water bodies: concentrations from river and ground-
water bodies along with suspended particulate mat-
ter (SPM) from rivers. The metadata for river samples 
includes the sampling method and the discharge situa-
tion at the time of sampling compared to the long-term 
mean discharge. Similarly, for groundwater samples, the 
metadata includes the sampling depth and the water level 
at the time of sampling, compared to the long-term water 
level. For river monitoring sites, besides the exact loca-
tion (coordinates with coordinate reference system and 
country), information on the catchment size and cor-
related other monitoring sites (e.g. river gauges for load 
calculation) are included. For groundwater monitoring 
sites, the land use/cover surrounding the well can be 
given. Finally, the reference to the water body (river or 
groundwater body) completes the metadata.

Wastewater:  MP concentrations in raw and treated 
wastewater including data from industrial and municipal 
treatment plants and settlements without any treatment. 
Further, data on sewage sludge can be found in this table 
set, as they share many metadata with concentrations 
in wastewater. Metadata associated with the wastewa-
ter samples are the sampling method (grab or composite 
samples), the sampling point in the wastewater treatment 
process and the flow volume at the time of sampling. The 
reference to the treatment plant was realized via a table 
for discharge points in accordance with the data struc-
ture of the EU Urban Waste Water Treatment Directive 
(UWWTD) reporting [27], which allows for one treat-
ment plant to have several discharge points. The average 
discharge volume of the discharge points and the receiv-
ing water body are recorded and the discharge points 
are related to a treatment plant. The table on treatment 
plants further holds metadata regarding the catchment it 
is serving (industrial or municipal, number of inhabitants 
and share of combined sewer system), the design capac-
ity (in population equivalent) and the implemented treat-
ment steps and technologies.

Stormwater runoff:  Concentration of MP in storm-
water runoff either in combined sewer overflows or in 
stormwater outlets in separate sewer systems are col-
lected together as a basis to quantify emissions from 
sewer systems. The metadata associated with the storm-
water runoff samples includes the exact sampling point 
(before or after treatment facilities like retention ponds 
or soil filters), the sampling method, and the runoff vol-
ume during sampling. For the sampling sites, besides 
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the location information about the type of sewer system, 
the connected catchment (inhabitants, total area, share 
impervious, impervious and connected, industrial and 
traffic area), annual runoff volume, related precipitation 
gauge, mean annual precipitation and storage volume of 
the treatment facility.

Atmospheric deposition: MP contamination in atmos-
pheric deposition was mostly reported as concentration 
in bulk deposition samples. However, one study used a 
different sampling approach, and therefore, the raw data 
were imported as deposition rates. The metadata for 
deposition samples includes the collection period, sam-
pling method, precipitation amount included in the sam-
ple (either by measuring the sample volume and relate 
it to the sampler inlet diameter or by recordings from a 
nearby rain gauge) compared to the annual precipitation 
sum, and the solid content in the sample. The sampling 
site metadata include the location, the long-term mean 
annual precipitation sums and information about related 
(nearby) precipitation gauges.

Soil: MP concentrations in soil samples were available 
as single sample measurements as well as from analysis 
of composite samples combined from multiple sampling 
locations sharing some common properties. The meta-
data for soil samples includes information on the sampled 
soil layer (qualitatively as “humus cover” or “top soil” and 
the sampled depth section below the surface), sampling 
method, dry matter and organic carbon content of the 
sample, soil texture (qualitatively like”loamy sand” or by 
volume percent of each size fraction), and the soil hori-
zon name (original value and master horizon according 
to [42]. The metadata for the sampling site, besides the 
location, contains information on the genetic soil type 
(original value and WRB reference soil group according 
to [42]) and the land use on the soil. All land use infor-
mation was mapped using a controlled vocabulary taken 
from the CORINE land cover classification system [46].

The inventory was designed to include original moni-
toring data whenever possible, as well as data published 
in an aggregated form, such as in scientific publications 
and other technical reports. Therefore, for each environ-
mental compartment different tables were adapted to 
include either single measurements or temporally or spa-
tially aggregated values, such as statistically aggregated 
measurements from grab samples and measurements of 
time-integrated or space-integrated composite samples.

Additional tables contain metadata on the MP (names, 
identifiers) and the data sources (data owner, applying 
license) and are referenced from every dataset in the 
main tables (concentrations).

To ensure high data quality, several checks were 
built into the database as unique or check constraints 
to allow only the import of datasets with consistent 

metadata. This should be demonstrated with a few 
examples. Firstly, if a concentration measurement is 
marked as below LOD, a value greater than 0 and 
smaller than the LOQ value must be supplied for the 
LOD, and the measurement must also be marked as 
below LOQ. Secondly, sample or sampling site identi-
fiers must be unique in the table to avoid having the 
same sample or site reported multiple times with dif-
ferent metadata. Finally, where the beginning and end 
of a sampling period must be supplied (e.g. for atmos-
pheric deposition samples), the sampling end must be 
later than the beginning of sampling to avoid negative 
or 0 sampling durations.

Data collection
Data from all accessible sources in the DRB were col-
lected, including surveys from national authorities, trans-
national monitoring programs (e.g. TNMN and JDS), as 
well as national and international research projects. The 
data collection focused on priority substances, priority 
hazardous substances, and other substances regulated 
under the EU directives 3 and 4, together with DRB-spe-
cific pollutants [61] and substances nominated as such, 
EU watchlist parameters [31], and substances selected 
for the monitoring programme conducted in the Dan-
ube Hazard m3c project [23]. In addition to the MP con-
centrations, the study also collected data on other water 
quality parameters that support data interpretation, such 
as suspended solids concentrations. Data mainly from the 
years 2008–2020 were requested and later updated, espe-
cially from the results of the Danube Hazard m3c project 
itself. Of the 14 countries with a significant portion of 
their territory within the DRB and contracting parties of 
the ICPDR, eight were represented in the project as pro-
ject partners (AT, BG, HR, HU, ME, RO, SK, SI). How-
ever, only a few partner organizations were themselves 
the responsible institution with direct access to monitor-
ing data (AT, ME, RO, SK). For three countries (HR, HU, 
SI), data were received via associated strategic partners, 
whose work was not directly funded by the project and 
data delivery was voluntary. For three further countries 
(BG, DE, RS), project partners successfully managed to 
receive data.

