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Editors

Igor LiSka, Franz Wagner, Manfred Sengl, Karin Deutsch,
Jaroslav Slobodnik and Momir Paunovié¢

This report contains an overview of the scientific findings of the Joint Danube Survey 4 (JDS4).

For a number of chapters, more detailed information and data is available via the full extended report to be
found on www.danubesurvey.org/jds4/full-report.

A map showing the locations of all JDS4 sampling sites can be found at the end of this report.
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Together for a cleaner and healthier Danube:
Joint Danube Survey 4

Igor Liska (ICPDR, Vienna, Austria)

The TransNational Monitoring Network is an important tool under the Danube River Protection Convention
(DRPC), whose Contracting Parties are committed to co-operate in the field of monitoring and assessment
of water quality. Formally launched in 1996, the TNMN aims to provide a well-balanced overall view of
pollution and long-term trends in water quality and pollution loads in the Danube and its major tributaries.

The EU Water Framework Directive (WFD) requires that countries in the Danube River Basin periodically
assess certain water characteristics in their territory. The DRPC sets out processes, requirements and goals
for cooperation throughout this assessment process.

With the view to obtaining a complex picture of the water quality in the Danube and its major tributaries,
the yearly assessment of water quality published in TNMN Yearbooks has been supplemented by periodic
investigative surveys, which are carried out every six years in sync with the river basin management planning
period according to the EU WFD.

The first Joint Danube Survey was carried out in 2001. For the first time, comparable data about the
entire course of the river was provided covering over 140 different biological, chemical and bacteriological
parameters. This data was used as an essential information source for the first analysis of the Danube
River Basin District according to Art. 5 of the EU WFD. Six years later, the second Joint Danube Survey
(JDS2) created a comprehensive and homogeneous database on the status of the aquatic ecosystem of
the Danube and its major tributaries. For the first time, the fish survey was carried out along the entire
Danube River, bringing a unique dataset and also contributing to methodological harmonization between
EU and non-EU countries. The findings of JDS2 contributed to the first Danube River Basin Management
Plan and were used in the EU intercalibration process of large rivers.

The third Joint Danube Survey (JDS3), which took place in 2013, provided the largest ever amount of
knowledge about the Danube water pollution collected within a single scientific exercise. It reconfirmed
that the Danube flora and fauna show a high degree of biodiversity. During JDS3, the depth of information
on hydromorphological conditions was significantly improved, as in-situ measurements of hydrological,
morphological and hydraulic characteristics were performed for the first time along the entire Danube and
its tributaries. The first complex testing of antibiotic resistance was carried out along the entire stretch of
the Danube River. Several new analytical techniques and strategies were applied targeting hundreds of
organic substances, resulting in the most comprehensive information ever acquired on this topic for the
Danube River. The analysis of such a large amount of organic substances enabled the first suggestions for
the update and prioritization of Danube River Basin Specific Pollutants.
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As a result, the signatories of the Danube Declaration (adopted at the 2016 ICPDR Ministerial Meeting)
appreciated the very valuable scientific results of the third Joint Danube Survey in 2013 as well as its
considerable effect on awareness raising for the ICPDR, requested the ICPDR to prepare, based on an
evaluation of the previous surveys, a fourth Joint Danube Survey to be held in 2019, and committed to
secure the necessary funding.

Joint Danube Surveys are planned and supervised by the ICPDR Monitoring and Assessment Expert Group
(MA EG). When the MA EG experts evaluated the previous three Joint Danube Surveys, a common pattern
was discerned: a Core Team of leading experts was responsible for the completion of all sampling jobs
also undertaking analysis of samples in the case of biology, microbiology and hydromorphology. National
experts only played a supporting role during this process, joining the Core Team in an observer role only
when being in their respective countries (sometimes also providing assistance to the Core Team). Following
reassessment of the previous approach, the ICPDR decided that JDS4 should be based on more active
participation from countries. It was decided that most fieldwork and sampling should be carried out by
national experts while the Core Team should have a coordinating and advisory role to ensure coherence
between the approaches used by the national experts. This more active deployment of national experts put
a higher burden on countries but resulted in a very intense monitoring exercise, which not only generated
another huge amount of data but also significantly strengthened both cooperation and coordination
between the countries in the Danube River Basin.

To make sure that the methods used by the national experts in biology would provide comparable results,
training workshops for each biological quality element were organized prior to JDS4. The national experts
responsible for sampling and assessment of the EU WFD biological quality elements (BQEs) took part,
together with the respective Core Team members. This was the first time ever when the experts on all EU
WFD BQEs from all ICPDR Contracting Parties met to discuss monitoring and assessment harmonization
issues. It was already this overture to JDS4, which demonstrated the significant benefits of the new JDS
concept.

As before, the key objectives of JDS4 were decided to include producing comparable and reliable information
on a wide range of water quality elements for the whole of the length of the Danube River including the major
tributaries on a short-term basis. The other key objectives were to provide an opportunity for harmonization
and training in WFD-related monitoring and to cover the information gaps for the Danube River Basin
Management Plan Update 2021.

JDS4 has provided a great deal of added value to the current monitoring practices in the Danube River
Basin. The following benefits can be highlighted:

+ Independent basin-wide platform for improving national surface water monitoring practices;

+ Practical joint testing and comparison of national methodologies for biological and hydromorphological
quality elements leading to their future harmonization;

+ Interactive platform for hands-on training in sampling and assessment of biological quality elements;

- A unique source of data for a number of quality elements (especially for emerging substances) for the
whole Danube;

- Knowledge transfer between EU and non-EU member states.

JDS4 Scientific Report: A Shared Analysis of the Danube River



The key advantages of the new approach used for JDS4 are:

+ Reaching a higher level of cooperation in the Danube River Basin. A shift from country experts watching
how the leading experts do the job towards the job being done by the countries;

- Anexcellent opportunity for all ICPDR Contracting Parties to demonstrate in practical terms the cooperation
towards better water quality;

« ICPDR Contracting Parties, which are not sharing the Danube main course (Czech Republic, Slovenia,
Bosnia and Herzegovina) were given the opportunity to be fully-fledged participants in JDS4;

+ This new concept did not require an expensive ship deployment. Monitoring by cars and boats enabled
more cost-effective sampling in the whole Danube River Basin as well as more flexible sampling patterns
allowing to choose optimal conditions for sample collection. Substantially increased flexibility of the survey
logistics helped to solve the logistical problems concerning sampling under bad weather conditions,
which caused dangerous situations during previous surveys. The flexible set-up enabled sampling of
groundwater and wastewater as well;

- Strengthened ownership: carrying out the significant part of sampling activities and of biological analysis
increased the ownership of JDS4 results by the ICPDR countries;

- Strong training, educational and harmonization value of the new concept: JDS4 provided an additional
contribution to the intercalibration exercise as defined by the EU WFD;

- Establishing close links between national and international monitoring programs;

- Active involvement of all participants led to a high spirit of cooperation, which engaged more people, being
an important mobilizing factor for the ICPDR Contracting Parties to put more support into the project;

+ The new concept enabled linking of JDS4 monitoring to national surveillance monitoring, which is
obligatory for each EU Member State once every 6 years. The countries had the possibility to synchronize
their national surveillance monitoring with JDS4 and to therefore provide a significant in-kind contribution
to JDS4 at no extra cost;

- It conveyed a very strong message that the Danube countries had entered a higher level of international
cooperation and were ready to carry out ground-breaking special JDS4 monitoring by themselves using
harmonized methods.

Post-JDS4 discussions among ICPDR experts saw overall positive feedback on the new JDS4 concept.
The new approach was found successful in terms of national and international exchange of experiences
and harmonization in sampling methods. The training and harmonization workshops were found to have
been very helpful. The new JDS4 spirit created much stronger national activities and engagement amongst
concerned authorities and their staff. All standard operating procedures were found to be detailed and
effective reference documents for the sampling procedure.

As with previous surveys, JDS4 was not only an important source of information on Danube water quality
for the ICPDR, but also presented an excellent opportunity for public awareness-raising for a healthier and
cleaner Danube among the people who live in the Danube River Basin and beyond. The Communication
Strategy for JDS4 was carefully prepared by the ICPDR'’s Public Participation Expert Group (PP EG), including
graphic design, unique branding and a new logo. This graphic identity was deployed online and presented
visibly at public events relating to JDS4. This helped to give a sense of purpose amongst the various teams
working on JDS4 by unifying them behind a single graphic identity regardless of their role or location. The
JDS4 motto ‘Discover Danube, designed as a call to action, was also utilized as a key part of the branding,
positioned readably in text, and re-used online in social media and elsewhere whenever possible to underline
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the message. A set of fish cards to be used by both experts and the interested public and schoolchildren
alike was designed and produced as a streamlined and field-ready resource to assist in the identification of
fish species in the Danube River. A special animated JDS4 video also contributed to enhancing the public
perception’. The massive use of social media for promoting JDS4 as the ICPDR'’s flagship activity helped
to increase the public visibility of this monitoring exercise substantially. Furthermore, Joint Danube Surveys
have a dedicated website (www.danubesurvey.org).

JDS4 was significantly affected by the pandemic of coronavirus disease in Europe in 2020. The COVID-19
lockdown had fortunately no impact on sampling activities but it affected the laboratory work leading in
many cases to delayed delivery of draft manuscripts. The ICPDR recognized the special efforts made by the
authors of the JDS4 Final Report, in analysing JDS4 samples and evaluating and discussing the generated
data under COVID-19 restrictions, and appreciated their enthusiasm in trying to minimize effects on the
reporting plan.

It is important to note that the enhanced fourth Joint Danube Survey was only made possible thanks to
the joint commitment and enthusiasm of all ICPDR Contracting Parties. The financial support of Germany,
Austria and the EU as well as the numerous in-kind contributions by the ICPDR Contracting Parties in
terms of sample collection and laboratory analyses of physico-chemical parameters and biological quality
elements are highly appreciated. Significant scientific and laboratory support was also provided by the EC
Joint Research Center (JRC) in Ispra, the German Federal Environment Agency (Umweltbundesamt), the
NORMAN Association (Network of reference laboratories, research centers and related organizations for
monitoring of emerging environmental substances), Medical Universities in Vienna and Graz, Technical
University of Vienna and University of Vienna. A substantial part of (e)DNA-based analyses were provided
as an in-kind contribution by DNAqua-Net. In-kind analyses of target pollutants were provided by Water
Research Institute in Bratislava; National Laboratory of Health, Environment and Food in Maribor; Bavarian
Environment Agency in Augsburg and Povodi Moravy in Brno. Additional financial support was received
from viadonau, Coca-Cola Hellenic, Pure Water for Generations (PWG) and Patagonia.

Our gratitude goes to all ICPDR Contracting Parties, institutions, governmental officials, experts, stakeholders
and other “friends of the Danube” for their commitment, enthusiasm and contributions, without which JDS4
would not have been such a successful adventure.

"https://youtu.be/il1Xw58kQ94
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Survey logistics

Jaroslav Slobodnik (Environmental Institute, Kos, Slovakia)
Alexander Hobart (ICPDR, Vienna, Austria)

Sampling sites

JDS4 was organized on the Danube River including its major tributaries, with a sampling programme
focused on 51 sites nominated by the MA EG. The sites comprised TNMN sites, JDS3 sites and sites for
national surveillance monitoring in 2019. Seven additional groundwater sites and 11 urban wastewater
treatment plants (WWTPs) were nominated by the GW TG and PM EG, respectively. For locations of the
sampling sites, see the JDS4 Overview Map in this report.

A set of 24 so-called ‘super sites’ was selected for special chemical analyses of large volume (LV) water
samples collected by Special Longitudinal Survey Teams (SLSTs). Additional sample volumes were
collected from three of these ‘super sites’ (JDS4-6, JDS4-24, JDS4-47) for collaborative trials on testing of
performance of nontarget screening technigues and effect-based monitoring tools. The details are available
in Chapters 26, 28, 29 and 30.

The Microbiology Team collected samples from 36 sites, some of which did not fully match the 51 JDS4
sites. The specific reason was that their programme required highly polluted sites, with preference to be as
close as possible to the sources of pollution or to maintain continuity with sampling from JDS3. For more
details, see Chapters 19 and 20.

The microplastics suspended particulate matter (SPM) samples were collected by National Teams from
15 sites selected from the main JDS4 sampling programme (57 sites) with additional samples from three
special locations (Brno, CZ; Tisza Uzh, UA; Sava, RS). For more details, see Chapter 42.

The Passive Sampling Team installed a battery of samplers at nine sites for 100 days, with the consideration
that at the same sites also fish samples will be analysed. For more details, see Chapter 32.

Subsets of fish and molluscs samples were collected for chemical and microplastics analyses. The details
are described in Chapters 24, 29, 30 (chemical analyses) and 44 (microplastics).

A list of the JDS4 sampling sites with an overview of samples actually taken for analyses of various
parameters described in this report is available in Annex 1. In total, more than 1700 individual samples were
collected for the follow-up analyses.

Scientific Report: A Shared Analysis of the Danube River JDS4
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Technical programme

During the sample preparation, detailed information on each sampling site was provided in the JDS4 site
information sheets, with a basic description of each site (Name, Sharing countries, Latitude, Longitude,
River, River Kilometres) as well as information on planned sampling date, sampling location and sample
matrix for each JDS4 sample to be collected at that particular site. All sampling teams were encouraged
to record the exact information on any sample already taken in the field using a mobile application
developed for JDS4 (see Chapter 3).

Sampling containers, chemicals and materials needed for sampling of samples to be analysed in the
JDS4 reference laboratories were purchased by the ICPDR and delivered in a box to the National Teams
prior to each part of the survey (surface, groundwater, wastewater). Each sample vessel was pre-labelled
using a harmonised JDS4 coding system (see Annex 2). As an example, an infographic of the content
of one of such boxes is in Figure 1. The box contained also Standard Operating Procedures (SOPs) on
how to sample each of the different sample types and how to transport the samples to the reference
laboratories by a centrally organised courier service, or how to store the samples prior to the transport by
a car shuttle service. Special care was taken to keep the samples under temperature-controlled (cooled,
frozen) conditions during the storage and transport to avoid their degradation. A fleet of cars equipped
with cooling facilities was employed for long-distance transport and special microchips were used for
monitoring temperature during transportation.

X...main site number (1-51)
y...location in profile (L,M,R, or E)

. Sediment for DNA analysis
Several thermo (sampled by MZB team)
boxes of two 0.25 L, for molluscs
dimensions with JDS4-x-y-MC

cooling inserts

0.5 L, for WRI (SK) ~ sl =1 9|
IDS4-x-y-SE_SER r1 r.,‘ r,1 , ,1 , 1 ’W
' Phytobenthos bulk sample for DNA analysis 4 B Bt AL 3 ;

—|

——

JDS4-x-y-SE_DNA 3x18 ml LifeGuard Soil
JDS4-x-y-SE_DNA per one sampling point
JDS4-x-y-SE_DNA

1L, for WRI (SK)
JDSA4-x-y-SE_SER

m Macroinvertebrates for DNA anaylsis

2 x 0.5 L- JDS4-x-y-PB_DNA (both) ethanol, undenaturated
2 x 2 L- per sampling point

a5 == ‘I JDS4-x-y-MZB_DNA
2 x sampling trays, cutter, edding marker 792, pencil, tweezers, lab spoon, 3x nitrile gloves (S,M,L), JDS4-x-y-MZB_DNA
Virkon S -1kg, MS222-Tricaine 100g, two sizes — ZIP BAGS for fish, PP 10 L basket, Al-foil

Figure 1: An example of infographic explaining the content of the box with sampling vessels, chemicals and materials distributed to the
National Teams prior to the survey.
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JDS4 Teams

JDS4 was organized in a different way when compared to previous surveys. The major part of the
sampling during JDS4 was accomplished by the national experts while the Biology Core Team and
Chemistry Experts focused on methodological coordination and advisory to ensure coherence between
the approaches used by the national experts. The Management and Support and Administrative Teams
took care of the project management, political backup, data collection and public awareness. The National
Coordinators organised the national sampling activities. The involvement of the ICPDR Expert and Task

Groups ensured wide participation of Danube experts in planning and reporting on JDS4.

JDS4 Management

JDS4 Manager

Technical Coordinator

Igor Liska JDS4 project management

Jaroslav Slobodnik Logistical support and sampling
coordination

JDS4 Support and Administrative Team

ICPDR Executive Secretary

Information Management
Expert

Public Awareness Expert
GIS Expert
Financial Officer

Editorial Support

Administration Support

JDS4 Biology Core Team

JDS4 Core Team leader for
biology

Fish expert

Macrozoobenthos expert
Phytobenthos expert
Phytoplankton expert
Macrophytes expert

IAS expert

eDNA

Microbiology

Ivan Zavadsky Political backup of the JDS4 project
Alexander Hobart Data collection and data management
Hélene Masliah-Gilkarov Public awareness

Zoran Major Map preparation

Martina Noitzmuiller Financial accounting support

Tristan Bath
Ivo Monnerjahn

Jelena Krstajic
Olexandra Lohunova

Momir Paunovic

Vinzenz Bammer (supported by Predrag Simonovic as the Lower
Danube expert)

Miroslav Ocadlik

Dana Fidlerova and Jarmila Makovinska
Igor Stankovi¢

Katefina Bubikova and Igor Stankovic¢
Béla Csanyi

Jonas Astrin and Alexander Weigand

Alexander Kirschner

Scientific Report: A Shared Analysis of the Danube River JDS4
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JDS4 Chemistry Experts

Manfred Sengl, Karin Deutsch, Carmen Hamchevic, Zoran Stojanovi¢, Istvan Gyorgy Toth,
Peter Tarabek, Hana Hudcova

JDS4 National Coordinators
The ICPDR Heads of Delegations nominated the following JDS4 National Coordinators:

Country National Coordinator Deputy National Coordinator
Germany Manfred Seng|
Benno Kiigel
Austria Karin Deutsch Helena Mihlmann
Czech Republic Ivana Bedérkova
Slovakia Emilia MiSikova Elexova Soria S¢erbakova
Hungary Tunde Andrea Zagyva

Gyorgy Istvan Toth

Slovenia Irena Cvitanic
Tjasa Zimsek Muc

Croatia Drazenka StipaniCev

Serbia Marta Mihailovi¢

Romania Monica Mainerici Florentina Soare
Bulgaria Mina Assenova

Valeriya Gyosheva
Ukraine lurii Nabyvanets Sergiy Afanasiev

Moldova Arcadie Leahu
Petru Prodan
Victor Bujac

Supporting ICPDR Expert and Task Groups

Group Chairperson
Monitoring and Assessment Expert Group (JDS4 organiser) Franz Wagner
Groundwater Task Group Andreas Scheidleder
Hydromorphology Task Group Petra Repnik-Mah
Public Participation Expert Group Susanne Brandstetter
Information Management and GIS Expert Group Dragana Ninkovi¢
Pressures and Measures Expert Group Elena Tuchiu

Special Longitudinal Survey Teams (SLST)

SLST 1 Peter Oswald, Zoran Stojanovic
SLST 2 Nikiforos Alygizakis, Jorg Ahlheim
SLST 3 Michal Kirchner, Martin Hanuska

12 JDS4 Scientific Report: A Shared Analysis of the Danube River



eDNA Survey Teams

eDNA Team 1 Didier Pont, Michael Schabuss

eDNA Team 2 Emre Keskin, Aysegul Er, Esra Mine Unal, Elena Stoica, Mihaela Tanase
Microbiology Team

Alexander Kirchner, Clemens Kittinger, Gernot Zarfel, Michael Koller, Daniela Toplitsch, Rita Baumert,
Stefan Jakwerth, Erika Toth, Stoimir Kolarevi¢, Mary Craciun, Cristina Dumitru

Passive Sampling Team

Branislav Vrana, Roman Prokes, Jakub Vinkler

JDS4 reference laboratories

In total, more than 140 laboratories from all over Europe participated in the JDS4 analytical programme. For
details, see affiliations in each chapter. Next to national laboratories directly involved in the ICPDR activities,
there was also a significant contribution from numerous specialised laboratories contributing specific
analyses:

1.

Biological Quality Elements: Hungarian Academy of Sciences, Centre for Ecological Research, Danube
Research Institute, Budapest, Hungary; Institute for Biological Research “Sinisa Stankovi¢”, University
of Belgrade, Serbia; National Museum of Natural History Luxembourg; EC Joint Research Centre, Ispra,
ltaly; WWF Slovakia, Bratislava, Slovakia; Nature Conservation Agency of the Czech Republic, Prague,
Czech Republic; Hrvatske vode, Zagreb, Croatia; Danube Research Institute, Budapest, Hungary; Agrint
Ltd., Godolls, Hungary; University of Zagreb, Croatia; Danube Research Institute, Debrecen, Hungary;
Technical University Zvolen, Slovakia; Water Research Institute, Slovak National Water Reference
Laboratory, Bratislava, Slovakia

DNAguaNet COST Action (CA15219): Université de Genéve, Geneva, Switzerland; IDGene ecodiagnostics,
Geneva, Switzerland; ECOSSA (Ecological Sediment & Soil Assessment), Starnberg, Germany; Institute
of Oceanology, Polish Academy of Sciences, Sopot, Poland; National Museum of Natural History
Luxembourg; Botanischer Garten und Botanisches Museum Berlin, Freie Universitat Berlin, Germany;
Center for Natural Science, University of Pannonia, Veszprém, Hungary; Hungarian Academy of Sciences,
Budapest, Hungary, UMR CARRTEL, INRAE, Université de Savoie MontBlanc, ThononlesBains, France;
INRA, UMR CARRTEL, Thonon les Bains cedex, France; Water Research Institute, Slovak National Water
Reference Laboratory, Bratislava, Slovakia; Aquatic Ecosystem Research, University of DuisburgEssen,
Germany; Slovak Academy of Sciences, Bratislava, Slovakia; University of Belgrade, Serbia; Danube
Research Institute, Budapest, Hungary, University of Natural Resources and Life Sciences,
Vienna; Evolutionary Genetics Laboratory (eGL), Ankara University, Ankara, Turkey, Bundesamt fir
Wasserwirtschaft, Institut fir Gewasserokologie und Fischereiwirtschaft, Abteilung Gewasserokologie,
Scharfling, Austria; SPYGEN, Le Bourget du Lac, France; Centre for Ecological Research, Tihany, Hungary;
Technical University of Munich, Germany; Trnava University, Slovakia; PRO FISCH OG Ecological
Consultants, Vienna, Austria; National Institute for Marine Research and Development “Grigore Antipa”,
Constanta, Romania; Zoological Research Museum Alexander Koenig (ZFMK), Bonn, Germany

Scientific Report: A Shared Analysis of the Danube River JDS4
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3. NORMAN network: UFZ Leipzig, Germany; University of Athens, Greece; Environmental Institute, Kos,
Slovakia; RECETOX, Brno, Czech Republic; University of Lorraine, CNRS, France; TU Munich, Germany;
Water Research Institute, Slovak National Water Reference Laboratory, Bratislava, Slovakia

4. Widescope target and suspect screening survey and bioassays: LW Langenau, Germany
5. Polarity-extended non-target screening: AFINTS, Augsburg, Germany

6. Targetanalyses of chemical parameters: EC Joint Research Centre, Ispra, Italy; NLZOH, Maribor, Slovenia;
PM, Brno, Czech Republic; Umweltbundesamt GmbH, Vienna, Austria; WRI, Bratislava, Slovakia

7. Bioassays survey: BDS, Amsterdam, the Netherlands; University of Belgrade, Serbia; National Institute of
Biology, Ljubljana, Slovenia

8. Microbiology survey: EC Joint Research Centre, Ispra, Italy; Karl Landsteiner University of Health
Sciences, Krems, Austria; Technical University Vienna, Austria; Medical University Vienna, Austria;
Medical University Graz, Austria; University of Insubria, Varese, Italy; Interuniversity Cooperation Centre
Water & Health, Austria; Eotvos Lorand University, Budapest, Hungary; Institute for Biological Research
“Sinisa Stankovi¢”, University of Belgrade, Serbia

9. Microplastics survey: German Federal Environment Agency and BAM, Berlin, Germany; Institute for
Biological Research “Sinisa Stankovi¢”, University of Belgrade, Serbia; University of Comenius, Bratislava,
Slovakia

10. Stable isotopes of water and nitrate and radiology survey: IAEA Vienna and BOKU, Vienna, Austria
11. Nanoparticles survey: University of Vienna, Austria

An interlaboratory study to increase capacities of Danube laboratories in widescope target, suspect and
nontarget screening was organised by UFZ Leipzig with involvement of Croatian Waters, Zagreb, Croatia,
WRI Bratislava, Slovakia, SEPA Belgrade, Serbia, University of Athens, Greece, Environmental Institute, Kos,
Slovakia, LfU Augsburg and BfG Koblenz, Germany.

JDS4 National laboratories

Regional office for water management, Donauworth, Germany; Regional office for water management,
Ingolstadt, Germany; Regional office for water management, Landshut, Germany; Regional office for water
management, Deggendorf, Germany; State Office for Water Management, section biology, Donauworth,
Germany; State Office for Water Management section biology, Ingolstadt, Germany; State Office for
Water Management, section biology, Landshut, Germany; State Office for Water Management, section
biology, Deggendorf; Bavarian Environment Agency, unit 83, Ecology of Rivers and Lakes, Hof, Germany;
Bavarian Environment Agency, unit 54, Fish and Freshwater Ecology Wielenbach, Germany; DWS Hydro-
Okologie GmbH, Vienna, Austria; Systema, Bio-Management Consulting GmbH, Vienna, Austria; Institute of
Hydrobiology and Aquatic Ecosystem Management, Vienna, Austria; Environmental Agency, Vienna, Austria;
Institut fUr Gewasserokologie und Fischereiwirtschaft, BAW, Scharfling, Mondsee, Austria; Fa. Synlab
Analytics & Services Austria GmbH / Eurofins Umwelt Osterreich GmbH, Vienna, Austria; ESW Consulting
Wruss ZT GmbH, Vienna, Austria; National Water Reference Laboratory, Water Research Institute, Bratislava,
Slovakia; Budapest Waterworks, Budapest, Hungary; DMRV Danubian Regional Waterworks Corporation,
VAc, Hungary; Pest County Government Office, Erd, Hungary; Wessling Hungary Ltd., Budapest, Hungary;
Hrvatske vode, Central Water Management Laboratory, Zagreb, Croatia; Department of Biology, University

JDS4 Scientific Report: A Shared Analysis of the Danube River



of J. J. Strossmayer, Osijek, Croatia; Department of Biology, Faculty of Science, University of Zagreb, Croatia;
Eurofins Croatiakontrola d.o.o., Zagreb, Croatia; Slovenian Environment Agency, Ljubljana, Slovenia; National
laboratory of Health, Environment and Food, Novo mesto, Slovenia; Institute for Biological Research “Sinisa
Stankovi¢” — National Institute of the Republic of Serbia, University of Belgrade; University of Belgrade,
Faculty of Biology, Serbia; Faculty of Sciences, University of Novi Sad, Department of Biology and Ecology,
Serbia; Serbian Environmental Protection Agency; Department of Biology and Ecology, Faculty of Sciences
and Mathematics, University of Ni§, Serbia; Institute of Chemistry, Technology and Metallurgy, National
Institute, Belgrade, Serbia; Jaroslav Cerni Water Institute, Belgrade, Serbia; University of Kragujevac,
Faculty of Science in Kragujevac, Department of Biology and Ecology, Serbia; Institute of Public Health of
Serbia “Dr Milan Jovanovi¢ Batut”; Regional Laboratory Montana, Executive Environment Agency, Sofia,
Bulgaria; Regional Laboratory Pleven, Executive Environment Agency, Sofia, Bulgaria; Regional Laboratory
Ruse, Executive Environment Agency, Sofia, Bulgaria; Regional Laboratory Varna, Executive Environment
Agency, Sofia, Bulgaria; Institute of Biodiversity and Ecosystem Research at the Bulgarian Academy of
Science, Sofia, Bulgaria; Faculty of Biology, Plovdiv University, Bulgaria; Water Quality Laboratory SGA
Mehedinti, Turnu Severin, Romania; Water Quality Laboratory ABA Jiu, Craiova, Romania; Water Quality
Laboratory SGA, Tulcea, Romania; Water Quality Laboratory ABADL, Constanta, Romania; National Water
Quality Laboratory, Bucharest, Romania; Water Quality Laboratory SGA, Calarasi, Romania; Water Quality
Laboratory SGA, Giurgiu, Romania; Water Quality Laboratory SGA Mehedinti, Turnu Severin, Romania; Water
Quality Laboratory ABA Jiu, Craiova, Romania; Water Quality Laboratory SGA, Tulcea, Romania; Water
Quality Laboratory ABADL, Constanta, Romania; National Water Quality Laboratory, Bucharest, Romania;
Water Quality Laboratory SGA lalomita, Slobozia, Romania; Regional Water Quality Laboratory ABAST, Cluj
Napoca, Romania; Water Quality Laboratory ABA Buzdu-lalomita, Romania; Water Quality Laboratory SGA,
Arad, Romania; Water Quality Laboratory SGA, Bucharest, Romania; Water Quality Laboratory SGA Caras-
Severin, Resita, Romania; Water Quality Laboratory SGA Gorj - Tg. Jiu, Romania; Water Quality Laboratory ABA
Banat, Timisoara, Romania; Water Quality Laboratory ABA Siret, Bacau, Romania; Water Quality Laboratory
SGA, Calarasi, Romania; Water Quality Laboratory ABAPB, lasi, Romania; Water Quality Laboratory ABAC,
Oradea, Romania; Water Quality Laboratory SGA, Braila, Romania; Water Quality Laboratory SGA Vrancea
- Focsani, Romania, Monitoring Department ABA Jiu - Craiova, Romania; Monitoring Department ABA Siret
-Bacau, Romania; Executive Environment Agency, Water Basin Administration Arges-Vedea, Water Quality
Laboratory, Giurgiu, Romania; ,IWA" ,Institut fir Wasseraufbereitung, Abwasserreinigung und —forschung”,
Austria; Vodovody a kanalizace Hodonin a.s., Czech Republic; Laboratory of Bratislavska vodarenska
spolo¢nost, a.s., Slovakia; PANNON-VIZ Zrt. Minéségvizsgald Laboratérium, Hungary; Komunala Novo
mesto d.0.0., Laboratorij na CCN Novo mesto, Slovenia; Internal laboratory of the WWTP Zupanja, Croatia;
Plant laboratory at the Central Wastewater Treatment Plant of Sabac, PUC “Vodovod Sabac”, Serbia; Statia
de Epurare Giurgiu (SC APA SERVICE SA GIURGIU), Romania; “Regional Laboratory Vratsa’, Directorate
“Laboratory and Analytical Activity” at the Executive Environmental Agency, Bulgaria; Wastewater control
laboratory of the Uzhorod utility company “Vodokanal”, Ukraine.

Reporting

The JDS4 report is also available on the JDS website of the ICPDR (http://www.danubesurvey.org/jds4),
where also the long versions of selected chapters can be found. The data management issues are addressed
in Chapter 3.
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Annex 1

List of samples collected during JDS4. For explanation of abbreviations, see Annex 2.

Site
No.

O 0 N o0 o M W N 2

©
3

10

11
12
13
14

15

16
17
18
19
20
21
22

23

24

25
26
27
28

29

30
30m1
30m2
31
32
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Site
Name

Bofinger Halde
Bittenbrunn

Above Klosterl Kelheim
Niederalteich Muhlau
Passau Ingling
Jochenstein

Enghagen

Oberloiben
Klosterneuburg
Downstream Vienna

Hainburg, upstream
Morava

Pohansko
Lanzhot
Devin
Bratislava

Cunovo, Gabéikovo
resevoir

Medvedov / Medve
Vének

Gonyd

Komarno

Kamenica

Salka

Szob

Budapest upstream
(Megyeri Bridge)
Budapest downstream
(MO bridge)

Tass

Dunafdldvar

Paks

Baja

Hercegszanto / Batina /
Bezdan

Drava mouth (rkm 5.0)
Upstream Drava
Downstream Drava
llok / Backa Palanka

Tiszasziget / Martono$

Countries

DE/AT
AT
AT
AT
AT

AT

cz
Cz
SK
SK

SK

SK/HU
HU
HU
SK
SK
SK
HU/SK

HU

HU

HU
HU
HU
HU

HU/HR/
RS

HR
HR
RS
HR/RS
HU/RS

Fl

>

MZB_MHS
MZB_KAS

B3 >

>

MZB_LNT
MZB_AMS
MZB_DNA

>

>

>

PP
PB

PB_DNA
MP

>

B3

zP

SE_SER
SE_DNA
sSW

FC

FM

MC

>

B3

>

>

MPL
SWD

>

SWLS_GRB

>

x  SWLS_LMR
SWLS_LMX

=

>

> < |
SPMLS_LMX

>

< |
SWLS_LHR
SWP

B3

>

SWM
GW
ww



Site
No.

33
33m1

33m2

34
35
36
37
38
39

40

41

41m1
41m2
41p
42

43

43p
44
45

45m1

46
46p

47

47m1
47m2
48

49
49m
50

50m
50p
51

GW1

Site
Name

Tisza mouth (rkm 1.0)
Downstream Novi Sad

Downstream Tisza /
Upstream Sava

Jesenice na Dolenjskem
Jamena

Sava mouth (rkm 7.0)
Downstream Pancevo
Varvarin

Velika Morava mouth

Banatska Palanka /
Bazias

Upstream Timok
(Rudujevac / Gruia)

IGR Tekija/Orsova
Vrbica/Simijan
Kladovo

Timok mouth (rkm 0.2)

Pristol / Novo Selo
Harbour

Vidin
Iskar mouth (rkm 0.3)
Jantra mouth (rkm 1.0)

Downstream Zimnicea/
Svistov

Russenski Lom mouth
Ruse

Downstream Ruse /
Giurgiu (Marten)
Arges (tributary)
Downstream Arges
Chiciu / Silistra
Giurgiulesti

Giurgeni

Reni

Tulcea, St. George
branch

Galati

Vilkove Chilia / Kilia
arm

Vienna

Countries

0 X
w O»m

RS/RO

RS/RO

RS
RO
RS
RS/BG

RO/BG

BG

BG

BG
BG

BG/RO

RO
RO
RO/BG
MD/RO
RO
RO/UA

RO

RO

RO/UA

AT

Fl

MZB_MHS
MZB_KAS

>

MZB_LNT

>

MZB_AMS
MZB_DNA

>

>

x
o £ X S5 x
x = = 45T
< x < O 4 45 o =
= w =z a0 nda
) o Q a2 S S S a e =
oomaouww3Io0osSLL8==2=2=3243 === 2
aaa=2N®®®®L L2220 ononononononono
X X X X X X X X X X X X X X X X X
X
X
X X X X X X X X X X
X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X
X X X X X X X X X X X X X X
XXX X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X
X
X
X X X X X X X X X X X X X
XX X X X X X X X X X X X X X X
X
X X X X X X X
X X X X X X X
X
X X X X X X X X
X X
X X X X X X X X X X X X X X X X X X X
X
X
XX X X X X X X X X X X X X X X X
X X X X X X X X X X X X
X
X X X X X X X X X X X X X X X X X
X
X
X X X X X X X X X X X X

Scientific Report: A Shared Analysis of the Danube River JDS4

ww

17



18

Site Site

No. Name

GW2  Samorin Kalinkovo
GW3  Surany

GW4  Topolje

GWS5  Novi Sad

GW6  Slobozia

GW7  Slivo pole

WW1  Donauworth

WW?2  LinzAsten

WW3  Hodonin

WW4  Vrakuna (Bratislava)
WW5  Gyér

WW6  Novo mesto (Lo¢na)
WW7  Zupanja

WW8  Sabac

WWS9  Giurgiu

WW10 Vratsa

WW11 Uzhgorod
Annex 2

Countries

MZB_MHS
MZB_KAS
MZB_LNT
MZB_AMS
MZB_DNA

FI
PP

PB

<

=z gl 2

alele &= e g £
EE&VJV)U’EEEEW

SWLS_GRB
SWLS_LMR

Coding of samples collected within JDS4. Explanation of abbreviations from Annex 1.

Sample code  Matrix (code)
FI Fish — ichthyology (FI)
M h
MZB_MHS acrozoobenthos
(MZB)
Macrozoobenthos
MZB_KAS
(MZB)
Macrozoobenthos
MZB_LNT
(MZB)
MZB_AMS Macrozoobenthos
(MZB)
PP Phytoplankton (PP)
PB Phytobenthos (PB)
MP Macrophytes (MP)
7P Zooplankton (ZP)
face W DNA
SWD Surface Water e
(SWD)

Sampling method
(code)

Multihabitat sampling
(MHS)

Kick & Sweep (KAS)

LiNi Traps (LNT)
Additional molluscs

sample (AMS)

Phytobenthos brush
(PBB)
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Sampling/analysis activity
Fish

Macrozoobenthos

Macrozoobenthos

Macrozoobenthos

Macrozoobenthos
Phytoplankton
Phytobenthos

Macrophytes

Zooplankton

eDNA special survey: fish & MZB

><><

g 3¢

-IIU,I_II

$Ede 2, 3

w%wwww;
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Sampled by/remark

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

eDNA Teams



Sample code

MZB_DNA

PB_DNA

SE_DNA

FC

FC

FC

MC

SW

SW-LS_GRB

SWLS_GRB

SWLS_GRB

SWLS_GRB

SWLS_GRB

SWLS_GRB

SWLS_GRB
SWLS_GRB

SWLS_GRB

SWLS_GRB

SWLS_GRF

SWLS_GRB

SWLS_LMR

SWLS_LMX

SPMLS_LMX

Matrix (code)

Macrozoobenthos
(MZB)

Phytobenthos (PB)

Sediment (SE)

Fish chemical
analyses (FC)

Fish chemical
analyses (FC)

Fish chemical
analyses (FC)

Molluscs chemical
analyses (MC)

Surface Water (SW)

Surface Water (SWLS)

Surface Water (SWLS)

Surface Water (SWLS)

Surface Water (SWLS)

Surface Water (SWLS)

Surface Water (SWLS)

Surface Water (SWLS)
Surface Water (SWLS)

Surface Water (SWLS)
Surface Water (SWLS)
Surface Water (SWLS)
Surface Water (SWLS)

Surface Water (SWLS)

Surface Water (SWLS)

Suspended Particulate
Matter (SPMLS)

Sampling method
(code)

(e)DNA sample (DNA)

(e)DNA sample (DNA)

(e)DNA sample (DNA)

Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)
Grab sample (GRB)

Grab sample (GRB)

Grab sample (GRB)

Grab sample filtered
(GRF)

Grab sample (GRB)

LVSPE Mariani Box
(LMR)

LVSPE MAXX Sampler
(LMX)

LVSPE MAXX Sampler
(LMX)

Sampling/analysis activity
MZB eDNA bulk sample used for
DNA analysis

Phytobenthos brush bulk sample
for DNA analysis

Sediment sample for (€)DNA
extraction

Target analysis: metals

Target analysis: organic
substances

Wide-scope target and suspect
screening

Target analysis: molluscs

Physico-chemical parameters

Target analysis: organic
substances

1,4-dioxane in water

Direct injection LC-HRMS;
wide-scope target and non-target
screening

Direct injection LC-HRMS;
screening of very polar compounds

On-line SPE-LC-HRMS; wide-scope
target screening; special focus on
pesticides and their TPs

SPE-LC-HRMS; wide-scope target
screening and four bioassays

Radioactivity
Analysis of DOM and REE

Analysis by fluorescence
spectroscopy

Water samples stable isotopes

Water samples stable isotopes of
nitrate

Water samples for HCO3

LVSPE water samples, wide-scope
target screening

LVSPE water samples, wide-scope
target and non-target screening

SPM samples, wide-scope
target and non-target screening;
bioassays

Sampled by/remark

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

National Teams

SLS Teams. The
sample further split
into subsamples for
different labs.

SLS Teams

SLS Teams

SLS Teams

SLS Teams

SLS Teams

SLS Teams
SLS Teams

SLS Teams
SLS Teams
SLS Teams
SLS Teams

SLS Teams

SLS Teams

SLS Teams
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Sample code

SWLS_LHR

SWP

SE_SER

SE_SER

SE_SEC

MPL

SPM_MPL

FM

SWM

GW

WWwW

Sampling method

Matrix (code) (code)

LVSPE Horizon Field

Surface Water (SWLS
urface Water (SWLS) Sampler (LHR)

Surface Water Passive
sampling (SWP)

Sediment (SE) Sediment - raw (SER)
Sediment (SE) Sediment - raw (SER)
Sediment (SE) Core sediment (SEC)
Microplastics SPM
(MPL)
Suspended Particulate

MPL

Matter (SPM)

Fish microplastics
analyses (FM)

Surface Water
Microbiology (SWM)

Groundwater

Wastewater

JDS4 Scientific Report: A Shared Analysis of the Danube River

Sampling/analysis activity

LVSPE water samples, wide-scope
target and suspect screening;
bicassays

Passive sampling, extracts
analysed for target substances,
wide-scope target and suspect
screening; bioassays

Sediment samples for wide-scope
target and suspect screening

Radioactivity

Nanoparticles: sediment core 1077
rkm (Ram — Stara Palanka), fly ash
samples Kostolac, sediment grab
sample 1097 rkm

Sampling of SPM including
microplastic in sedimentation
boxes

1 | of water for determination of
SPM content sampled on the

first and last day of sampling;
accompanying information for MPL
analysis

Fish sample for microplastics
analysis

Microbiology

Water samples; wide-scope target
and suspect screening

24 hours composite influent and
effluent samples; wide-scope target
and suspect screening

Sampled by/remark

SLS Teams

Passive Sampling
Team; also sampled
on additional sites
with suffix “p”

National Teams

National Teams

Serbian National
Team

National Teams

National Teams

National Teams

Microbiology Team

National Contact
Points

National Contact
Points



Data management

Alexander Hébart (ICPDR Vienna, Austria)

Abstract

The setup of JDS4 as a collaborative activity by many independent teams of different kinds of experts in 13
countries called for an extra effort to facilitate a coordinated data collection approach. The ICPDR Secretariat,
under the guidance of the Monitoring and Assessment Expert Group (MA EG) and in cooperation with the Core
Team experts, developed a common sample coding standard and a specific tool set for data collection. This
tool set included a mobile application for data entry of samples taken in the field and templates for bulk data
upload. Data collected included basic physico-chemical parameters, target substances and species lists of
biological quality elements.

The JDS4 Data Collection Portal, accessible to all experts involved in the survey, was the central platform to
collect, validate and access data of the survey. The portal will be further developed, integrated and maintained
as part of the ICPDR information system.

3.1 Introduction

The ICPDR maintains and operates the TNMN database of water quality data which contains national data,
compiled yearly since 1996 by the SHMU Bratislava and published on the web. Data from Joint Danube
Surveys 1, 2 and 3 were also added into this database, although the collection of the vast amount of data
and integration into the simplistic TNMN data structure became more challenging from survey to survey.

For JDS4, the ICPDR Secretariat developed a new database and new tools and provided them in the JDS4
Data Collection Portal specifically for the experts involved in the survey. This database was still based on,
but extended the data structure of the previous TNMN database, to allow supporting the specific needs of
JDS4 data.
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The following types of data were collected using the JDS4 Data collection portal:

— Main sites nominated by countries during preparation phase of JDS4: this base dataset was managed
by the ICPDR Secretariat based on agreements of the MA EG and inputs from the countries. It was
later during the preparation extended with additional sites for passive sampling (4), microbiology (12),
groundwater (7), and wastewater (11).

— Sampling data recorded during the survey — including exact coordinates, matrices, sampling dates and
methods, plus accompanying photos. This data was collected via 3 alternative tools. It was up to the
country or survey team to select the most appropriate tool:

- ODK Collect app for Android mobile devices — primarily for usage in the field as coordinates are
recorded using the device's GPS sensor

- Web form usable in a modern web browser on any platform and device
- Excel template which allowed batch upload of sample data collected by other means

- Analysis result data and species lists of Biological Quality Elements (BQE) collected via specific Excel
templates.

— Hydromorphological assessment update via online forms — this is described in the related Chapter 4
“Recording and assessment of hydromorphological changes 2013-2019".

3.2 Methods

3.2.1 Software

22

The JDS4 data collection portal was built on open source software components, some of which have already
been used in the information technology infrastructure of the ICPDR, that enabled rapid development of
tools in a resource-limited setting. The content management system Drupal (http://www.drupal.org), using
some community contributed and some custom developed modules, served as the backend for managing
user access, content in the form of templates and datasets, forms and database import, validation and
retrieval functions.

The mobile application for Android was built using the open source Open Data Kit, simply called ODK
(http:/getodk.org). ODK Collect is a generic app that can be installed from the Google Play store. It can load
customized forms to replace paper forms used in survey-based data gathering and is designed to work well
without network connectivity. Users can save their data at any point on their devices. Finalized submissions
are sent to (and new forms downloaded from) an ODK Aggregate server. The connection to the server must
be configured by the user with URL, username and password.

Enketo Express (https://enketo.org/) was used to provide the same ODK form as a web form as an alternative
data entry tool.

ODK Collect was used in JDS4 to collect location and sample data in the field. The ODK Aggregate server was
integrated into the JDS4 Data Collection Portal by custom Drupal modules. These modules synchronised
the user accounts and their access rights from Drupal to ODK Aggregate and imported data submission
from ODK Aggregate into the main JDS4 database accessible via Drupal Views.
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Microsoft Excel files were used to provide templates for all types of data. One Excel template provided the
same fields as the ODK Collect app, so it was appropriate to submit multiple records of sampling data when
the coordinates had been collected by other means. Other Excel files were developed as templates for flow
data, basic physico-chemical parameters, target substances and species lists of biological quality elements.

Custom Drupal modules were developed to read the Excel templates uploaded to the portal by users,
validate the data and import valid datasets into the main JDS4 database. The data retrieval, presentation,
visualisation on maps and graphs, as well as export functions were realised mostly with Drupal community
modules and a few customisations.

3.2.2 Coding of sites, locations and samples

The common approach to coding of sites and samples aimed to ensure the proper labelling of sample
containers to support logistics and eventually to be able to subsequently link the sampling data with the
results data of analysis and determination.

To achieve this, it was essential that each sampling location and each sample have a code which uniguely
identifies them. The code structure was designed in a pragmatic approach to be as short as possible, but
also human readable and applicable even beyond JDS4 purposes. The appropriate code for a sample could
be derived easily by entering or selecting the appropriate elements using one of the three data collection
tools provided within the survey.

The codes have a common structure with the following elements:

1. Main site code consists of these elements:
a. Survey prefix "JDS4"
b. Main site number 1 - 57; other sites for the specific groundwater (GW) and wastewater (WW) sampling
were added later with a prefix with their own numbering.
c. Optional suffix for off-site sampling points in-between main sites used for specific passive (p) and
microbiology (m) sampling

2. Location code is added to the main site code to jointly provide a unique Site code for each sampling
activity — it consists of these elements:
a. Location in profile (L, M, R, P E)’
b. Sampling matrix (SW, SE, SPM, MZB, PP, PB, MP. ZP, FI, etc.)?
c. Optional sequence code for more locations sampled at same profile and of same matrix e.g. the
Special Longitudinal Survey team used “LS" to distinguish their data from national sampling

3. Optional Sample suffix is added to the site code only if more than one sample is taken with the same site
code to jointly provide a uniqgue Sample code — it can consist of the following elements:
a. Method code (for matrices with defined distinguishing methods)?
b. Date (or appropriate distinguishing part, e.g. month and day for phytoplankton samples taken every
4 weeks in JDS4)
c. Numeric sequence for specific cases

I

"L = left bank, m = middle of river, R = right bank, P = pooled (mixed), E = entire profile
2 Matrix codes as mentioned in Chapter 2 “Survey logistics”

¥ Sampling method codes as mentioned in Chapter 2 “Survey logistics”

Scientific Report: A Shared Analysis of the Danube River JDS4

23



The elements of the main site and location codes are joined with hyphen (*-), the optional sample code

« n

elements are joined with an underscore (“_") to form the complete code. If only a single sample is taken for
a matrix at a location, the site code is also used as the sample code as it identifies both the site and the
sample.

Examples (for illustration of the concept of the coding):
JDS4-1-L-SW_GRB: grab sample of surface water taken from the left bank at JDS4 main site 1
JDS4-11-M-ZP: zooplankton sample in the middle of the river at JDS4 main site 11

JDS4-1-L-MZB_MHS: macrozoobenthos sample taken using MHS method on the left bank of JDS4 main
site 1

JDS4-1-L-MZB_KAS: macrozoobenthos sample taken using Kick & Sweep method on the same location
as above example

JDS4-13-M-PP_0416: Phytoplankton sample taken on 16 April (Month 04) in the middle of the river at
JDS4 main site 13

JDS4-32-R-MP-2: second of a sequence of macrophytes samples/locations on the right bank at JDS4
main site 32

3.2.3 Data description

24

The following data elements were collected for sampling data. Some elements are also used for the coding
and explained in more detail in the previous section:

- For each sampling location:
+ JDS4 Main Site
+ Location in profile
- Sample matrix
+ Sequence
+ Latitude
- Longitude
- Altitude and accuracy (only in ODK Collect app as taken from GPS sensor)
- Remarks (optional)

— For each sample:
- Date (and optionally time) of sampling
+ End date and time of sampling (optional - for long-term sampling)
- Sampling method (only for specific matrices, if multiple methods were used)
- National sample code (optional) as a reference to the national sampling programme
+ Sequence

Figure 1 shows a data model of sampling data in light blue — Main sites having multiple Sampling locations
with one or more Samples. The main attributes of the entities are listed, indicating their obligation, as well
as primary, unique and foreign keys which define the relationships. The results (in light yellow) are always
linked to that data via the sample code. The Analysis and Species entities are given as simplified examples
for illustration (e.g. determinands and analytical methods are actually defined with more detail attributes
in separate entities). Further result types with different structures can be linked and thus integrated in the
same way.
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(Main) Site

* code: JDS4-32
+report: JDS4
+ site_no: 32

(Sampling) Location

* code: JDS4-32-L-MZB
+ site: JDS4-32
+ location_in_profile: L

Sample

* code: JDS4-32-L.-MZB_MHS
+ location: JDS4-32-L.-MZB
+ method: MHS

- name: Tiszasziget/Martono$ + matrix: VIZB

- countries: HU/RS ¢+ sequence:

- river: Tisza - point: 46.11408 20.08246
- river-km: 163 - remarks: Macrozoobenthos

—9+ sequence:
- datetime: 2019-07-10 10:10
- datetime_end:

- danube-rkm: 1214
- point: 46.18552 20.10467

sampling on left bank

- national_code: RS _JDS4 32

- related_station: TNMN-HU9

- remarks: Transboundary site l

l

*id: 2821

- value
- remark_code: <LoQ

Analysis

+ sample: JDS4-1-R-SW
+ determinand: Cybutryne
+ analytical_method: DIN 38407-36

*id: 3201

+ sample: JDS4-32-L-MZB_MHS

+ taxon_name: Branchiura sowerbyi

- value: 14

- quantification_unit: absolute abundance

Species

Legend:

- mandatory field name: example value

* primary key (identifier)

+ unique key (combinedidentifier)
foreign key (reference to other field)

=& One-to-many relationship

Figure 1: Simplified data model of JDS4 sampling data and linked results.

In addition to data as such, it was possible to upload documenting photos of sampling, either via the ODK

app or direct upload into the portal.

For survey results, the portal made available specifically structured templates, in particular for flow data,
concentrations of basic physico-chemical parameters (including description of analytical methods, which
were pre-filled from the ICPDR TNMN database for national data provisions), target substances and
metals (provided with specific list of determinands for specific laboratories), as well as a base template for
determined species. Later this was slightly adapted, i.e. contained more or fewer fields, depending on the

needs of specific BQE data processing, e.g. growth form for macrophytes.

Scientific Report: A Shared Analysis of the Danube-River JDS4

25



26

3.2.4 Usage of data collection tools

The ICPDR Secretariat provided a JDS4 Data Collection Manual to all experts involved. This document

described the coding for sites and samples and provided step by step instructions for using the tools used
for data collection.

The ODK Collect (and web) app was targeted for data entry use in the field, as it provided easier data entry
of single sampling records and automatic recording of location data. The crucial advantage of ODK was the
automatic entry of coordinates for sampling sites via the mobile phone’s GPS sensor and the ability to use it
offline and submit collected data any time later when Internet connectivity could be established.

= Lo n = = -

JDS4Sitesan.. W, JDS4Sites&.. W, JDS4Sites&.. W, JDS4Sites&.. W,
Sampling location o Sample data > 1 > Sampling Date (and time) Sample data > 1 > Sample Codes Sample data > 1

* JDS4 Main Site * Date * Sampling Method JDS Sample code

Site to which this sampling location belongs. When this sampling location was sampled. Please select the sampling method used at This is the sample code for the label of the

B @_ this location. container. Please note that it will change, if
1: Bofinger Halde - DE - Danub.. ~ Select date you enter more than one sample.
LVSPE MAXX Sampler
* Sample Matrix May 27,2019 JDS4-1-L-SW_LMX
Q National sample code
Surface Water M Time Optional: Add your national sample code if
. you would like to see this reference in the

Location in Profile y i Select time JDS database
Select one profile, if relevant. e ‘L‘\e'\'auf wesmen pa No time selected

middle of river - B '"‘g @ Enddate

Optional for longer sampling time - in this
Sequgnce Code case, the previous field is regarded as start
If multiple locations are sampled for this of sampling.
site, with same profile and matrix, please
indicate an identifying two-numbe/letter Select date
code suffix.
No date selected
Dichungs @

Time

< BACK NEXT > Google < BACK NEXT > < BACK NEXT > < BACK NEXT >

Figure 2: Screenshots of the site and sampling data entry form in ODK Collect.

The Excel template, targeted for desk use and integration of data collected in other ways, allowed bulk data
provision, but the sampling sites and samples had to be linked correctly by the data input user.

If sampling data were submitted again for an already previously submitted sampling location (i.e. with the
same site code), the previous data were overwritten. This allowed for corrections of submitted data.

Out of 998 sampling locations collected for JDS4, 589 were provided via ODK (app and web form) and 409
via Excel sheets; 772 were submitted during the survey in the period April to October 2019, the rest of 226
records afterwards and only up to a year later.

At these locations, experts reported collection of 1745 samples to the database. 679 photos were uploaded
to document the sampling locations, sampling activities and samples.

Various laboratories and experts used the templates for different types of result data to directly upload
and import their data into the JDS4 database: 245 records of flow data, 779 records of basic parameters
analysis, 1527 of target substances analysis, 680 of metals analysis, and 6852 species.

All submitted data was listed and visualised on maps immediately. National or laboratory-specific datasets

import were thus integrated immediately and the survey-wide data could be viewed, compared and exported
by all experts involved.

The portal was used by 170 users during and after the survey, not only for data collection and review, but
also for coordination of the report writing.
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3.3 Results and discussion

Compared with previous JDSs, the collection of basic survey data, particularly sampling data and basic
results, was much faster and available data is more extensive due to the tools provided and despite the
higher number of experts involved. In previous surveys, exact coordinates of specific samples were hardly
provided and post processing of various data formats was much more time intensive.

The common coding of samples was difficult to plan as every other sampling activity had a different
perspective on their way of sampling and some of those needs only became clear at a very late stage of
planning. Thus, the original idea of a simple code structure was adapted several times and in the end the
code structure became relatively complicated again. Still, the main goal of having a common way to identify
samples was achieved and would just need some refinements in any future application.

3.4 Conclusions

The general approach in JDS4 data collection of using a common coding for sampling sites and samples,
building up on existing TNMN data structures and extending them, providing tools for in-field data entry
and bulk data upload and providing an online working space for data validation, visualisation and retrieval
seems to have worked in most aspects and was welcomed and actively used by JDS4 experts.

The elaborated coding and database structures could be used as a model for similar activities. More
specifically, the whole tool set could be used, with some refinements, in a future Joint Danube Survey.
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Recording and assessment of
hydromorphological changes
2013 - 2019

Ulrich Schwarz (Fluvius, Floodplain ecology and River Basin Management, Vienna, Austria)
Alexander Hobart (ICPDR, Vienna, Austria)

Abstract

Based on the results of JDS3 for the continuous overall and WFD 3-digit hydromorphological assessments
of 10-rkm sections of the Danube, JDS4 delivered hydromorphological data for changes (improvements/
deteriorations) for channel, banks and floodplain. For the first time, countries uploaded harmonized data
via the JDS4 data tool. The centralised evaluation of changes and finally the reassessment of segments
resulted in 73 changes (54 improvements and 19 deteriorations) within 55 segments. The reassessment
of JDS3 shows several improvements on the still strongly altered Upper and Middle Danube and slight
deteriorations on the Lower Danube. In most cases the changes lead only to the reassessment of individual
parameters, but not to the shift of overall assessment classes for entire segments.

4.1 Introduction

Hydromorphology can be understood as the natural structure of river channels, banks and floodplains built
under dynamic processes in space and time and is a fundamental pre-requisite to understand different river
types, to define reference conditions and to estimate human induced pressures and impacts on the entire
riparian ecosystems, in particular for aquatic habitats, as defined in the WFD (EC 2000). The WFD considers
the morphology, hydrology and river continuum to be assessed for the determination of the high ecological
status, but only supportive for all other classes indicating the deviation of the reference conditions or for
the definition of heavily modified water bodies. Based on the JDS3 assessment (Schwarz et.al. 2015) the
Danube can be characterised by the absence of class one, as over long stretches being moderately altered
(89% of all segments), including longer slightly altered reaches on the Lower Danube (21%) while the Upper
Danube and Iron Gate reach fall in the extensively and severely altered classes (together 40%) including all
major dams with impoundments.

The update of JDS3 concerns the continuous survey of 241 sections of 10 km length, according to the
agreed methodology (CEN Standards from 2004 and 2010) and comprises the overall and WFD 3-digit
assessment of the hydromorphological features for the navigable Danube from Kelheim (rkm 2,415) to the
delta (rkm O at Sulina branch).

Under the changed JDS4 framework conditions, with a more active role for national authorities and individual
countries, the continuous assessment focused on the update of the HYMO assessment of the predefined
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04 RECORDING AND ASSESSMENT OF HYDROMORPHOLOGICAL CHANGES 2013-2019

10-rkm-segments with regard to changes (deteriorations’, improvements) of channel, banks and floodplain.
The data collection and assessment was performed by national experts doing investigations (deskwork)
supported by a consultant and the ICPDR Secretariat. For this task, an online data collection tool for the

changes and projects was integral part of the JDS4 data collection portal.

4.2 Methods

For the JDS HYMO assessment 2013, the Danube was divided into 10-rkm-segments assessing channel,
banks and floodplains individually before generating the overall assessment for each segment (compare
Figure 1). The usage of the segmentation of JDS3 was mainly a technical step to precisely locate changes
— deteriorations and improvements — and does not interfere with the definition of river section types as
required to define the reference conditions for the assessment according to CEN standard. For JDS4 it was
decided to update the HYMO parameters based on the same segments and to shift the assessment only to

those segments with significant changes.

" The term “deterioration” reflects only the hydromorphological conditions within the 10-rkm river segments and is not to be used

-

Hydromorphological assessment
of the Danube

10 rkm segment color

- Class 1 {Mearly natural)

[ cClass 2 (Slightly modified)
Class 3 (Moderately maodifiad)

[ Cilass 4 (Extensively modified )

B ciass 5 (Severely modified)

Floodplain left “Severely modified

" t ':: Banks left "Slightly modified”
Overall Assessmen i3 -
*Moderately modifi — |~ Channel "Moderately modified

\ Banks right “Extensively modified”
Fleodplain right "Near-natural”

Figure 1: 10-rkm assessment segments of the JDS3 as base for JDS4 (Schwarz 2014).

according to WFD, which refers to ecological status/potential assessed on water body scale.
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The JDS4 data collection and assessment covered all relevant HYMO changes compared to JDS3 for the
period from summer 2013 to summer 2019. The task included the following steps:

+ Setup of an online HYMO “change” database under the roof of the JDS4 data collection portal by the
ICPDR Secretariat, considering the agreed HYMO parameters and significance criteria as based on
the previous JDS3 assessment which need to be updated for the 10-rkm-segments.

- Collection of hydromorphological alterations for the 10-rkm-segments by the Danube countries
(coordinated by the national expert of the ICPDR HYMO Task Group).

- Collection of information on relevant Danube River restoration projects and infrastructure projects
within the period 2013-2019 by the countries, as integral inventories of the changes database.

- Analysis and assessment of the data and visualisation of individual changes of segments and finally
of changed assessment, performed by a consultant in co-operation with the countries.

The changed parameters for overall and WFD 3-digit assessment (morphology, hydrology and river
continuity) have been collected in the data collection tool:

- Channel, hydrology, river continuity: Planform (1), substrate (2), erosion/deposition character (3),
artificial in-channel features (4) (dams with impoundments and changes in discharge, groynes),
continuity (5) (biota/sediment)

- Banks and riparian zone: Extent of reach affected by artificial bank material (6), land cover in riparian
zone (7)

+ Floodplain: Land cover beyond the riparian zone (8), degree of lateral connectivity of river and
floodplain (9), Degree of lateral movement of river channel (10)

Significant new alterations (occurring for the first time between summer 2013 and summer 2019), as well
as restoration activities listed below had to be considered if the level of significance exceeded within one of
the 241 10-rkm-segments, namely 0.5 km changes in lengths or 5% change of floodplain areas:

+ Channel, including hydrology and continuity: Closure of side-channels, groyne construction/
removal, specific, intensive dredging, ongoing, raising or decreasing channel incision, flow regime
changes (impoundment length, hydropeaking, water abstraction, particular exposure to ship waves
(no thresholds defined), restoration/widening/reconnection of Danube main and side-channels,
construction of fish passes or measures to improve sediment transport (gravel feeding, sediment
management).

- Banks: New riprap, bank reinforcements, change of land use in riparian zone, restoration of riverbanks
(removal of rip-rap).

+ Floodplain: Further reduction of floodplain areas by cut-off, change in land use or reconnection of
floodplains/retention areas.

Pressure data generated under the DanubeSediment Project (Habersack et al. 2019 and 2020) have been
considered as reference by the countries as far as available during the project phase.

Finally, the inventory table for infrastructure and restoration projects is based on the data entries made by
the national experts of Danube countries for the JDS4.
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After the collection and analysis of changes (improvements and deteriorations) the two assessments of
10-rkm-segments as of JDS3, the overall continuous assessment and the WFD 3-digit assessment had to
be revised for the reported 10-rkm-segments with changes (compare JDS3 report, Schwarz et al. 2015).

The overall CEN assessment is based on individual parameters for channel, banks and floodplain and allows
an assessment into five classes based on arithmetic mean values for each parameter group and the overall
assessment. For channel, the parameters 2-5 are assessed only in three classes (1, 3 or 5).

According to the assessment methods used for the JDS3, the threshold for changes in the assessment
for the individual parameters was set for most of the parameters to >5% of affected assessment segment
or with other words, if 500 m out of the 10-km assessment segment was altered within the monitoring
period, it must be recorded for the update (for areas to be assessed 5% of floodplain area respectively). The
“significance” of changes was approved by entire “class changes”, but all sub-classes were considered for
cumulative effects (e.g. if the sum of changes in the sub-parameters 1-5 for “Channel” exceeded together
the 500 m, the assessment for the “Channel” might be changed). Not in all cases did changes necessarily
lead to a shift in the assessment class.

4.2.1 The HYMO data collection tool

32

As part of the JDS4 online data collection portal developed by ICPDR, the module for HYMO allows the
seamless data entry, review and update, including upload of accompanying photos and documents, directly
by all experts. The tool thus facilitates the strong involvement of national expertise and provides a good
basis to receive harmonised results. It can also serve as a reference or even used as it is for the next update.

The database and data entry forms are based on the three entities segments, changes and projects:

- Segments: the spatial data (lines) and base attributes (rkm from-to, country, overall assessment result
2013) of the 10-rkm sections were imported from JDS3 data and served as a reference for the other
entities. The tool provides a map and list of segments as an entry point for users to search and select
segments for entry of change records.

- Changes: data was entered by users into a web form; each record includes a reference to one or multiple
segments, change (improvement, deterioration, no change), assessment group (based on parameters
1-10 of table 1), type (with main options infrastructure project, maintenance, restoration project, natural
process and respective sub-options), length in km, area in % (for floodplains), optional reference to a
project (see below), description, optional photos and files for documentation.

- Projects: data was also entered into a web form; each project record can be related to one or more
change records and includes the project type and purpose (based on sub-options for change type of
Changes), optional project code, title, implementation year or year range, and optional description.
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Figure 2: Each different change had to be recorded using the online form. However, as each change record could be related to multiple
segments and projects could be referenced to multiple changes, the overall data entry work was minimised.

The entered changes and projects can be listed and filtered by various criteria. All data can be exported as
Excel (XLSX) files. The further analysis of data was done externally by the consultant.

4.3 Results and discussion

Based on the 241 10-rkm JDS3 segments (navigable Danube downstream of Kelheim, including only the
Sulina branch in the Delta), countries recorded changes of the three main assessment groups (channel,
banks and floodplains) for the period 2013-2019.

All riparian countries participated using the data collection tool provided by the ICPDR to record all relevant
changes. While for the Upper Danube and SK-HU reach of the Middle Danube reported changes are frequent,
long reaches on the Lower and Middle Danube segments have no change. Transboundary reaches were
collected independently for each country, but analysed jointly for the whole segment. Reference projects
and documentation were not available in all cases.

4.3.1 Analysis of recorded changes

In total, the recorded changes comprise 54 improvements and 19 deteriorations (73). However, several
changes occurred in the same 10-rkm-segments for individual parameters, transboundary changes were
reported twice (as planned), changes were recorded for two neighbouring segments at once or being
recorded for one and the same segment as deterioration and improvement, which is possible. Therefore,
only 56 main segments (entire 10-km-segment including all sub segments for channel, banks right/left and
floodplain right/left, compare Figure 1) have been subject to individual changes. Nine further changes below
the threshold of 0.5 km in length have to be allocated with other changes in the same segment (possible
aggregation to 0.5 km) or to be excluded from the segment assessment, which are five segments (three
improvements and two deteriorations). Finally, changes as required by the methodology can be assumed
for only 55 main segments or 23% of all segments.
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04 RECORDING AND ASSESSMENT OF HYDROMORPHOLOGICAL CHANGES 2013-2019

Aside of many segments with no changes (186 or 77%), most records are improvements falling into 43
main segments or 18% covering mostly the Upper and Middle Danube in DE, AT, SK and HU, while the 12
segments with deteriorations (5%) can be found in HU, RS, BG, RO and UA (Figure 3).

Deterioration;
12,5%

Figure 3: Distribution of changes by number of continuous 10-rkm-segments.

The analysis of changes (Figures 4-6) is based on the total number of recorded changes (73) to keep
transparently all records sent by the countries (from the data collection tool).

River bank changes (restoration or construction) prevail with 46% followed by changes of the floodplain
(29%) including the reconnection of side-channels and 25% for the channel (Figure 4).

Figure 4: Distribution of prevailing changes for the main categories.

The total length of all changes (73) cumulatively sums up to 159.69 km. Regarding the length of the
changes, rather “short and small” projects predominate. The exception are fish passes opening entire
10-rkm-segments for migration of biota. Short measures < 2 km comprise 64% of all changes, but only
37.99 km or 24% of all changes by total length (Figure 5). The average length of changes is about 2.2 km,
but excluding the full length of 10-km-sections for continuum restoration by fish passes, the average length
dropped to 1.7 km.
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<1km; 20; 32%

1-<2km; 20; 32%

Figure 5: Length classes distribution in km for changes.

Most of the changes are related to river bank development [parameters 6 & 7] with in total 34 changes
(Figure 6). The removal of rip-rap clearly prevails with 23 cases. Side channel connections [9] as mainly
improvements are rather frequent (8 times) followed by channel changes [1], which are recorded in junction
to side-channel connections on the Middle Danube (five times), but also as deterioration (four times due
to infrastructure and dredging activities on the Lower Danube). As already mentioned, parameter [5] for
continuum improvements are realised entirely in the Upper Danube. Merely the parameter [4] on changed
flow conditions and regime by structures (groynes, dams with impoundments) was not reported at all.

0 5 10 15 20 A3 30 35
Channel incl. Hydrology and Continuity, Planform [1] _ 9 (5 improvements, 4 deteriorations)
Channel incl. Hydrology and Continuity, Substrate [2] . 1 (deterioration)
Channel incl. Hydrology and Continuity, Erosion/deposition character [3] - 3 (2 improvements, 1 deterioration)
Channel incl. Hydrology and Continuity, Continuity [5] _ 5 (improvements)
Banks Extent of reach affected by artificial bank material [6] — 32
(23 improvements, 9 deteriorations)

Banks Land cover in riparian zone [7] [l 2 (improvements)

Land cover beyond the riparian zone [3] [l 5 (improvements)

Floodplain Degree of lateral connectivity of river and floodplain [9] [ NN ¢ (s improvements, 1 deterioration)

Figure 6: Types of restoration/alteration per all individual changes (blue for “Channel’, brown for "banks” and
green for “floodplains”) and number of improvements/deteriorations per type.
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4.3.2 Updated overall assessment

36

Most of the observed changes cover bank and floodplain segments and show the ambitions of many
countries to improve the hydromorphological conditions. However, the length and extent of changes (for
structural measures the mean length is 1.7 km) did not lead in all cases to a shift of assessment classes.
This has two reasons, firstly the “small size” of changes in relation to the 10-rkm-segment and secondly the
previous nearest assessment class boundary.

This lead in total to the class shift of individual assessments for channel, banks and floodplain of 22 out of
55 segments with changes.

After screening and comparing the changes in detail (starting with major changes > 1 km length and by
overlaying changes within one and the same segment, e.g. for the transboundary reach of the Danube
downstream of Gabcikovo improvements and deterioration reported by both countries neutralize each
other), only two segments changed in overall assessment, two in the worse direction, but already having
been close to poor assessments before. Those are the segments just downstream of Iron Gate Il in Serbia
(the bank assessment was reduced from class three to four leading to an overall shift from 3 to 4, however
the bank and flood dike construction for Radujevac affect only a small new stretch, in total 2.8 km) and
the Danube near Reni in Ukraine (due to recorded dredging in and close to the harbour affecting planform
and substrates of channel from 3 to 4 leading to a shift in overall assessment, however the reach of
1.2 km and the amount of dredged material is limited and the dredging started in early 2019, at the end of
the monitoring period).

Further several overall assessments for segments (arithmetic mean of classes for channel, banks and
floodplain) fail to shift in a better class due to close boundaries, but are strong candidates for the next cycle
of restoration measures (e.g. two segments in the AT reach east of Vienna).

Regarding the fish bypasses in the Austrian Danube, the four related segments didn't shift in assessment
as for the 3-digit assessment due to the numbers of sub-parameters for the channel group remaining in
the worst class: If planform, flow character, sediment grain size, sedimentation/deposition character are
untouched from the measure the segment remains in the worst class 5, even the barrier is assessed as
class “3" for “partial passable” (for fish but not for sediment).

Considering the reported changes only a few 10-rkm-segments changed for overall class: In two cases the
assessment dropped from class three to four in already strongly altered reaches (Figure 7).

0; 0%

M class 1 {near-natural)

M class 2 (slightly modified)

class 3 (moderately modified)
class 4 (extensively modified)

M class 5 (severely modified)

Figure 7: Overall assessment of JDS4 as based on JDS3 with only slight changes
(shift of two segments from class 3 to 4, no change in percentage).
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Figure 8: Overview of segments with changes for at least one parameter group
(channel, banks, floodplain) along the three main section of Danube.

In general, the recorded changes imply many improvements in the strongly altered Upper and partially the
Middle Danube while on the Lower Danube a few deteriorations prevail (Figure 8), however, based on the
much better original JDS3 assessment for the Lower Danube in comparison with the Middle and Upper
Danube and the deteriorations are spatially limited. In the total perspective, the positive aspects predominate,
regarding the fish continuum the construction of bypass solutions for Austrian dams is an important step.
Several side-channel connections including SK and HU are good examples for the proceeding restoration.
The reason why more segments on the Upper Danube improved in comparison to the Middle Danube,
can be explained with the worse situation before in DE and AT, while the free-flowing SK and HU reach
assessment in the third moderate class was closer to class four rather than two.
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4.3.3 Updated WFD 3-digit assessment

The WFD 3-digit analysis for the entire Danube (Figure 9) indicates the general alteration similar to the overall
assessment (prevailing classes 3-5 for the 241 10-km-segement), in particular for the best documented
parameter group “Morphology”, but also the “Hydrology“. The longitudinal continuity is interrupted by 18
dams (segments). In 2013 for two dams with functionning fish passes and partial sediment feeding (Wien-
Freudenau and Melk) the value was “3" according to CEN standard.

The biggest difference now is the restoration of partial continuum (for fish) in the Austrian Danube reach.
Four additional hydropower dams are in the meantime equipped with fish bypasses, the ecologically most
efficient way to restore fish passability. For the Austrian reach therefore only the dam in Altenworth remains,
but will be equipped in 2020, which will expand the passability towards Wachau and even up to Aschach.
For bedload sediment (gravel) the dams are still a considerable obstacle (compare outcomes of the Danube
Sediment Project, Habersack et al. 2019 & 2020).