Data were mainly received in MS-Excel and comma 
separated value files and were read into R [57] with the 
packages openxlsx [58] and data.table [21], in order to 
harmonize and inspect them. The format and the vocab-
ularies for the metadata were unified (e.g. using the same 
substance identifier for data from different data sources) 
and data and metadata checked for plausibility. Then data 
were imported into the database using the RPostgreSQL 
[17] or RPostgres package [65].
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Data retrieval and evaluation
In the PostgreSQL database, data from different tables 
(e.g. for measurements, samples and monitoring sites) 
were combined in meaningful thematic database views. 
Database views allow to define a new virtual database 
table that consists of selected data from different exist-
ing tables joined together by common key columns. Such 
views were used to access the data for evaluation. While 
data for groundwater, river water and river SPM were 
collected in one set of tables, they are presented to the 
user in different views, to make them more easily accessi-
ble. The same applies for data on wastewater and sewage 
sludge, which are stored in the same tables, but presented 
in different views. Needed information for evaluation 
was selected and downloaded from the views by sending 
SQL queries from the R environment to the database and 
thus retrieve the results of the query for further evalua-
tion directly in the R data analysis environment.

When dealing with MP concentrations, it is often the 
case that a significant portion of the values are censored, 
falling below the LOQ or even below the LOD. There-
fore, it is essential to use appropriate methods to handle 
these cases during data evaluation to obtain the maxi-
mum information while avoiding introducing bias in the 
statistical analyses [37]. To calculate summary statistics 
for boxplots, the method “regression on order statistics” 
(ROS) was applied [38] using the NADA R package [48]. 
This method generally requires single measurements as 
input. To avoid losing all information included in com-
posite samples and measurements that are only available 
as aggregated data, we adopted the following approach: 
we treated composite samples in the same way as grab 
samples, which may underestimate their representative-
ness but at least partly utilizes the information they con-
tain. For aggregated data from statistical aggregation of 
single values, we considered their mean value, by treating 
calculated mean values below LOQ the same way as we 
treated censored measurements from grab samples.

Statistical testing of relationships between metadata 
and concentration levels is necessary to investigate which 
metadata can be used to explain different MP concen-
tration levels in an environmental compartment. These 
metadata can subsequently be used for better inter- 
and extrapolation of the available monitoring data into 
unsampled temporal or spatial regions for emission mod-
elling. To test the correlation of a numerical variable with 
the partly censored concentrations, Kendall’s τ was used, 
whereas a generalized Wilcoxon test also known as Peto–
Peto test [38] was applied to test the influence of a cat-
egorical variable on the partly censored concentrations 
(cenken/cendiff function from the NADA R package). To 
be able to investigate also multivariate relationships with 
multiple independent variables and multiple substances 

concentrations as dependent variables, we searched for 
an ANOVA-like tool that can account for censored data 
(significant share of data below LOQ) and is not based 
on assumptions like multivariate normality, which are 
often not met by the concentration data. Following Hel-
sel 38, ranks of u-scores were calculated substance-wise 
from the concentrations to handle censored data using 
the NADA2 R-package [43]. Then a dissimilarity matrix 
using Euclidean distance was derived and fed together 
with the independent variables into a permutational mul-
tivariate analysis of variance (PERMANOVA, [5] and 
into PERMDISP [6]), a multivariate extension of Levene’s 
test. Both procedures were conducted using the vegan 
R package [54]. PERMANOVA does not require input 
data to meet any given distribution and allows classical 
partitioning with tests and estimation of sizes of main 
effects, interaction terms, hierarchical structures and 
mixed models but it is sensitive in unbalanced sampling 
designs to inhomogeneity of dispersion [7]. Therefore, 
the homogeneity of dispersion was investigated with 
the PERMDISP-test before applying PERMANOVA. 
To cope with unbalanced sampling designs, Anderson 
et al. [9] developed an adapted test metric, which is less 
influenced by inhomogeneity of dispersion. Unfortu-
nately, these algorithms are not yet implemented in the 
R programming environment and therefore could not be 
applied in this work.

To examine through substance-wise post hoc test how 
the median values differ in the groups defined by the 
metadata, a one factor permutation test (cenpermanova 
from NADA2) was applied. Correlation between the 
independent variables was checked by ANOVA for mixed 
types (numerical and nominal) and with Cramer’s V [18] 
for nominal variables using R package rcompanion [51].

Results and discussion
To demonstrate the capabilities and usefulness of such 
a database of MP concentrations, this section presents 
and discusses exemplarily selected results regarding the 
assessment of data availability, identification of impor-
tant emission pathways, and origination of model input 
data for emission models. Subsequently, this section is 
completed with the main insights and lessons learned 
regarding the data management process and the struc-
ture of the database, in view of its further development as 
fully operative tool.

Data availability
In total 10.7 M concentration measurements in over 383 k  
samples from about 25 k sampling sites are included in 
the database. Figure  1 illustrates the distribution of the 
measurements across the number of substances and the 
environmental compartments investigated. It is evident 
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that a high number of measurements are available for 
only a small number of substances (30–40), while only 
very few samples were analysed for a very high num-
ber of substances (> 2000) in surface and wastewater. 
This can be easily explained by the different monitor-
ing approaches implemented in the DRB. One the one 
hand, in accordance with the requirements of the WFD 
and its daughter directives, approximately 40 parameters 
must to be monitored. For these parameters, a significant 
amount of data for ground and surface water stems from 
surveys conducted by national authorities. On the other 
hand, within the JDSs, organized by the ICPDR and sup-
ported by several research laboratories, a few selected 
locations along the Danube and since JDS4 also selected 
wastewater treatment plants (WWTP) are sampled once 
every 6 years. This results in a limited number of samples 
being analysed for a large number of chemicals, which 
increases over time as analytical capabilities develop.