For most of the other changes, mainly improvements like the removal of rip-rap for short stretches only
on the left or rigth side respectively, the 3-digit evaluation is not as sensitive as the overall assessment,
due to the integration of assessment values for both banks and floodplains. For example, if the bank was
improved from class 5 to 4 only on the right side, the integrative “Bank” indicator (arithmetic mean) remains
class 5. Only in case of improvements on both sides does the assessment value shift. Regarding these
major changes within two of the three assessment groups (“Morphology” and “Continuum”) a total of seven
segments shifted to a better class, including four fish bypasses all located in the Upper Danube, while two
deteriorations on the Lower Danube were recorded.
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Figure 9: WFD 3-digit assessment as based on JDS3, mainly changed for the continuity for fish by
the construction of fish passes in AT (hydrology and continuum were assessed only in classes 1, 3 or 5).

38 JDS4 Scientific Report: A Shared Analysis of the Danube River



4.4 Conclusion

- All significant changes regarding pressures and restoration along the 241 10-km-segments of the Danube
were collected for the time period 2013-2019 and it was possible to update the hydromorphological
assessment of JDS3. Even before the start of JDS4, a draft documentation of changes was submitted to
the national BQE teams, supporting their assessment of the JDS4 sites.

- In total 55 main 10-km-segments have been recorded to be subject of changes (43 improvements, 12
deteriorations). Finally, only 22 changes lead to shifts in the individual assessment groups (channel,
banks, floodplain), while only two segments on the Lower Danube shift in overall assessment, from class
3 to class 4. Regarding the WFD 3-digit assessment four segments profit from fish passes in Austria,
reconnecting in total seven segments (70 km) for fish migration.

+ In general, improvements prevail on the Upper and Middle Danube, while on the Lower Danube, with
exception of some improvements in Bulgaria, slight deteriorations have been recorded (two segments
shift in overall assessment). This trend is understandable looking at the previous assessments, indicating
many more alterations along the Upper and Middle Danube, while the Lower Danube keeps over long
distances a character of fewer alterations (less stabilized banks and rectification of channel, more bars
and islands). A general clear trend for the entire Danube cannot be observed for the given period, however
the intensified restoration activity on the Upper and Middle Danube and the slight deterioration of the
Lower Danube suggest a positive outlook.

+ The pressure and restoration update should encourage further detailed in-situ measurement and
assessment work (which has to be applied according to WFD finally on waterbody level). It serves as a
general estimation of trends along entire Danube. To document the changes and having a monitoring tool
for the six-year WFD cycle, the approach is feasible and affordable.

- To scope and fulfil the requirements as under the new CEN Standard (CEN 2018) the methodology has
to be further developed to keep previous assessments and to apply the new topics, namely the process-
based assessment of fluvial systems. The DanubeSediment project delivered many extremely valuable
quantitative hydromorphological data and made first technical proposals as how to assess sediment
transport, to improve monitoring, both essential parts of future hydromorphological assessment.

+ The outcomes of the DanubeSediment Project (Habersack et al. 2019 & 2020) point towards necessary
monitoring and assessments including morphology and quantitative sediment aspects. One out of more
potential applications and synthesis of the descriptive and pressure- oriented CEN analysis of JDS HYMO
on the basis of 10-km-segments and the quantitative and process- based continuous analysis of the
river within the DanubeSediment projects, in particular regarding the longitudinal profile and channel
development could be the German ValMorph approach, as applied to the Lower Rhine river (Quick 2019).

- It is recommended to take into consideration the Interreg Danube Transnational Programme
DanubeFloodplain project outcomes and related solutions for the improvement of floodplain connectivity
with the river.
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Abstract

During JDS4, fish sampling was conducted using a standardised procedure at 43 sampling sites, which led to
a total number of sampling sets of 57, due to parallel activities by the national teams at bilateral sites. In total
76,265 specimens out of 72 fishand three jawless species could be detected, which underlines the importance
of the Danube as substantial source of fish biodiversity in Europe. As the composition of fish communities is
used worldwide to evaluate the ecological status of rivers, the according national Water Framework Directive
methods for the assessment were applied to 32 data sets to get an indication of possible impacts on the fish
fauna. The results indicate, that the fish community is threatened along the whole river course but on the
other hand, that the diversity of fish taxa still lies on a high level, which raises hope, that effective restoration
measures can help to improve the ecological status in order to finally meet the WFD goals.

5.1 Introduction

In total about 100 species of freshwater fish inhabit the Danube along its entire course, covering various
ecological and functional guilds (Schiemer et al. 2004, Eros et al. 2005). This comparatively high number
is a result of its remarkable importance as an east-west migration route after the end of the last ice age
(Balon et al., 1986), which led to the genesis of many endemic species. Danubian fish stocks are declining
(Schiemer, 2003) and many species are on the edge of extinction or even beyond that point (Spindler,
1997), nevertheless, fish are still of great economic importance, as an important food source and a
valuable target of recreational fishery. Beside this importance, fish communities are a good indicator for
human pressures on rivers, in particular for hydromorphological alterations, which are the main cause of
declining fish stocks in the Upper Danube (Spindler, 1997). Various studies (e.g. Wiesner et al., 2007) have
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shown, that the loss of connectivity due to the extensive use of hydropower and the resulting deterioration
of habitat quality can be seen as the main reason for ecological deficits of the fish fauna in the Upper
Danube, whereas bad water quality and the exploitation of fish stocks both by legal fishery and poaching
are the most considerable causes in the middle and lower course (Schmall & Friedrich, 2014). In order to
investigate the current situation of the Danubian fish fauna along the whole river course again, like during
the last two surveys (2007 and 2013), standardised fish sampling was undertaken as part of the Joint
Danube Survey 4 in 2019.

5.2 Methods and sampling strategy

Deviating from the fish sampling procedure for JDS2 and JDS3, each JDS4 fish site was sampled by the
corresponding national team, following the standardised procedure ("JDS4 method”) that was agreed on
and is defined in the standard operation procedure (SOP) and is based on electric fishing solely. To ensure
the use of the correct sampling technique by the national teams, two workshops were held in summer 2018.
On selected locations in the border areas between two countries, the JDS4 sites were sampled by both
teams independently. Focus was set on the main channel, whereas only some tributaries were sampled as
well. The main sampling in the field took place from July 1 to August 28 and acted on the basis of the EU
Water Framework Directive and the European Standard “Water Analysis — Fishing with Electricity (EN 14011;
CEN, 2003) for wadable and non-wadable rivers. The procedure followed the habitat specific approach (strip
fishing method) published by Schmutz et al. (2001) in the litoral area only. As fish assemblages in large
rivers show different spatial distribution in the course of day and night (Erés et al, 2017), the standardized
sampling effort was 2500 meters at day and 2500 meters at night, whereas depending on the sampled
type of habitat, either a boom or hand-held anode was used. In general fish sampling in the Danube was
conducted from boats. For sampling purposes the electric field was activated by activating the dead man'’s
switch at irregular intervals. All fish showing electro-tactic movement towards the anode or paralysis were
sampled with dip nets, put in a fish tank and afterwards determined to species level, measured (+/- 0.5 cm
total length TL) and released alive immediately afterwards. In cases where bulks of specimens had been
attracted, a representative subsample was taken and the percentage of caught individuals was estimated
by the sampling team.

In the first week the water in the Upper Danube section was a little turbid as a consequence of heavy rainfalls
in the Inn catchment area. The German sites were only sampled during day-time as a consequence of staff
shortage. The Bulgarian sites JDS43, JDS47 and JDS48 were sampled by beach seine only, the same was
done with the Moldovan fish sampling on site JDS49, as electric fishing in general is legally not allowed
in the republic of Moldova. The Bulgarian tributary sites JDS44, JDS45 and JDS46 were sampled using
back-pack generators. Data for sampling site JDS21 (Ipel-mouth) derive from a sampling session by the
Slovakian national team on October 13", 2018 as this site could not be fished in 2019. All in all the JDS4 fish
data contains 51 sampling sets from 43 sampling sites (see Annex A), as at bilateral sites parallel sampling
activities were undertaken from the corresponding national teams. In the upper and especially in the Middle
Danube sections, the sampling sites were quite dense, whereas in the Upper Danube fish sampling sites
were less frequent than in the previous surveys.
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5.3 Data processing

Field sampling data were transferred into standardised MS Excel sheets by national teams and sent to the
Federal Agency for Water Management (BAW) in Austria. After validation and short analysis of fish data,
they were imported into the Danufishbase, which was developed for JDS2 purposes and also used for JDS3
fish data processing. For calculations of abundance and biomass values the same procedure as for JDS2
and JDS3 data was used, following the requirements of the strip fishing method (Schmutz et al, 2001).
Beside the JDS site code, a sampling code was generated to differentiate between samplings done at the
same JDS site. As electric-fishing at night is not allowed in all participating countries and only some use
additional sampling techniques for their national Water Framework Directive (WFD) assessment methods,
for calculations of the quantitative stock parameters abundance and biomass, exclusively data from
daylight fishing effort were used. Night fishing data delivered additional data for the species composition
and age structure at sampling sites. The finalized data base queries were sent out to all national team
leaders who were asked to calculate their WFD related assessment index for the ecological status based on
the standardized sampling data sets for their national sites.

According to the requirements of the WFD, all EU-member states have to establish a monitoring network
and develop assessment methods for all four biological quality elements (BQEs) in all natural water bodies.
As the methodological approach for small and medium-sized rivers is well known and widely used, there
are lots of reliable datasets which provide a sound basis for the development of appropriate assessment
tools. WFD assessment methods for the BQE fish are already intercalibrated for small and medium-sized
waterbodies, but for very large rivers with a catchment larger than 10.000km? the process has not been
completed yet. For the evaluation of potential impacts on the fish fauna at the corresponding JDS4 sampling
sites, the applied fish indices, as well as the editors who calculated them are shown in the following table 1.

Table 1: national assessment methods and editors; * = not WFD compliant.

Country Fish assessment method Editor

Germany Fisch basiertes Bewertungssystem (fiBs) Michael Effenberger
Austria Fisch Index Austria (FIA) Vinzenz Bammer
Slovakia Fish Index Slovakia (FIS) Vladimir Kovac
Hungary Hungarian Multimetric Fish Index (HMMFI) Tibor Eros

Croatia Croatian Quantitative Index of Biotic Integrity IBIHR Perica Mustafi¢
Serbia European Fish Index (EFI)* Vinzenz Bammer
Romania European Fish Index (EFI)* Vinzenz Bammer
Bulgaria Type specific Bulgarian Fish Index (TsBRI) Apostolos Apostolou

In addition to this, for sites in the Upper Danube stretch (Germany, Austria, Slovakia, Hungary), FIA and
FIS were generated for a direct comparison of results delivered by these methods (see table 5).The proper
use of each national WFD assessment method requires their specific, standardized sampling strategy
and they only deliver reliable and accurate results based on these. The JDS4 sampling approach was
chosen as a kind of minimum effort, in order to be able to use the sampling data from national samplings.
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Nevertheless the ecological quality ratio (EQR) values deriving from the national methods build a suitable
basis for comparison of the reaction of the fish fauna to different stressors at the JDS4 sampling sites.
However, due to differing national methods for determination the ecological status (e.g. three samplings
in one WFD-period in Germany, use of additional methods in Austria, night fishing based assessment in
Hungary, ...), the presented values do not correspond to the official, national WFD results! For comparisons
of all different indices, ecological quality ratios deriving from the national assessment methods were used.

5.4 Results

In total 76.265 specimens out of 72 fish and three jawless species could be caught, with the most species
(33) detected at the site JDS41, llok- Backa Palanka. Most frequent species in all catches by far with a mean
relative proportion of the total abundances of 52,28 % was bleak (Alburnus alburnus) followed by round goby
(Neogobius melanostomus) with 9.49 % and chub (Squalius cephalus) with 3.90 %. The high abundance value
of the allochthonous silver carp (Hypothalmichthys nobilis), which was mainly caught in tributaries beginning
downstream the river Tisa (JDS32 and JDS33) but also in the Main Danube channel at Pristol (JDS43) is
alarming. Detailed analysis of alien fish data will be given in the corresponding IAS Chapter. Figure 1 shows
the 20 most abundant species and their relative proportion of total abundance on basis of the complete
JDS4 data set, containing data from electric fishing only.
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Figure 1: Proportional abundance of the 20 most abundant species, detected by JDS4 sampling; ABR-BJO Blicca bjoerkna,
ABR-BRA Abramis brama, ALB-ALB Alburnus alburnus, ANG-ANG Anguilla anguilla, ASP-ASP Aspius aspius,

BAR-BAR Barbus barbus, CAR-AUR Carassius auratus, CAR-GIB Carassius gibelio, CHO-NAS Chondrostoma nasus,
CPR-CAR Cyprinus carpio, HYP-NOB Hypothalmichtys nobilis, LEU-IDU Leuciscus idus, NEO-FLU Neogobius fluviatilis,
NEO-GYM Neogobius gymnotrachelus, NEO-MEL Neogobius melanostomus, PER-FLU Perca fluviatilis, PON-KES Ponticola kessleri,
RUT-RUT Rutilus rutilus, SIL-GLA Silurus glanis, SQU-CEP Squalius cephalus.
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A comparison with results of JDS2 and JDS3 shows a similar picture with a strongly dominating proportion
of bleak in both previous surveys. Between JDS2 and JDS3 a shift in the second most abundant species
from Prussian carp (Carassius gibelio) to round goby (Neogobius melanostomus) could be detected, with
round goby still being highly abundant in JDS4 catches.

JDS2- 20 most abundant species JDS3- 20 most abundant species
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Figure 2: Proportional abundance of the 20 most abundant species, detected by JDS2 and JDS3 sampling, ABR-BJO Blicca bjoerkna,
ABR-BRA Abramis brama, ABR-SAP Ballerus sapa, ALB-ALB Alburnus alburnus, ALB-BIP Alburnus bipunctatus, ASP-ASP Aspius aspius,
BAR-BAR Barbus barbus, BAR-PEL Barbartula balcanica, CAR-GIB Carassius gibelio, CHO-NAS Chondrostoma nasus, ESO-LUC Esox
lucius, GYM-SCH Gymnocephalus schraetser, LEU-IDU Leuciscus idus, LOT-LOT Lota lota, NEO-FLU Neogobius fluviatilis,
NEO-GYM Neogobius gymnotrachelus, NEO-MEL Neogobius melanostomus, PER-FLU Perca fluviatilis, PON-KES Ponticola kessleri,
RHO-SER Rhodeus amarus, ROM-VLA Romanogobio viadykovi, RUT-RUT Rutilus rutilus, SAB-BUL Sabanejewia bulgarica,
SAN-SAN Sander sander, SQU-CEP Squalius cephalus.

Fish abundance —as displayed in figure 3- shows varying values in the middle section of the Danube between
2671 and 3.657 individuals per hectare but a clear peak at the Upper Danube site Kelheim (rkm 2.420- JDS03)
with 14.873 and a sharp rise in the Romanian section with a maximum value of 59.497 indivuals per hectare
at the site Reni (rkm 36- JDS50).
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Figure 3: Fish abundance for JDS4 sampling data along the river course.
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Regarding fish biomass, a similar effect can be seen (see figure 4): relatively high values in the most upper
section with a maximum of 676,37 kg/ha in the German site Niederalteich (JDS04) and peaking values in
the Lower Danube starting from the sampling site downstream Ruse/ Giurgiu (rkm 485 -JDS47) to Reni
(rkm 136 -JDS50). The biomass from sampling sites in between fluctuated between 18,08 kg/ha (llok,
Backa Planaka, rkm 1.303 -JDS31) and 106,20 kg/ha (Upstream Timok, rkm 846- JDS41).
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Figure 4: Fish biomass for JDS4 sampling data along the river course.

A comparison of these two quantitative parameters between the three joint sampling surveys shows a
decline of both in the area of the middle section of the Danube between 2013 and 2019 at first sight (see
figure 5). The values for data from JDS2 and JDS3 showed little fluctuations except the peak value of more
than 20.000 specimens per hectare at the site llok / Backa Palanka (rkm 1303-JDS31) in 2013. Unfortunately
the number of the sampling sites during the different surveys as well as their position were not identical in
the Middle and Lower Danube sections (between river kilometer 1400 and 1000), which does not allow a
sound comparison for that area.
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Figure 5: Comparison of abundance and biomass values for all three surveys.

For the German sites in the Upper Danube, a steady increase of biomass between JDS2 and JDS4 can be
seen, whereas the abundance values showed a larger variability in the same period with higher levels in
2013 and 2019.

5.5 Indication of the ecological status

As mentioned above, on the basis of JDS4 method data only indications of the ecological status can be
given. The online assessment tool for calculating the adapted EFI (European Fish Index) version EFl+ that
was used for assessing Romanian sites, has not been available for some years. Therefore it was decided
to calculate the EFI for these sites purpose. Same goes for the Serbian stretches, as the FIS, which was
proposed to be used first, turned out not be suitable due to the absence of proper reference communities.
The German sites JDS01 and JDS06 are declared as heavily modified waterbodies (HMWB) and therefore
the basis for the calculation of the national index fiBS is the potential fish coenosis, instead of the reference
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assemblage, indicated as “fiBs (pot.)". Hungary delivered two values for their national index: one based on
night-fishing data, the other for daylight results. It was agreed with their national team leader to use the
mean of both for this report. The Hungarian site JDS25 is categorised as HMWB, for which the national
method does not fit. As a consequence it was decided to calculate the EFI for this report. As the sampling
strategy for all fish indices solely relies on electric fishing, for those sites which were sampled with beach
seine only, no sound and reliable index can be given.

Table 2: Indicative assessment of the ecological status at JDS4 Danube sampling sites, EQR = ecological quality ratio, *= given value
calculated as mean HMMFI based on day- and night fishing, **= EFl score does not accurately correspond to EQR values; editors:
AA = Apostolos Apostolou. ME = Michael Effenberger, PM = Perica Mustafic, TE = Tibor Eros, VB = Vinzenz Bammer, VK = Vladimir Kovac.

JDS4_ID
JDSO01
JDS02
JDS03
JDS04
JDS06
JDS06
JDS08
JDS10
JDS13
JDS14
JDS15
JDS16
JDS17
JDS18
JDS19
JDS21
JDS22
JDS22
JDS23
JDS24
JDS25
JDS26
JDS27
JDS28
JDS29
JDS30
JDS31
JDS32
JDS33

sampling_ID
DE_JDS4_01
DE_JDS4_02
DE_JDS4_03
DE_JDS4_04
DE_JDS4_06a
AT_JDS4_06b
AT_JDS4_08
AT_JDS4_10
SK_JDS4_13
SK_JDS4_14
SK_JDS4_15
SK_JDS4_16
HU_JDS4_17
HU_JDS4_18
SK_JDS4_19
SK_JDS4_21
SK_JDS4_22a
HU_JDS4_22b
HU_JDS4_23
HU_JDS4_24
HU_JDS4_25
HU_JDS4_26
HU_JDS4_27
HU_JDS4_28
HR_JDS4_29
HR_JDS4_30
HR_JDS3_31
RS_JDS4_32
RS_JDS4_33

EQR/ EFI score***
0.440
0.350
0.290
0.360
0.250
0.000
0.250
0.540
0.147
0.165
0.133
0.145
0.352
0.566
0.463
0.606
0.167
0.498
0.535
0.537
0.205
0.545
0.628
0.568
0.815
0.826
0.769
0.342
0.220
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Ecological Status Index
ST s 6o
Moderate fiIBS
Moderate fiBS
Moderate fiBS
Moderate fiBS (pot.)
Moderate FIA
Moderate HMMFI*
Moderate FIS
Moderate HMMFI*
Moderate HMMFI*
Moderate HMMFI*
Moderate HMMFI*
Moderate HMMFI*
Moderate EFI**

Editor
ME
ME
ME
ME
ME
VB
VB
VB
VK
VK
VK
VK
TE
TE
VK
VK
VK
TE
TE
TE
VB
TE
TE
TE
PM
PM
PM
VB
VB
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JDS4_ID sampling_ID EQR/ EFl score***  Ecological Status Index Editor
JDS35 RS.UDS435  0.171 B VB
JDS36 RS.UDS4.36 0232 Poor  EFm VB
JDS37 RS.UDS4.37 0227 Poor R VB
JDS38 RS.JUDS4 38  0.372 Moderate EF I VB
JDS39 RS.UDS439 0357 Moderate EF % VB
JDS40 RS.UDS4.40a  0.148 N e VB
JDS40 RO_JDS4.40b 0238 ‘Poor  EFm VB
JDS41 RS_.JDS4.41b 0210 ‘Poor  EFm VB
JDS4T RO_JDS4.41a  0.286 Moderate EF I+ VB
JDS42 RS.UDS4 42  0.159 RS e VB
JDS44 BG_JDS4.44 0680 Good TR AA
JDS45 BG_JDS4.45  0.800 Good TR AA
JDS46 BG_JDS4.46 0340 Poor TR AA
JDS47 ROJDS4.47a 0340 Moderate EF e VB
JDS48 RO_JDS4 480 0314 Moderate EF VB
JDS49 RO_JDS4.49a  0.301 Moderate EFI** VB
JDS50 RO_JDS4.50  0.374 Moderate EF I+ VB

Based on JDS4 data and as seen in table 2, 17.02 % (8 out of 47 datasets) deliver a good ecological status,
as demanded by the WFD latest by end of 2027. A good ecological status in the Danube has only been
detected at the German site Boefinger Halde (JDS01), the Hungarian site Paks (JDS27) and the stretch of
the Danube shared by Serbia and Croatia Bezdan-Batina (JDS29) and llok / Backa Palanka (JDS31). The
other sites in this assessment class are situated in the tributaries Ipel (JDS21), Drava (JDS30), Iskar (JDS44)
and Jantra (JDS45). For most sites (42.55 %) only a moderate status could be observed and a poor or bad
status is indicated for 19.15 % respectively (see table 3).

Table 3: Indicative ecological status classes for all JDS4 sampling sites.

sampling data sets (n) 9 9

Relative proportion (%) 17.02 42.55 19.15 19.15

Regarding the indications for the ecological status at sampling sites in the Danube itself (without sites in the
tributaries), an even worse situation is obvious: for only four sites or 8.57 % of the sampling sites, the WFD
target class “good status” is reached yet, most sites (46.88 %) are classified as moderate, 21.88 % as poor
and 18.75 % as bad. (see table 4)

Table 4: Indicative ecological status classes for Danube JDS4 sampling sites.

sampling data sets (n) 4 15 7 6

Relative proportion (%) 12.5 46.88 21.88 18.75
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In comparison to the results of the previous two surveys, the latest data are indications for slight
deteriorations in the Upper and most sampling sites in the Middle Danube section concerning the ecological
status based on the BQE fish. Obvious fish ecological improvements are indicated at the Croatian sites
Batina (JDS29) and llok, Backa Palanka (JDS31) using JDS4 methods, whereas the recent results indicate
a mostly unchanged situation in the Lower Danube. As mentioned above, for the Upper Danube section the
indices fiBs and FIS were calculated additionally to FIA and EFI which were applied on all data sets.

Table 5: Comparison of indications for the ecological status between JDS2, JDS3 and JDS4, * = insufficient data set.

Site name rkm JDS2 JDS 3 JDS4

Status FIA  Status EFl  Status FIA  Status EFI  Status FIS  Status JDS4 Status FIA  Status FIS  Status EFI
Boefinger Halde 2,580 ----
Bittenbrunn 2,485 Moderate -
Niederalteich 2,278 --- Moderate -- Moderate
Jochenstein 2,215 ----- Moderate ~ Moderate --
Jochenstein 2,215 -- -
Ybbs 2,072 - Moderate ---

Wildungsmauer

- Hainburg 1,894 Moderate Moderate Moderate Moderate ~ Moderate Moderate
Bratislava 1,876 Moderate Moderate Moderate Moderate Moderate Moderate
Cunovo 1,852 -- Moderate --- Moderate --
Medvedov 1,807 -- Moderate Moderate Moderate --- Moderate
Gonyu 1,781 Moderate ~ Moderate -
Szob 1,705 Moderate -- Moderate Moderate --- Moderate
Szob 1,706 Moderate Moderate
E;:tar EZZ: 1,660 Moderate - Moderate
Ss\?viz(;sgam 1,632 --- Moderate - Moderate -- Moderate
Dunafoldvar 1,568 Moderate Moderate Moderate
Paks 1,532 - Moderate - Moderate

Baja 1,481 Moderate -- Moderate

Mohacs 1,446 --- Moderate Moderate Moderate
Hercegszanto

Upstream
Drava, Aljmas

:l(:;slf;ka 13038 Moderate Moderate Moderate Moderate ---- Moderate

1,380 Moderate Moderate Moderate Moderate

Novi Sad 1,252 Moderate Moderate Moderate Moderate
downstream
Belegish 1,202 Moderate Moderate -Moderate Moderate
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Site name

Downstream
Sava,

Pancevo
downstream

Grocka

Velika Morava
downstream

Golubak
Koronin

Banatska
Palanka /
Bazias

Banatska
Palanka/Bazias

Vrbica, Simijan

Upstream
Timok

Upstream
Timok

Timok mouth

Pristol-Novo
Selo Harbour

Downstream
Kozloduy

Downstream
Iskar

Downstream Olt

Jantra, before
estuary

Russenski Lom

Downstream
Ruse - Giurgiu

Chiciu, Silistra

Downstream
Braila

Reni
Chilia
Arm-Valcov

Sulina - Sulina
Arm

rkm

1,163

1,151

1,132

1,107

1,046

1,073

1,073

1,027

850

851

0,2

839

690

634

602

537

498

485

383

172

136

21
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JDS 2 JDS 3 JDS4

Status FIA  Status EFI  Status FIA  Status EFl  Status FIS ~ Status JDS4 Status FIA  Status FIS  Status EFI

Moderate Moderate Moderate --

Moderate Moderate Moderate

Moderate

Moderate Moderate -

Moderate

* *

* *

- Moderate

Moderate Moderate -

Moderate
Moderate * * Moderate Moderate
-- Moderate Moderate Moderate
Moderate Moderate
Moderate Moderate Moderate Moderate
Moderate Moderate
Moderate Moderate
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5.6 Conclusive Discussion

The original Danubian fish assemblage is well documented from historical studies and the total number
of species between the rithral Upper section and the potamal Lower area is in the order of 100 species
(Schiemer et al. 2004). Our results show, that still most species of the reference communities can be found
at nearly all sites. This is even true for strongly altered hydromorphological stretches in the Upper Danube
section. The species compositions at the different sampling sites reflect the wide range of aquatic habitats
in this large stream and the combination of rhitral and potamal elements. As a consequence, the number of 72
fish and jawless taxa that could be detected during JDS4 is still remarkable and even higher than was found
in 2013 (67). Concerning the historic diversity of the Danubian fish fauna, Schiemer et at al. (2004) refer to
the work of Marsilius (1726) and Heckel & Kner (1858), who indicated a total number along the whole river
course of around 100. According to a review by Balon (1964), the highest species diversity (approximately
60) was found in the Lower Danube as a consequence of the influence of migratory species from the Black
Sea. A second diversity hotspot with about 50 fish taxa was found downstream of the alluvial plains of the
Austrian Donau-Auen National Park, which can be explained by a sharp increase of habitat diversity in the
area of the transition between foothills and lowlands, which leads to suitable conditions for many different
kinds of aquatic species. Although the Danubian fish commmunity is under threat along the whole river course,
the fact, that most species of the historic ichthyofauna still can be found in the Danube raises hope, that
effective restoration measures can help to improve the ecological status in order to finally meet the WFD
goals.

As was observed in the previous two Joint Danube Surveys (JDS2 and JDS3), there was an extraordinary
dominance of bleak (Alburnus alburnus), a typical swarm fish, which prefers the upper water column close
to the surface and of round gobies (Neogobius melanostomus), which hide in cavities of the litoral rip-rap
structures, was detected. This must be seen in context with the species selectivity of electric fishing, as
both species can be collected quite easily with electric fishing in relatively high abundances. At the moment
the anode is dipped into water, an electric field is built up imediately between the electric poles, which
attracts close-by fish first, whereas more distant individuals have more time to escape. Round gobies which
hide in structures like in cavities of the rip-rap at the shore line, when disturbed, can be collected in large
numbers during sampling with hand-held anode close to such refuges. This explains the high abundances
of these species at least to a certain extent and must be kept in mind when using these data for assessment
purpose. Taking this into consideration, alternative calculations of FIS were performed for the Slovak stretch
of the Danube (Bratislava, Cunovo, Medvedov, Szob) by the national team leader. When the numbers of
bleak in the samples were reduced to 30-50 % (difference in the efficiency of the sampling method between
bleak and other species, estimated by the national sampling team), the resulting values of FIS improved
the indication for the ecological status of these sites from bad to moderate, which matches the indicative
status of FIA better. Nevertheless the recent JDS4 dataset is a solid basis for evaluations of the Danubian
fish assemblage, as electric fishing was the method of choice in the quantitative analysis for the previous
fish sampling for JDS2 and JDS3.

The uncertain decline in biomass values at Lower Danubian JDS4 sampling sites has to be confirmed/
falsified by national monitoring data and should at least be a call for selecting an appropriate number of
sampling sites and for monitoring them continuously.

Based on the recent JDS4 sampling, data national assessment methods indicate a moderate to worse
ecological status for most sampling sites in the Danube. As mentioned above, each national WFD
compliant method requires a standardised sampling procedure as well as effort which both vary between
single countries due to different hydrological and biotic requirements. Some use night fishing data only,
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others day light sampling only and also a combined effort with additional methods is in use. In a literature
review Potyé and Guti (2012) indicated the methodological challenges for quantitative fish sampling in
large rivers. With a closer look at the national WFD assessment results, a similar variability can be seen,
which makes the comparison of those national indices difficult. For JDS2 and JDS3 data all sites had been
assessed using FIA and EFI. Both are not adequate for evaluating fish communities along the whole stretch
of the Danube: FIA delivers sound results for the ichtyofauna in the Upper Danube and detects structural/
hydromorphological deficits solidly, whereas EFI scores are not reliable for the Danube at all and were only
used when no national assessment method was available. Nevertheless the fact that nearly all national
methods in the Upper Danube (DE, AT, SK, HU), indicate a status worse than required to meet the WFD
targets, the need for action at least in this area is evident. JDS4 data for the stretch of the Danube shared
by Croatia and Serbia Danube sampling sites showed a good status whereas for the Lower Danube section
the JDS4 sampling sites had a comparable low density, which in combination with the fact that in contrast
t0 2007 and 2013 no sound assessment was available, does not allow a reliable classification for 2019.
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Annex A: Sampling Effort

Site ID Sampling ID Electric fishing- day Electric fishing- night Beach seine
Nuber of Sampled Nuber of Sampled Nuber of Sampled
strips [n] area [m?] strips [n] area [m? strips [n] area [m?]

JDS01 DE_JDS4_01 10 7500

JDS02 DE_JDS4_02 6 6750

JDS03 DE_JDS4_03 8 9500

JDS04 DE_JDS4_04 8 9500

JDS06 AT_JDS4_06b 11 11430 9 10647

JDS06 DE_JDS4_06a 9 8500

JDS08 AT_JDS4_08 12 11998 11 12600

JDS10 AT_JDS4_10 14 15094 13 13318

JDS13 SK_JDS4_13 1 840

JDS14 SK_JDS4_14 5 9510 4 5300

JDS15 SK_JDS4_15 5 6000 4 5500

JDS16 SK_JDS4_16 6 7270 5 6750

JDS17 HU_JDS4_17 10 3750 10 3750

JDS18 HU_JDS4.18 10 3750 10 3750

JDS19 SK_JDS4_19 1 1050

JDS21 SK_JDS4_21 1 300

JDS22 HU_JDS4_22b 10 3750 10 3750

JDS22 SK_JDS4_22a 3 4750 1 1500

JDS23 HU_JDS4_23 10 3750 10 3750

JDS24 HU_JDS4_24 10 3750 10 3750

JDS25 HU_JDS4_25 10 3750 10 3750

JDS26 HU_JDS4_26 10 3750 10 3750

JDS27 HU_JDS4_27 10 3750 10 3750

JDS28 HU_JDS4_28 10 3750 10 3750

JDS29 HR_JDS4_29 5 7500 1 1500

JDS30 HR_JDS4_30 5 7500 4 6000

JDS31 HR_JDS3_31 5 7500 5 7500

JDS32 RS_JDS4_32 10 3750 10 3750

JDS33 RS_JDS4_33 10 3750 10 3750

JDS35 RS_JDS4_35 10 3750

JDS36 RS_JDS4_36 10 3750 9 3375

JDS37 RS_JDS4_37 10 3750 10 3750

JDS38 RS_JDS4_38 10 3750 10 3750

JDS39 RS_JDS4_39 10 3750 10 3750

JDS40 RO_JDS4_40b 19 6900

JDS40 RS_JDS4_40a 10 3750 10 3750

JDS41 RO_JDS4_41a 13 4950

JDS41 RS_JDS4_41b 10 3750 10 3750

JDS42 RS_JDS4_42 10 3750 10 3750

JDS43 BG_JDS4_43a 1 840

JDS43 RO_JDS4_43b 5 2025

JDS44 BG_JDS4_44 1 1500

JDS45 BG_JDS4_45 1 2250

JDS46 BG_JDS4_46 1 500

JDS47 BG JDS4_47a 1 300

JDS47 RO JDS4_47b 15 5625

JDS48 BG_JDS4_48a 1 300

JDS48 RO_JDS4_48b 9 3150

JDS49 MD_JDS4_49b 3 750

JDS49 RO_JDS4_49a 7 2625

JDS50 RO_JDS4_50 11 4050
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Abstract

Benthicmacroinvertebrates were sampledby nationalexperts during the JDS4campaigninthe first weeks of July
with five different sampling approaches. Samples from Multi-Habitat Sampling (MHS) were completely analysed
and used for Indicative Status Assessment (ISA). National experts with help of external experts processed and
identified MHS samples according to JDS4 MZB Methodology. In the majority of cases, only one side of the river
was selected for sampling, though at transboundary sites, both sides were usually sampled. In total, 484 taxa
were found belonging to 19 higher taxonomical groups, 394 taxa were found in the Danube River and 287 taxa in
tributaries. Fordefinitionof waterquality, the Saprobicindexand Slovak Multi-metric Index were usedforindication
of responds of macroinvertebrates assemblage to both effects of pollution and changes in hydromorphology.

6.1 Introduction

Benthic macroinvertebrates are the most widely used indicator group for lotic systems (Moog et al., 2018).
These organisms, when used in such investigations, offer several benefits including easy identification at
high taxonomic levels by non-specialists, high sensitivity of a great number of species to environmental
stress, a wide distribution in various freshwater habitats and a relatively sedentary behaviour and short life
cycle, in comparison to fish, which facilitate the detection of changes over time (Johnson et al. 1993).

The following subchapters describe the methods applied; the characteristics of the macroinvertebrate
community along the Danube River and its tributaries and show resulting ISA and Saprobic index compared
with previous JDS2 (2007), JDS3 (2013) and national assessment results.
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6.2 Methods

6.2.1 Sampling Methods

The JDS4 monitoring campaign for benthic macroinvertebrates was carried out by national teams while the
Core team of international experts had a coordinating and advisory role to ensure the coherence between
the approaches used by the national experts.

Based on the experiences from the previous Joint Danube Surveys, five different approaches were applied:

Main approach: Multi-Habitat-Sampling (MHS) — used as a standardized WFD sampling method for the
ecological status assessment (AQEM Consortium, 2002) was effective for ecological status assessment of
wadable rivers — or large rivers at lower water period (Graf et al. 2015).

Additional approaches: i) Kick and sweep (K&S), i) Deep Water Sampling — dredging (DWD), iii) Specific
sampling for molluscs (AMS — Additional Molluscs Sampling) and iv) Specific sampling for crayfish (LiNi).

Methods are described in detail in full report and Standard Operational Procedures (SOP) for MZB and
Invasive Alien Species (available on www.danubesurvey.org/jds4).

A total number of 46 JDS4 sampling sites were planned for macroinvertebrates sampling. Due to high
water levels, sampling was postponed (to end of September) in the case of the River Inn at Passau-Ingling
(JDS4-5-L) below the power station. Sampling site Timok mouth (JDS4-42; 0.2 r. km) was sampled but
no living organisms were found. From all five sampling approaches, only MHS was used for the diversity
overview and ISA, samples from other approaches were processed partially and used for neozoa and
molluscs study. Out of 45 JDS4 sites, 35 sites were sampled at one river side/bank and 10 at both sides/
banks (explained in paragraph 2.2). Hence, 55 samples were collected in total.

6.2.2 Metrics and Indicative Status Assessment (ISA) Method

Only one river side was selected for sampling. In case of transboundary sites, both river sides were usually
sampled. Sampling sides were agreed on bilateral negotiations. Each side (left or right bank) was considered
and assessed as a separate sample.