The matrix with the most available results is surface 
water, followed by groundwater. For soil, noteworthy 
numbers of measurements are available for a few sub-
stances. The spectrum of analysed substances is wide 
for wastewater, but the total number of measurements is 
rather small (less than 2000). All other matrices (storm-
water runoff, atmospheric deposition, sewage sludge 
and SPM) have far fewer measurements and measured 
parameters.

The data availability over time (Fig.  2) indicates 
that monitoring of surface water and groundwater is 
a relatively continuous process with slightly increas-
ing number of measurements and parameters being 

investigated. Untreated wastewater numbers have 
started lower but are strongly increasing, while data for 
treated wastewater are only available for some years. 
This is mainly due to concentration data derived from 
reported loads being excluded from the evaluation 
(please refer to the last section of “Results and Discus-
sion” chapter for further explanation). For soil there is 
continuous monitoring, but no clear trend over time 
was identified. Monitoring of atmospheric deposition 
and stormwater runoff is sporadic and mostly limited 
to dedicated research projects, with no discernible 
trends identified. The numbers for all compartments 
drop in 2020, which may be due to the fact monitoring 
data were not yet available when data collection for the 
database started in March 2021 or could be an effect of 
the COVID pandemic.

The data availability in the DRB varies greatly between 
different countries (Fig.  3). Germany and Hungary have 
a high number of measurements from various environ-
mental compartments, while for all other countries data 
from fewer environmental compartments are available 
and the number of measurements is usually low, except 
for surface water. The number of parameters has a high 
variation, with countries and compartments investigated 
in the JDS4 including very high number of substances, 
while other data sources contain much fewer substances. 
Bosnia and Herzegovina (BA), Czech Republic (CZ) and 
Moldova (MD) were not actively involved in the Danube 
Hazard m3c project and therefore national monitoring 
data are not yet included, except those available from 
transnational monitoring activities (JDS4 and TNMN).

Fig. 1  Content of the concentration database for the DRB: Number of concentration measurements versus number of substances for different 
environmental matrices. Full lines represent all measurements, dashed line only those above LOQ
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The spatial coverage of the data is generally very het-
erogeneous (Fig.  4). Even for surface water and heavy 
metals, where the highest numbers of monitoring data 
are available, the spatial coverage is incomplete, with 
gaps mainly in the southeast of the basin (Fig. 4:A). Mer-
cury concentrations, which are difficult to quantify in the 
low ranges occurring in surface waters, are not measured 
quantitatively in many places, so that the data density is 
even lower, when only looking at areas with quantitative 
results (Fig. 4:B). Generally, the data availability is higher 
along the Danube main river compared to the tributaries. 
This holds also true for carbamazepine, an anticonvul-
sant pharmaceutical compound that is hardly degraded 
by conventional wastewater treatment [15] and for azox-
ystrobin, a fungicide used in agriculture and listed on 
the new surface water watch list under the WFD [36] 
(Fig. 4:C-D).

In terms of spatial coverage, it can be concluded that 
even for surface waters, which are the best-investigated 
compartment, and for well-known substances like mer-
cury, data coverage is very scattered. There is only a 

certain, perhaps sufficient density of monitoring sites 
along the Danube. Targeted monitoring approaches such 
as the JDS can help to close data gaps. However, if aiming 
to understand the emissions and fate of substances in the 
entire basin, the tributaries must also be covered.

Identification of main pathways
The proportionate contribution of specific pathways to 
the overall emissions of MP into surface waters depends 
on the volume of the transport medium (discharge, sedi-
ment input or precipitation) and the level of contami-
nation within that medium. Analysing either of these 
factors by comparing concentration levels across differ-
ent environmental compartments provides initial insights 
into the predominant routes through which substances 
are emitted. Additionally, contrasting the pollution pro-
files of different types of MP can help identify specific 
indicator substances. If pollution levels of these indica-
tors are elevated in one compartment, it signifies pollu-
tion primarily via the related pathway. Figure 5 compares 
the concentration levels of six selected MP from different 

Fig. 2  Availability of monitoring data for the years 2008–2020 for different environmental compartments in the database for the DRB
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substance groups in bulk atmospheric deposition (atm. 
deposition), groundwater, river water, stormwater runoff 
(from storm sewers in separated sewer systems and from 
combined sewer overflows in combined sewer systems), 
effluent from municipal WWTP, topsoil, SPM in riv-
ers and sewage sludge. Although concentrations vary in 
many cases over several orders of magnitude, the median 
concentrations provide a rather clear indication of where 
contamination levels are higher and where less contami-
nation is found:

Benzo[a]pyren (B[a]P) is a polycyclic aromatic hydro-
carbon (PAH), well known as carcinogenic air and water 
pollutant mainly produced during incomplete combus-
tion of organic substances. Therefore, residential heat-
ing with wood or coal fire and industrial emissions are 
significant sources [59]. Emissions from these sources 
are mainly distributed via the atmosphere and depos-
ited onto surfaces. In water, B[a]P has a strong tendency 
to adsorb to particles. Figure 5 shows that highest B[a]P 
concentrations are detected in stormwater runoff and still 
significant concentrations are found in atmospheric dep-
osition, while comparable low concentrations are meas-
ured in treated wastewater. The latter can be explained by 
the efficient removal of B[a]P through adsorption to sew-
age sludge. Concentrations in surface and groundwater 
were mostly below LOQ and are therefore not shown as 
boxplot. When comparing concentrations in solids, lev-
els in sewage sludge and surface water SPM are similar, 

with a higher variability in river water SPM, while con-
centrations in topsoil are one order of magnitude lower. 
Therefore, it can be suspected that stormwater runoff 
is the main emission pathway for B[a]P in urban areas, 
while soil erosion might gain importance in rural areas 
impacted by agricultural erosion. Emissions via WWTP 
effluents might be negligible. The importance of storm-
water outlets is supported by results from emission mod-
elling [13, 33].