Multi-metric Index (MMI) Slovak national method for large rivers (Makovinska et al. 2015) was used for
the ISA and already tested with prior Austrian Danube data providing reasonable results (Leitner, 2013).
Relevant metrics were selected for rivers in altitude below 200 m a.s.l. and between 200 — 500 m a.s.l..
Internal Water Research Institute software INFOSYS based on ASTERICS ver. 4.0.4 was used for calculation
of metrics and Indicative status final evaluation.

Saprobic indices (SI) were calculated based on available national method, using ASTERICS 4.04 and
EcoProf 5.0 software. For the indication of quality classes, threshold values according to Buijs (2006) were
applied.

6.2.3 Statistical Method

56

Ordination and classification methods were used to gain insight into variability of invertebrate communities
along the Danube River. Principal coordinate analysis (PCoA) using matrix of Hellinger distances was
employed to extract main compositional gradients. Longitudinal zones across which the invertebrate
communities changed markedly were identified using stratigraphically constrained incremental sum of
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squares cluster analysis (CONISS, Grimm, 1987). Broken-stick model was used to determine significant
number of zones in the cluster analysis (Bennett, 1996). For the multivariate analyses, data from left and
right bank of the river were pooled within sites (Fig. 1).

PCoA was also used to visualize differences in community composition between communities sampled at
left and right banks. Only the sampling sites with both banks sampled were used in this analysis.

6.3 Results and Discussion

6.3.1 Diversity and density from Multi Habitat Sampling (MHS)

During the JDS4 sampling campaign, in total, 484 aquatic macroinvertebrate taxa were found in 55 samples.
Altogether 394 taxa were found in the Danube River and 287 taxa in tributaries (Inn, Dyje, Morava, Moson
Danube,Vah, Hron, Ipel, Rackevei, Drava, Tizsa, Sava, Velika Morava and Prut).

The most diverse groups were Diptera (160 taxa) and Oligochaeta (53), followed by Trichoptera (42) and
Gastropoda (41) then Crustacea (32), Ephemeroptera (30), Bivalvia (28), Coleoptera (25) and Odonata (22).
Heteroptera (12), Hirudinea (9) and Turbellaria (5) are less heterogeneous groups. Other groups were even
less diverse. Nematodes were only well identified by Bulgarian national experts at the species level (11 taxa)
and were excluded from diversity and statistical analyses as they are not considered as a typical benthic
macroinvertebrates (often categorized as microinvertebrates) and also for comparison purpose.

Focusing only at the Danube River reaches (Upper Danube River: from source to rkm 1790, Middle Danube
River: from rkm 1790 — 943, Lower Danube River from rkm 943 to mouth; Tab. 6), most diverse groups are
as follows: Diptera (130 taxa), Oligochaeta (40), Trichoptera (37), Mollusca (Gastropoda 36 taxa, Bivalvia
23 taxa), Crustacea (29), Ephemeroptera (23), Coleoptera (20) and Odonata (13). Along the Danube River
reaches, EPT (Ephemeroptera, Plecoptera & Trichoptera), Coleoptera and Bivalvia taxa are decreasing in
diversity. On the contrary, Oligochaeta together with Gastropoda were increasing in heterogeneity (Fig. 2).
Other groups are constant. Less than 10 taxa were recorded on sampling sites 29-L and 41-R and less than
6 taxa were examined on sites 23-L and 28-R in total. Cluster analysis of Danube River samples shows MZB
assemblage changes in longitudinal gradient (Fig. 1). As the slope of the river determines the flow velocity,
the bed sediment and benthic communities gradually change. Analysis indicates 3 separate sections, and
the boundary between upper and middle section (16-R Medvedov / 18-R Gony) is similar to the pre-defined
Upper and Middle Danube River reaches and where the boundary between Danubian and Pontocaspian
fauna could be found (Brtek, 1953). However, the boundary between the middle and lower section has
shifted upstream in comparison to the pre-defined Middle/Lower Danube reach, which already includes the
bigger part of the Hungarian stretch.
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Figure 1: PCoA ordination plot (left) and CONISS dendrogram (right) of invertebrate communities (only Crustacea, Diptera, Ephemeroptera,
Mollusca, Oligochaeta and Trichoptera could be used; data from left and right bank were merged). Significant zones are highlighted in
different colours. Variance explained by the ordination axes is given in parentheses.

Differences in invertebrate community composition between left and right banks of the river were
sometimes as large as differences among the sampling sites (Fig. 3, right). The variation within sites could
be attributable to different habitat composition and/or to influence of tributaries.

When compared to the results from JDS3, a similar diversity pattern occurred, however, the number of taxa
of Gastropoda groups found during JDS4 has doubled. On the other hand, several Ponto-Caspian species
native to the Lower Danube River stretch found during JDS3 were now seen to be missing. In addition,
species from genus Pisidium sp. are completely missing in the taxalists from the middle and lower reaches.

JDS4 Scientific’Report: A'Shared Analysis of the Danube River

1/



06 AQUATIC MACROINVERTEBRATES

Upper reach Middle reach Lower reach

[N

1

al a

25 5%

|

- I

3

A

A\

| 4

9

Tributaries

1
a A

[

1

|
\ m Diptera m Oligochaeta ® Trichoptera
& " Gastropoda m Crustacea m Ephemeroptera
m Bivalvia m Coleoptera B Odonata
' ® Heteroptera  ®m Hirudinea m Turbellaria
m Plecoptera ® Megaloptera  m Polychaeta

Figure 2: Number of taxa per taxagroup in upper, middle and lower reach of the Danube River and its tributaries.

In terms of total density (number of ind./1.25 m?), groups Crustacea and Gastropoda followed by
Oligochaeta and Diptera (mostly Chironomidae) (Fig. 3, left) are the most dominant part of the benthic
macroinvertebrates assemblage.

Along the Danube River longitudinal profile, density of Coleoptera, Ephemeroptera, Trichoptera, Gastropoda
and Polychaeta is decreasing. Largerivers are one of the freshwater ecosystems most affected by hydrologic
alternation, bank modification, pollution and navigation. EPT taxa in particular, are highly sensitive. However,
in the case of JDS4, the diversity of these particular taxa could be affected also by the sampling season (late
summer). Some National experts noticed a higher water level before and during the sampling campaign.
This could affect the density and diversity of the benthic macroinvertebrates assemblage as flood flow was
referred to decrease of Annelida, Ephemeroptera, Trichoptera, Coleoptera and Plecoptera groups in general
(McMullen & Lytle, 2012).

Polychaeta represented only by Hypania invalida occurred mostly in the upper reach. On the contrary,
Heteroptera increased in density from the Upper to Lower Danube River. Taxa of Gastropoda and Oligochaeta
that suits flat banks with sandy and muddy sediments show a peak in the middle reach.

Crustacean Chelicorophium chelicorne was not found during JDS1/2/3 campaigns, and it is surprising that
it had been present in such high numbers during JDS4 as reported in 50-R and 51-R sites. The rare species,
Theodoxus transversalis was reported on in JDS2 and JDS3, with occurrences in very restricted areas on the
Lower Danube River recorded only at site 48 (Chiciu/Silistra, rkm 375).

Intributaries, Gastropoda is the most dominant group, followed by Diptera and Oligochaeta group. Compared
to the Danube River reaches, Diptera represent principal part of the community, represented mainly by the
family Chironomidae.

Scientific Report: A Shared Analysis of the Danube River JDS4

59



45000

2.0

40000
15 - 1DS4|
35000 N site
30000 10 - 5 6
18 | 29
25000 23 40
05
25 43
15000 & o0 26 47
10000 § o
[ § 05
SE () leftbank
- -1.0 () right bank
0
upper middle lower tributaries
-1.5
B Gastropoda B Diptera , ! . ; g : d
i )5 -1.0 -0.5 0.0 0.5 1.0 1.5
M Oligochaeta Ephemeroptera
2 ) 9
M Crustacea M Bivalvia £Ele.0%)

B Trichoptera
W Heteroptera

M Coleoptera
M Polychaeta

Figure 3: In left: Density per taxagroup (ind./1.25 m?) in upper, middle and lower reach of the Danube River and in tributaries
(only most abundant groups); Right: PCoA ordination plot showing differences in community composition between left and right sides
(banks) of the same sampling sites. Variance explained by the ordination axes is given in parentheses.

6.3.2 Comparison of sampling efficiency based on K&S, DWD, AMS: mussels and crustaceans

60

The detected results of two different taxonomic groups are illustrated briefly in order to show the
effectiveness of different sampling methods during the JDS4 campaign. Across the whole investigated
Danube River, Unionidae mussels were detected only at 10 sites where 4 species and 64 individuals were
detected (Fig. 4).

MHS indicates that Sinanodonta woodiana is the dominant species on the entire Danube River similarly
to the result of the K&S method. Both of these methods detected only four species in the river. However,
DWD and AMS carried out on the Middle and the beginning of Lower Danube River stretch (Hungarian and
Serbian Danube River) illustrate more even occurrence of the four species, together with the detection of a
fifth species (Unio crassus) that has very low abundance with rare occurrence and limited distribution along
the Danube River. The dominant species is Unio tumidus by both methods.

In the case of searching for mussels that were always regarded as relatively rare organisms in several
Danube River sections, a careful sampling procedure is necessary due to the limited availability of the special
habitats in which they can live. The existence of “quasi-stationary” environments - principally concerning
abiotic components such as bed load, transport, erosion and sedimentation - is necessary during juvenile
and adult age for their successful colonization, growth and long-term survival.
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Figure 4: Species composition and abundance of detected Unionidae stock by different sampling procedures along the Danube River
during JDS4. Note that MHS and KAS refer to the entire Danube whereas DWD and AMS was done only on the HU-RS section
(Total ind. number = total caught animals per method).

Looking at the dataset referring to the Malacostraca group some remarkable phenomena are evident. K&S
and MHS sampling resulted in very similar species composition and abundance of crustaceans. However,
DWD surveyed these organisms in shorter Danube River section (approx. 1000 rkm in HU and RS) and in a
smaller number of sites but in higher abundance. The explanation is clear: the larger individual number of
these actively moving animals illustrates that faster flowing habitats situated in deep water regions are quite
optimal for them. Dredging is carried out in deeper habitats that are not available for sampling techniques
of shallow (wadable) waters.

Results are described in detail in the full report, to be found on www.danubesurvey.org/jds4/full-report.

6.3.3 Indicative Status Assessment (ISA) based on Multi-metric Index (MMI) and Saprobic
Index (SI)

The saprobic system takes into account the varying sensitivity of the macrozoobenthos species to oxygen
depletion in particular. Water quality class expressed by Sl is derived from the individual saprobic values
assigned to bioindicators occurring in assessed water environment.

Indicative status assessment (ISA) is assessment based on one sampling event only, and results are neither
aimed to replace nor influence national assessment, but rather to serve to compare situations along the
investigated stretch of the Danube River and its tributaries.

Along the Danube River reaches (36 samples in total), 24 samples (67%) can be classified into good status,
5 samples (14%) into high status, 4 samples (11%) to moderate and 3 samples (8%) fall into the poor status.
Compared to the JDS3 and JDS2, results are similar, however Graf et al. (2015) note the differences between
Airlift and MHS results. Besides that, at the banks the conditions can be different and can even vary between
right and left bank, which can be seen at sites 37, 40, 41 and 48 (Tab. 4; Fig. 3, right).

In the case of samples from tributaries (19 samples), the situation is as follows: 13 (68%) samples can be
classified into good status, 4 (21%) to moderate and 2 samples to poor status (Tab. 2).

Scientific Report: A Shared Analysis of the Danube River JDS4

61


http://www.danubesurvey.org/jds4/full-report

62

Results from the Danube River using MMI show good indicative class in 13 samples, moderate class in 11
samples and poor class in 10 samples (Tab. 1).

In two sites, high status was indicated: 2-R Bittenbrunn, where the highest diversity was documented and
29-L Hercegszanto/Batina/Bezdan, where surprisingly only 8 taxa were found (status based on BMWP
index was 4) and therefore the overall indicative status for this site cannot be considered as fully reliable.

From the tributaries, 8 samples fall in moderate class, 5 samples into poor class, 4 samples to good class
and 2 samples achieved high class (Tab. 2). These results are not plausible and lead us to conclusion that
the Slovak method should not be used for the ISA in tributaries, as seen especially in the cases of the Velika
Morava and Sava Rivers, with high variance of classes within their longitudinal stretches (Tab. 2).

Table 1: Indicative status assessment: Saprobic index class (SI) and Slovak MMI status class (SK) for the Danube River sites with
results from JDS2 (only Saprobic index class, Airlift sampling method) and JDS3 (MHS method) — Saprobic index class and Slovak MM
compared to National assessment: DE — national intercalibrated MZB assessment tool Perlodes; AT, SK, HU, HR, RO and BG — national
methods applied on JDS4 data (* samples were not taken under the best possible conditions).

JDS4 | JDS4 JDS2 JDS3 JDS4 ;
National assesment
S| sl ] sk S| SK
site River Sampling site i i
rkm pling Airlift MHS Rllght I..eft Rlight L.eft
[k, side side | side side Class Country
Class Class Class Class

1 2581 [Danube Bofinger Halde Il 2 [} 2 2 DE

2 2479 [Danube Bittenbrunn 700m below P. station I - 2 DE

3 2417 |Danube Above Klosterl - Kelheim 1l 1l 2 I 3 3 DE

4 2258 |Danube < Niederalteich - Miihlau 1l 2 ] 3 3 DE

6 2204 |Danube 3 |Jochenstein 1 1 4 m 1] 4 4 4 AT

7 2113 |Danube ; Enghagen ] 4 3 AT

8 2008 [Danube S |Oberloiben I 1l 3 I} 4 3 AT

10 | 1878 |Danube = |Hainburg, upstream Morava | l 2 | 2 3 AT

14 | 1871 |Danube Bratislava 1l 1l 2 I 2 2 SK

16 | 1806 |Danube Medvedov / Medve 1l 1l 2 n 3 3 SK

18 | 1791 [Danube Gonyl 1l 2 1] 2 4 HU*
22 | 1707 |Danube Szob I Il 2 ] 4 4 HU*
23 | 1666 |Danube Budapest upstream - Megyeri bridge 1} 1l 3 ] 4 4 HU*
24 | 1632 |Danube . Budapest downstream - MO bridge | ] 3 | 2 4 HU*
26 | 1560 |Danube % |Dunafoldvar Il 1l 2 ] 3 4 HU*

Q

27 | 1532 |Danube < Paks Il 1l 2 | 3 3 HU*
28 | 1480 |Danube g Baja 1l 1l 2 I 4 4 HU*
29 | 1425 |Danube S |Hercegszanto / Batina/Bezdan Il [} I 2 - HR

31 | 1300 |Danube llok / Backa Palanka I} 1l 3 ] ] 3 3 4 HR*
37 | 1150 |Danube Downstream Pancevo \% v 1] 3 4

40 | 1075 |Danube Banatska Palanka / Bazias I} 1l 2 v m 4 2 RO
41 850 |Danube Upstream Timok (Rudujevac / Gruia) 1 1l 3 m ] 4 2 RO
43 836 |Danube fé Pristol / Novo Selo Harbour 1] I 2 1] 1] 2 2 2 BG RO
47 488 |Danube & |Downstream Ruse/Giurgiu (Marten) 1] | 3 ] | 2 2 3 2 BG RO
48 375 |Danube g Chiciu/Silistra ] 1} 3 v ] 3 3 3 2 BG RO
50 132 |Danube S |Reni Il I 3 1] 3 2 RO
51 | 17 |Danube Vilkova - Chilia arm/Kilia arm | om | 3 I 2 b RO

JDS4\ Scientific Report: A Shared Analysis of the Danube River



Table 2: Indicative status assessment: Saprobic index class (SI) and Slovak MMI status class (SK) for the Danube tributaries with
results from JDS2 (only Saprobic index class — Airlift sampling method) compared to National assessment: CZ — intercalibrated MZB
assessment; SK, HR, Sl and RO - national methods applied on JDS4 data.

JDS4 | JDS4 JDS2 JDS3 JDS4 9
National assesment
S| sl_[ sk S| SK
site rkm River Sampling site I MHS Right Left [Right Left
no. side side | side side Class Country
Class Class Class Class

5 4 Inn Inn at Passau - Ingling below PS ] 2

11 17 |Dyje Pohansko [} 3 3 cz
12 79 |Morava Lanzhot 1} 2 2 cz
13 1 Morava Devin n 4 4 SK
17 2 Moson Danube Vének v 1] 3

19 2.8 |Vah Komarno n 3 3 SK

20 1.7 [Hron Kamenica n 2 2 SK
21 12 |lpel Salka 1] 3 3 SK
25 1 Réckevei Tass I n 3

30 5 Drava 5 km upstream Danube confluence ] 2 2 HR
32 155 |Tisza Tiszasziget / Martono$ v 4

33 1 Tisza Tiszamouth m 3

34 729 |[Sava Jesenice na Dolenjskem 1} 2 Sl
35 205 [Sava Jamena 1] 3

36 12 [Sava Sava mouth (rkm 7.0) 1} a4

38 154  |Velika Morava Varvarin 1}

39 0.5 |Velika Morava Velika Morava mouth v 4

49 | 05 [Prut Giurgiulesti n_m [ 3 4 il RO

6.4 Conclusions

Change in substrate composition of the Danube River induce gradual benthic community shifts from
rheophilous to potamophilous in longitudinal profile. Based on cluster analysis of MZB assemblage from
the Danube River samples, three sections have been identified: Upper/Middle section between sampling
sites 16 (Medvedov, rkm 1806) and 18 (Gonyd, rkm 1791) and for Middle/Lower section with boundary
between sites 28 (Baja, rkm 1480) and 29 (Batina, rkm 1425).

The saprobity of the Danube River and its tributaries varied between water quality class |, II, [l and even
IV. However, in some cases, the number of bioindicators found was too small for valid interpretation or
conclusions.

Despite the assessment approach being very similar, the indicative status shows generally worse conditions
(roughly by one class) when compared to JDS3 results. This could be caused by different sampling
methodology (sampling from one river bank was preferred) which reduced the number of sensitive taxa and,
in some cases, the higher water level increased bed load movement and could affect benthic communities,
leading the recolonization of habitats to take longer.

Slovak Multi-metric index seems not to be suitable for the tributaries’ assessment. Hence, the large
tributaries along the Danube River deserve their own particular approach. For the next JDS, assessment
methods should be tested on JDS4 data from main channel and tributaries separately.

Forensuring best results, both river banks should be sampled. The application of different sampling methods
always provide better data in several aspects, however from a practical point of view, national teams should
focus only at one main sampling technique (e.g. MHS or DWS in the lower Danube River reach). Assistance
of external experts with most problematic groups, e.g. Oligochaeta and Chironomidae (Diptera), could be
recommended for each participating country. This will ensure data comparability (especially for statistical
methods) of the most abundant groups.
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Phytobenthos

Dana Fidlerova and Jarmila Makovinska (Water Research Institute, Nabr. arm. gen. L. Svobodu 5,
81249 Bratislava Slovakia)

Abstract

Benthic diatom datatogether withenvironmentalvariables obtained during JDS4in summer 2019 wereanalysed.
The main aim of this study was to describe the structure of benthic diatom communities and to evaluate the
indicative status in the Danube and selected tributaries. The performed survey and statistical analyses revealed
the following facts: (i) diatom communities differed between the different Danubian types and Danubian reaches
from the upper to the Lower Danube; (i) diatom species structure reflected the diversity of environmental
conditions, ranged fromoligotraphentic to hypereutraphentic andfromoligosaprobous to polysaprobous. (iii); the
environmental variables, which most significantly influenced diatom species composition and diatom metrics
(diatomindices, diatomlife-formsandpartly diatomecological guilds) were general descriptors (e.g. geographical
coordinates), followed by physico-chemical variables (e.g. concentrations of nutrients and parameters indicating
the level of organic pollution); (iv) indicative status of Danubian samples was generally getting worse from the
Upper Danube towards the mouth; in general, indicative status of tributaries was found to be betterin comparison
to the Danube.

7.1 Introduction

Benthic algae (phytobenthos) are found in nearly all running waters and often are important in fluvial food
webs (Allan and Castillo, 2007). Their assemblages are usually attached to substrate and their growing and
prospering can respond directly and sensitively to physical, chemical and biological variables occurring in
the river reach (Moog et al.,, 2018). Furthermore, aquatic plants (phytobenthos and macrophytes) are one
of the biological quality elements required by the Water Framework Directive (The European Parliament
and European Council, 2000) to be monitored for the identification of anthropogenic impacts on aquatic
habitats. For these reasons, phytobenthos communities were investigated in all conducted Joint Danube
Surveys (JDS). Unlike the previous JDS, the phytobenthos was collected and analysed in JDS4 by national
experts at their stretches of the Danube and selected tributaries. Only benthic diatoms were chosen from
the community of phytobenthos as its representative part for this purpose. Most European countries use
benthic diatoms as a representative assemblage for phytobenthos in the WFD-compliant ecological status
assessment (Kelly et al., 2009) and their suitability in the bioassessment was widely demonstrated (e.g.
Rimet, 2012).
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7.2 Methods

7.2.1 Sampling and laboratory analysis

Benthic diatoms were sampled from 29 June 2019 for up to 2 weeks (except for JDS4-5L, which was
sampled in September due to flood conditions) following the European standard (CEN, 2014a). Diatoms
were collected separately from both river banks at all sampling sites where it was possible and indicated.
The length of the selected sampling stretch was at least 10 m long. Samples were brushed from the upper
surface of substrate, usually from at least five stones occurring in the euphotic zone from an area of
minimum 10 cm?. Each sample was divided into three bottles and preserved according to purpose of use
(1 = check of the physiological status of diatom cells, 2 — microscopic analysis, 3 = molecular analysis).
The hot hydrogen peroxide method was usually applied to remove organic material from samples, and
treated diatom suspensions were mounted on permanent slides usually using Naphrax®. The range of
300-500 diatom valves were counted and identified on each permanent slide under a light microscope
(1000 x magnification) to the lowest possible level according to CEN (2014b). Identifications were primarily
based on Hofmann et al. (2013).

7.2.2 Data treatment

Diatom taxa list and abundance were processed with OMNIDIA 6.0 (omnidia/fr/en), a software for calculation
of 18 diatom water quality indices.

The diatom community structure was described by calculating the proportion of species belonging to
ecological guilds (low profile, high profile and motile guild) according to Passy (2007) and Berthon et al.
(2011) and to two life forms (planktonic, benthic) according to Rimet & Bouchez (2011; 2012).

7.2.3 Statistical methods

The abundance of species was expressed as relative counts (in %). Only species with a relative abundance
above 3% in at least one sample were included into the statistical analyses.

Sixteen environmental variables were included in the statistical analysis, such as physico-chemical
variables [water temperature (temp), conductivity (cond), pH, dissolved oxygen (0O,), total phosphorus (TP),
orthophosphate phosphorus (PO,-P), nitrate nitrogen (NO4-N), nitrite nitrogen (NO,-N), ammonium nitrogen
(NH,-N), biological oxygen demand after 5 days (BODs) and suspended solids (susp)], hydromorphological
variables [daily average flow (flow)] and general descriptors [latitude, longitude, altitude and river kilometre
(rkm)].

Danubian sites were separated into the Danubian types according to Moog et al. (2004) as follows Type 1:
2581 rkm (site 1), type 2: 2479,3-2258 rkm (sites 2-4), type 3: 2204-2008 rkm (sites 6-8), type 4: 1878-1791
rkm (sites 10, 14, 16, 18), type 5: 1707-1532 rkm (sites 22-24, 26, 27), type 6: 1480-1073 rkm (site 28, 29, 31,
37, 40), type 7: was lacking of sampling sites, type 8: 852-488 rkm (sites 41, 43, 47), type 9: 375-132 rkm
(sites 48, 50), type 10: 17 rkm (site 57). All tributaries were classified into one group (sites 5,11-13, 17, 19-21,
25, 30, 32-36, 38-39, 42, 49). Mentioned Danubian types could be distributed into traditionally separated
major Danubian reaches such as the Upper Danube (types 1-4), the Middle Danube (types 5-6) and the
Lower Danube (types 7-10).
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Canonical Correspondence Analysis (CCA, ter Braak and Verdonschot, 1995) with forward selection of
significant variables was performed to detect changes in diatom species composition to the particular
environmental data and gradients. ANOSIM (Clarke, 1993) was used to test significance of differences in
diatom species composition among Danubian types and tributaries and SIMPER (Clarke and Gorley, 2006)
was performed to choose the diatom species, which contributed the most to the similarity within types.

Relationships among the diatom metrics (diatom indices, diatom guilds and life forms) and environmental
variables were assessed with the Spearman correlations. Samples from the right and left bank were treated
separately. Kruskal-Wallis H-test was employed to test statistical differences in diatom metrics among
different Danubian types and tributaries.

Evaluation of indicative status (IS) was realized based on the IPS index (CEMAGREF, 1982) using
ecological status class boundaries according to the Slovak and Bulgarian assessment method: high/good
IPS>15.5/15.2, good/moderate IPS>13.1/11.6, moderate/poor IPS>9.7/8.1, poor/bad IPS>6.9/4.5. The first
two boundaries were intercalibrated (Birk et al., 2012). For comparison between JDS32, JDS3 and JDS4, the
worse value of IPS index was taken when both river banks were sampled.

7.3 Results and discussion

7.3.1 Diatom species composition

385 diatom taxa belonging to 78 genera were identified in 72 samples. 158 diatom taxa reached a relative
abundance over 1% in at least one sample. The most abundant and the most frequent species with a mean
relative abundance of at least 5% and frequency of at least 10% of samples were Achnanthidium delmontii
Péres, Le Cohu & Barthes, Amphora pediculus (Kitzing) Grunow, Cocconeis euglypta Ehrenberg, Cyclotella
meneghiniana Kitzing, Navicula recens (Lange-Bertalot) Lange-Bertalot, Nitzschia dissipata (Kitzing) Grunow
and Skeletonema potamos (C. |. Weber) Hasle.

7.3.2 Analyses of relationships of diatoms with environmental parameters

Results of CCA analysis revealed 11 environmental parameters significant (p<0.05) in explaining the
variance of species data and they altogether explained 32.5% of the species data variance (Fig. 1). The
diagram shows a tendency of grouping of diatom samples according to Danubian types however, distinct
overlap can be found in samples from all types. Geographical coordinates (longitude, latitude) reflecting
natural direction of the flow of the Danube influenced diatom species composition at most. Besides them
the diatoms were affected by several physico-chemical variables e.g. concentrations of nutrients (nitrate,
nitrite, ammonium nitrogen and total phosphorus), organic pollution variable (biological oxygen demand),
pH, concentration of dissolved oxygen and hydromorphological variable (daily average flow). ANOSIM
confirmed these results and showed that differences in diatom assemblages between Danubian types are
significant but groups can overlap markedly (Global R=0.114, p<0.05). The overlaps observed between the
neighbouring types are caused by the natural connectivity of investigated sites.

For Danubian types and tributaries, the indicator species were identified, however they were more or less
shared in particular types. Such diatom species structure generally reflected the diversity of environmental
conditions of JDS4 sampling sites from oligotraphentic to hypereutraphentic regarding inorganic pollution
by nutrients and from oligosaprobous to polysaprobous regarding organic pollution.
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Figure 1: Canonical Correspondence Analysis (CCA) ordination diagram for the first two axes designated based on the
diatom species composition and environmental variables. Samples are distinguished according to the Danubian types, tributaries are
comprehended in one group.

7.3.3 Diatom indices, diatom guilds and life-forms

68

The most significant correlations among calculated diatom indices and environmental variables were found
for general descriptors (latitude, longitude, altitude and especially with river kilometre), which underlined
that indices decrease longitudinally from the Upper Danube down to the mouth. The highest correlations
of indices with physico-chemical parameters were determined for dissolved oxygen, water temperature
and total phosphorus. Among 18 indices tested the IPS index (CEMAGREF, 1982) achieved the highest
correlations with environmental variables and one of the best distinctiveness among different Danubian
types and tributaries.

In the Danube, the motile guild reached the highest proportion (48.9%), followed with the low-profile guild
(40.4%) and high-profile guild (10.8%). In tributaries the low-profile guild reached the highest proportion
(49.8%), followed with the motile guild (39.3%) and high-profile guild (11%). The ecological guilds showed
inconclusive results to change significantly in the longitudinal profile (Fig. 2A, B) and much lower sensitivity
on environmental variables comparing to diatom indices. This could be caused by unstable hydrological
conditions due to the high-water levels before and during JDS4 sampling, which probably influenced stability
of the diatom communities.
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Figure 2: Distribution of diatom guilds among the examined samples: A — Danube; B — Tributaries.

With respect to diatom life forms, proportion of benthic diatoms in the Danube reached 91.1% and proportion
of planktonic diatoms reached 8.9%. In tributaries the benthic diatoms reached also the prevailing proportion
(78.8%), the planktonic reached 21.2%. Proportion of both planktonic (p<0.001) and benthic diatoms (p<0.01)
proved to differ significantly among the different Danubian types and tributaries and showed to change
significantly in the longitudinal profile (Fig. 3A, B). The close relations were observed between diatom life
forms and general descriptors, e.g. latitude, longitude, altitude and river kilometre. However, high correlation
coefficients were calculated also for physico-chemical parameters, e.g. water temperature, nutrient
concentrations and biological oxygen demand.
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Figure 3: Distribution of planktonic and benthic diatoms among the examined samples: A — Danube; B — Tributaries.

7.3.4 Indication of the status assessment

The boundaries of individual classes for IPS index from Slovak (SK) and Bulgarian (BG) status assessment
methods were used for illustration of changes in water quality in the whole stretch of the Danube and
selected tributaries (Table 1). Originally, the boundaries were designed for national purpose (Upper and
Lower Danube respectively) and here they are only used for indication of the status. It must be said that
indication of status means in case of benthic diatoms in particular water quality.
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Table 1: Indicative status assessment in all JDS4 sampling sites calculated based on IPS index. Boundaries of indicative status classes
are those used in Slovak method for ecological status assessment in the Danube.

. JDS4 left bank JDS4 right bank JDS Comparison
ite | . N
no. |V Sampling site name IPS I:?‘:;ﬁ: rkm Pi”;j:;‘r“‘g 1PS I:?';T:E: tkin prc(:;;i'r';g JDS2 | JDS3 | JDS4
SK| BG | | SK | BG |
1| Danube Bofinger Halde 150 | G| G | 2581.0 DE 15.5 | 15.0
2| Danube Bittenbrunn 700 m below power station 155 | G 2479.3 DE 155
3|Danube above Klosterl 149 | G | G 2417.0 DE 13.9 143 | 149
4| Danube Miihlau 134 G | G 22580 DE 141 | 134
5/Inn Passau - Ingling below power station 1341 G| G 4.0 DE 15.0 13.1
6/Danube Jochenstein 155 | G| G 22040 | DE 148 | G | G 22037 AT 14.8 | 152 | 148
7/ Danube Enghagen 137 | G G 2113.0 | AT 141 G G 21130 AT 15.4b| 15.4b | 13.7
8| Danube Obetloiben 144 | G G 2008.0 AT 136 | G G | 2008.0 AT 153 | 159 | 13.6
10| Danube Hainburg 142G G 18780 AT 128 | M| G 18780 AT | 111 ] 143 128
11| Dyje Pohansko 124 | M| G 17.0 CZ 128 | M | G 17.0 CZ 12.4
12/ Morava Lanzhot 104 | M| M 79.0 CZ 9.8 M| M 79.0 CZ 9.8
13| Morava Devin 9.7 ® M 1.0 SK 10.7 | 11.7 | 9.1
14/ Danube Bratislava | | 137 [ G | G 18710 SK | 122 153 | 137
16| Danube Medved'ov/Medve 125 | M| G 1806.0 SK 147 1 G | G  1806.0 SK 9.5 117 | 147
17/ Mosoni-Danube Vének 135 G| G 20 | HU 10.1 | 13,5
18/ Danube Gonyii 113 | M M 1791.0 | HU 9.0 ® M 1791.0 HU 125 | 9.0
19| Vih Komirno | | | 120 M| G| 28 sk | 102] 109 120
20/Hron Kamenica nad Hronom 90 | P*| M 1.7 SK 11.7 9.0
21/ Ipe? Salka 85 | P* M | 120 SK [+ 8.5
22/ Danube Szob 9.5 1P M 1707.0 HU 143 | G| G 1707.0 HU 102 | 10.8 | 9.5
23| Danube upstream to Budapest 141 | G| G 1666.0 HU 139 | G| G 1666.0 HU 12.6 | 124 | 13.9
24/ Danube downstream to Budapest 133 G| G 1632.0 HU 136 | G| G 16320 HU 102 | 10.3 | 13.3
g3 Rickevei-Soroksiri- Tass 130 M| G 10 HU 13.0
Danube 12.9
26| Danube Dunafoldvar 140 1 G| G 1560.0 HU 120 | M | G 1560.0 HU 119 | 7.3 | 12.0
27| Danube Paks 1431 G| G 1532.0 HU 126 | M | G 15320 HU 94 | 9.0 | 12,6
28/ Danube Baja 124 | M| G 1480.0 HU 101 | M | M | 1480.0 HU 119 | 7.3 | 10.1
29| Danube Bezdan/Batina 114 | M| M | 14250 RS 122 | M | G @ 14340 HR 13.1¢| 8.4c | 11.4
30| Drava 5 km upstream Danube confluence | | | 122 M| G 50 HR | 122¢] 128 | 12.2
31| Danube Backa Palanka/Ilok 118 | M M 1300.0 RS 109 M| M 1300.0 HR 10.4 | 9.1 | 109
32| Tisza Martonos 113 | M| M 155.0 RS 11.3
33| Tisza Tisza mouth 109 | M| M 8.7 RS 106 | M | M 8.7 RS 9.5 | 10.7 | 10.9
34| Sava Jesenice na Dolenjskem ‘ ‘ ‘ 1421 G| G 720 SI 14.2
35|Sava Jamena 9.7 P M 205.0 RS 9.7 P | M 205.0 BiH 9.7
36/Sava Sava mouth 101 | M| M 12.0 RS 9.5 P | M 11.0 RS 94 | 125 | 95
37| Danube Downstream Panc¢evo 121 | M ‘ G | 1150.0 RS 106 | M | M | 1150.0 RS 102 | 9.1 | 10.6
38| Velika Morava Varvarin 11.0 | M M 154.0 RS 9.3 P M 154.0 RS 9.3
39| Velika Morava Velika Morava mouth ] 107 | M| M| 05 RS 80 | 10.7
40| Danube Banatska Palanka/Bazias 142 | G G 1073.0 RO 107 | M | M | 1077.0 RS 10.8 | 8.6 | 10.7
41/ Danube Upstream Timok (Rudujevac/Gruia) 93 | P M | 8470 RO 125 M | G 8520 Rs | 133 95| 93
42| Timok Upstream Timok mouth 110 M| M 36.0 RS 81 | 85 | 11.0
43| Danube Pristol/Novo Selo Harbour 131 | M ‘ G 837.0 RO 9.1 P | M 834.0 BG 110} 93 | 9.1
47| Danube Downstream Ruse/Giutgiu (Marten) 92 | P | M 488.0 RO 9.6 P | M 4880 BG 136 98 | 9.2
48 Danube Chiciu/Silistra 96 | P| M | 3750 RO 86 93 | 96
49| Prut Giurgiulesti 138 | G ‘ G 0.5 MD 11.6 | M G 0.5 RO 12.6 | 10.9 | 11.6
50/ Danube Reni 98 | M| M 132.0 RO 101 93 | 9.8
51| Danube Valkov | | | 1229 M| G | 170 RO |84 12.9

Note: @ whole profile,  rkm 2120, © rkm 1434, 9 1,4 km upstream confluence, ¢ rkm 18 (Vilkova)

Based on the Slovak boundaries of IPS index, in the Upper Danube (types 1-4) more than 76% Danubian
samples indicate good status. Most of the Upper Danube tributaries shows moderate indicative status
(57%), 28% samples reached good and the rest indicated poor status. The indication of the status in the
Middle Danube varied between good and moderate. More than 56% samples of the tributaries of the Middle
Danube referred to moderate and more than 37% to poor status indication. In case of the Lower Danube
(types 8-10) most of samples (more than 55%) indicated poor situation and more than 44% moderate one.
Tributaries shows better results comparing to the Danube, more than 66% of them achieved moderate
status indication and more than 33% samples indicated good situation.

Table 1 illustrates evaluation of IPS index based on SK and BG boundaries, where in case of 19 sites of the
Danube and tributaries less stringent evaluation can be seen using BG boundaries as opposed to SK ones.
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Additionally, Table 1 shows the comparison of the IPS index of the Danube and the tributaries in the period
of 2007 (JDS2), 2013 (JDS3) and 2019 (JDS4). The same results were observed at eight sampling sites on
the Danube and at five stations on the tributaries. Increasing of IPS index, respective improvement in water
quality in time appears in four Danube sites and five tributaries, while deterioration occurs at six stations.

7.4 Conclusions

Diatom samples differed between the individual Danubian types, but groups were also seen to overlap.
The high similarity between the neighbouring types was probably caused by the natural connectivity of
investigated sites.

A lot of indicator species were shared in more than one of the Danubian reaches and in several Danubian
types. Diatom structure generally reflects the diversity of environmental conditions of JDS4 sampling sites
from oligotraphentic to hypereutraphentic and from oligosaprobous to polysaprobous.

General descriptors such as geographical coordinates (longitude, latitude) reflecting natural direction of
the flow of the Danube seemed to have the most important influence on diatom species composition.
Besides them, the diatom species composition was influenced by several physico-chemical variables, e.g.
concentrations of nutrients and organic pollution variables.

Also, diatom indices and diatom life forms (planktonic and benthic diatoms) differed among the individual
Danubian types and tributaries and showed changes in the longitudinal profile. Both groups of metrics
reflected several environmental variables — mainly general descriptors (latitude, longitude, altitude, river
kilometre), but also physico-chemical parameters. It suggested that these diatom metrics were more
closely related to parameters which change naturally longitudinally, than to physico-chemical variables.

Ecological guilds (high profile, low profile and motile guild) showed inconclusive results to change in the
longitudinal profile. Only the proportion of the low-profile guild differed between individual Danubian types and
tributaries and ecological guilds seem to have much more lower sensitivity towards environmental variables.

The IPS index was selected for indication of the status for JDS4, in spite of the diatom community being a
good indicator for water quality. The values of the IPS index generally decrease downstream indicating a
longitudinal increase in pollution.

Using boundaries of the Slovak and Bulgarian status assessment method for IPS metric a simple indication
was used to illustrate longitudinal profile of the Danube including tributaries and to compare results of JDS2,
JDS3 and JDS4 data. Results of JDS4 indicated that the Danube and the tributaries fall into three of the five
classes (good, moderate or poor). The indication of status of the Danube was generally getting worse from
the Upper Danube towards the mouth while the situation of the tributaries was diverse. Based on comparison
of IPS index of three periods (2007, 2013, 2019), it can be stated that situation did not change in the case
of 13 monitoring stations (28%), the improvement of water quality occurred in 9 stations (19.6%) and the
deterioration occurred in 6 monitored stations (13%), while the other stations (21) showed no trend.

Besides convincing results shown by phytobenthos it should be added that the sampling in the summer
season was not appropriate for majority of sampling sites. Therefore, it would be appropriate to consider
the shifting of the activities focusing on phytobenthos sampling in the next JDSs to another season, which
would be as most as possible in accordance with national methodologies of participating countries, e.g.
spring or autumn. Due to the comparability with previous JDSs results, the autumn would be probably more
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suitable for sampling since JDS1 — JDS3 always started in the second half of August and finished at the
end of September. However, it should be discussed with national experts from all participating countries.

Despite many issues, which needed to be solved due to the implementation of JDS4 activities at the national
level the new JDS4 approach seems to be successful. This approach based on execution of collection
and analyses of phytobenthos samples via national experts at their stretches of the Danube and selected
tributaries allowed participation of many researchers from different European regions and provided many
interesting and useful results.

For more details of used methods, achieved results and discussion please see the full report, available at
www.danubesurvey.org/jds4/full-report.
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Abstract

Within the framework of the 4" Joint Danube Survey (JDS4) we analysed phytoplankton at 26 sampling
sites in the Danube River and 10 sampling sites in the tributaries. Samples were collected monthly from
April to September in 2019. A total of 682 taxa were identified, amongst diatoms were dominant taxonomic
group, mostly represented with planktic taxa like Stephanodiscus hantzschii, Cyclostephanos dubius, Cyclotella
meneghiniana, Skeletonema potamos, or benthic ones like Diatoma vulgaris. The application of functional
groups revealed more detailed composition and dynamics. Dominant functional groups in the Upper reach
of the Danube River and in the tributaries were TB, A, C and D, in the Middle reach those were A and D, while
in the Lower reach D, A and C were the dominant ones indicating a shift in trophic conditions. Functional
group approach was proven once more to be an excellent tool for interpretation of the phytoplankton
composition, and in the case of the Danube River, it precisely reflects existing hydrological and trophic
conditions. The concentration of chlorophyll @ and total biomass of phytoplankton showed temporal
and longitudinal dynamics. The highest chlorophyll a (55.7 ugL™) and biomass (21.4 mgL™") values were
measured in the Middle reach of the Danube River. Among the tributaries the Morava, Ipel and Rackevei-
Soroksari Danube Arm had the highest values. The peak of chlorophyll @ was characteristic in late spring for
the Upper reach, and in mid-summer in the rest of the Danube and the tributaries. Environmental parameters
that highly influenced the phytoplankton in the Danube River were water temperature and flow conditions,
while water temperature, total phosphorous and BOD influenced most the phytoplankton in the tributaries.
Phytoplankton based ecological status assessment indicated low to high status.
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8.1 Introduction

Rivers, during their course, change significantly from naturally heterotrophic systems (Dodds and Cole,
2007) to naturally autotrophic ones, where they become large in low discharge periods (Wehr and Descy,
1998). In the middle and downstream reaches of the rivers, potamoplankton thrives and plays an important
role in providing organic carbon towards higher trophic levels (Ramaraj et al., 2014). This was recognized by
the EU Water Framework Directive when phytoplankton was proposed as one of the five biological quality
elements for ecological status assessment, not only in lakes, but in rivers as well (WFD, 2000).

Before practical application in ecological status assessment, potamoplankton has been studied for
decades by phytoplankton ecologists (reviewed by Abonyi et al. (2020)), and these studies provided many
information on the taxonomical, structural and functional properties of large rivers’ phytoplankton. Recent
studies (Abonyi et al., 2018; Abonyi et al.,, 2012; Bérics et al,, 2007; Nagy-Laszl6 et al,, 2020; Stankovi¢ et
al,, 2012) demonstrated, that by aggregating species into the functional groups, systems’ complexity can
be successfully reduced, which helps our understanding of how potamoplankton performs under various
environmental constraints. Besides helping to better understand the processes in the riverine ecosystems,
the functional group approach has also been applied for the calculation of metrics for ecological status
assessment (Bdrics et al,, 2007). This approach has been successfully intercalibrated with others at the
European level (Mischke et al., 2018), and together with the species-based German metric (Mischke et al.,
2011) served as part of the intercalibration common metric.

Under the framework of the 4" Joint Danube Survey (JDS4, 2019) we investigated phytoplankton in the
Danube River and its chosen tributaries. The main objectives of this study were to: determine the seasonal
and longitudinal composition of river phytoplankton, describe environmental factors that affect the
composition and biomass of phytoplankton, describe functional group composition along the Danube River
and in its tributaries and to indicate the phytoplankton ecological status.
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8.2 Methods

Sampling and sample analysis

Phytoplankton samples and samples of water for physical and chemical analysis were collected monthly
from April to September and analysed in the national laboratories. Samples were taken from the middle
of the river (thalweg) on most of the sampling sites, preserved with Lugol's solution, and before analysis
stored in the dark at a temperature between 4 and 8°C (CEN - EN 16698, 2015). Phytoplankton samples
were counted by Utermohl's method (CEN - EN 15204, 2006). Biovolumes were calculated by determining
an average individual size of up to 30 randomly chosen cells of each taxon, and then multiplying by the
observed species abundance, or they were obtained from the national database. Biomass (freshweight) was
derived from biovolumes and used for further analyses, where T mm?®L" =1 mgL" (CEN - EN 16695, 2015).

Phytoplankton taxa were assigned to functional groups according to Bérics et al. (2007); Padisak et al.
(2009) and Reynolds et al. (2002). EQR’s for ecological status assessment based on the phytoplankton were
calculated and provided by the countries.

Samples were successfully collected and analysed on 36 out of 40 planned sampling sites with 26 sampling
sites in the Danube River and 10 sampling sites in the tributaries. A full list of sampling sites is presented in
Chapter 2 and they are shown on the Overview Map. Because of technical problems, the following sampling
sites differ in sampling dynamics: JDS4-3 (five samples, July x2, September missing), JDS4-11 (five
samples, August x2, May and June missing), JDS4-12 (August x2, June missing), JDS4-40 and JDS4-49
(May x2, April missing), JDS4-51 (five samples, April missing).

Flow data were obtained from national hydrological services.

Data analysis

A one-way SIMPER analysis based on Bray-Curtis similarity was performed on the taxonomic composition
of the phytoplankton where characteristic taxa and functional groups were analysed in the Primer 6 software
(Clarke and Gorley, 2006). A canonical correspondence analysis (CCA) was used to ordinate taxonomic
group composition with environmental variables which was done in CANOCO 5 (ter Braak and Smilauer,
2012). The CCA analysis was performed separately for the Danube River and for the tributaries, using data
for all taxonomic groups, 36 sampling sites and 11 environmental variables. Phytoplankton biomass data
were log-transformed. Environmental data were normalised prior to analyses and Draftman’s plot was
conducted to eliminate variables with significant autocorrelation. A Box-Whisker plot of concentration of
chlorophyll a and total biomass was done in Grapher™ (Grapher™, 2019), while the proportion of functional
groups along the Danube River and the tributaries was displayed using Microsoft Excel 365.

Samples and sampling sites were grouped for better understanding and visualisation according to Moog
et al. (2006) where the Danube River is divided into 10 types. Types were grouped into river reaches: Upper
(types 1-4), Middle (types 5-7) and Lower (types 8-10).
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8.3 Results and discussion

Taxonomic composition of phytoplankton

Atotal of 682 taxa were identified in 213 samples. They belonged to nine major taxonomic groups (Phylum):
Bacillariophyta (249), Charophyta (23), Chlorophyta (224), Choanozoa (1), Cryptophyta (17), Cyanobacteria
(77), Euglenozoa (35), Myzozoa (10) and Ochrophyta (46).

Bacillariophyta was the dominant taxonomic group contributing to the total biomass in most of the samples,
both in the Danube River (24.4 - 99.3%) and in the tributaries (12.2 - 99.8%). Cyanobacteria, Chlorophyta and
Cryptophyta were taxonomic groups that were occasionally dominant or co-dominant with Bacillariophyta.
Cyanobacteria contributed to the total biomass up to 64.3% in the Danube River and up to 82.4% in the
tributaries. Maximum values of Cyanobacterial biovolumes were identified on sampling sites JDS4-2 in the
Danube River and in the Morava River (JDS4-11). On the latter sampling site, potentially toxic Raphidiopsis
raciborskii (Woloszynska) Aguilera, Berrendero Gémez, Kastovsky, Echenique & Salerno was the dominant
species. Chlorophyta contributed to the total biomass almost equally in both the Danube River (0.2 -47.1%)
and the tributaries (0.0-59.9%). Cryptophyta occurred sporadically in most samples, but occasionally
co-dominated with others.

A one-way SIMPER analysis based on Bray-Curtis similarity performed on phytoplankton assemblage showed
characteristic taxa for each reach of the Danube River, as well as the tributaries. The SIMPER analysis brought
up about 20 different taxa that mostly contributed to the similarity between samples in the Upper and Lower
reaches, while only 10 of them were characteristic for the Middle reach. Characteristic taxa and those that
contributed mosttothe similarity between samples forthe Upper reach were Stephanodiscus hantzschii Grunow,
Cyclotella meneghiniana Kitzing and Diatoma vulgaris Bory de Saint. The Middle reach was characterised with
Cyclostephanos invisitatus (Hohn & Hellermann) Theriot, Stoermer & Hakasson, S. hantzschii, Skeletonema
potamos (C.1.Weber) Hasle, C. meneghiniana, Cyclostephanos delicatus (Genkel) S.J.Casper & W.Scheffler,
Plagioselmis nannoplanctica (H.Skuja) G.Novarino, I.A.N.Lucas & S.Morrall and Stephanodiscus minutulus
(Kitzing) Cleve & Moller. The Lower reach was characterised with centric diatoms composed of dominantly
C. meneghiniana, Actinocyclus normanii (W.Gregory ex Greville) Hustedt, S. potamos and Stephanodiscus
neoastraea Hakansson & Hickel. Dominant taxa that contributed most to the similarity between samples in
the tributaries was a mixture of planktic and benthic diatoms: C. meneghiniana, S. hantzschii, Melosira varians
C.Agardh, C. invisitatus, Ulnaria ulna (Nitzsch) PCompeére, Navicula lanceolata Ehrenberg and D. vulgaris.

Composition of phytoplankton functional groups

76

Atotal of 29 phytoplankton functional groups were identified and they showed spatial and temporal dynamics
(Fig. 1). Bacillariophyta were the dominant taxonomic group, therefore functional groups representing
diatoms were dominant in the Danube River and its tributaries. The Upper reach of the Danube River was
represented with co-dominance of benthic (TB) and planktic diatoms (A, C and D). According to the one-way
SIMPER analysis based on Bray-Curtis similarity, non-diatom functional groups that contributed significantly
to the similarity between samples in the Upper reach were X2 (9.9%), J (5.4%) and Y (5.2%). The Middle and
Lower reaches of the Danube River were mostly represented with planktic diatoms. Functional groups A
and D were co-dominant in the Middle reach while the Lower reach had dominance of functional group D
and co-dominance of functional groups A and C. Besides planktic diatoms, the SIMPER analysis showed
that functional groups X2 and TB contributed to the similarity between samples with 5.7% and 5.6% in the
Middle reach, as well as functional groups TB and J with 15.7% and 2.2% in the Lower reach. It is hard to
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08 PHYTOPLANKTON

generalize all tributaries because of their differences in the catchment size and geographical position, but
in most samples diatom functional groups were dominant there as well. Functional group composition in
the tributaries was quite like that in the Upper reach of the Danube River. Dominance or co-dominance was
usually with functional groups TB, C and D, while the SIMPER analysis also indicated that functional groups
J (4.4%), X2 (3.4%) and Y (3.2%) contributed to the similarity between samples.
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Figure 1: Relative biomass of phytoplankton functional groups in the Danube River (up) and tributaries (down) on all sampling sites during
the study period. Thick marks on the x-axis represent the months of sampling, starting with April from the left side.
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Chlorophyll @ and phytoplankton total biomass

The chlorophyll a concentration and total biomass are presented in Figure 2. Their values in the Danube
River ranged from 0.8 to 55.7 ugL™" and from 0.1 to 19.5 mgL", respectively. Generally highest values were
measured in the Middle reach. The concentration of chlorophyll @ was two times larger in the tributaries
and ranged between 1.0 and 112.5 ygL™", while total biomass was very similar to the Danube values ranging
between 0.2 and 21.4 mgL". The highest values of both parameters were measured on sampling sites
JDS4-13 (Morava), JDS4-21 (Ipel) and JDS4-25 (Rackevei-Soroksari Danube Arm). Besides longitudinal
patterns, temporal patterns of chlorophyll ¢ and total biomass were observed. The peak of chlorophyll a
and total biomass was the highest in late spring (May) in the Upper Danube reach, while it shifted to
mid-summer period in the Middle and Lower Danube reaches. The tributaries showed similar trends like the
Lower Danube reach, having the highest chlorophyll a and total biomass values in mid-summer.
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Figure 2: Box-Whiskers plot of chlorophyll a concentration and total biomass of phytoplankton at each sampling site in the Danube River
and its tributaries during JDS4. The centre line stands for median value, while outliers are indicated as dots.

Relationship of phytoplankton with environmental parameters
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The following physical and chemical parameters were selected for further analyses: water temperature, pH,
conductivity, alkalinity, oxygen concentration, concentration of ammonia, nitrites, nitrates, total phosphorous,
BOD and total suspended solids. Water discharge or flow was selected as hydrological parameter.

The ordination results of phytoplankton taxonomic groups and environmental data of the CCA in the
Danube River are presented on the F1xF2 ordination plot (Fig. 3, left). Eigenvalues of the first two axes are
0.0417 and 0.017 and they explain 68.1% of the variance of phytoplankton and environmental data. Axis 1
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had the highest correlation with water temperature (R=0.402), while axis 2 had the highest correlation with
the flow (R=0.268). Strong differences in the phytoplankton community and between the Danube reaches
can be observed on the diagram. The Lower reach was influenced by high flow, temperature and ammonia
and appeared to be the most optimal habitat for Myzozoa and Euglenozoa. Bacillariophyta, Chlorophyta
and Cyanobacteria positioned in the centre of the diagram indicating their general occurrence through
all the Danube reaches. The Upper reach was characterised with higher alkalinity and nitrates, while the
Middle reach has higher TP and BOD indicating a higher organic load in that reach, possibly brought by the
tributaries.

The ordination results of phytoplankton taxonomic groups and environmental data of the CCA in the
tributaries are presented on the F1xF2 ordination plot (Fig. 3, right). Eigenvalues of the first two axes are
0.312 and 0.109 and they explained 80.8% of the variance of phytoplankton and environmental data. Axis 1
had the highest correlation with total phosphorous (R=0.829), while axis 2 had the highest correlation with
water temperature (R=0.561) and BOD (R=0.456). Although phytoplankton samples of certain tributaries are
scattered around the diagram, still there are quite indicative results. In the Ipel’ River, Euglenozoa positively
correlates with turbidity, ammonia and pH. BOD had the highest correlation with Cryptophyta and Myzozoa
in the Rackevei-Soroksari Danube Arm and few summer samples (high temperature) from the Mosoni
Danube Arm, Drava and Prut rivers which indicates the highest organic pollution. Bacillariophyta preferred
the highest concentration of nitrates but positioned in the centre of the diagram indicating dominance in
most of the samples of all the tributaries. Cyanobacteria showed the highest correlation with TP in the
Morava River.
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-1.0

_10 ® Typel @ Type2 Type3 @ Typed Type 5 10 _10 ® Morava @ Mosoni Danube Arm @ Vih @ Hron Ipel 10
® Type6 Type7 @ Type8 ® Type9 @ Type 10 Rackevei-Soroksari Danube Arm @ Drava @ Prut

Figure 3: Canonical Correspondence Analysis (CCA) triplot of phytoplankton taxonomic groups, environmental scores and samples
(coloured dots). The left diagram presents analysis in the Danube River and the right diagram presents analysis in the tributaries.
Environmental variables are abbreviated as: T — temperature, pH — pH, 02 — oxygen concentration, Cond — conductivity,

Alk — alkalinity, NH4-N — ammonia, NO2-N - nitrites, NO3-N — nitrates, TP — total phosphorous, BOD — biological oxygen demand,
TSS — Total suspended solids and Q — daily flow. Taxonomic groups are abbreviated as: Bac — Bacillariophyta, Cha — Charophyta,
Chl = Chlorophyta, Cho — Choanozoa, Cry — Cryptophyta, Cya — Cyanobacteria, Eug — Euglenozoa,

Myz = Myzozoa and Och — Ochrophyta.
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08 PHYTOPLANKTON

Indication of phytoplankton based ecological status assessment

./.’

Classification of phytoplankton based ecological status assessment is presented in Figure 4. All countries
that provided the data have intercalibrated their methods (Mischke et al., 2018). Phytoplankton indicated four
status classes. Good ecological status was on most of the sampling sites (23), high status was indicated
on four sampling sites in the Danube River and on two in the tributaries. Moderate status was indicated on
two sampling sites in the Danube River and two in the tributaries, while poor status was indicated only on
one sampling site in Rackevei-Soroksari Danube Arm (JDS4-25).
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Figure 4: Results of phytoplankton based classification of ecological status assessment. Tributaries codes are lowered.
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8.4 Conclusions

In this study, we present the results of the first seasonal and longitudinal investigation of phytoplankton
carried out in the Joint Danube Survey concept, that used the widely accepted Utermohl method for
guantitative analysis. Since all previous phytoplankton investigations had only one-time summer sampling
and different approaches to the analysis of phytoplankton, it is quite hard to compare the present and
previous results. Despite that, it can be concluded that in this study we found the same tendency as it had
been found during the JDS3 (2013), where the concentration of chlorophyll a and total biomass was the
highest in the Middle reach of the Danube River.

Diatoms were the dominant group of algae in the phytoplankton community of the Danube River and its
tributaries with occasional occurrence of dominance or co-dominance of Cyanobacteria, Chlorophyta or
Cyptophyta. The Upper reach of the Danube and tributaries had a higher proportion of benthic diatoms,
while the Middle and Lower reaches had a higher proportion of planktic diatoms.

The functional group approach was successfully applied, and these results revealed clear seasonal and
temporal dynamics in the phytoplankton community.

The highest phytoplankton production as equivalent of the chlorophyll a concentration and total biomass
was in the tributaries Rackevei-Soroksari Danube Arm (which is an artificially isolated lake-like reach of the
Danube), Morava and Ipel rivers in general. When the Danube River is observed separately, both parameters
showed the highest values in the Middle reach.

Environmental factors that influenced most the phytoplankton in the Danube River were water temperature
and flow regime. Water temperature, total phosphorous and BOD influenced most the phytoplankton
assemblages in the tributaries.

Phytoplankton based classification of ecological status assessment changed from low to high along the
Danube River and in the tributaries, but good on most of the sampling sites.
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Macrophytes
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Katerina Bubikova (Water Research Institute, Nabr. arm. gen. L. Svobodu 5, 81249 Bratislava Slovakia,
Nature Conservation Agency of the Czech Republic, Kaplanova 1931/1, 148 00 Prague, Czech Republic)

Abstract

Macrophytes, or aquatic plants visible to the naked eye, are an important part of the aquatic ecosystems. Within
the framework of the 4" Joint Danube Survey (JDS4), national experts sampled and analysed macrophytes in 38
official sampling sites altogether during July 2019. The Danube River was covered by 27 sampling sites, with 11
additional sampling sitesin selectedtributaries. Atotal of 132 taxa of bryophytes, pteridophytesandangiosperms
wereidentified. Bryophyteswereadominantplantgroupinthe UpperReachoftheDanubeRiver, whileangiosperms
prevailed in the Middle and Lower Reach, as well as in the tributaries. Hydrophytes were a dominant life form in
the Danube River and the tributaries, but helophytes also showed their dominance at a few locations. Analysis
of similarities between Danube River sections showed a clear separation of the River sections belonging to the
Upper Reach, while the River sections of Middle and Lower Reach were partially grouped, although still showing
river continuum and connection to the hydromorphological features of the river. Environmental parameters that
highly influenced hydrophytes in the Danube River, a group of aquatic plants constantly immersed into the water,
were watertemperature, dissolved oxygen, nitrates,andconductivity. Theanalysis clearly showedthat bryophytes
preferred colder and oxygenated water, rich in nitrates while floating or rooted angiosperms and pteridophytes
preferred warmer, nutrient, and organically rich water. Based on the comparison of outcomes from previous Joint
Danube Surveys, the composition of macrophytes has been stable in terms of richness and diversity over the
course of several years.

9.1 Introduction

All aquatic plants that live directly in the littoral zone of lakes and rivers, or are exclusive inhabitants of
the occasionally flooded riverbanks, are named macrophytes (Haslam, 2006). They comprise macroalgae,
mosses, liverworts and vascular plants that live in permanently wet places and are visible to the naked
eye (Lacoul and Freedman, 2006). Macrophytes can be free-floating, submerged or rooted. Based on their
dependency on the water column, different life forms are known. True aquatic plants permanently living
in the water are hydrophytes. Helophytes have submerged basal sections, while amphibious plants or
amphiphytes are capable of living both in the water and ashore.

Macrophytes are an important element for both running and standing waters because they provide shelter,
feeding and breeding place for aquatic animals. Besides, their roots that are holding sediments, absorption
of the wave energy helps to reduce shoreline erosion (Kalff, 2007). Because of their direct connection to
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the aquatic environment, macrophytes are one of five biological quality elements for assessment of the
ecological status of water bodies within the Water Framework Directive (WFD, 2000), as they are proven to
be excellent indicators for eutrophication and hydromorphological degradation.

The investigation of macrophytes in the Danube River (Rath, 1995; Rath, 1997), its tributaries, sidearms
and nearby lakes (Pall et al,, 1996; Sarbu et al., 2011) has a long tradition, but on short stretches. Being the
second largest river in Europe, the Danube faces constant human pressure (ICPDR, 2015; Tockner et al,,
2009). Therefore, the Joint Danube Survey framework enables extensive and detailed data collection, better
knowledge of the pressure-impact relationship and its reflection on the living organisms, as well as the river
itself and the whole catchment area. The main objectives of this study were to: determine taxonomic, plant
group and life form composition of macrophytes in the Danube River and selected tributaries, compare the
composition of macrophytes along the Danube River sections for better understanding of river continuity
and biotic response to alterations, describe environmental factors that affect the structure and composition
of hydrophytes.

9.2 Methods

Sampling and sample analysis

The sampling of macrophytes was done on 27 sampling sites in the Danube River and 11 sampling sites
in the tributaries. A full list of sampling sites is presented in Chapter 2 and they are shown on the Overview
Map. The sampling was done in July 2019 by the national experts, according to the methodology agreed at
the workshop organized for national experts that follows Guidance for the surveying of aquatic macrophytes
in running waters (CEN — EN 14184, 2014). Whenever it was possible, sampling was conducted from a small
boat on six survey units of one-kilometre length, three on the left and three on the right side on each sampling
site. In each survey unit of one-kilometre length, the plants were recorded while slowly passing along the
banks and at least two full stops were made (usually at 200 and 700 m) to collect macrophytes. Collection
of macrophytes was done with the help of a rake on a rope or a telescope stick and for measurement and
recording of survey units, a portable GPS device was used. In shallow wadable sites, the whole watercourse
stretch was done without separation to the left and the right bank.

The abundance of macrophytes was estimated according to the 5-level Kohler scale (Kohler, 1978). Taxa
were identified in the field when it was possible. Others were collected for later identification that was carried
out in the national laboratories with the help of up-to-date literature for identification of aquatic bryophytes,
pteridophytes and angiosperms. Species names were updated according to The Plant List (2013).

Descriptive parameters of habitat were assessed regarding bank structure, sediment type, flow class, and
transparency according to the record sheets used during JDS3.

JDS4 sampling sites that were not sampled for macrophytes are JDS4-9, JDS4-11 to JDS4-14, JDS4-16,
JDS4-19, JDS4-20, JDS4-30, JDS4-34, and JDS4-44 to JDS4-46. Sampling sites that were sampled partially
are JDS4-5, JDS4-29, JDS4-31, JDS4-36, JDS4-36, and JDS4-42 only left side, JDS4-14, JDS4-49, and
JDS4-57 only right side, JDS4-38 one left and one right km, and JDS4-21 three km equally. At German
sites only 100 metres long stretches were sampled (sites JDS4-1 to JDS4-5). All other sites were sampled
according to the standard procedure with three kilometres long stretches on the left and right side.
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Data analysis
The 5-level Kohler scale was transformed into the metric Relative Plant Mass (RPM) (Kohler and Janauer,
1995; Pall and Janauer, 1995). RPM was used for all other calculations and statistical analysis.

A one-way SIMPER analysis based on Bray-Curtis similarity was performed on the RPM data of taxonomic
composition of the macrophytes, where characteristic taxa were analysed in the Primer 6 software (Clarke
and Gorley, 2006). RPM data were log-transformed before analysis.

Taxa were grouped in plant groups (bryophytes, pteridophytes and angiosperms) and to the life forms
(hydrophytes, helophytes, amphiphytes, water related species and chance species) (Stankovi¢ et al,, 2014).
The proportion of plant groups and life forms along the Danube River and the tributaries was displayed
using Microsoft Excel 365.

A canonical correspondence analysis (CCA) was used to ordinate the composition of hydrophytes with
environmental variables which was done in CANOCO 5 (ter Braak and Smilauer, 2012). The CCA analysis
was performed using average RPM per sampling site, 24 sampling sites and 12 environmental variables.
Environmental data were normalised before analysis and Draftsman’s plot was conducted to eliminate
variables with significant autocorrelation.

Samples and sampling sites were grouped for better understanding and visualisation according to Moog et
al. (2006) where the Danube River is divided into ten River sections. River sections were grouped into River
Reaches: Upper (types 1-4), Middle (types 5-7) and Lower (types 8-10).
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9.3 Results and Discussion

Species composition

A total of 132 taxa were identified in 38 sampling sites, in 173 subsamples. The Majority of the taxa were
identified in the Danube River (120), while in the tributaries only 53 taxa were identified, with 12 unique taxa
for the tributaries and not found in the Danube River.

The proportion of plant groups in the Danube River sections and tributaries based on the Relative Plant
Mass is shown in Figure 1. Angiosperms, with 97 taxa were dominant plant group in most of the Danube
River sections, as well as in the tributaries. Bryophytes, with 32 taxa, were characteristic for Upper Reach.
They were dominant in the River sections ST and S3, while co-dominant with angiosperms in S2 and S4.
Pteridophytes were represented with three taxa, and they were found occasionally with a small proportion
in the total Relative Plant Mass.
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Figure 1: The proportion of plant groups in all Danube River sections (ST — S10) and tributaries (MD — Mosoni Danube Arm, | = Ipel,
RS - Rackevei-Soroksari Danube Arm, TS — Tisza, S — Sava, VM — Velika Morava, TM — Timok, P — Prut).

Macrophytes with highest Relative Plant Mass, most dominant life form in the Danube River and tributaries,
were hydrophytes (49 taxa), especially in all River sections of the Upper Reach (S1 — S4), in River sections
S6 - S8, S10, and tributaries Tisza, Sava and Prut rivers (Fig. 2). Helophytes (25 taxa) dominated with
Relative Plant Mass in the Danube River section S5 and co-dominated with hydrophytes in S10. In the
tributaries Ipel, Rackevei-Soroksari Danube Arm and Timok, helophytes were the dominant life form. The
highest proportion of Relative Plant Mass of amphiphytes (33 taxa) was identified in the River section S9
as well as in the Mosoni Danube Arm and Timok River. Water related plants (19 taxa) and chance species
(six taxa) were occasionally identified in the Danube River as well as in the tributaries, but never with a high
proportion of the Relative Plant Mass.
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Figure 2: The proportion of life forms in all Danube River sections (ST — S10) and tributaries (MD — Mosoni Danube Arm, | - Ipel,
RS - Rackevei-Soroksari Danube Arm, TS — Tisza, S — Sava, VM - Velika Morava, TM — Timok, P = Prut).

A one-way SIMPER analysis based on the Bray-Curtis similarity performed on the composition of
macrophytes showed characteristic taxa for each Danube River section and tributaries. In the first half of
the Upper Reach, where hydrophytes were dominant, Cinclidotus riparius (Host ex Brid.) Arn. and Fontinalis
antipyretica Hedw. were dominant taxa in the River section S1, while only F. antipyretica was dominant in S2.
River sections S3 and S4 had almost identical dominant taxa composed of C. riparius, Phalaris arundinacea L.
and Solidago gigantea Aiton with addition of F. antipyretica in River section S3.

The Middle and Lower Reaches of the Danube River were quite diverse. According to the SIMPER analysis,
River sections S5 had two dominant taxa, P arundinacea and Phragmites australis (Cav.) Trin. ex Steud. River
section S6 was characterised by the dominance of unrooted and floating taxa Ceratophyllum demersum
L, Spirodela polyrrhiza (L.) Schleid., Lemna minor L., as well as P arundinacea, more likely to prevail on the
riverbanks than in the watercourse. River sections S7 and S8 were dominated only by large, submersed
plants,most of them well-rooted inthe soft sediments. Potamogeton perfoliatus L., C. demersum, Potamogeton
gramineus L. and Stuckenia pectinata (L.) Bubani are dominant in the River section S7, while C. demersum,
Vallisneria spiralis L. and Myriophyllum spicatum L. are dominant in the River section S8. Dominant taxa
of River section S9 were Berula erecta (Huds.) Coville and Butomus umbellatus L. In River section S10, in
comparison to other River sections, SIMPER analysis revealed the most diverse group of characteristic taxa,
where they should rather be classified as co-dominant. Those were P australis, P perfoliatus, C. demersum,
Hydrocharis morsus-ranae L., Stratiotes aloides L. and Trapa natans L., showing great diversity of life formsin
mosaic habitats, such as a large river delta.

Species composition in the tributaries was quite diverse and each river had its own special composition
of aquatic plants. According to the SIMPER analysis, Rorippa amphibia (L.) Besser, together with floating
L. minor and S. polyrrhiza were dominant taxa in the samples of the Mosoni Danube Arm. Characteristic
and dominant taxa in the Ipel River were P arundinacea, Carex riparia Curtis and Leersia oryzoides (L.) Sw.
Phragmites australis and M. spicatum were dominant taxa in the Rackevei-Soroksari Danube Arm while floating
taxa S. polyrrhiza, Salvinia natans (L.) All., L. minor and C. demersum were dominant taxa in the Tisza River. In
the Sava River, most represented taxa were S. pectinata, B. umbellatus, S. polyrrhiza and Sagittaria sagittifolia
L., while only P australis was dominant in the Velika Morava River. Helophytes Schoenoplectus lacustris (L.)
Palla and P, australis were found as dominant in the Timok River, while unrooted taxa C. demersum, S. natans
and L. minor were dominant in the Prut River.
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The similarity of Danube River sections

NMDS analysis of River sections, based on Bray-Curtis similarity performed on Relative Plant Mass of
macrophytes, and overlaid with cluster analysis, showed separation of a few groups of River sections (Fig.
3). Upper Reach of the Danube River was separated into two groups. River sections S1and S2 had 60%, while
River sections S3 and S4 had only 40% similarity. Those two subgroups showed <20% of mutual similarity.
The whole River section S5, except sampling site JDS4-28, represented with all Hungarian sampling sites
was separated from all other sections. This separation was expected due to the domination of helophytes
in that section (88%). Largest cluster was formed with most of the sampling sites from Middle Reach and
all from Lower Reach. River sections S6, S7 and S10 showed 40% similarity, while River sections S8 and S9
showed 20% similarity between themselves and with other Sections in the group.
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Figure 3: NMDS analysis of River sections performed after Bray-Curtis similarity of macrophytes based on the Relative Plant Mass and
overlaid with cluster analysis.

Ecological features of hydrophytes

Ecological features of hydrophytes were analysed with Canonical Correspondence Analysis (CCA), where
the following physical and chemical parameters were selected: water temperature, pH, conductivity,
alkalinity, dissolved oxygen, the concentration of ammonia, nitrites, nitrates, soluble reactive phosphorus,
total organic carbon and total suspended solids.

The ordination results of hydrophytes and environmental data of the CCA in the Danube River are presented
on the F1xF2 ordination plot (Fig. 4). Eigenvalues of the first two axes are 0.867 and 0.358 and they explain
48.5% of the variance of macrophytes and environmental data. Axis T had the highest correlation with
water temperature (R=-0.863) and dissolved oxygen (R=0.808), while axis 2 had the highest correlation
with nitrates (R=0.599) and conductivity (R=0.553). Roughly the same grouping pattern of the River sections
here based only on hydrophytes is very similar to the one in NMDS analysis, where the whole macrophyte
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community was used for the analysis. Sampling sites of River sections from the Upper Reach grouped
on the upper and right side of the plot. They were influenced by higher DO, pH, nitrates, alkalinity, and
conductivity, which appeared to be the most optimal habitat for bryophytes. Sampling sites of the River
section 5 again showed separation from other sections and a low number of hydrophytes. Sampling sites
of River sections belonging to the Middle and Lower Reach grouped and were influenced by high-water
temperature, nutrients (ammonia, nitrites, SRP) and rich in organic matter (TOC, TSS). Such habitat preferred

most of the angiosperms, rooted or floating ones, and pteridophytes.
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Figure 4: Canonical Correspondence Analysis (CCA) triplot of hydrophytes, environmental scores, and samples (coloured dots) in the
Danube River. Environmental variables are abbreviated as: T — temperature, pH — pH, DO — dissolved oxygen, Cond — conductivity,
Alk — alkalinity, NH4-N — ammonia, NO2-N - nitrites, NO3-N — nitrates, SRP — soluble reactive phosphorus, TOC — total organic carbon and
SS - suspended solids. Letters of bryophytes are in green, pteridophytes in red and angiosperms in black colour.