For mercury, Fig.  5 shows total concentration levels 
in the same order of magnitude in atmospheric deposi-
tion, river water, stormwater and treated wastewater, 
with highest total concentration in stormwater runoff, 
followed by atmospheric deposition. Concentrations in 
groundwater were not quantitatively measured above 
the LOQ with the applied methods and are therefore 
probably lower. As for B[a]P, the direct deposition onto 
water surfaces and wash-off from impervious surfaces 
are important pathways for mercury river pollution. 
However, in comparison to B[a]P, concentration levels 
in deposition are significantly higher and thus the direct 
deposition on water surfaces gains importance. It is thus 
less clear if there is a dominant pathway. This is also sup-
ported by the content in different solids: concentration 
levels in soil, river SPM and sewage sludge are around the 
same level, with slightly higher concentrations in sewage 
sludge. These findings are consistent with the literature, 
which identifies air pollution from coal combustion and 

Fig. 3  Data availability on country level. All countries with > 2000 km2 area in the DRB (contracting parties of the ICPDR) are shown. The number 
of measurements is normalized with the area of the country in the DRB. Where no data for an environmental compartment are available, no point 
is shown
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cement production as the primary emitters of mercury 
into the atmosphere [26]. Through air transport and 
deposition, mercury is contaminating sealed areas, top-
soil and water bodies and thus several different pathways 
might be relevant [32, 55].

Copper (Cu) is an element used in many technical pro-
cesses but also occurring in nature. High emissions can 
be expected from traffic due to the use of Cu in brake-
systems, resulting in significant brake-wear emissions. 
In Fig. 5, the highest total Cu concentrations can be seen 
in stormwater runoff, followed by treated wastewater, 
atmospheric deposition and surface waters. This is in line 
with the above-mentioned emissions from traffic. As the 
database is very broad for Cu, one can also see some very 
high concentrations in river and groundwater, probably 
related to areas with geogenic elevated concentrations 
and associated mining activities. Median total Cu con-
centrations are lowest in the groundwater compartment. 
With respect to solids, the highest Cu concentrations are 
found in sewage sludge, followed by river-SPM and soil, 
with significantly lower concentrations. Soil concentra-
tions show a high variability, where the high outlier may 

again be attributed to areas with elevated geogenic back-
ground concentrations and mining activities. These find-
ings indicate that for Cu stormwater runoff is a major 
pathway in urban areas and that areas with elevated 
geogenic background concentrations and mining activi-
ties need to be explicitly included in emission models to 
obtain meaningful results.

Diclofenac is a widely used anti-inflammatory drug. 
Thus, emissions can be expected mainly via sew-
age. Diclofenac is not easily degraded during con-
ventional wastewater treatment [50]. Figure  5 shows 
highest Diclofenac concentrations in treated wastewa-
ter, followed by concentrations in stormwater (primarily 
due to data from combined sewer overflows), which are 
one order of magnitude lower, and river water, which has 
again significantly lower concentration levels. The lowest 
concentrations were detected in atmospheric deposition 
and groundwater, with levels 4 orders of magnitude lower 
than in treated wastewater. Sewage-related pathways, 
namely WWTP effluent and combined sewer overflows, 
are the dominating pathways of diclofenac emissions into 
surface waters.

Fig. 4  Spatial availability of measurements in surface water (water samples) for selected substances: mercury (A, B), carbamazepine (C), 
azoxystrobin (D). Number of measurements are summarized on a regular raster, in areas without visible raster cells no measurements are available. 
To highlight the relevance of sensitive analytical methods for mercury, additionally to the total number of measurements in panel A the number 
of measurements above LOQ is presented in panel B. Where concentrations in total and dissolved matrix were available, both were counted
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Bisphenol A (BpA) is a chemical used as a monomer 
for the production of polycarbonate and epoxide res-
ins, from which remaining monomers can leach during 
the use phase. BpA is also used in its original form, e.g. 
as an antioxidant in break fluids [47]. Its endocrine-dis-
rupting impact [44] makes its occurrence in the aquatic 
environment a matter of high concern. Here, highest 

concentrations of BpA are found in stormwater runoff, 
followed by treated wastewater and atmospheric depo-
sition (Fig.  5). Lower concentration levels are found in 
groundwater and river water, with lower median concen-
trations in river water than in groundwater (although the 
data base for groundwater is still rather small). In solids, 
only in sewage sludge some values above LOQ can be 

Fig. 5  Concentrations of selected MPs in different environmental compartments. Concentrations are shown as box-whisker plots with values 
below LOQ imputed by means of ROS under assumption of a lognormal distribution. If more than 80% of observations were below LOQ, no boxplot 
is shown. Notches in the boxes indicate roughly 95% confidence interval for comparing medians. The range of the LOQ is indicated by red dashed 
box. The number of observations (N) is shown as annotation above or below the boxes. The numbers underlaying this figure can be found 
in Additional file 1
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seen. With a solubility of 300 mg/L in water [60], sorption 
to solids is not a decisive process for fate and transport 
of BpA. Thus, the main pathways for BpA is probably 
stormwater runoff or treatment plants effluents, depend-
ing on the sewer system and emitted water volumes.

Perfluorooctanesulfonic acid (PFOS) is a very per-
sistent substance that was used in many applications 
until it was regulated under the Stockholm convention. 
PFOS remains present in the environment as legacy pol-
lution, as well as in consumer products and firefighting 
foams found in the technosphere, which may still emit 
PFOS. Furthermore, PFOS can derive from degrada-
tion of precursor substances, especially during conven-
tional wastewater treatment [52]. Figure  5 shows that 
the median concentration levels in treated wastewater 
and stormwater runoff are similar. In contrast, surface 
waters have significantly lower median concentrations, 
and in groundwater they are nearly one order of mag-
nitude lower. In atmospheric deposition, the concen-
trations were not detected above the LOQ in most 
cases. Groundwater concentration shows the highest 
number of observations and also a very high variability 
with extremely high values, which are even higher than 
in treated wastewater. This can be attributed to local 
groundwater contamination, which in many cases is leg-
acy pollution caused by former firefighting foam applica-
tions, e.g. in training fields at airports [14]. When looking 

at the solids, highest contamination is found in sewage 
sludge, followed by river SPM. Concentrations in soils are 
rather low and, as a result, not a significant pathway of 
river pollution. When modelling emissions, it is impor-
tant to consider that in most catchments wastewater and 
stormwater runoff are the primary pathways. However, in 
some areas exfiltration from contaminated groundwater 
may be more significant and should also be included in 
the models, as described, e.g. in Kittlaus et al. 45.

Deriving input data for emission modelling
Emission models for regionalized pathway analysis, such 
as the MoRE model [34], require concentrations as input 
data for different pathways. Ideally, these data are tem-
porally and spatially distributed to best represent the dif-
ferences in pollution occurring in time and space. But as 
data on concentration of MPs in different environmental 
compartments are scarce, often one constant concen-
tration value is applied for a whole river basin and over 
multiple years. Thus, every statistically significant dif-
ferentiation between concentrations in space or time or 
by attributes of the emission pathway (e.g. applied treat-
ment technology in WWTPs or land use stratification of 
top soils) has the potential to improve the results of the 
model application.

A first example of how this inventory of concentrations 
can support emission modelling from municipal WWTPs 

Fig. 6  Heavy metal concentrations (total) in treated wastewater from municipal WWTP in different Danube countries with different treatment 
technologies implemented. Concentrations are shown as box-whisker plots with values below LOQ imputed by means of ROS under assumption 
of a lognormal distribution. Notches in the boxes indicate roughly 95% confidence interval for comparing medians. If more than 80% 
of observations were below LOQ, no boxplot is shown. The range of LOQ is indicated by a red dashed box. The number of observations (N) is shown 
above each boxplot. The numbers underlaying this figure can be found in Additional file 1
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is through the examination of heavy-metals concen-
trations in WWTP effluent across different countries 
(Fig. 6). Quite large differences in effluent concentrations 
of municipal WWTPs can be observed for certain met-
als. For instance, the median concentration of total Hg 
and Zn in Hungary is approximately one order of magni-
tude higher than in Germany, Austria, and Romania. To 
examine whether this discrepancy is due to varying levels 
of treatment technology, the plot also indicates the type 
of treatment used. It is evident that the treatment tech-
nology applied is not the determining factor. It is worth 
noting that the median concentrations of total Hg and 
Pb in Germany are one order of magnitude lower than in 
other countries, while this is not the case for Ni and Zn. 
The data were thoroughly checked for quality problems, 
but no issues were found that would affect comparabil-
ity. However, the reason for these deviations could not be 
identified with the available data, and further research is 
needed.

These significant differences in concentrations at 
national level can be seen as indicator that, when prepar-
ing input data for emission modelling on a larger scale, 
it is important to use different input data for municipal 
WWTP effluent in different countries. Furthermore, 
the low number of concentration values in all countries 
except for Germany is a strong indicator of the need for 
further monitoring of WWTP effluents with suitable 
methods to broaden the data basis.

As a second example, this study investigated the con-
centrations of PFAS in the effluent of municipal WWTPs. 
A multivariate data analysis was conducted to determine 
the factors that influence the PFAS concentrations in 
the effluent. The dataset used in the analysis contained 
concentrations of PFPeA, PFHxA, PHpA, PFOA, PFNA, 
PFDA, PFBS, PFHxS and PFOS in 1036 effluent samples 
from three data sources [23, 49, 53]. The following inde-
pendent variables were examined: size of the treatment 
plant given by 5 classes for the design capacity (in popula-
tion equivalents (PE), see Fig. 7), treatment steps applied 
(only “secondary treatment” or “tertiary treatment with 
N and P removal”), country of the WWTP (AT, BG, CZ, 
DE, HR, HU, RO, RS, SI, SK) and time of sampling, which 
was processed into sampling year (2017–2022) and sea-
son (summer, winter). Unfortunately, the availability of 
data in the different groups resulting from the above-
mentioned independent variables is very unbalanced, 
with many combinations of independent variables with-
out any samples and some combinations with high num-
ber of samples. Due to this unbalanced sampling design, 
a homogeneous dispersion of the values in the groups 
defined by the levels of the independent variables is a pre-
condition to test for differences in location of the groups 
[8, 9]. With the PERMDISP test (9999 permutations), 
the data were tested for homogeneity of dispersion and 
this could be rejected with high significance (p < 0.001) 
for all variables. Only after pooling the classes of the 

Fig. 7  PFAS concentration in effluent of municipal WWTP in the DRB depending on the size of the WWTP given in PE. Values below LOQ (range 
given as red dashed boxes) were imputed using ROS under assumption of a lognormal distribution. The number of observations (N) is shown 
above each boxplot. The numbers underlaying this figure can be found in Additional file 1
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WWTP design capacity into capacity below 100  kPE 
and above 100 kPE, similarity of dispersion of these two 
groups could not be rejected (p = 0.67). Following this, it 
was tested if the mean effluent concentrations between 
WWTPs above and below 100 kPE are significantly dif-
ferent and this was confirmed with PERMANOVA (9999 
permutations, p < 0.001). A substance-wise post hoc one-
factor permutation test (cenpermanova from NADA2) 
indicated that for all substances that showed significant 
(p < 0.05) differences in the mean concentration (PFHpA, 
PFOA, PFBS, PFHxS, PFOS), the effluent concentrations 
from WWTPs with a capacity above 100k PE were higher 
than those from the smaller treatment plants (the test 
results and group-wise mean concentrations are listed in 
Additional file 1).

The significant different concentration levels in effluent 
of WWTPs above and below 100 kPE can already be used 
as input for emission modelling. Figure  7 suggests the 
potential existence of further patterns that are not sta-
tistically significant within the current unbalanced data 
basis, but which might be interesting to further investi-
gate after broadening the data availability. Specifically, 
the concentration levels in small plants seem to be higher 
than in medium sized plants. For those size classes for 
which a high number of measurements is available, the 
concentrations spread over a wide range, in some cases 
3 orders of magnitude, meaning that the groups are very 
inhomogeneous. This might indicate that the main emis-
sions are not caused by sewage from households and 
widespread commercial activities, but rather by specific 
commercial or industrial activities that exist in some of 
the WWTP catchments and not in others. To improve 
the spatial precision of the emission models, it would be 
necessary to identify these critical activities and include 
them in the modelling.