Detailed analysis of the whole macrophyte community and hydromorphological features of the habitat
within the JDS3, showed a strong correlation between taxa and general description of the habitat (Stankovi¢
et al, 2014). Besides colder and oxygenated water, rich in nitrates shown by the results of the JDS4, results
of the JDS3 demonstrated that bryophytes also preferred shaded habitat, with the hard substrate and
fast-flowing water. Current results showed that floating or rooted angiosperms and pteridophytes preferred
warmer, nutrient, and organically rich water, which consisted of the habitat preferences from the JDS3
which are open and sunny littoral water with soft sediments, small bottom slope and slow water current.
The appearance of floating macrophytes in the very large rivers is mostly an indicator of the existence of
backwaters and its connection to the main channel, indicating good lateral connectivity (Ecke et al., 2016).
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Indication of macrophytes based ecological status assessment

Classification of macrophytes based ecological status assessment is presented in Figure 5. Countries AT,
BG and RO have used macrophytes for assessment of ecological status, while all other countries have
reported that macrophytes were not assessed during the JDS4 campaign due to instead of several reasons
(not relevant BQE, metrics are not yet developed, macrophytes are not present or rare). On sampling sites
in the Upper Reach ecological status was indicated as good, while sampling sites in the Lower Reach were
indicated as good to moderate.
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Figure 5: Results of macrophytes based classification of ecological status assessment. Tributaries codes are lowered.
River side is indicated where indication of ecological status is different on left or right side.

Comparison with outcomes from JDS1, JDS2 and JDS3

JDS3 provided the richest dataset in the term of total species counts (198 taxa) and JDST the poorest
(48 taxa). Species counts obtained in JDS3 were slightly different due to the higher number of species
in both life-form and taxa groups. JDS4 was more focused on aquatic plants and hence bank vegetation
was omitted on several sampling sites. A little disadvantage of such approach is a loss of information
about the distribution of invasive alien species growing on banks like Reynoutria spp. or Solidago spp. since
watercourses serve as an ideal migration corridor for invasive species.

In the list of 132 taxa identified during this research, 79% and 73% of taxa are identical to JDS2 and JDSS3,
respectively. Similarity with taxa of JDS1 is only 57%. Cumulatively, the number of taxa of macrophytes and
other plants related to river habitat, identified in all four Joint Danube Surveys, is now 289 taxa.

The proportion of plant groups, as well as life forms in JDS3 and JDS4, can be easily compared because
the data were processed and presented in the same way. The proportion of life forms in the Danube River
sections is almost identical. The exception is with macroalgae that are not presented within JDS4 dataset
because of low sampling effort. Also, charophytes were not identified at all during this sampling campaign,
and they were identified during JDS2 and JDS3. Charophytes are very rare in the Danube River and can
easily be overlooked.
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9.4 Conclusions

This study brings a complete and representative overview of Danube macrophytes carried out for the fourth
time within the Joint Danube Survey concept. The exception was that this time it was done by multiple
national experts, instead of one Core Team expert. The survey was successful.

Bryophytes were most commonly found in the Danube River sections of Upper Reach, while angiosperms
rooted or floating, dominated in the Middle and Lower Reach of the Danube River. The proportion of plant
groups was different in different tributaries, unique for each one.

Hydrophytes or macrophytes that are permanently living in the water, were the dominant life form in most
of the Danube River sections and tributaries. Helophytes were dominant in the Danube River section S5 as
well as in the Ipel River, Rackevei-Soroksari Danube Arm and Timok River.

Statistical analysis demonstrated clear separation of Danube River sections into a few subgroups. The
Upper Reach was separated from the Middle and Lower Reaches, where the latter two also showed specific
grouping, roughly following the River Continuum Concept (Vannote et al., 1980).

Canonical correspondence analysis revealed that environmental parameters which highly influenced
hydrophytes in the Danube River were water temperature, dissolved oxygen, nitrates, and conductivity.
Bryophytes preferred colder and oxygenated water, rich in nitrates that run in the Upper Reach of the fast-
flowing Danube River that has shaded banks with the hard substrate. Floating or rooted angiosperms and
pteridophytes preferred warmer, nutrient, and organically rich water in the Middle and Lower Reach of the
slow-flowing Danube River, with small bank slope and soft sediments.

The abundance of floating macrophytes in the Middle and Lower Reach of the Danube River suggests
good lateral connectivity to backwaters which imply the good status of one aspect of hydromorphological
conditions.

This research, just like three Joint Danube Surveys before, demonstrated that in certain river stretches there
is a natural lack of microhabitats with the proper conditions for the successful growth of macrophytes. This
causes almost plant-free river parts with none macrophytes or with insignificant abundance. Therefore,
their usage in the assessment of ecological status in very large rivers is disputable, but certainly gives
additional information on hydromorphological condition.

Macrophytes are used only in several countries for ecological status assessment where the results
indicated good to moderate ecological status. However, the majority of the Danube River and tributaries
are left without ecological status classification based on macrophytes because they are not relevant BQE,
metrics have not yet been developed, and they are not present or rare in the river.

Based on comparison with the outcomes of previous Joint Danube Surveys, the composition of macrophytes
has remained stable in terms of richness and diversity over the course of several years.
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Abstract

The study ofnon-indigenous species, withemphasis oninvasivealien species (IAS) within JDS4 was performedin
orderto collect comparable data along the Danube and its main tributaries, with the aim to assess current status
in respect to bioinvasions within the Danube River Basin (DRB) and to evaluate stress caused by this important
pressure. The study was realized along with other analyses on 51 JDS4 sites, as wellas on additional sites (mainly
in the Middle and Lower Reaches of the Danube: 35 sites on the Danube, 26 on tributaries, 9 on adjacent canals
and lakes, 7 on reservoirs). The data comprised results of screening of biological quality elements performed by
the JDS4 national teams, but also additional information specifically collected for the analyses of the distribution
of the IAS using more detailed sampling and DNA-based approaches. In addition, the Smartphone application
‘Invasive Alien Species in Europe’ developed by the European Commission’s Joint Research Centre (JRC), and
specifically updatedto be effectively used within the DRB, was used to collect information on the IAS within JDS4.
Atotalof6aquaticmacrophyte, 35aquaticmacroinvertebrateand 17non-nativefish species wererecordedduring
JDS4. Number of recorded alien species, as well as values of indices indicating the pressure caused by biological
invasions (SBC and BAl index), revealed a better situation in the Lower Danube in comparison to the Upper and
Middle reaches, mainly since the Lower Danube could be considered as the native area of distribution for Ponto-
Caspiantaxa, thatarenon-indigenousinthe Middleand UpperDanube. The (e) DNA-based detectionofaquaticIAS
was approved as being effective. All results pointed again to the importance of IAS for the DRB.

Key words: Biological invasions, alien aquatic species, non-indigenous taxa, Danube River Basin
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10.1 Introduction

Historical changes in the environment led to changes in the distribution of organisms and those alterations
have been accelerated by human influence. Pollution, hydromorphological degradation, aquaculture,
aquaristics, navigation, as well as other human activities strongly affect the aquatic ecosystems.

The influence of Invasive Alien Species (IAS) has been recognised as one of the major threats to native
biodiversity for the Danube River Basin (ICPDR, 2015; Paunovi¢ et al,, 2015). Invaders can alter fundamental
ecological features such as dominant species in a community, productivity, nutrient cycling and thus can
alter the structure and function of the ecosystems.

The term ‘alien species’ refers to any live specimen of a species, subspecies or lower taxon of animals,
plants, fungi or micro-organisms introduced outside its natural range; it includes any part, gametes, seeds,
eggs or propagules of such species, as well as any hybrids, varieties or breeds that might survive and
subsequently reproduce. Other terms are extensively used in the literature to qualify taxa as alien: non-native,
or non-indigenous species, Neozoa, neobiota and neophyta. IAS means an alien species whose introduction
or spread has been found to threaten or adversely impact upon biodiversity and related ecosystem services
(EU, 2014).

Following the construction of the Rhine-Main-Danube channel, the Danube became an important invasion
route. Canals can provide conduits for species to spread between previously separate biogeographic
regions either by active movement, drift and/or as a result of ship transport (Bij de Vaate et al,, 2002). The
spread of non-indigenous species along the Danube (in both directions, upstream and downstream), as well
as the expansion of neobiota from the Danube to its tributaries has been repeatedly recorded. The Danube
River is characterised as a part of the “Southern Invasion Corridor” and a branch of the European Invasion
Network (Panov et al., 2009; Panov et al.,, 2010).

The assessment of the ecological and economical/societal impacts of the introduction of non-indigenous
species (NIS) became one of the primary focus areas of bioinvasion or biopollution science (Olenin et al,,
2007; Panov et al., 2009).

The European Commission's Joint Research Centre (JRC) has developed a smartphone application
‘Invasive Alien Species in Europe’ (Tsiamis et al.,, 2017, Figure 3). The aim of the application is to enable the
general public (amateurs), but also professionals, to contribute to the detection, monitoring and management
of invasive alien species that are found to be of interest for Europe (IAS of EU concern, and/or alien taxa
of specific interest for particular region of Europe in wider geographical scale — such as the DRB). For
the purposes of the JDS4, the JRC in collaboration with the ICPDR developed an extended list with IAS of
regional concern for the DRB, factsheets for each species on the list, and updated the smartphone
application ‘Invasive Alien Species in Europe’ with the developed species DRB catalogue. The list includes
64 species — 29 fish and 44 aquatic invertebrates. The app facilitates sightings for each species, and the
collection of at least one picture, sighting location, species coverage, and the related habitat, and has been
used for the collection of additional information on the IAS of the DRB during the JDS4 and testing the new
DRB application.

The aim of this work is to present the state of the art in respect to the presence of non-native aquatic
species (aquatic macrophytes, aquatic macroinvertebrates and fish) in the Danube River Basin based on
the results of the Joint Danube Survey 4 (JDS4). Also, the present state is compared with prior situations
inferred from previous Joint Danube Surveys.
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10.2 Methods

The same dataset related for each Biological Quality Element (BQE) from 51 JDS4 sites was used for
collection of comparable information on the IAS during the JDS4. Information from additional sites, located
mainly in the middle and lower reach of the Danube was also considered: 35 sites on the Danube, 26 on
tributaries, 9 on adjacent canals and lakes, 7 on reservoirs).

It is important to mention that all data from JDS4 was collected via the JDS4 collection portal specifically
developed by the ICPDR, which enabled, beside collection, data check and validation.

Details on sampling methodology are provided in Chapters 5-9 and 12-16 of this report. Basic sectioning
of the Danube River was defined to Upper, Middle and Lower Danube, according to Liska et al., (2008) and
Literathy et al,, (2002), as follow — Upper Danube River: from source to 1,790 river kilometre (rkm), Middle
Danube River: from rkm 1,790 — 943 and Lower Danube River from rkm 943 to the mouth.

For the JDS4 an additional effort to collect high quality data on alien species has been applied. For that
purpose, Kick and Sweep sample collection and LiNi crayfish traps were applied.

For supplementary collection of crayfish species, LiNi crayfish traps (Figure 1) with appropriate bite (small
fish, wet cat food or fresh liver, etc.) were used at 27 sites (from site JDS4-6, Jochenstein, river km 132, to
JDS4-50, Reni, river km 2204), covering 2,072 kilometers of the Danube, as well as six tributaries and one
side arm (Figure 2). All together 71 traps (in average 3 per site) were positioned for approximately 5 hours
during the late evening hours or night at different depths and bottom types, thus covering the majority of
possible habitat types (activity areas).

At the additional sites, dredging, dip net and sieves, beach seine nets and gill nets were also applied.

During JDS4, the three Biological Quality Elements - Fish, Macrozoobenthos (MZB) and Phytobenthos, as
well as the sediment fauna, were assessed by ()DNA-based tools for the first time (see chapters 12 and
13-16).

The total number of alien species and mean percentage participation of alien taxa in the total communities
have been considered as a strong indicator of the state of communities within the investigated river
stretches and have been assessed based on the results of surveys of BQEs described in detail in Chapters
5-9 of this report.

In order to estimate the level of biological invasions we used Site-specific Biological Contamination (SBC)
Index (Arbaciauskas et al., 2008) and Bioinvasion Assessment (BAIl) Index (Paunovi¢ and Csanyi, 2018)
were used.

SBC and BAI were calculated using macroinvertebrate and fish data collected using conventional methods
(details in chapters 5 and 6; data collected by additional methods are excluded, e.g. dredging, LiNi traps,
detail mussel survey), in order to provide coherence of the information and comparability along the Danube
and over the time. The (e)DNA data is also excluded from the calculation due to species abundance data.
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Figure 1: LiNi crayfish trap sampling; a) Preparation of LiNi traps for sampling; b) and ¢) Pacifastacus leniusculus (Dana, 1852),
d) Procambarus clarkii (Girard, 1852) and Faxonius limosus (Rafinesque, 1817) individuals collected.
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SBC index estimates biological contamination of the specific sites and it can be used for comparison of
biological contamination of different locations and for estimation. Site-specific Biological Contamination
(SBC) involves both the specific value of number of alien species and the specific value of an abundance of
alien species in the total fish community by using the formula:

SBC:(na/nsum+|Og Na/log Nsum)/Z

where n, is a number of alien species, nyum @ number of all species in the sample, N, abundance of alien
species and Ngsum total abundance of species in the sample.

For the calculation of SBC, the results of macroinvertebrate and fish JDS3 surveys were used. JDS2
datasets on macroinvertebrates (Liska et al., 2008) were also used to calculate SBC and compare the level
of biological contamination over time.

The index range from 0 to 4 and the following classification scale was used (modified original scale proposed
by Arbaciauskas et al. 2008): 0 (no biocontamination, no pressures caused by biological invasions),
1 (low biocontamination, minor pressures caused by biological invasions), 2 (moderate biocontamination,
moderate pressures caused by biological invasions), 3 (high biocontamination, high pressures caused by
biological invasions) and 4 (severe biocontamination, high pressures caused by biological invasions).

The Bioinvasion Assessment Index (BAI) — the final score for each species assessed by the Risk Assessment
Procedure for evaluation of the invasiveness of non-indigenous species relevant for the Danube River —
IAS-RAP-Danube (Paunovi¢ and Csanyi, 2018), is linked with the abundance of non-indigenous taxa by
applying the following calculation:

BAI=(NT*P1+N2*P2..Nn*Pn) /A,

where N is the abundance of each recorded alien species, P is the “relative contribution — Pondering Value” from
IAS-RAP-Danube for each recorded alien species, and A is the total abundance of the assessed community.

The described BAI index takes into the consideration both, abundance and characteristics of each particular
taxa (by involving the “Relative contribution — Pondering Value”).

The index range is between 0 and 1, with assessed state high 1 (class 1) BAI=0; good (class 2)
BAI=0.01-0.1; moderate-3 (class 3) BAI=0.11-0.2, poor (class 4) BAI=0.21-0.5 and bad (class 5) BAI>0.50.

The analyses was done in respect to basic sectioning of the Danube River to Upper, Middle and Lower
Danube, as defined in Liska et al., (2008) and Literathy et al., (2002).
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Figure 3: Invasive Alien Species mobile application — screen view.
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10.3 Results and discussion

Traditional taxonomic IAS survey

The IAS survey is based on traditional survey of Biological Quality Elements: phytoplankton, macrophytes,
phytobenthos, macroinvertebrate fauna and fish. A list of non-indigenous species of macrophytes,
macroinvertebrates and fish registered during JDS4 survey is given in Table 1.

Table 1: Alien species detected during JDS4; *Species recorded only with additional methods than MHS (LiNitraps, K&S, hand collection),
dredging, beach seine, gill nets, hand collection) and additional sites.

Macroinvertebrates Fish

Bryozoa Carassius gibelio (Bloch, 1783)

Pectinatella magnifica (Leidy, 1851)* Gasterosteus aculeatus (Linnaeus, 1758)
Hirudinea Rhodeus sericeus (Pallas, 1776)

Piscicola haranti (Jarry, 1960) Lepomis gibbosus (Linnaeus, 1758)
Turbellaria Babka gymnotrachelus (Kessler, 1857)

Gerardia tigrina (Girard, 1850) Ponticola kessleri (Ginther, 1861)

Polychaeta Neogobius melanostomus (Pallas, 1814)
Hypania invalida (Grube, 1860) Neogobius fluviatilis (Pallas, 1814)
Oligochaeta Proterorhinus marmoraus (Heckel, 1837)
Branchiura sowerbyi (Beddard, 1892) Pseudorasbora parva (Temminck et Schlaegel, 1842)
Potamothrix moldaviensis (Vejdovsky and Mrazek, 1902) Ameiurus melas (Rafinesque, 1820)

Bivalvia Ameiurus nebulosus (Lesueur, 1819)

Corbicula fluminea (O. F. Mller, 1774) Ctenopharyngodon idella (Valenciennes, 1844)
Sinanodonta woodiana (Lea, 1834) Hypophthalmichthys molitrix (Valenciennes, 1844)
Dreissena polymorpha (Pallas, 1771) Hypophthalmichthys nobilis (Richardson, 1845)
Dreissena rostriformis bugensis (Andrusov, 1897) Percottus glenii (Dybowski, 1877)

Gastropoda Oncorhynchus mykkis (Walbaum, 1792)
Physella acuta (Draparnaud, 1805)

Potamopyrgus antipodarum (J. E. Gray, 1853) Macrophytes

Borysthenia naticina (Menke, 1845)

Decapoda Azolla filiculoides Lam.

Elodea canadensis Michx.

Pacifastacus leniusculus (Dana, 1852)* Elodea nuttallii (Planch.) H.St.John

Procambarus clarkii (Girard, 1852)* Lemna minuta Kunth
Amphipoda Paspalum distichum L. G.L.Nesom

Chelicorophium robustum (G. O. Sars, 1895) Vallisneria spiralis L.
Chelicorophium curvispinum (G. O. Sars, 1895)

Faxonius limosus (Rafinesque, 1817)

Chelicorophium sowinskyi (Martynov, 1924)
Echinogammarus ischnus (Stebbing, 1899)
Obesogammarus obesus (G. O. Sars, 1894)
Dikerogammarus villosus (Sowinsky, 1894)
Dikerogammarus haemobaphes (Eichwald, 1841)
Dikerogammarus bispinosus (Martynov, 1925)
Synurella ambulans (O. F. Miller, 1846)

Mysida

Limnomysis benedenii (Czerniavsky, 1882)
Paramysis (Serrapalpisis) lacustris (Czerniavsky, 1882)
Isopoda

Jaera istri (Vieuille, 1979)
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The total number of non-indigenous species per taxa group recorded during JDS4 is presented in Table 2.
For comparison, the number of non-indigenous taxa per quality element recorded during previous surveys
(Paunovi¢ et al,, 2015) is presented in the same table.

Table 2: Number of alien species per taxa group recorded during JDS4 and previous Danube Surveys; For JDS4 first number represent

total number of alien taxa detected by all methods; Numbers in brackets represent no. of species detected by traditional methods and by
(e)DNA IAS based detection, respectively.

Quality element JDS1(2001) ADS (2004) JDS2 (2007) JDS3(2013) JDS4 (2019)
Aquatic macrophytes 3 - 6 4 6
Macroinvertebrates 12 13 20 34 35(27/29)
Fish - - 14 12 17 (17/12)

In general, a rise in the no. of identified alien species was recorded on three occasions (Table 2).

The number of alien taxa of aquatic macrophytes, macroinvertebrates and fish recorded during JDS4 in the
main Danube stretches is presented at Figure 4.

45
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Upper Danube Middle Danube Lower Danube

Figure 4: The number of alien taxa of aquatic macrophytes, macroinvertebrates and fish recorded during JDS4
in the main Danube stretches.
During JDS4 S. woodiana proved to be abundant, particularly on the Iron Gate stretch.

A significant change can be observed comparing the JDS4 data to the results of the last two JDS missions
(JDS2 and JDS3) in respect to distribution of C. fluminea. JDS4 revealed considerable decline in the
abundance of this species in part of the Middle and Lower Danube.
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LiNi Crayfish trapping
LiNi Crayfish trapping revealed presence of three invasive crayfish species — Faxonius limosus, Pacifastacus
leniusculus and Procambarus clarkii. P clarkii was not detected by MHS and (e)DNA based IAS detection.

The distribution of non-native crayfish species revealed by the LiNi Crayfish collection is presented in Figure 5.

Based on data at hand, F. limosus is the most widespread species and is present along the entire Danube,
with larger abundance in Lower Danube, while other species are limited to the Upper and Middle Danube.

12
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6 B F. limosus
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B P. clarkii

IDS6
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JDS4-23
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IDS4-37
JDS4-40

IDS4-41p
IDS4-41

Figure 5: The distribution of non-native crayfish species.

Based on data at hand, F. imosus is the most widespread species and is present along the entire Danube,
with larger abundance in Lower Danube, while other species are limited to the Upper and Middle Danube.

(e)DNA-based IAS detection

A total of 42 alien species have been molecularly revealed, either by their direct presence or by traces of
environmental DNA - deriving from water, sediment or gut content (Table 3). Thereby, some species are
identified by several sample types (sediment, bulk, eDNA water, eDNA fixative) and / or by more than a
single barcode marker (COI, 12S, 18S), whereas others rely on a single report.

The most frequently observed and most widely distributed groups were fish (12 species), amphipods (11)
and molluscs (6). Some rarer findings are also notable, such as the discovery of Pacifastacus leniusculus at
site JDS4-1 or of Katamysis warpachowskyi at three sites.

From a methodological perspective it must be highlighted, that a few species were only identified by means
of the macroinvertebrate (MZB) bulk sample (and not detected in eDNA of water or the fixative), and that
some invasive alien fish species cannot reliably resolved down to the species level by all applied 12S barcode
markers (e.g., Ctenopharyngodon idella and Hypophthalmichthys molitrix).
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Table 3: Overview of invasive alien species discovered by molecular tools during JDS4. Except for more mobile fish species, the JDS4
sampling sites of their discovery are indicated. S = sediment analysis; B = bulk sample; eDNA-W = eDNA from water; eDNA-F = eDNA
from ethanol fixative. T = species cannot be unambiguously identified by the applied eDNA marker at those sites, but presence is likely;
UD - Upper Danube, MD — Middle Danube, LD — Lower Danube.
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Group

Amphipoda
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Taxon
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Assessment of pressures caused by biological invasions

As underlined in section Material and Methods, SBC and BAl indices were calculated using macroinvertebrate
and fish data collected using conventional methods, in order to provide coherence of the information and
comparability along the Danube and over the time.

According to the results of the JDS4 macroinvertebrate and fish surveys, the SBC Index indicated that
majority of the sites could be characterized as highly to severely contaminated (SBC=4 and 3), while
fewer sites have been characterized as moderately biocontaminated (SBC=2) or with a low level of
biocontamination (SBC=1).

Mean values of the SBC Index calculated from JDS4 dataset for macroivertebrates and fish are presented
in Table 4. For comparison, the SBC class values for JDS2 (2007, only for macroinvertebrates) and JDS3
(2013) are provided in the same table (Table 4). JDS3 dataset on macroinvertebrates provided SBC values
of 1.53, 3.18 and 3.07, respectively (Paunovi¢ et al., 2015). JDS3 dataset on the fish data provided SBC
values of 1.86, 2.17 and 3.2, respectively (Paunovic¢ et al., 2015).

SBC data shows that the pressure caused by biological invasions is generally the same if comparing
the situation 2019 (JDS4) and 2013 (JDS3), but improvement is evident in comparison to data on
macroinvertebrates from 2007 (JDS2).

Mean values of BAI index per the Danube main stretches are presented in Table 5.

Table 4: Mean values of SBC index for the Danube main stretches recorded during JDS4 (2079), JDS3 (2013) and JDS2 (2007); MZB refers
to macroinvertebrates.

JDS4 JDS4 SBCClass SBC Class SBC Class
JDS4 SBC Fish JDS4 SBCMZB Fish2013 MZB 2013 MZB 2007
Stretch SBC Fish class SBC MZB class -JDS3 -JDS3 -JDS2
Upper 2.56 3 3 3 4 3 4
Middle 2.56 3 2.56 3 2 3 4
Lower 1.9 2 0.86 1 1 1 3

Table 5: Mean values of BAl index for the Danube main stretches recorded during JDS4.

Stretch BAI Fish BAI class BAI Macroinvertebrates BAlI class
Upper 0.38 4 0.15 3
Middle 0.14 3 0.11 3
Lower 0.02 1 0.06 1

As in the case of SBC, BAI index revealed considerable pressures caused by biological invasions, indicating
moderate to poor state for the Upper and Middle Danube and good state for the Lower Danube.

Based on SBC and BAI indexes, the level of biocontamination of the Danube River was estimated as
moderate to high, with higher levels for the Upper (high to severe biocontamination) and Middle Danube
(moderate to high biocontamination), in comparison to the Lower Danube (low biocontamination).

Scientific Report: A Shared Analysis of the Danube River JDS4

103



104

]

The reduced pressure caused by bioinvasion recorded for the Lower Danube in comparison to the Middle
and Upper sections recording during JDS4, but also during previous Danube surveys could be explained by
the fact that Ponto-Caspic species are considered as native in this stretch.

The integrated biocontamination by type of water bodies and by different taxonomic groups and methods
of sampling at the JDS4 and additional sites in Bulgaria ranged from moderate in the shoreline zone of
the Danube River, moderate to high in the canals and lakes adjacent to the Danube River, to severe in the
Danube tributaries and studied reservoirs (Table 6).

Table 6: Biocantamination of studied JDS4 and additional sites in Bulgaria during JDS4. SBC - site-specific biocontamination index; IBC

- integrated biocantamination index (after Arbaciauskas et al. 2008, Panov et al. 2009); Methods applied (1) Hand net; (2) Dip net, length
100 m; (3) Dredging, (4) Beach seine, length 100m and (5) Gill nets.

Site SBC SBC SBC SBC SBC SBC SBC SBC IBC
Decapoda Decapoda Mollusca Mollusca Mollusca Fish Fish Fish
Q)] (2 3 3 3) (C)] 2 (5
upto2m  2-45m 10 m?

Danube River 1 2 4 1 2 2
Danube tributaries 4 4 2 4
Lakes and canals 1 4 2/3
Reservoirs 4 4 4

It would be of the great importance to design the procedure of use of the (e)DNA data in calculation of SBC
and BAl indices, specifically to provide quantitative input (species relative abundance data).

Results of using ‘Invasive Alien Species in Europe’ mobile phone application

The results of IAS application use for the purpose of collection of the data on IAS for the DRB are presented
in Trichkova (Trichkova et al., 2019). The species records, after validation, were shared through the European
Alien Species Information Network (EASIN, https://easin.jrc.ec.europa.eu/easin), which is the information
system in support of the implementation of the Regulation on IAS (EU Regulation no. 1143/2014; EU, 2014),
becoming as such available for IAS assessments and management in Europe. For example, a total of 56
non-native specimens were recorded with the smartphone application ‘Invasive Alien Species Europe’ in
Bulgaria.
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10.4 Conclusions

As in previous surveys, JDS4 showed that the Danube River and the main tributaries are under considerable
influence from biological invasions. The number of recorded alien species, values of SBC and BAI index,
revealed a better situation in the Lower Danube when compared to Upper and Middle reaches, mainly
since the Lower Danube can be considered as native area of distribution of Ponto-Caspian taxa, that are
considered as alien in the Middle and Upper Danube.

In general, a rise in the number of identified alien species was recorded on three occasions, 20071->2013K{->
2019. From the other side, the SBC data show that the pressure caused by biological invasions is generally
similar if comparing the situations 2019 (JDS4) and 2013 (JDS3). JDS4 and JDS3 SBC data indicates
improvement in bioinvasion pressure when compared to JDS2 (2007) macroinvertebrate data. This, at
first glance contrasting information, in fact indicates that many alien species are not at the same time
invasive and, which is of significant importance, that assessment of bioinvasion pressure should be done
on comprehensive way and should involve different data and approaches.

Although the biocontamination in some sectors of the Danube (Lower Danube) was classified from
moderate to low, the IAS pressure in the Danube tributaries and the adjacent standing water bodies was
much higher as some of the species find suitable habitats and establish abundant populations in these
water bodies.

The (e)DNA-based detection of aquatic IAS was approved as effective and revealed the presence of a
non-indigenous snail species that was not detected earlier for the Danube — Bulinus umbilicatus. Moreover,
this method discovered the presence of four additional non-native aquatic macroinvertebrate species that
were not detected by other methods during JDS4. Furthermore, it would be of great significance to use the
(e)DNA data for the assessment of bioinvasion pressure based on quantitative approach.

For the first time, a smartphone application for invasive species detection was used in JDS4. The application
was found to be a helpful tool that greatly facilitates the access and update of records on invasive species. It
has a very broad usage, not only for public users, but also for researchers. Its broader usage may contribute
to IAS awareness raising in the Danube countries and involve citizens actively in future surveys.
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Zooplankton

AnitaKiss (Danube Research Institute, Centre for Ecological Research, Karolina Ut 29., Budapest, 1113 Hungary),
Katalin Zsuga (Agrint Ltd.,, G6doll6, 2100 Hungary)

Abstract

Zooplankton (Rotifera, Cladocera, Copepoda) assemblages collected from JDS4 sampling sitesin summer 2079
wereidentified and analysed. The studyandthe analyses of the samples from the Danube and selectedtributaries
revealed: (i) differencesinthe compositionanddensityof zooplanktonassemblages from UppertoLower Danube;
(ii) density differences in the river profile and differences between the Danube and selected tributaries; (i) current
status of the allochthonous zooplankton species in the Danube area; (iv) comparison of the results with the
zooplankton results of former JDS expeditions.

157taxa /118 Rotifera, 21 Cladocera, 18 Copepoda/ were identified from 39 JDS4 sites (27 from the Danube and
12 from tributaries). Opposite to previous JDS results, high Rotifera species richness was observed at the Upper
Danube andthere was no longitudinal trend of zooplankton abundance along the Danube. During the four JDS the
species richness of Rotifera gradually increased indicating the importance of cross-sectional sampling and the
improving ecological conditions of the Danube River. Compared to JDS1-3, the density of zooplankton in JDS4
sites was very low (3.29 ind. I”"), and the maximum values were observed in the Upper Danube.

11.1 Introduction

Zooplankton includes a wide range of animals, especially microscopic, from primitive protozoans to the larvae
of more complex animals. This group plays an essential role in aguatic ecosystems. These organisms serve
as intermediary species in the food chain, transferring energy from planktonic algae (primary producers) to
larger invertebrate predators and fish who in turn feed on them. Zooplankton species commonly consume
phytoplankton, other zooplankton and detritus and control algae blooms by increasing zooplankton grazing.

Many studies show that zooplankton (sampled from water and sediment) is of strong value as anindicator and
is useful as an indicator of ecological status (Jeppesen et. al. 2011). Effects of environmental disturbances
can be detected through changes in species composition, abundance and body size distribution.

There are many investigations (e. g. review paper of Naidenow 1998) which deal with the zooplankton
assemblages in different section of the Danube. Naidenow (1998) summarized the qualitative and
quantitative aspects of Danube zooplankton in a comprehensive work, based on the results of 164 studies
and 343 Rotifera and 145 Crustacea species were mentioned from the whole section of the Danube.
According to these results the typical zooplankton communities of the Danube consist of mainly rotifers
and high proportion of nauplius and copepodit larvae and the most frequent species are Brachionus
calyciflorus, Keratella spp., Synchaeta spp., Bosmina longirostris, Thermocyclops crassus and Acanthocyclops
robustus. These taxa are typical of still or slow-flowing eutrophic waters. The number of the approximately
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simultaneous investigations in the whole Danube River, are limited (Bothar 1974, Pujin 1990; Naidenow &
Schewzowa 1991 and within the framework of JDS: Gulyds, 2002, Zsuga 2008, 2014).

11.2 Methods

The three main characteristic groups of zooplankton, Rotifera, Cladocera and Copepoda were investigated
in detail. During the sampling campaign 85 zooplankton samples were collected from 39 JDS4 sites
(27 from the Danube and 12 from tributaries /JDS4-11: Dyje, JDS4-12: Morava, JDS4-17: Mosoni Danube
Arm, JDS4-25: Rackevei-Soroksari Danube, JDS4-30: Drava, JDS4-32: Tisza, JDS4-33: Tisza mouth, JDS4-
35: Sava, JDS4-36: Sava mouth, JDS4-38: Velika Morava, JDS4-39: Velika Morava mouth, JDS4-49: Prut).
18 river profile samples (left, middle and right side of the Danube) were investigated to explore the differences
in the river profile with reference to zooplankton. The method of sampling was similar to the previous JDS
expeditions, a total of 100 litres water was filtered through plankton net (50 or 40 um mesh size) and the
samples were preserved with formaldehyde to 4-5 % concentration. The quantity and qualitative composition
of zooplankton was determined with both light- and stereomicroscopes, and density was estimated in
ind./L unit. For the exact identification of some Rotifera species their trophi were prepared using sodium
hypoclorite solution. The developmental stages of Crustaceas were also counted and included to total
density.

11.3 Results and Discussion

11.3.1 Zooplankton species composition
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During the survey 157 taxa /118 Rotifera, 21 Cladocera, 18 Copepoda/ were identified. Most of the species
were of planktonic life form, but a number of tychoplanktonic elements were also identified. They were
washed to the plankton from aquatic plant environment or from the surface of the sediment through
mud-mixing. Most of the taxa (49.5 %) occurred only in one or two sampling sites and in case of 31 taxa
only one specimen was found in the JDS4 sites.

Similar to previous JDS results, the characteristic planktonic species of the Danube were the most abundant
with high relative frequencies: Brachionus angularis (54.11 %), Brachionus calyciflorus (57.64 %), complex
of Synchaeta oblonga/tremula (63.52 %), Keratella spp. (49.41%), as well as among Crustacea zooplankton,
Acanthocyclops robustus (69.41 %) and Thermocyclops crassus (49.47 %). A limited number of studies is
dealing with the occurrence of Bdelloidea family in the Danube, nonetheless their relative frequency was
high (63.52 %) in JDS4 sites.

The majority of the rare species examined in the study area were found close to the riverbank or
tributaries. The rare Encentrum wisniewskii prefers sandy habitats and some taxa are phytophilous, they
prefer macrophyte beds (Dicranophorus, Lecane, Trichocerca, Graptoleberis testudinaria, Eucyclops macrurus,
Macrocyclops albidus). Some specimens of the largest planktonic cladoceran, Leptodora kindtii and one
specimen of the very rare Halicyclops taxon were found in the Serbian stretch of the Danube, as well as the
rare cladoceran, Pleuroxus trigonellus in Danube Delta (JDS4-51).
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Compared to previous JDS results, the density of Brachionus forficula increased in the Danube, it was
collected at 16 JDS4 sites. Brachionus bidentata has never been found in JDS sites in the past, but now it
was collected from nine JDS4 sites. Both rotifers are warm stenothermic species, typical of subtropical and
tropical regions. The density and relative frequency of the thermophilous Moina brachiata (Cladocera) and
Thermocyclops crassus (Copepoda) increased as well in the whole Danube River basin. The occurrence of
those species indicates climatic changes and increased temperature in the catchment area of the Danube.

The zooplankton species richness varied between 0 (JDS4-18-L, JDS4-23-M, JDS4-23-R) and 21 (JDS4-2) in
the Danube and between 2 (JDS4-25-M) and 34 (JDS4-17-R) in the tributaries. The average number of taxa
was 9.65 for rotifers and very low for crustaceans (Cladocera: 1.64, Copepoda: 1.96). The species richness
was high (more than 20 taxa) at seven JDS4 sites: there are four in the Danube (JDS4-2 /Bittenbrunn/,
JDS4-3 / above Klosterl/, JDS4-6 / Jochenstein/, JDS4-40 /Banatska Palanka/Bazias) and three in tributaries
(Mosoni Danube Arm, Rackevei-Soroksari Danube, Velika Morava mouth (JDS4-39-M).

Opposite to previous JDS results, high Rotifera species richness was observed in the Lower Danube
(JDS4-2: Bittenbrunn 700m below power station, JDS4-3: above Klosterl — Kelheim, JDS4-6: Jochenstein).
The rotifer taxon richness decreased significantly in the lower part of the Danube basin from the JDS4-41
site. In the case of planktonic Crustaceans, there was no longitudinal trend in the number of taxa. The
selected tributaries had no effects on the species richness in the Danube.
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Figure 1: The species richness in the Danube and the investigated tributaries (in red rectangles) /in case of river profile samples average
values were indicated;/.

11.3.2 Density of zooplankton assemblages in the Danube and the selected tributaries

The density of assemblages varied between 0 (JDS4-18-L, JDS4-23-M, JDS4-23-R) and 46.27 (JDS4-2-M)
ind. I""in the Danube and 0.02 (JDS4-35-M) and 93.10 (JDS4-25-R) ind. | " in the tributaries. In most of the
sampling sites the zooplankton density was low, less than 3ind. 1. In three JDS4 sites relatively high density
values (but less than in previous JDS investigations) were observed, because of massive occurrence of the
rotifer species: Synchaeta oblonga/tremula complex in Bittenbrunn, below the power station, Lecane bulla
in downstream Budapest and three Synchaeta species (S. longipes, S. oblonga/tremula, S. pectinata) in the
cross-section of Tass (JDS4-25). In the rotifers community, a high ratio of Synchaeta tremula and S. oblonga
or Lecane bulla indicates eutrophic conditions of the river.

The average density of zooplankton was very low (3.29 ind. | ") at JDS4 sites and the density of the two
groups were nearly similar and very low in the Lower Danube. The density values of assemblages were also
low in the tributaries, except the Rackevei-Soroksari Danube.
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Opposite to previous JDS results there was no longitudinal trend of zooplankton abundance along the
Danube. Unexpectedly, the peak densities in the Danube were recorded in the Upper Danube, from the first
three JDS4 sites. This irregular trend in the density pattern of assemblages could have been caused by
unstable hydrological conditions due to the high water-levels before and during sampling in JDS4 sites (see
also in Phytobenthos chapter).

There was strong positive relationship between the density of rotifers and crustaceans (y = 0.037x + 14.11,
R? = 0.717) indicating absence of direct competitive effects between the two groups. This relationship is
usually negative in freshwater ecosystems, possible explanations of this pattern could be the unstable
hydrological conditions during the JDS4 and the low-density values in the whole river.
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Figure 2: Density of zooplankton assemblages in the longitudinal profile of the Danube (blue) and the tributaries (red) /in case of river
profile samples average values were indicated;.

11.3.3 Differences in the river profile
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18 river cross-section samples (left, middle and right side of the Danube) were investigated to explore the
possible zooplankton differences in the river profile.

The taxon richness of rotifers was a little bit higher in the middle of the Danube and showed a similar
range in the tributaries. The number of taxa was significantly lower in the Sava River (JDS4-35) in all three
profiles indicating the inadequate ecological status of the river (see also in Phytobenthos chapter). At the
Sava mouth (JDS4-36) the species richness was notably lower on the right side compared to the left side
presumably because of the urbanization effects of Belgrade. The species richness of Crustaceans was low
and approximately similar in all three profiles in the Danube and there were more species in the left and right
side of the tributaries owing to the better habitat conditions in the riverbank.

Regard to density values, rotifers were more abundant in the middle of the Danube and the right side of the
tributaries. These difference are especially significant in the Rackevei-Soroksdri-Danube (L: 10.7, M: 2.9,
R:89.61ind.|™"). The Crustacean density was very low in all three cross-section of the Danube and the density
was higher in the right side of the tributaries.
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Figure 3: The species richness of Rotifera and Crustacea in the river profile, left, middle and right side of the Danube and the tributaries.
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Figure 4: The density (ind. I") of Rotifera and Crustacea in the river profile, left, middle and right side of the Danube and the tributaries.
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11.3.4 Alien zooplankton species

During the JDS4, three allochtonous species were detected: Pleuroxus denticulatus (Cladocera), Eurytemora
affinis and Eurytemora velox (Copepoda). Compared to previous JDS results the relative frequency increased
in case of all three species. Pleuroxus denticulatus was introduced from North-America, and has occurred
in Europe since the 1970s. Its occurrence in the Danube probably corresponded with the junction of the
Danube and Rhine Rivers (Hudec & lllyova, 1998). Now, this species is widely distributed in the catchment
area of the Danube.

The euryhaline Eurytemora velox and affinis are originally saltwater species migrated from the estuaries of
the North Sea upstream of many rivers and from the Black Sea upstream in the Danube River (Tollinger,
1911). The freshwater occurrence of E. velox is common in the catchment area, during JDS4 E. affinis was
detected exclusively in the Lower Danube, from the JDS4-40 to the Black Sea.

11.3.5 Comparison of the results with the previous JDS zooplankton results
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Differences between the four JDS investigations are summarized in Table 1. The recorded taxon richness
of Rotifera was gradually increased in spite of the decreasing number of sampling sites. During all four JDS
the assemblages were dominated by rotifers and copepods, Cladocera populations were less abundant.
The ratio of copepod nauplii and copepodites larvae was high, except during JDS4. The number and relative
frequency of alien species were highest in JDS4.

The longitudinal changes in species richness and density were about similar in the previous JDS
investigations, but completely different in JDS4. The richness and abundance of species were the highest
in the Hungarian and Serbian stretch in JDS1-JDS3 and in the Upper Danube in JDS4.

The peak densities were significantly higher (around 1000 ind. I ") in JDST, the very high-density values in
the Serbian section were indicating the eutrophic, polytrophic condition of the Danube. The average and
maximum density decreased equally in JDS4 and these parameters were the highest in the Upper Danube.

The trends were similar in the river profile in JDS3 and JDS4 indicating significantly higher density of rotifers
in the middle sections. Opposite to JDS1 there were no detectable effects of tributaries on species richness
and density of zooplankton assemblages in the Danube.
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Table 1: Summary of the zooplankton results of JDST (Gulyas 2002), JDS2 (Zsuga 2008), JDS3 (Zsuga 20714) and JDS4.

JDs1 JDS2 JDS3 JDS4
sites 98 96 53 39
samples 98 96 159 85
120 taxa 126 taxa 149 taxa 157 taxa
79 Rotifera 87 Rotifera 107 Rotifera 118 Rotifera
species richness 27 Cladocera 30 Cladocera 33 Cladocera 21 Cladocera
14 Copepoda 9 Copepoda 9 Copepoda 18 Copepoda

alien species

Eurytemora velox

Pleuroxus denticulatus
Eurytemora velox

Eurytemora velox

Pleuroxus denticulatus
Eurytemora velox
Eurytemora affinis

density /ind. I')
minimum and
maximum values

Danube: 0.28-1383.6
tributaries: 1.14-799.6

Danube: 0-341.2
tributaries: 0-296.2

Danube: 0.33-353.5
tributaries: 0-54.44

Danube: 0-46.27
tributaries: 0.02-93.10

longitudinal trends

1. species richness and
density: gradual increase
in the downstream
direction,

2. density peak at Serbian
reach,

3. from 1161 rkm
(downstream Pancevo) the
zooplankton density
drastically decreased

1. density peak in the
Serbian stretch,

2. low density in the Upper
and Lower Danube
sections

1. density and taxon
maxima at Serbian section,
2. high density values,
approximately four times
higher than JDS2,

3. low density in the Upper
and Lower Danube sections

1. there was no longitudinal
trend,

2. irregularly high species
richness at the Upper
Danube,

3. peak densities were
recorded in the Upper
Danube,

4. low density in the Lower
Danube

. . . . . higher rotifer density higher rotifer density
river profile not investigated not investigated in the middle section in the middle section
effects of tributaries yes, especially the Tisza [no effects, except the Morava no significant effects no significant effects

11.4 Conclusions

157 taxa - 118 Rotifera, 21 Cladocera, 18 Copepoda - were identified in the zooplankton sampling sites of
JDS4. Most of the species are of planktonic life form, but a number of tychoplanktonic elements were also
identified. A significant part of the taxa (49.5 %) occurred only in one or two sampling sites. Some of them
are rare species in the Danube catchment like Encentrum wisniewski, Brachionus bidentata, Leydigia leydigi,
Pleuroxus trigonellus and Halicyclops sp.

The abundance of the three detected alien zooplankton species gradually increased during the four JDS.
Compared to previous JDS results Eurytemora affinis occurred in the Lower Danube. The increased relative
frequency of thermophilous species could be linked to climatic changes in the catchment area. The recorded
taxon richness of Rotifera gradually increased indicating the importance of cross-sectional sampling and
the improving ecological conditions of the Danube River. Similar to JDS3, there were differences in the river
profile indicating significantly higher density of rotifers in the middle sections and there were no detectable
effects of tributaries on species richness, nor the density of zooplankton assemblages in the Danube.

The average density of zooplankton in JDS4 sites was very low (3.29 ind. 1), the average density of rotifers
more than ten times higher than the density of crustaceans. The longitudinal changes of the species
richness and abundance of planktonic zooplankton were different in the JDS4 when compared to JDS1-3,
the maximum values were observed in the Upper Danube. These results could be explained by the unstable
hydrological conditions due to the high water-levels before and during sampling. These trends also indicate
that the Danube, as a large river with its tributaries and floodplains is a very heterogeneous system with
highly variable hydrological dynamics, flood events, floodplains, water level fluctuations and hydrological
connectivity.
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The results of JDS4 confirm that zooplankton species richness and abundance can be a good indicator
of trophic status and river conditions (see nutrients data in General physico-chemical determinands and
nutrients chapter).
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Introduction: (e)DNA-based activities

Alexander M. Weigand (National Museum of Natural History Luxembourg, Luxembourg;
COST Action CA15219, DNAqua-Net, Essen, Germany),
Jonas J. Astrin (Zoological Research Museum Alexander Koenig, ZFMK, Bonn, Germany)

Abstract

With JDS4, genetic methods were included in the extensive analytical program of the Joint Danube Survey for
the first time. The fish community of the Danube, along with its macrozoobenthos, phytobenthos and sediment
community, were investigated using different DNA- or environmental DNA (eDNA)-based metabarcoding
approaches. The aim was to test the different (e) DNA-based approaches in a real-world, international and highly
integrative setting. This chapter introduces the basics of (¢) DNA metabarcoding and provides an overview of the
individualorganism group-specificapproaches pursuedduring JDS4. [t concludes by highlighting theimportance
of well-curated barcode sequence reference libraries and the potential of biobanking samples.

12.1 Introduction

With JDS4, for the first time, (e)DNA-based approaches were integrated into the program of the JDS,
focussing on the three biological quality elements (BQEs) of fish, macrozoobenthos and phytobenthos,
and additionally sediment fauna (including macrozoobenthos and meiofauna) (Figure 1). Some of the
reasons for introducing such genetic methods into the survey programme are:

a) Organisms can be identified down to species level. If reference sequences are available, this
identification links to a classical Linnaean name. If no reference sequences are available, still
identifications can be made to higher taxonomic levels like genus or family, or in any case, unique
molecular species pendants created (so-called MOTUs, see below). Although the latter have no
Linnaean species annotation, they are unique and can be analysed within and compared between
datasets.

b) Taxonomic information can be unlocked even in cases where morphotaxonomic knowledge and
expertise are limited,

c) All developmental stages (e.g. larvae, eggs), cryptic species, indeterminable sexes as well as body
fragments (roots, legs, exuviae) can be readily identified; using metabarcoding, one can also analyse
the invisible eDNA traces left by organisms in their environment,

d) Taxalists relying on sequence information are objective, reproducible and comparable (aspects,
which are particularly important for a longitudinal survey involving many countries), and,

e) Overall, this additional line of taxonomic evidence helps to get a more precise and comprehensive
picture of the Danubian biota.
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In JDS4, the methodology of DNA metabarcoding was applied for the three aforementioned BQEs and
the sediment fauna. In this approach, DNA is isolated from a sample and an organism group-specific
but universal primer pair used to mass-amplify a target barcode marker during polymerase chain
reaction (PCR). As such, the final PCR output volume contains the parallel amplified barcode marker
templates present in the sample. In a subsequent step, those DNA molecules are subjected to high-
throughput sequencing (HTS), rendering them bioinformatically readable. The generated sequences are
quality-filtered, clustered into Molecular Operational Taxonomic Units (MOTUs) based upon sequence
identity and those MOTUs compared to taxonomically annotated reference sequences stored in barcode
databases. Usually, validated taxonomic annotation for the deposited reference sequence has been
previously achieved by individually sequencing a morphologically identified voucher specimen, which is
then stored in museum or institutional collections for future reference. In the final step, sequence-based
taxalists are produced by comparing all MOTUs with the reference database. Thereby, species-, genus-,
family- and order-level matches rely upon pre-defined genetic similarity thresholds (Taberlet et al. 2012).
DNA extracts resulting from the analysis are then stored for future reference.

Although all the applied DNA metabarcoding approaches share the common element of compiling
sequence-based taxonomic lists for a collected sample by matching genetic sequences of MOTUs with
reference databases, it is noteworthy to further introduce some central terms and conceptual decisions in
detail as they can vary between laboratories and the different organism groups / BQEs analysed (whose
details are outlined in the respective chapters).

12.1.1 Sample type

A sample is defined as the material from which the DNA for subsequent genetic analysis is extracted. If, e.g.,
brushed phytobenthos samples or macrozoobenthos kick-net samples are collected for simultaneous DNA
isolation, the sample is called a "bulk sample”, which comprises many specimens of mixed identity (‘BS”,
Figure 1). In contrast, DNA can also be directly collected and isolated from the environment without the need
for individual specimen or bulk sample collection (so called environmental DNA, or eDNA). If, for example,
water is collected and filtered for the analysis of fish, the sample type is commonly referred to as “eDNA water”
("eDNA’, Figure 1). For the approach of eDNA metabarcoding water samples, fish community composition is
reconstructed based on analysing the intra- and extracellular (floating and particular-bound) DNA molecules
shed by the fish community into the water body. Likewise, when taking sediment cores for the analysis of the
benthic fauna, this refers to the sample type “eDNA sediment”. A more complicated scenario emerges when
bulk samples are collected, but the preservation liquid or fixative (often >95% ethanol) is analysed, without
homogenizing the bulk sample. This sample type might be defined as “‘eDNA ethanol’, either originating from
the collection (1st phase; or fixative) or storage ethanol (2nd phase; or preservative) (‘PL, Figure 1).

12.1.2 Barcode marker
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The standardised genetic fragment used for molecular species identification in a DNA metabarcoding
context is commonly referred to as the barcode marker or barcode fragment (Kress et al. 2015, Taberlet
et al. 2012). Sometimes the term marker gene is used, but strictly speaking, the barcode marker for
metabarcoding a) usually is too short to cover a full gene and b) does not have to have the characteristics
of a gene, i.e. protein or RNA encoding. Furthermore, even when the same marker gene is indicated (e.g.
COl, 18S), the selection of different primer pairs can result in barcode markers of different lengths, with
different areas of coverage of the marker gene and hence can produce variation in taxonomic resolution.
The selection of an appropriate barcode marker is therefore of great importance.
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12.1.3 Primer selection

The barcode marker is amplified by a specific primer pair. As important as the choice of a taxonomically
informative barcode marker is the selection of a suitable primer pair generating the barcode marker.
Thereby, a balance must be achieved between barcode marker coverage (=are enough reference
sequences available? Are they public?), primer pair efficiency (=are target taxa sufficiently well amplified?)
and diagnostic resolution (=are the generated barcodes able to discriminate the target species?). As
such, the same marker gene (e.g. COIl) can encompass multiple barcode markers, which are amplified by
group-specific primer pairs. In case specific target groups are systematically over- or underrepresented
in the metabarcoding sequence read output, or do not amplify at all, this is referred to as “primer bias”
(Elbrecht & Leese 2015).

12.1.4 MOTU

A Molecular Operational Taxonomic Unit (MOTU) can be considered as an alternative operational
classification system to a Linnaean species. A MOTU is generated when similar genetic sequences are
bioinformatically clustered. Depending on a percentage similarity threshold, only almost identical (e.g.
>99%) or very similar sequences (e.g. >97%) are clustered into a single MOTU. Alternatively, MOTUs
can be more flexibly clustered based on the frequency distribution of closely related sequences in the
dataset (Mahé et al. 2015), or, in special cases, each unique sequence can be considered a separate
MOTU. The latter are also known as zero-centroid MOTUs or Exact / Amplicon Sequence Variants (ESVs
/ ASVs) (Callahan et al. 2017). Similar to Linnaean species, also MOTUs can be regarded as a stand-alone
taxonomic classification system, but most often the consensus sequence of each MOTU is compared to
a barcode reference library using Linnaean classification as a backbone. This results in a taxonomic list
including Linnaean species, genera and families, but inferred from genetic data and thus sequence-based.

12.2 Overview of (e)DNA-based activities in JDS4

The (e)DNA-based activities during JDS4 were coordinated by the DNAqua-Net consortium (Leese et
al. 2016) targeting the BQEs fish, MZB and diatoms based on different sample types collected by the
national teams and two mobile eDNA teams. Furthermore, the benthic fauna from sediment samples
was molecularly investigated (Figure 1).

The BQE fish was molecularly surveyed via eDNA water, collected by two eDNA teams. The first eDNA
team travelled in downstream direction and sampled in the main channel of the Danube as well as
in various tributaries. Since the sampling campaign lasted several weeks, a second eDNA team was
installed ensuring the temporal sampling overlap with the parallel activity of effect-based tools /
non-target analytics in the Lower Danube. The second eDNA team started at site JDS51 and travelled
in upstream direction sampling at eight sites. Additional eDNA samples were collected by cooperating
projects (Interreg MEASURES, IAD and VigiLIFE) before and after the JDS4 eDNA survey. For the selection
of JDS4 eDNA sampling sites, special emphasis was laid to cover as many of the nominated JDS4 sites
as possible, therefore increasing the benefit of the integrative JDS4 setting and additional environmental
parameters to be collected. However, eDNA sampling sites within the main channel of the Danube also
needed to respect a certain longitudinal distance (~100 km) and had to avoid a proximity too close to
major confluences. The sampling design was further coordinated with the microbiology team. Species
lists were generated by sequencing 12S barcode markers.
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It was planned to molecularly assess the BQE macrozoobenthos using three sample types: eDNA water,
DNA from bulk samples and eDNA from the ethanol used as a preservation liquid. Although eDNA water
samples were successfully collected by the 1% eDNA longitudinal special sampling team and their DNA
isolated, their timely analysis was not possible due to the emerging COVID-19 pandemic situation in
early 2020, which led to the closing of laboratories and very restricted working environments. The bulk
samples for molecular analyses were obtained by Multi-Habitat Sampling (MHS) of 20+1 subsamples,
carried out by the national teams in parallel to the traditional MHS for morphological investigation.
If present, underrepresented habitats were sampled with an additional 21°' sample. Further genetic
sequence information was integrated as a result of an additional eDNA water sampling taking place in
Slovakia. Species lists were generated by sequencing different COl barcode markers.

Benthic diatoms were molecularly investigated by taking two brushed samples for each JDS4 site (left
and right riverbank), and for all sites where sampling was possible (i.e. presence of suitable substrate,
safe entrance to the river, etc.). Species lists were generated by sequencing a 18S as well as a rbcL
barcode marker.

The diversity of benthic organism groups (e.g. meiofauna) traditionally not included in biomonitoring was
the primary focus of the (e)DNA sediment analyses. Such groups include, among others, nematodes,
water mites, ciliates and other protists. The diversity of these groups was molecularly targeted by studying
the hypervariable regions (e.g. V1-V2, V4, V9) of the 18S gene and COI. Furthermore, sediments also
include (e)DNA signals for other, traditionally used groups such as Crustacea, Insecta, Oligochaeta — so
that further species could be added to the site-specific and overall taxa lists. The majority of the official
JDS4 sampling sites were investigated for their benthic community.

Finally, a small ring test was performed on the (e)DNA samples available originating from Austrian and
Slovenian sites where (€)DNA samples were taken. Those comprised eDNA water samples analysed for
fish and MZB, MZB multi-habitat samples analysed as bulk samples and as preservation liquids, as well as
sediment samples. As stated above, sample processing in the ring test was also impacted by the COVID-19
outbreak.

bulk sample preservation liquid environmental DNA
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Figure 1: Overview of (e)DNA-based activities of the three BQEs fish, MZB and diatoms, and the sediment fauna, during JDS4.
Sample types refer to bulk sample (BS), preservation liquid (PL) and environmental DNA (eDNA) taken from water and sediment.
MHS = Multi Habitat Sample; MZB = Macrozoobenthos.
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12.3 Reference library development in JDS4

As stated above, a high proportion of species-level identifications can be achieved only when validated
barcode sequences are available in reference databases. Weigand et al. (2019) showed that this is generally
the case for most MZB groups and for abundant phytobenthos species, and especially for fish. However, on a
European scale, some taxa are less represented in barcode reference databases, in particular Plathelminthes,
Annelida, and Mollusca, but also Ephemeroptera and some groups of Diptera. In the specific case of the
Danubian biota, an independent barcode coverage analysis was performed for fish, MZB and phytobenthos,
relying on JDS3 taxalists and the respective barcode markers used in the BQE-specific DNA metabarcoding
protocols (Table 1). This analysis was meant to flag potential a priori gaps in taxalists, as a result of missing
barcode sequences (i.e. the scenario when a species cannot be identified because of lacking reference
sequence information, although its genetic sequence has been amplified from the sample). Yet, all three
BQEs showed very high (>90% for fish) or high (84% for MZB and 88% for abundant phytobenthos) coverage
values, so that the (e)DNA-based approaches can be expected to be implemented effectively from this
perspective.

In addition, the Zoological Research Museum Alexander Koenig (ZFMK, Bonn, Germany) offered free
reference barcoding through the German Barcode of Life (GBOL; Geiger et al. 2016) project for animals
(i.e. fish and MZB) prior to JDS4. After the end of GBOL Il (June 2019), DNAqua-Net and ZFMK offered
reference barcoding through dedicated workshops and targeted sampling, reducing the remaining barcode
reference gaps. ZFMK will also archive all JDS4 samples in its biobank.

12.4 Biobanking in JDS4

During JDS4 and its preparatory phase, several types of molecular samples were produced: mixed DNA
(eDNA or bulk DNA) from samples analyzed via metabarcoding, as well as DNA and tissue from individual
specimens (used to construct the reference database). After concluding molecular analysis, these samples
will be archived in frozen form and using standardized operating procedures at the Biobank of the ZFMK,
Bonn, Germany.

Thus, JDS4 constitutes the beginning of building a molecular repository for Danube samples. Biobanking
warrants reproducibility of results at all times and holds the potential to later expand the original results
(Astrin et al. 2013). Furthermore, biobanking increases the visibility of collected samples (and thereby of
the project itself) when these are made available to the scientific community. Samples from periodically
repeated surveys constitute an important time series documenting environmental change. When we
accompany this process through proper biobanking, we keep open a window in time that will also allow for
such a comparative perspective at the genetic level.
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Table 1: DNA barcode coverage reports for the Danubian biota of the three BQEs and the sediment fauna molecularly investigated during
JDS4.

: ) Sediment
Organism group Fish Macrozoobenthos  Phytobenthos ,
community
Date of analysis 09.06.2020 09.06.2020 12.06.2020
Species in JDS3 - age 307, of which 52 No TJDS3 checklist
taxalist are abundant available; but
' coverage very
Investigated 125 col 1 88—V4 and rbcL variable for
barcode marker(s) combined individual groups
>90%, but 5 " and the barcode
% .
coverage depending f(jr irlwdiL\J/tiJjgla ©  69% but8swfor ~ markers analysed
. on reference abundant taxa (18Sand COI)
groups
database
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Metabarcoding of macrozoobenthos samples

Arne J. Beermann', Florian Leese’, Till-Hendrik Macher!, Dominik Buchner', Fedor Ciampor Jr'?3,
Zuzana Ciamporova-Zatovicova "*° Marianna Cichova®, Miroslav O&adlik®, Momir Paunovié®, Béla Csanyi’,
Alexander Weigand?®

" Aquatic Ecosystem Research, University of Duisburg-Essen, Germany

2EU COST Action CA15219 DNAqua-Net’

% Zoology Lab, Plant Science and Biodiversity Centre, Slovak Academy of Sciences, Bratislava, Slovakia
* Water Research Institute, National Water Reference Laboratory, Slovakia

° WWF Slovensko, Bratislava, Slovakia

® Department of Hydroecology and Water Protection, University of Belgrade, Serbia

’ Centre for Ecological Research, Danube Research Institute, Budapest, Hungary

8 National Museum of Natural History Luxembourg, Luxembourg

Abstract

DNAmetabarcodingofhomogenisedmacrozoobenthosbulk samples collected by multi-habitatsampling (MHS)
from 46 JDS4 sampling sites, as wellas DNA metabarcoding of their preservation liquid (fixative), was performed.
Both metabarcoding approaches detected more species (333 and 3217) than morphological identification (275)
across all 46 shared Danube and tributary samples. This increase can be mainly attributed to detection of
additional insect species. The most dominant group at all sites was Diptera with Chironomidae being the most
dominant dipteran family in terms of richness. While reaches showed only little variation on higher taxonomic
level, ahighnumberofexclusive species was detected foreach reach. Comparisons between the two DNA-based
andthe morphological identification results revealed a high number of exclusive species for all three approaches
(16-20%) and only a low overlap in detected species (18-33%).

For seven JDS4 sites mainly situated in Slovakia, a comparison of four assessment methods (morphology, bulk
sample, fixative and eDNA water metabarcoding) was performed. Environmental DNA water analysis detected
the highestnumber of families, fixative metabarcoding most of the species. Bulk sample metabarcoding showed
the highest overlap on family and species level with morphology. Yet, each method added a specific proportion of
families and species to the overall biodiversity detected in the Danube and its tributaries.

While all DNA metabarcoding approaches significantly increased the number of detected species in JDS4
individually,theoverallnumberofdetectedspeciescanbemaximisedbycombiningseveralidentificationmethods.
Inthis context, itmustbealso highlightedthat MHS of MZB was installed as an effective monitoring approach, and
not meant to detect as much MZB biodiversity as possible.
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13.1 Introduction

The aim of identifying macrozoobenthos samples using DNA metabarcoding in JDS4 was to investigate the
potential of DNA-based identification methods for assessing Danube’s invertebrate diversity. Different DNA
metabarcoding methods were used (homogenised bulk sample metabarcoding, preservation liquid (fixative)
metabarcoding and water eDNA metabarcoding) and compared to each other as well as to morphological
results. As a more detailed biodiversity assessment, additional water samples were collected and analysed
via eDNA metabarcoding for seven JDS4 sites.

Since DNA metabarcoding analyses of eDNA water were postponed due to the COVID-19 outbreak in early
2020, the present chapter only reports on the results of the DNA metabarcoding of homogenised bulk
samples, preservation liquid and additional eDNA samples from the Slovakian survey.

13.2 Methods

A total of 46 samples were collected for MZB metabarcoding analyses, of which 29 belonged to Danube
sites (upper reach: 9, middle reach: 15, lower reach: 5) and 17 to tributaries. All samples contained organisms
as well as varying amounts of substrate.

13.2.1 DNA metabarcoding of MZB preservation liquid samples

For all bulk samples, 250 mL preservation liquid (first phase ethanol, i.e. the initial ethanol that was used in
the field to preserve specimens) was filtered and DNA captured on a 0.45 pm cellulose nitrate membrane-
filter in the process. Subsequently, DNA was extracted from the filters using a modified salt precipitation
protocol and amplified in a two-step PCR protocol using the degenerate PCR primer pair fwh2n & EPTDr2n,
which are optimised for insect taxa (Leese et al,, 2020). Every sample was amplified in two PCR replicates in
the first step and pooled prior to the second PCR reaction. All steps subsequent to filtration were carried out
in a separate lab room designated to processing eDNA samples including UV light exposure between work
shifts. After sequencing, quality filtering of the retained sequencing reads and clustering into Molecular
Operational Taxonomic Units (MOTUs) of 97% sequence similarity, as well as the initial taxonomic
assignment of MOTUs was carried out using BOLDigger (Buchner and Leese, 2020) and the Barcode
of Life reference sequence database (BOLD). Linnaean species information was assigned to MOTUs in
case at least one published barcode sequence with a similarity of >297% was present in the database. In
case identical Linnaean species information was assigned to several MOTUSs, the respective MOTUs were
combined to a single Linnaean species in all downstream analyses. TaxonTableTools (Macher et al., 2020)
was used for data analysis as well as creating Venn diagrams and Krona charts (Ondov et al,, 2011).

13.2.2 DNA metabarcoding of MZB bulk samples
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From 39 bulk samples, up to 1,000 specimens were randomly subsampled and homogenised to fine powder
before extracting DNA using a magnetic bead-based extraction protocol. The remaining seven samples
contained fewer specimens and were fully processed. In the process of subsampling specimens, molluscs
were sorted from other invertebrates for separate downstream processing. A two-step PCR was carried out
using the primer pair BF3 and BR2 (Elbrecht et al., 2019). For molluscs a modified version of the BF3/BR2
primer pair with higher primer degeneracy was used to minimise the potential of false negative results as
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a result of primer mismatches. In contrast to the preservation liquid samples, two extraction replicates per
sample and invertebrate/mollusc fraction were used, separately amplified and sequenced. Bioinformatic
processing, including taxonomic annotation of MOTUs, was carried out following the same procedure as
described above.

13.2.3 DNA metabarcoding of eDNA water samples (Slovakian survey)

For a subset of 11 sampling sites located on the Slovakian stretch of the Danube (n = 5), at a nearby site
in Austria (1) and in the main tributaries of this part of the Danube (5), 1 litre of filtered water per site was
analysed for eDNA, and MZB diversity assessed by using the primer pair BF3/BR2 targeting COl. eDNA water
samples were collected within five days, and a team of four people performed the complete bioinformatic
analysis within ~2 weeks. In total, comparative data for four methods was available for seven JDS4 sites
(Table 1).

Table 1: Sampling sites of the Slovakian eDNA survey used for methodological comparison.

Site Locality name River Methods compared

JDS4-10 Hainburg Danube eDNA water, eDNA fixative, bulk, morphology
JDS4-13 Devin Morava eDNA water, eDNA fixative, bulk, morphology
JDS4-14 Pecnianska luka Danube eDNA water, eDNA fixative, bulk, morphology
JDS4-16 Medvedov Danube eDNA water, eDNA fixative, bulk, morphology
JDS4-19 Komarno Vah eDNA water, eDNA fixative, bulk, morphology
JDS4-20 Kamenica nad Hronom  Hron eDNA water, eDNA fixative, bulk, morphology
JDS4-21 Salka Ipel eDNA water, eDNA fixative, bulk, morphology

13.3 Results and discussion

13.3.1 DNA metabarcoding of homogenized MZB bulk samples and their preservation liquid

While DNA metabarcoding of homogenised bulk samples resulted in 833 Molecular Operational Taxonomic
Units (MOTUs) and 333 detected species across all 46 samples, 1,147 MOTUs and 321 species were
detected by metabarcoding of the sample fixative. In 163 (bulk) and 491 cases (fixative) MOTUs with the
same taxonomic information were collapsed into one respective entry. While this is appropriate in many
cases to not over split species into molecular derived operational taxonomic entities, it has to be noted that
by doing so, simultaneously information on potential cryptic diversity is omitted. In 12 (bulk) and 18 cases
(fixative) comparing DNA barcodes to reference sequence information resulted in conflicting taxonomic
assignments with more than one species being assigned to a single MOTU. This either indicates reference
sequences of misidentified voucher specimens in the database, taxonomic (yet unknown) synonyms,
species with recent speciation events or hybridization of the respective species in question. In the latter two,
rare cases, DNA metabarcoding is inappropriate to distinguish between respective species. All other MOTUs
lacking annotation of species information reflect a gap in reference libraries, but simultaneously highlight
the further potential of metabarcoding in detecting species once databases are further complemented.
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With both methods, Insecta showed the highest species richness (bulk: 142 species, fixative: 170) across
all 29 Danube sites followed by Oligochaeta (bulk: 33, fixative: 42) (Figure 1). While fixative metabarcoding
detected more dipteran species (136, including 106 Chironomidae species) than bulk metabarcoding (90,
including 80 Chironomidae species), with the latter approach more Trichoptera (19 vs. 2), Amphipoda (10
vs. 4) and Bivalvia species (13 vs. 5) were detected. This deviation can be attributed to the primers used, as
the fixative primers have a negative bias towards the underrepresented taxa, and the source of DNA, as soft-
bodied taxa like dipterans are often overrepresented and sclerotised or hard-shelled taxa underrepresented
in fixative approaches.

In contrast to the different number of samples taken per stream reach, the number of detected species was
equal between upper reach (UR; 151 species) and middle reach (MR; 152 species) in the fixative approach
or even higher in the UR (152 species) than the MR (124) when analysing bulk samples, indicating a general
higher species richness in Danube’s upper reach. Both methods returned the lowest number of species in
the lower reach (LR; bulk: 89, fixative: 81).

The taxonomic composition on a higher taxonomic level varied between Danubian reaches and to a smaller
degree between the two applied methods (Figure 2). While a decline in Insecta species was observed from
the UR (bulk: 65% of all detected species; fixative: 78%) to the MR (51%/59%) and LR (47%/58%), there
was an increase in Oligochaeta species from upstream to downstream (UR: 11%/15%, MR: 22%/25%, LR:
24%/27%). In addition to the differences of taxonomic composition patterns on a higher taxonomic level,
a comparison of shared and exclusive taxa per reach on MOTU level revealed a high number of exclusive
species for each stream reach (Figure 3) with the UR having the highest number of exclusive species. While
this comparison is not independent of the number of samples taken per reach and thus explaining the
lowest number of exclusive species in the LR, it underlines the importance of high taxonomic resolution in
this survey, and the value of upper reaches for aquatic biodiversity in general.

13.3.2 Comparison of morphological and DNA metabarcoding results
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Both homogenised bulk sample and fixative metabarcoding detected more species (333 and 321) than
morphological identification (275) across all 46 shared Danube and tributary samples (Table 2), which can
be mainly attributed to an increase in detected insect species (bulk: +70 species; fixative: +82). In contrast,
morphological identification performed better at determining Gastropoda (28) than both other approaches
(bulk: 17; fixative: 12). The comparison of all three methods showed a high number of exclusively detected
species per method (Figure 4) rendering a complementary approach ideal for capturing more of Danube’s
macroinvertebrate diversity. It has to be noted that morphological identification shared more detected
species with bulk (143) than fixative (106) metabarcoding, but that the two DNA-based methods shared
significantly more detected species (197) and that the total number of detected species was increased
to 463 when combining both metabarcoding approaches. While the number of species detected with
DNA-based identification methods will further increase with complementing reference databases, in which
on a European scale specific taxa are underrepresented (e.g. Plathelminthes, Annelida, Mollusca; Weigand
et al. 2019), DNA-based identification methods will remain uninformative on specimen sex or life stage.
Finally, it has to be noted that samples for morphological and DNA-based identification were separately
taken but originate from the same sites and sampling events. Nevertheless, some differences in sample
community composition are expected independently of the applied identification method.
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13 METABARCODING OF MACROZOOBENTHOS SAMPLES
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Figure 1: Taxonomic composition of JDS4 macrozoobenthos communities of 29 Danube sites (tributaries not included) derived by
DNA metabarcoding of the homogenised bulk samples (top) and the preservation liquid (bottom). The figure is based only on MOTUs
with available species-level information. Higher taxonomic levels are collapsed to the lowest taxonomic level containing more than one

sub-taxon (e.g., in the bottom chart Annelida is collapsed to Clitellata since all Annelida OTUs are assigned to Clitellata).
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Figure 2: Taxonomic composition of JDS4 macrozoobenthos communities derived by DNA metabarcoding of homogenised bulk samples (top)
and the preservation liquid (bottom) separated into upper reach (UR), middle reach (MR) and lower reach (LR) as well as tributaries.
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Figure 3: Shared and exclusive number of species between the upper reach (9 sites), middle reach (15) and lower reach (5) of all 29
Danube sites.
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Table 2: Number of detected species per method in JDS4 across all 46 shared sites (29 Danube, 17 tributaries).

Higher Taxon Taxon Morphology Bulk samp.le Fixative . Bqu+ﬁxati\.le
metabarcoding*  metabarcoding  metabarcoding
Annelida Hirudinea 7 5 2 5
Annelida Oligochaeta 44 37 46 52
Annelida Polychaeta 1 1 0 1
Arthropoda Acari 0 2 0 2
Arthropoda Branchiopoda 0 4 8 10
Arthropoda Copepoda 0 4 3 6
Arthropoda - Insecta Coleoptera 11 20 14 24
Arthropoda - Insecta Diptera 68 118 174 199
Arthropoda - Insecta Ephemeroptera 21 23 21 29
Arthropoda - Insecta Hemiptera 5 6 3 7
Arthropoda - Insecta Megaloptera 1 2 2 2
Arthropoda - Insecta Neuroptera 0 3 2 4
Arthropoda - Insecta Odonata 11 6 2 6
Arthropoda - Insecta Plecoptera 2 2 6 7
Arthropoda - Insecta Thysanoptera 0 1 0 1
Arthropoda - Insecta Trichoptera 28 36 5 36
Arthropoda - Crustacea Amphipoda 14 14 5 14
Arthropoda - Crustacea Decapoda 2 2 2 3
Arthropoda - Crustacea Isopoda 3 3 0 3
Arthropoda - Crustacea Mysida 2 3 1 3
Arthropoda Ostracoda 0 1 5 5
Bryozoa 0 3 2 4
Cnidaria 0 1 0 1
Mollusca Bivalvia 17 16 5 16
Mollusca Gastropoda 28 17 12 19
Nematoda 6 0 0 0
Nemertea 0 1 0 1
Platyhelminthes 4 0 0 0
Porifera 0 0 1 1
Rotifera 0 2 0 2
Total 275 333 321 463

* For bulk sample metabarcoding 1,000 specimens per sample were used (7 samples contained less than 1,000 specimens).
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Figure 4: Shared and exclusive number of species identified by morphology, homogenised bulk metabarcoding and fixative metabarcoding
across 29 Danube and 17 tributary samples.