As a third example, the concentration of selected MPs 
in top soil, which serves as input data for the emission 
pathway “soil erosion”, should be tested in terms of which 
metadata might be suitable predictors for extrapola-
tion to unsampled areas. MPs from different substance 
groups, which are expected to be relevant soil pollutants 
and where an adequate amount of measurements were 
available in the database, were selected: mercury as an 
example for heavy metals, a low molecular weight PAH 
(phenanthrene) and a medium molecular weight PAH 
(fluoranthene), hexachlorobenzene (used as pesticide 
in the past but that can also derive from breakdown of 
other chlorinated organic substances), and a long-chain 
PFAS (perfluorononanoic acid, PFNA) with a comparable 
high toxicity, indicated by a high relative potency factor 
(RPF = 10) in the proposed new EU environmental qual-
ity standard for water [16] final based on [12]. Regarding 
the available metadata, information about land use on 

the soil, time of sampling, country where the sampling 
took place and the data source were available. Some 
datasets further contain information on the soil texture 
and genetic soil type, grain size distribution and organic 
carbon content, but these data were too scattered for a 
statistical investigation. Nevertheless, also those vari-
ables which were available for all samples (land use, sam-
pling year, country and data source) could not be tested 
with multivariate procedures, as none of the selected 
substances are included in all data sources (this is only 
the case for some commonly measured heavy metals) 
and thus no complete cases remained for the statistical 
analysis. Therefore, only univariate procedures could be 
applied and interaction effects could not be considered. 
Highly significant (p < 0.01) differences in concentrations 
of all selected substances between different types of land 
use on the soil were found using the Peto–Peto test (the 
detailed test results are reported in Additional file  1). 
This means that at least one land use shows statistically 
different soil MP concentrations than other land uses 
(Fig. 8). Figure 8 shows, however, that the available infor-
mation on land use is not totally consistent. The general 
class “agricultural land” includes sampling sites with agri-
cultural land use that could not be attributed to the spe-
cific sub-classes “arable land” and “pastures”, such as for 
example “land principally occupied by agriculture, with 
significant areas of natural vegetation” or “heterogene-
ous agricultural areas with complex cultivation patterns”. 
However, an even larger portion of data was available for 
agricultural areas, for which no detailed land use infor-
mation was available. Therefore, classification needed to 
remain on this general level. For mercury, both investi-
gated PAHs and PFNA, the top soil concentration in 
forests is higher than on arable land and pastures, while 
for hexachlorobenzene concentrations on arable land 
are significantly higher than in forest soils. This can be 
explained by the different input of the substances into 
the soil, mainly via ubiquitous atmospheric deposition in 
the first case and via pesticide application on arable land 
for hexachlorobenzene. In forests, substances deposited 
by the atmosphere are subject to a combing effect due to 
the enlarged surface area of branches and leaves. Addi-
tionally, these substances remain in the upper soil layer 
for longer periods than on arable land, where the soil 
is regularly mixed by the tillage. The different sampling 
depth for top soil sampling in forests (usually about 10 
cm) and on arable land (usually about 30 cm) further 
explain the lower MP concentrations found for contami-
nants transported via atmospheric deposition in arable 
land compared to forest soils. Not easily explainable are 
the causes for the high hexachlorobenzene contamina-
tion in soil of seminatural areas. Further metadata vari-
ables (organic soil content, soil texture, year of sampling) 
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would be needed to shed light on the underlying drivers 
and to derive an improved regionalization model for soil 
concentrations not only depending on land use.

Insights regarding data management and database 
structure development
During the steps of data collection, data cleaning, and 
database setup, several insights and lessons were learned. 
These will be briefly discussed in the following section.

Data accessibility was a major issue during data col-
lection, particularly when the data holding institution 
was not a project partner responsible for the data collec-
tion or when a different authority or department within 
the same authority held the data, as they did not origi-
nate from the water administration, such as soil concen-
trations. One reason for authorities holding back data 
was of financial nature, as they sell monitoring data as 
a strategy to cover their expenses for data management 
and processing. In other instances, they were hesitant 
to release the entire datasets as they typically only pro-
vide selected portions of data to interested users, rather 
than complete set. As a result, some authorities decided 

not to provide raw data, but only aggregated data, e.g. 
mean annual river concentrations instead of single meas-
urements. These data were included in the database, but 
aggregation causes significant information loss in terms 
of gained understanding and capability of extrapolation. 
For instance, it is not possible to evaluate mean annual 
river concentrations with regard to differences between 
low-flow and high-flow situations. This hinders, among 
others, the reliable calculation of riverine loads, which 
are required for the generation of emission inventories.

In many cases, data were made exclusively available for 
use within the project. The providing institutions did not 
agree to include their data in the published database, not 
even if the origin of the data was properly documented. 
One reason given for not agreeing to republish whole 
raw datasets was the loss of the opportunity for further 
data corrections. This is however a controversial issue: as 
the data are not or only constrainedly distributed, errors 
in the dataset may not be discovered by potential users. 
One solution to this contradiction might be the setup of 
interfaces between different data bases, which allow for 
easy data updates whenever necessary. Even when data 

Fig. 8  Top soil content of mercury and selected organic MPs versus land use on the soil. Concentrations are shown as box-whisker plots with values 
below LOQ imputed by means of ROS under assumption of a lognormal distribution. Notches in the boxes indicate roughly 95% confidence 
interval for comparing medians. If more than 80% of observations were below LOQ, no boxplot is shown. The range of the LOQ is indicated by red 
dashed box or line. The number of observations (N) is shown above each boxplot. The numbers underlaying this figure can be found in Additional 
file 1
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owners agreed to publication, the process of reaching 
a data publication agreement or assigning a license for 
reuse was time-consuming. As an example of best-prac-
tice, we identified the Bavarian Environment Agency, 
which offers its data for download [11] and clearly 
licenses them under the Creative Commons Attribution 
4.0 International License [19]. This facilitates the process 
greatly.

As already mentioned, emissions from WWTPs are 
reported as loads under the EU UWWTD. Therefore, 
in many countries they are only available in the form of 
reported loads. While water amounts were available to 
recalculate mean concentrations from these loads, the 
approach to include concentration data below LOQ as 
0 during load calculation leads this reverse approach ad 
absurdum, because the higher the LOQ of the applied 
analytical method is, the more measurements fall below 
the LOQ and are included as 0 and thus the lower the 
back-calculated concentrations are. Therefore, even if 
these data were available, they could not be used for fur-
ther investigations in this study and were excluded from 
the evaluation. In conclusion, we recommend to store 
and share data in a non-aggregated form.

During the collection and checking of the available 
data, it was observed that several responsible institu-
tions lack the necessary tools and skills to handle large 
datasets, despite their high motivation. Many institu-
tions still store and manage data in spreadsheets without 
implementing appropriate automatic quality checks. This 
increases the likelihood of human errors, such as incor-
rectly assigned units of measure for concentrations or 
omitted information about analytical limits and meth-
ods. If data are not stored in well-organized databases 
with controlled vocabulary, the available data may con-
tain different terms to describe the same content. This 
could be due to different people using different words to 
describe a method or simply because of typos that were 
not noticed during data creation. Mapping heterogene-
ous content onto a controlled vocabulary is a laborious 
task that often requires a high level of expertise to deter-
mine which terms describe the same thing and where 
actual differences need to be documented. When data are 
derived from a well-designed database system, data map-
ping requires considerably less effort.

Concerning the database development process, it 
was observed that the database design and controlled 
vocabulary setup were discussed by a small team but 
mainly implemented by one project team member, 
while data import was shared among a few team mem-
bers. Although this was the only way to quickly establish 
a functional system and fill it with data, it occasionally 
resulted in misunderstandings between the developer 
and the data manager. This led to a need for further data 

harmonization and adaptations of the naming and docu-
mentation in the database. When developing such a tool, 
which will be used by users with different backgrounds, 
it is essential to allocate time and resources for common 
discussion of the terminology and ideas, as well as for 
proper documentation and testing of the tool, to achieve 
consistent results.

With the ongoing import of further data, a better 
understanding of available data and metadata was devel-
oped and the data structure and controlled vocabulary 
were adapted and extended. For example, initially for all 
environmental compartments, separate tables for single 
measurements and aggregated measurements were cre-
ated. But for some compartments, such as atmospheric 
deposition and stormwater, no aggregated data were 
received, making these tables superfluous. On the other 
hand, controlled vocabularies, which were not imported 
from elsewhere, grew during data import as some data 
could not be mapped on the available values and were 
thus added to the vocabulary. From time to time, a reor-
ganization of the controlled vocabulary was necessary, 
including updating the already imported data. To make 
sure that during this process of evolving classification the 
original value is not evolving into something incorrect, it 
is recommendable to additionally keep the value as con-
tained in the raw data for later check-up.

The probably most difficult but also most interesting 
topic regarding the database design is the identification of 
useful metadata and the selection or development of con-
trolled vocabulary for these metadata. The most impor-
tant metadata for concentration measurements is the 
substance analysed. Already here, several challenges are 
faced when combining data from different data sources: 
MP often are reported using different names, may it be a 
product brand name, the standardized chemical IUPAC 
name or another possibly shorter common name. Fortu-
nately, nowadays in most cases a CAS number is reported 
along with the substance name, which helps identifying 
the chemical substance more easily. However, in some 
studies outdated CAS numbers are found or the CAS 
number is given in a report, but not directly together with 
the tabulated data. For some substances, no CAS number 
is available, as they are only known from environmental 
screening methods and the substance itself is not char-
acterized yet (e.g. some pesticide metabolites found in 
the JDS). In these cases, the unique identifiers from the 
NORMAN network database were used. On the other 
hand, for some MP several forms of the compounds are 
reported, which are chemically different, either because 
differences in the structure or some carbon chains occur 
or because different salts of an acid or base are used as 
standard for the analysis, but which—from the perspec-
tive of water pollution—somehow describe the same 
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pollution or are actually not differentiable as they occur 
dissociated in the water matrix. The reported CAS num-
ber is anyhow different in such cases, depending on the 
exact standard used for calibration in the laboratory. 
Here, a high expertise in chemistry (or even toxicology) 
is necessary to decide which substances can be evaluated 
together as one MP and where differentiation is neces-
sary. A reliable database on substance identifiers, names 
and relations is of great assistance for such questions, and 
a database as presented here can help to set up a knowl-
edge base regarding such issues.

Some examples should showcase problems regarding 
substance identification and solutions implemented in 
the database. Nonylphenol is a substance used in indus-
try, but also deriving from nonylphenol ethoxylate deg-
radation in the environment, and it was identified as 
priority hazardous substance by the WFD. Actually, it is 
a group of substances with the same chemical formula 
C15H24O but different structures, and in industry it is 
mostly produced as a mixture of different isomers and 
structures. Chemical laboratories apply different stand-
ards for instrument calibration and therefore reported 
data include nonylphenol (CAS 25154-52-3), 4-nonyl-
phenol (CAS 104-40-5) and branched 4-nonylphenol 
(CAS 84852-15-3). These were separately collected in 
the database, but the question arises as to whether or 
not these substances should be grouped together or not 
for evaluation purposes. Another interesting example is 
Mecoprop, an herbicide used on green roofs in the seal-
ing membrane to protect it against penetration from 
roots. The product Mecoprop is applied as a 1:1 mixture 
(CAS 93-65-2) of two isomers, one of which is herbicidal 
active (CAS 25333-13-5) and one not (CAS 16484-77-8). 
Unfortunately, in the received data a fourth CAS number 
occurs (CAS 7085-19-0), for which the exact relation to 
the others is not clear to the authors, even if a substance 
info page of the European Chemicals Agency exists [24].

A pre-existing controlled vocabulary was applied in the 
case of land use metadata (for soil and groundwater sam-
pling sites), taken from the CORINE land cover dataset 
and well documented in Kosztra et  al. 46. This has two 
advantages, namely it can be assumed that all land uses 
occurring in Europe can be mapped to this classification 
system and missing information could be generated by 
analysis of the geodata based on the sampling site loca-
tions. Nevertheless, this classification system is a combi-
nation of land use and land cover information and better 
data models are under development [10].

Conclusions and outlook
By combining concentration data from different data 
sources in a common database for the DRB, several new 
insights could be gained.

Data availability is very heterogeneous for different 
substances and environmental compartments. To achieve 
a more balanced data availability, it would be necessary 
to harmonize monitoring networks and investigated sub-
stances. This would allow to investigate the spatial dis-
tribution of pollution. While surface and groundwater 
are rather well covered by existing data, many countries 
lack data for other environmental and technical compart-
ments. This is either due a lack of monitoring or inac-
cessibility of data. We propose to develop a harmonized 
monitoring program for the DRB not only covering river 
monitoring along the Danube river itself and a few large 
tributaries (as currently implemented by the TNMN and 
the JDS), but also river monitoring in many tributaries 
and in other environmental and technical compartments. 
For such a harmonized monitoring approach, it would 
be important to collect metadata of potential sampling 
points in advance and ensure a well-balanced sampling 
design that facilitates statistical evaluation.

During the collection of available data in the basin, 
deficits were identified in the data management systems 
and data literacy within the data holding institutions. To 
address these issues, it is strongly recommended to use 
well-designed database systems to manage monitoring 
data. The importance of proper handling of data cannot 
be overstated, especially when considering the high costs 
invested in sampling and chemical analysis. It is crucial 
to have a good understanding of technical aspects and 
licenses and ensure that the data are easily accessible for 
reuse. Capacity building regarding data literacy in, e.g. 
national water administrations and lobbying for making 
environmental monitoring data FAIR [66] can help to 
raise the benefits of the monitoring data for society.

Applying sound methods for handling censored data is 
especially important when working with MP concentra-
tions. To be able to apply these methods, it is of crucial 
importance that the single concentration values together 
with the analytical thresholds (LOQ) are available, as 
these methods do not work on previously aggregated 
data.

When combining data from different data sources, 
metadata required for extrapolation is often missing, pre-
venting the reuse of data for this purpose. Where meta-
data exists, the used vocabularies may differ, substances 
may be named differently and different CAS numbers 
(some of which may be outdated) are used as identifi-
ers for the same substance. Mapping such vocabularies 
from source datasets onto a target vocabulary is a time-
consuming task requiring qualified personnel. Never-
theless, this step is necessary to be able to evaluate data 
collectively. A potential solution would be to provide 
harmonized controlled vocabularies on an EU level (e.g. 
the EIONET WISE vocabularies, [28] and to implement 
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them directly in national and transnational monitoring 
programmes. Application of artificial intelligence could 
also aid in expediting these tasks in the future.

Data necessary for quantifying emissions to surface 
water do not solely originate from the water discipline. 
Other data about soil pollution and atmospheric depo-
sition are also required. This data is usually collected by 
different departments or organizations and the meta-
data collected alongside the data might not be sufficient 
for answering the questions related to water pollution. 
Therefore, a database system with a well-chosen selection 
of useful metadata can aid in communicating metadata 
needs and improving transdisciplinary cooperation and 
data valorization.

The current version of the database is a proof of con-
cept and can be used by experts for scientific purpose. 
It holds the potential for many further investigations, 
such as expanding the substances analysed or conduct-
ing data analysis on other pathways, such as atmospheric 
deposition and stormwater runoff, for which results were 
not presented here. As the next step, the database will 
be developed into an operational state, where national 
administrations can easily upload and check their data. 
Further technical development of the database and user 
interfaces is required, as well as capacity building for 
data literacy in the involved institutions. Nonetheless, 
the database is a valuable tool in its current form. It helps 
establish emission inventories by identifying data gaps 
that can be filled through monitoring programs. Addi-
tionally, it provides a first set of input data for emission 
modelling using the pathway-oriented approach. Given 
its usefulness, we have made it available for download at 
https://​doi.​org/​10.​48436/​xwve4-​h7v43.

Abbreviations

Countries were abbreviated according to ISO norm 3166‑1 
alpha‑2
B[a]P	� Benzo[a]pyren (CAS 50-32-8)
BpA	� Bisphenol A (CAS 80-05-7)
CAS	� Chemical Abstracting Service: Issuing identifiers for chemical 

substances
DM	� Dry matter
DRB	� Danube River Basin
EEA	� European Environmental Agency
EIONET	� European Environment Information and Observation Network
EU	� European Union
FAIR 	� Findable, Accessible, Interoperable, Reusable
ICPDR	� International Commission for Protection of the Danube River
JDS	� Joint Danube Survey
JRC	� EU Joint Research Centre
LOD	� Analytical limit of detection
LOQ	� Analytical limit of quantification/quantitation
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PE	� Population equivalents
PERMANOVA	� Permutational multivariate analysis of variance
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PFBS	� Perfluorobutanoic acid (CAS 375-22-4)
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PFHxS	� Perfluorohexane sulfonic acid (CAS 355-46-4)
PFNA	� Perfluorononanoic acid (CAS 375-95-1)
PFOA	� Perfluorooctanoic acid (CAS 335-67-1)
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PRTR​	� Pollutant Release and Transfer Register
ROS	� Regression on order statistics
RPA	� Regionalized pathway analysis
SPM	� Suspended particulate matter
TNMN	� Danube TransNational Monitoring Network
US-EPA	� U.S. Environmental Protection Agency
UWWTD	� European Urban Waste Water Treatment Directive
WFD	� EU Water Framework Directive
WISE	� Water Information System Europe
WWTP	� Wastewater treatment plant
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