13.3.3 Slovakian eDNA survey

The four-method comparison at seven sites revealed a total of 353 Linnaean taxa in 95 families, of which 278
(79%) were assigned to species level. The eDNA water analysis detected the highest number of families (n =
56), followed by morphological identification and bulk sample metabarcoding (both 53), less so by the eDNA
fixative approach (35). In particular, several families of Branchiopoda, Cnidaria, Plathelminthes and Bryozoa
have been almost exclusively added by eDNA metabarcoding of water samples. The malperformance of the
fixative approach on family level can be best attributed to a strong primer bias, also negatively influencing
the molecular discovery of gastropods, bivalves and caddisflies, which all were much underrepresented
in the fixative dataset. On the contrary, eDNA metabarcoding of the fixative generated the most species
level hits (n = 139), closely followed by bulk sample metabarcoding (133). Fewer species were detected by
eDNA water metabarcoding (101) and morphological identification (98). Each method added a very high
proportion of exclusive taxa to the overall detected biodiversity of the seven investigated sites (max. 35
families for eDNA metabarcoding of water and 49 species for fixative metabarcoding), but likewise missed
some MZB diversity present in the Danube and its reaches (Figure 5). The increased number of species
detected by fixative and bulk metabarcoding can be primarily attributed to additional species detected within
Diptera (particularly Chironomidae) and Oligochaeta (particularly Naididae), as well as Ephemeroptera and
Trichoptera. On the other hand, morphological identification particularly added species of Odonata, Bivalvia
and Coleoptera as well as some Diptera (Chironomidae, Simuliidae) and Trichoptera to the overall taxalist.
However, it must be highlighted that MHS was not designed to capture most of the MZB diversity, but to
provide robust ecological assessment data.
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13 METABARCODING OF MACROZOOBENTHOS SAMPLES
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Figure 5: Venn diagrams of the four-method comparison at seven JDS4 sites for the taxonomic levels family and species.
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13.4 Conclusions

- Both metabarcoding methods detected a high number of Linnaean species (bulk sample: 333; fixative:
321), in particular additional oligochaetes and chironomids, but partly also additional caddisflies,
stoneflies and mayflies were detected

- Analysis of eDNA in water particularly added further meiofaunal species

- When compared to morphological identification, gastropod and odonate species were underrepresented
in DNA-based taxalists

- Morphological identification, bulk sample, fixative and eDNA water metabarcoding all detected a large
proportion of methodologically exclusive families and species

- Bulk sample metabarcoding results had the highest species-level overlap with morphology-based results

- Conflicting taxonomic results can provide effective feedback loops and mark the start for further
taxonomic investigations

- Methodological restrictions for DNA-based assessments (such as primer bias and availability of barcode
references) have to be understood and taken into account for upcoming surveys
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Abstract

Water samples were collected at 29 Danubian River sites and 18 tributaries, and their fish environmental DNA
(eDNA) contents were analysed by DNA metabarcoding. Intotal, 80taxa were detected, of which 19 corresponded
mainly to farmed fish or food fish due to eDNA release in waste waters. Of the remaining 61 taxa, 50 taxa were
identified at the species level, six taxa comprised two to three species of the same genus, and five taxa two to
three species of different genera. From the Danube River, 50 taxa were detected both by eDNA and traditional
fish surveys (TFS), nine only by TFS and eight only by eDNA — notably including several sturgeon species. The
relativeabundance of sequencereads persiteallowedto describe thelongitudinal structure of the fishcommunity
efficiently. The calculation of a fish index, based on the common metrics used to intercalibrate national fish-
assessment methods at the European scale, classified most sites as of moderate ecological status.
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14.1 Introduction

In complement to the traditional fish survey along the Danube, a fish eDNA metabarcoding-based survey
was implemented along the Danube River at 20 sites within the framework of the monitoring programme
organised by DNAgua-Net. In addition, a collaboration with the Interreg “"MEASURES" program (DTP2-038-2.3)
coordinated by BOKU University (Institute of Hydrobiology and Aquatic Ecosystem Management, Vienna)
and with support from the Austrian Federal Ministry of Agriculture, Regions and Tourism (BMLRT) and
the OK-IAD (Osterreichisches Komitee der Internationalen Arbeitsgemeinschaft Donauforschung) allowed
sampling to take place at 9 and 17 additional sites on the Danube and its main tributaries, respectively (see
legend Fig. 1).

14.2 Methods

The 29 sampling sites on the Danube were chosen in such a manner that the average distance between
sites was 99.2 km (standard error: 26.0 km; range: 38-149 km). This distance is sufficient to avoid potential
influence of eDNA transported downstream from one site to the next (Pont et al., 2018). For the same reason,
sampling sites were not located within several tens of km downstream of the confluence of a major tributary.
Sites were sampled between June 29 and July 19, 2019, except for one site near Vienna (August 6). During
the same period, 18 tributaries were sampled 5-10 km upstream of their confluence with the Danube. Due
to absence or low DNA amplification obtained from some samples, the Inn River site was re-sampled in May
2020 and samples collected by us at JDS4-10 in July 2017 were used. Two water samples were collected
at each site using a peristaltic pump and the water filtered in situ (VigiDNA 0.45 um crossflow filtration
capsule, SPYGEN), with disposable sterile tubing. The mean filtration time per sample and the mean water
volume filtered were 22.34 min and 28.73 L (3 to 40 L), respectively, depending on the clogging speed of the
filtration capsule. At the end of each filtration, the water in the capsule was drained and the capsule was
refilled with 80 mL of conservation buffer CLT (SPYGEN) to prevent eDNA degradation. DNA extraction,
amplification using teleo primers (Valentini et al., 2016), high-throughput sequencing and bioinformatic
analysis were performed following the protocol described in Pont et al. (2018) except for filters applied
to rare species. Twelve PCR replicates were performed per sample. To monitor possible contaminants,
negative extraction controls and negative PCR controls (ultrapure water) were amplified and sequenced
in parallel to the samples. Library preparation and sequencing were performed at Fasteris (www.fasteris.
com) and sequence reads analysed using OBITools package (Valentini et al., 2016, Milhau et al.,, 2020). The
local marker reference database used for taxa identification included most of European freshwater fish
species (Valentini et al.,, 2016, and complementary data to be published). This database is freely accessible
for scientific purposes and licensed for commercial purposes. The taxonomical nomenclature refers to
Kottelat and Freyhof (2007). The total number of sequence reads per sample were standardized to allow a
comparison between sites in terms of relative abundance (Pont et al., 2018).

The comparison of the list of species/taxa detected by TFS (mainly electrofishing, Bammer et al., JDS4
data) and eDNA-based method considered all the samples collected along the Danube River itself. The
comparison between the species relative abundance obtained by both methods considered the 13 common
Danubian sites (i.e. distance between TFS and eDNA sites no more than three kilometres) (see legend Fig. 1).

As a preliminary attempt to assess Danubian sites on the basis of eDNA samples, the mean value of the
two common metrics used to intercalibrate the eight national fish assessment methods in the Danubian
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and Lowland-Midland Geographic Intercalibration Group (Pont et al,, 2011) were used to compute a fish
index based on eDNA data for the Danube River and its tributaries (except the Inn River), according to the
European Water Framework Directive (Council of the European Communities, 2000). These two metrics,
issued from the European fish Index (EFI, Pont et al., 2009), were the density of oxygen depletion intolerant
species and the number of species requiring a rheophilic reproduction habitat. A correspondence was noted
between the list of species belonging to these two ecological guilds and the list of eDNA taxa (Pont et al.,
2019). The thresholds between High/Good and Good/Moderate ecological classes were the median values
of the official threshold values used to check comparability between the national assessment methods
in the intercalibration process (Pont et al., 2011). The indication of the ecological status based on TFS
data was calculated at the 13 sites in common with eDNA sites, using the same assessment method. All
statistical analyses were conducted in R, version 3.3.3 (R Core Team, 2018).

14.3 Results and discussion

14.3.1 Species inventory

No DNA amplification could be obtained from the Inn river samples, although additional eDNA testing was
re-run to ensure no inhibition. Sites downstream of its confluence in Austria (in particular JDS4-6 and JDS4-
10) also showed a very low number of detections compared to other sites. At its confluence, the Inn has
a mean discharge normally comparable to that of the Danube, and probably much higher at the sampling
period due to an exceptional flood (end June 2019) in association with the high loads of suspended solids
owing from melting water from snow and glaciers. Such a dilution effect probably led to a decrease in eDNA
concentration at the downstream sites. Inversely the samples collected at the Inn River site in May 2020
and at site JDS4-10 (Hainburg) in August 2017 allowed for the detection of a number of taxa comparable
to the other Danubian sites.
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Table 1: List of taxa detected. *: Species absent from the Danube catchment are excluded.

Species Names Abbreviations Species Abbreviations

List of taxa corresponding to a single species

Abramis brama Abr_bra Neogobius fluviatilis Neo_flu
Acipenser ruthenus Aci_rut Neogobius melanostomus Neo_mel
Acipenser stellatus Aci_ste Oncorhynchus mykiss Onc_spp
Alburnoides bipunctatus Alb_bip Perca fluviatilis Per_flu
Alburnus alburnus Alb_alb Perccottus glenii Per_gle
Ameiurus melas Ame_spp Phoxinus phoxinus Pho_pho
Anguilla anguilla Ang_ang Ponticola kessleri Pon_kes
Aspius aspius Asp_asp Proterorhinus semilunaris Pro_sem
Babka gymnotrachelus Bab_gym Pseudorasbora parva Pse_par
Barbatula barbatula Bar_bar Pungitius platygaster Pun_pla
Barbus barbus Bar_bab Rhodeus amarus Rho_ama
Benthophiloides brauneri Ben_sp Romanogobio uranoscopus Rom_ura
Cobitis elongatoides Cob_elo Rutilus rutilus Rut_rut
Cottus gobio Cot_sp Rutilus virgo Rut_vir
Cyprinus carpio Cyp_car Sabanejewia balcanica Sab_bal
Esox lucius Eso_luc Salmo trutta Sal_tru
Gambusia holbrooki Gam_hol Scardinius erythrophtalmus Sca_ery
Gasterosteus aculeatus Gas_acu Silurus glanis Sil_gla
Hucho hucho Huc_huc Squalius cephalus Squ_cep
Hypophthalmichthys nobilis Hyp_nob Syngnathus abaster Syn_sp
Lampetra planeri Lam_spp Thymallus thymallus Thy_thy
Lepomis gibbosus Lep_gib Tinca tinca Tin_tin
Lota lota Lot_lot Umbra krameri Umb_kra
Misgurnus fossilis Mis_fos Zingel streber Zin_str
Mugil cephalus Mug_cep Zingel zingel Zin_zin

List of taxa corresponding to several species from the same genus

Acipenser gueldenstaedtii / A. naccarii Aci_1
Alosa immaculata / A. tanaica Alos_2
Carassius carassius / C. auratus / C. gibelio Car_spp
Gymnocephalus baloni / G. cernua / G. schraetser Gym_spp
Salvelinus alpinus / S. fontinalis / S. namaycush Sal_spp
Sander lucioperca / S. volgensis San_spp

List of taxa corresponding to several species from different genera *

Telestes souffia / Chondrostoma nasus Cypr_1
Hypophthalmichthys molitrix / Ctenopharyngodon idella Cypr_2
Ballerus sapa / Blicca bjoerkna / Vimba vimba Cypr_3
Gobio gobio / Romanogobio albipinnatus / R. kesslerii / R. vladykovi Cypr_4
Leuciscus idus / L. leuciscus / Pelecus cultratus Cypr_5
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80 taxa were detected from a total of 35,060,453 sequence reads. At nine sites, 19 taxa (4.7% of the total
number of reads), unknown in the Danube and its tributaries, were food or farmed fish (15 species of
marine fish, Salmo salar, Coregonus sp., Clarias gariepinus) and one species of tropical gobiid Sicydium altum
belonging to a genus used in aquaria). Only three from these nine sites receiving wastewater from large
cities had more than one of these taxa: Arges and Russenski Lom tributaries, Vienna site (respectively six,
six and seven taxa). Salvelinus species and Oncorhynchus mykiss are food fish but also stocked in many
water bodies within the upper Danube catchment. One occurrence of Alosa spp. on the Upper Danube
(Oberloiben site) had been also omitted. Of the remaining 61 taxa, 50 taxa were identified at the species
level, six taxa corresponded to two to three species of the same genus, and five taxa two to three species of
different genera (Table 1). For the Danubian study sites, we considered four taxa (Lam_spp, Cot_sp, Syn_sp
and Ben_sp) as only representative of Lampetra planeri, Cottus gobio, Syngnathus abaster and Benthophiloides
brauneri because of the fish fauna composition in the Danube catchment. A total of 61 taxa were detected,
corresponding to 61 to 79 species (i.e. some taxa group several species known to be present in the Danube
River). In comparison, the total species richness in the Danube catchment and the Danube River itself were
estimated as 115 and 79 species, respectively (Sommerwerk et al., 2009, Kottelat and Freyhof, 2007). 55 of
the 67 taxa were common to the Danube and all the 17 sampled tributaries.

14.3.2 Longitudinal organisation of fish communities

The longitudinal distribution of fish species (Fig. T and 2) showed a succession of species from upstream
to downstream. For example, B. barbatula, C. gobio, H. hucho, L. planeri, P phoxinus and T. thymallus, were
restricted to the Upper Danube whereas A. ruthenus, N. fluviatilis, S. ballerus, S. erythrophtalmus, were detected
from Vienna to the Danube River mouth. Abramis brama, A. alburnus, C. carpio, S. glanis, S. sp, Z. streber were
detected all along the river course; Alosa spp. and S. abaster downstream from the Iron Gate; A. stellatus and
U. krameri only on the most downstream site (Danube delta). The species richness tended to increase from
upstream to downstream whereas the diversity showed a sharp decrease from downstream Pancevo (rkm
1157) to upstream Timok (rkm 849), including the Velika Morava River (Fig. 3).

According to eigenvalues associated with a principal component analysis (Fig. 4), the first principal
component explained 28.8% of the total inertia and allowed to distinguish three sections along the Danube:
from the source to Ulm (site JDST1), the next 706 km to Hainburg-Upstream Morava (site JDS4-10, limit of
the Upper Danube), and the Lower Danube with a gradual change in fish assemblages towards the delta.
These results confirm the main change in fish community between Upper and Middle Danube reaches
(Er6s et al, 2017).

The coordinates of the tributaries on the first principal component, as additional individuals, followed a
longitudinal pattern like that of the Danube itself (Fig. 4). Nevertheless, fish communities of the Traun and
Enns rivers in Austria were closer to the fish assemblage of the Danube further Upstream. The Arges and
Russenski Lom tributaries were quite distant from the Lower Danubian sites.
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Figure 1: Relative abundance of the 57 taxa detected along the Danube River, from rkm 18 to rkm 2796. The size of the square is a
function of the relative abundance of the corresponding taxa in the sample at a given site (see Table 1 for corresponding taxa names).
The sites are located at rkm: 2796, 2686, 2588 (JDS4-1), 2497 (JDS4-2), 2415 (JDS4-3%), 2282 (JDS4-4), 2120 (JDS4-7), 2007 (JDS4-8%),
1920, 1882 (JDS4-10), 1790 (JDS4-18%), 1707 (JDS4-22%), 1660 (JDS4-23%), 1560 (JDS4-26), 1434 (JDS4-29%), 1300 (JDS4-37%), 1216,
1157 (JDS4-37%), 1071 (JDS4-40%), 954, 849 (JDS4-41%), 700, 586, 488 (JDS4-47%), 375 (JDS4-48%), 235, 130 (JDS4-50%), 18 (JDS4-51).

*JDS sites in common with TFS.
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Figure 2: Relative abundance of the 59 taxa detected along the 18 tributaries of the Danube River (rkm 72 to rkm 2497). The size of the
square is a function of the relative abundance of the corresponding taxa in the sample (see Table 1 for corresponding taxa names).
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Figure 3: Changes in species richness and diversity (Shannon Index) along the Danube (red) and in major tributaries (blue). Tributary
names from upstream to downstream: Lech (Le), Isar (Is), Inn (In), Traun (Tr), Enns (En), Morava (Mo), Raab (Ra), Hron (Hr), Ipel (Ip), Drava
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Figure 4: Longitudinal changes in site coordinates on the first axis of a principal component analysis
(log-transformed standardized number of reads per taxa).
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14.3.3 Comparison with JDS4 traditional fish survey (TFS)

69 and 57 species/markers were detected along the Danube River by the TES and eDNA surveys, respectively,
and 50 of these taxa were detected by both methods. The eDNA method identified 39 of them at the species
level, and the remaining 11 at a higher taxonomic level (mainly genus, see Table 1). Nine species were
captured by TFS alone: except for Ballerus ballerus, Barbus peloponnesius and Ameiurus nebulosus, no eDNA
markers were available in the utilised reference library for the six remaining species (Alburnus chalcoides,
Clupeonellacultriventris, Eudontomyzondanfordi,Eudontomyzonmariae, Neogobiuseurycephalus,Sabanejewia
bulgarica) — hence a detection on species level was methodologically not possible. At the opposite, eight
species were only detected by eDNA. Except for the Salvelinus group, these were all benthic species, which
are difficult to catch by electrofishing in large rivers (Acipenser ruthenus, Acipenser stellatus, Benthophilus sp.,
Romanogobio uranoscopus, Sabanejewia balcanica, Umbra krameri).

Comparing the relative abundance (based on individuals or biomass, respectively, sequence reads) of
several dominant fish taxa at the 13 common sites differed between TFS and eDNA methods (Fig. 5). While
A. alburnus was the dominant species from TFS samples, both in terms of abundance (58.7%) and biomass
(40.3%), this sub-surface species represented only 3.3% of the total number of eDNA reads. At the opposite,
benthic species such as N. melanostomus, B. gymnocephalus, P kessleri and Z. streber were more abundant
in eDNA samples (respectively 31.2%, 10.5%, 4.2% and 1.7%). Other species (e.g. Abramis brama, Alosa spp.)
showed a similar pattern.
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Figure 5: Mean relative abundance of taxa detected by eDNA (blue).
Mean relative abundance (orange) and mean relative biomass (grey) of species caught by TFM.
Only the 26 most abundant species (> 1%) detected among the 13 common Danube sites are individually represented.
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14.3.4 Fish-based assessment using eDNA data

142

The indicative ecological status of the Upper Danube, calculated with eDNA data, was always moderate (Fig.
6). It improved in the Middle Danube (Slovak border to upstream Belgrade) with 3 of the 5 sites classified
as Good. From downstream Belgrade to the Iron Gate, the situation deteriorated with sites classified as
Moderate or Poor. The situation remained similar downstream but improved significantly in the last 300
river km. All tributaries were classified as moderate, except for the Raab River (Good), the Isar river (Poor)
and the Russenki Lom River (Poor). Three sites are ranked in good status (High, Good) by eDNA instead of
degraded (Moderate, Poor), due to the highest relative abundance of benthic oxygen intolerant species (Z.
streber, P marmoratus). Comparison of indicative ecological status calculated using the same assessment
method from TFS and eDNA data at the common Danube sites showed a similar classification for six of the
13 sites and a difference of one class for the remaining seven sites (Table 2).

Table 2: Comparison of ecological status calculated using the same method from TFS and eDNA data at the 13 common Danube sites.

TFS eDNA
Site_code Site River_km Index Class Index Class
value value

JDS4-3 Kelheim 2415 0.445 4_poor 0.628 3_moderate
JDS4-8 Oberloiben 2007 0.542 3_moderate  0.646 3_moderate
JDS4-18 Gonyu 1790 0.639 3_moderate  0.726 3_moderate
JDS4-22 Szob 1707 0.631 3_moderate  0.768 3_moderate
JDS4-23 US_Budapest 1660 0.684 3_moderate  0.792 2_good
JDS4-29 Hercegszanto 1434 0.733 3_moderate  0.829 2_good
JDS4-31 llok_Backa_Palanka 1300 0.668 3_moderate  0.733 3_moderate
JDS4-37 Downstream_Pancevo 1151 0.842 2_good 0.594 3_moderate
JDS4-40 Banatska_Palanka 1071 0.723 3_moderate  0.598 3_moderate
JDS4-41 Upstream_Timok 849 0.617 3_moderate  0.471 4_poor
JDS4-47 Downstream_Ruse 488 0.769 3_moderate  0.637 3_moderate
JDS4-48 Chiciu_Silistra 375 0.726 3_moderate  0.403 4_poor
JDS4-50 Reni 130 0.69 3_moderate  0.844 2_good
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Figure 6: eDNA fish-based ecological assessment of the Danube River.

14.3.5 Comparison of eDNA markers and reference libraries for fish

A second eDNA survey was performed at eight sites in the Lower Reach of the Danube. Environmental
DNA water samples were taken as two site replicates and the fish community investigated via the 12S
marker gene using the Teleo primers (as in the first eDNA survey), respectively, MiFish primers (Miya et al,,
2015). Taxa were taxonomically annotated using the EMBL vertebrate v144 database, respectively, a local
European freshwater fish 12S MiFish database. A species match was accepted in case a taxon had = 97%
sequence identity and more than 0.01% of reads per sample and within the overall dataset.

The results clearly demonstrate that the choice of primer and reference database are important aspects
for the interpretation of the eDNA-based ecological assessment. In the optimal case, all species detections
are congruent between different primer combinations and reference databases used. However, in reality,
different primer pairs can taxonomically resolve or amplify species differently. As such, Tinca tinca, Umbra
krameri, Sicydium altum, Benthophilus sp., Cobitis elongatoides, Acipenser ruthenus, A. stellatus, Perccottus
glenii, Neogobius fluviatilis, Zingel streber and Z. zingel were only detected using Teleo-primers and the local
reference database of the first eDNA survey, whereas e.q. Atherina pontica, Carassius auratus, C. gibelio,
Hypophthalmichthys molitrix, Gymnocephalus cernua, G. baloni, Ballerus sapa, Blicca bjoerkna, Leuciscus idus,
Rutilus virgo, Sander lucioperca and S. volgensis were only resolved on species level or detected at all by
the MiFish primers. Furthermore, different reference libraries can contain synonyms (e.g. Aspius aspius /
Leuciscus aspius, Syngnathus caspicus / S. abaster) or outdated taxonomic annotations (e.g. Proterorhinus
semilunaris / P marmoratus, Rhodeus sericeus amarus / R. amarus) leading to initially conflicting results.
Finally, the MiFish primers in combination with the 12S EU reference library suggested a larger number
of currently unknown fish species for the Danube catchment, whose taxonomic annotation and origin (i.e.
eDNA trace) has to be checked further.

Thus, to increase data robustness, results should be (and were) compared with traditional fish surveys
(former and present data) to check for their plausibility.
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14.4 Conclusions

- eDNA metabarcoding produced similar results and ecological status assessments when compared to
traditional electrofishing data

- eDNA-based assessment was particularly suitable for benthic fish species difficult to catch by
electrofishing in large rivers

Traditional abundance data and relative abundances inferred from eDNA sequence reads were not
comparable, but both produced plausible longitudinal successions of fish communities along the
Danube River

- eDNA traces originating from wastewater treatment plants, farming or gaming fish species artificially
increased the list of fish species detected in the Danube catchment

occasional flooding events or high pollution levels (via inhibition) can (locally) prohibit successful eDNA
metabarcoding application

- eDNA metabarcoding surveys for fish based on different primer pairs and reference databases can lead
to contrasting species list. A harmonized eDNA approach and completed fish reference library must be
envisaged for JDS5
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Abstract

Phytobenthos samples were collected at 69 sites during JDS4. Whenever possible, samples were obtained
from both riverbanks and analysed by DNA metabarcoding with two markers, 18SV4and rbcL. The genera with
the most Sequence Units were Nitzschia, Navicula, Sellaphoraand Amphora. Themost abundant species were
Navicula cf. ramosissima, N. tripunctata and Melosira varians. Community composition shows only a weak
longitudinal pattern when sorted by reach or river typology, but correlated well with temperature, dissolved
oxygen, total organic carbon and conductivity. In several cases, communities obtained from the right and left
riverbank at a given JDS4 site were quite different. In conclusion, although DNA metabarcoding identified less
taxaatspecieslevelthanclassicallight microscopy during JDS4because of gapsinbarcode referencelibraries,
the unassigned and hidden diversity present in the DNA-based datasets (i.e. intraspecific genetic diversity
or morphologically cryptic lineages) help to better understand the impact of environmental variables and to
describe community composition. So far, the metabarcoding approach was able to reveal 78% of all the most
abundant diatom species identified in JDS2, 3and 4, as well as six of the seven dominant taxa identified by light
microscopy in JDS4. However, more complete reference databases and adjusted sampling designs will allow
higher proportions of species-level matches in the future.
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15.1 Introduction

This chapter shows the results of the metabarcoding analysis for the 18SV4 and rbcL markers. The
metabarcoding approach could potentially provide a more objective, faster and less expensive way of
identifying species at a higher taxonomic resolution for more refined diatom diversity assessments
than possible by only using the traditional method. So far, no DNA metabarcoding studies have been
conducted across the largest river systems in Europe, such as in the Danube or the Rhine, despite the
fact that this method can potentially provide a faster and more reproducible way in characterizing diatom
communities for their use in ecological assessment, complementing the microscopy-based method.

15.2 Methods

Benthic diatoms were sampled from 29 June 2019 up to 2 weeks (except for JDS4-5L, which was sampled
in September) following the European standard (EN 13946:2014, CEN, 2014). For details on the sampling
procedure, please refer to Chapter 7. The 69 bulk DNA metabarcoding samples were preserved with 97%
ethanol (final concentration approximately 70%) as well as deep-frozen as fast as possible to protect the
DNA from degradation in long term storage (Stein et al., 2013).

Samples were defrosted and pellets of biofilms were prepared by centrifuging between 2 and 4 ml of
the initial biofilm suspension at 3x g for 30 min. DNA extraction was performed using the Macherey &
Nagel NucleoSpin® Soil kit (MN-Soil) following the manufacturer’s instructions. Two molecular markers
were amplified by PCR, the nuclear-encoded V4 region of the 18S rRNA gene according to Visco et al.
(2015) and a fragment of the plastid rbcL gene according to Vasselon et al. (2017). Three PCR replicates
were performed for each sample. Library preparation was performed following Mora et al. (2019). The
libraries were quantified with the Qubit® dsDNA HS (High Sensitivity) Assay Kit, quality checked on the
Agilent Tapestation and sequenced on a MiSeq machine using paired-end sequencing for 600 cycles with
Standard kit v3. Sequencing was performed at the BGBM in the BeGenDiv consortium on the Illumina
MiSeq platform.

lllumina sequence reads were processed with the MetBaN pipeline (Proft et al., 2017, Bailet et al., 2019)
for the 18SV4 marker, clustering reads into Molecular Operational Taxonomic Units (MOTUs) at a 3-bp
(base-pair) distance, equivalent to a 1% dissimilarity threshold. Sequences were considered assigned to
species level if they showed genetic similarities of 299% to a reference sequence. For rbcl, the software
package DADA2 (Callahan et al, 2016), which generates Amplicon Sequence Variants (ASVs), was
adapted to process HTS diatom data as used in Tapolczai et al. (2019) and is available on Github (https://
github.com/fkeck/DADA2_diatoms_pipeline). MOTUs and ASVs obtained from both markers are referred
to as Sequence Units (SUs) (see Bailet et al., 2020).

Non-metric multidimensional scaling (NMDS) was performed on the molecular dataset, using Bray—Curtis
dissimilarity index to study the pattern of diatom assemblages. Sites were grouped by river typology
and analysis of similarities (ANOSIM) was conducted. It tests whether the similarity between groups is
different from the similarity within the groups. The test statistic R varies between -1 and 1 where higher
values indicate higher similarity within sites than between sites.
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15.3 Results and discussion

15.3.1 DNA-based species and genus level annotations

The 69 phytobenthos samples analysed resulted in 11,748,888 quality-filtered reads for the 18SV4
marker from a total of 179 replicate-samples from one sequencing run, with diatoms being the dominant
algal group, representing 63.7% of those sequence reads. These reads were clustered into 22,246 SUs
of diatoms. From those, 5,539 SUs were identified at the species level corresponding to 162 individual
diatom species within 60 genera (Table 1).

Two sequencing runs of 309 replicate-samples for the rbcl. marker resulted in 12,051,653 high-quality
reads corresponding to 2,694 SUs. 2% of the reads could not be affiliated to diatom classes. After post-
bioinformatic treatment (taxonomy, SU read number and length control, rarefaction), the number of reads
was reduced to 11,741,533 (1,617 SUs), with 33 replicate-samples excluded from the analyses.

For 18SV4, the genera with most SUs per genus assigned to species level were Nitzschia, Navicula and
Amphora (Table 1). Regarding rbcL, the genera with the most SUs were also Nitzschia and Navicula, but
also Gomphonema. Some genera were detected by a single marker only, but most often consisted of a
single species each. Two notable exceptions refer to Fallacia (3 species) and Iconella (4), which were
only detected by rbcL. The majority of genera revealed by both markers are predominantly benthic, e.g.
Achnanthidium, Cocconeis, Nitzschia, Navicula, and Planothidium, which is in accordance with the sampled
environment.

One of the limitations that hinders the taxonomic assignment of more SUs down to species level are
gaps in DNA barcode reference libraries. These gaps or lack of reference sequences are particularly large
for diatoms, compared to fish or plants. Only 15% of the diatom species present in Europe have at least
one sequence of the barcoding markers rbcl or 18SV4. However, the most common benthic species
in freshwater monitoring are better represented in reference libraries, reaching 70% by both markers
(Weigand et al., 2019). For the Danube catchment and based on the JDS3 diatom species list, 69% of the
307 taxa and 88% of the 52 most abundant taxa have available 18S or rbcL barcode reference data (see
Chapter 12).
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Table 1: Number of species per genus after taxonomic assignment of Sequence Units with 18SV4 reference sequences from the
Nucleotide Sequence Database of EMBL, as well as rbcl Sequence Units with Diat.barcode (Rimet et al.,, 2019), a curated barcode library
for diatoms. Species number based on 18SV4 is given first, followed by rbcL.

Genus

Acanthoceras
Achnanthes
Achnanthidium
Adlafia
Amphipleura
Amphora
Anomoeoneis
Asterionella
Aulacoseira
Brachysira
Brebissonia
Caloneis
Campylodiscus
Cocconeis
Conticribra
Craticula
Cyclostephanos
Cyclotella
Cymbella
Cymbopleura

Denticula
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Species

Genus

Diadesmis
Diatoma
Diploneis
Discostella
Ellerbeckia
Encyonema
Encyonopsis
Entomoneis
Epithemia
Eunotia
Fallacia
Fistulifera
Fragilaria
Fragilariforma
Fragilariopsis
Frustulia
Gedaniella

Geissleria

Gomphonema

Gyrosigma

Halamphora

Species
01
213
01
213
01
316
013
01
112
214
013
411
614
110
0|1
111
110
112
7113
T11
213

Genus

Hannaea
Hantzschia
Haslea
Hippodonta
Iconella
Karayevia
Lemnicola
Lindavia
Luticola
Mayamaea
Melosira
Meridion
Nanofrustulum
Navicula
Neidium
Nitzschia
Parlibellus
Pauliella
Pinnularia
Placoneis

Planothidium

Species
01
212
110
111
014
01
111
01
112
113
111
01
011
12119
112
19130
01
210
5|7
211
415

Genus

Pleurosigma
Pleurosira
Psammodictyon
Psammothidium
Punctastriata
Reimeria
Rhoicosphenia
Rossithidium
Sellaphora
Skeletonema
Stauroneis
Staurosira
Stephanodiscus
Surirella
Tabularia
Thalassiosira
Tryblionella
Ulnaria

Urosolenia

Species
011
211
011
112
110
111
111
110
617
212
211
214
314
613
111
414
213
212
0|1



15.3.2 Longitudinal variation of community composition and relative frequencies of species

In order to analyse general changes in the phytobenthos community structure, metabarcoding data were
Hellinger transformed and non-metric multidimensional scaling (NMDS) was performed using the Bray-
Curtis dissimilarity index. Sites were then grouped based on being situated in similar river typologies (type
1-9). Analyses of similarities (ANOSIM) were conducted based on the 18SV4 and rbcL datasets. In both
cases, similarities within river type groups are significantly greater (p<0.01) than similarities between
groups (Figure 1). The R-value is however higher for the rbcL data set (R=0.23) than for 18SV4 (R=0.17).

According to 18SV4, the most abundant species in the Danube main channel were Navicula sp. 1 (according
to assignment data most likely N. cf. ramosissima with some uncertainty), N. tripunctata, N. antonii and
Gomphonema minutum, reaching relative abundances > 5% in at least one of the reaches (Table 2). In
the tributaries, Navicula cf. ramosissima and N. tripunctata were also found in high relative abundance,
together with Achnanthidium minutissimum, Cyclotella meneghiniana, Cocconeis pediculus, C. placentula, and
Gomphonema sp. and Nitzschia palea, all of them reaching relative abundances of = 5% in any of the three
groups of tributaries (Upper, Middle and Lower).

Based on rbcL, the most abundant species in the Danube were Navicula cf. ramosissima, Melosira varians,
Diatoma vulgaris, Nitzschia palea and Amphora pediculus (Table 3). In the tributaries, M. varians, N. cf.
ramosissimaandN. palea were alsothe mostabundant species along with Pleurosiralaevis and Achnanthidium
delmontii (Table 3).
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Figure 1: NMDS plots indicating similarities of community composition for both markers according to river type groups.
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Table 2: List of the most abundant (relative abundance in %, 18S data) taxa in the Danube (Upper, Middle and Lower reaches), as well as
in the Danubian tributaries, also grouped according to which of the three reaches they join in the Danube. Relative abundances for taxa
higher than 1% in a reach or tributary group are marked in bold.

Taxon name Danubian reach Danubian tributary

Upper Middle Lower Upper Middle Lower

Navicula cf. ramosissima 2.90 23.58 42.48 0.28 17.48 5.94
Navicula tripunctata 13.70 4.41 0.33 3.96 2.83 7.23
Cocconeis placentula 1.02 4.15 4.31 4.09 5.60 1.31
Navicula antonii 3.05 5.03 1.19 1.57 1.31 0.14
Gomphonema minutum 5.60 3.13 0.13 2.10 0.59 0.46
Gomphonema parvulum 4.41 2.08 0.49 0.94 0.70 0.86
Diatoma vulgaris 4.82 0.02 0.00 0.01 1.24 0.00
Navicula cryptotenella 3.03 0.69 0.59 2.01 1.11 3.17
Rossithidium anastasiae 3.60 0.33 0.00 0.56 0.87 0.00
Cocconeis cf. placentula 1.05 2.65 0.05 0.27 1.53 0.00
Skeletonema potamos 0.08 0.98 2.39 0.21 0.77 0.02
Melosira varians 2.73 0.39 0.31 4.32 1.95 0.45
Nitzschia palea 0.43 1.48 1.47 3.61 2.22 2.06
Gomphonema pumilum 1.10 1.41 0.17 1.01 0.23 0.03
Navicula sp. 2 0.58 0.88 0.96 0.63 0.74 3.15
Navicula sp. 3 1.44 0.95 0.00 0.05 0.00 0.00
Amphora sp. 0.31 1.59 0.15 0.36 0.06 0.06
Navicula radiosa 0.44 0.76 0.79 0.39 0.19 1.90
Navicula gregaria 1.15 0.75 0.03 0.39 0.04 0.20
Surirella librile 0.32 0.90 0.69 0.09 0.17 0.00
Surirella cf. minuta 0.67 1.06 0.21 2.10 0.27 1.55
Cyclotella meneghiniana 0.28 1.37 0.02 1.72 7.73 0.04
Rhoicosphenia abbreviata 0.67 0.27 0.08 1.84 0.70 0.39
Gomphonema sp. 0.71 0.23 0.08 0.05 0.05 6.59
Navicula veneta 0.08 0.47 0.25 0.35 0.82 1.64
Cocconeis pediculus 0.51 0.038 0.01 7.94 1.19 0.13
Amphora berolinensis 0.17 0.29 0.05 1.35 0.46 0.28
Achnanthidium minutissimum 0.00 0.01 0.01 0.00 0.00 12.24
Pleurosira laevis 0.00 0.00 0.00 2.13 0.00 0.00
> 54.77 59.83 57.24 4432 50.86 49.84
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Table 3: List of the most abundant (relative abundance in %, rbcl data) taxa in the Danube (Upper, Middle and Lower reaches), as well as
in the Danubian tributaries, also grouped according to which of the three reaches they join in the Danube. Relative abundances for taxa

higher than 1% in a reach or tributary group are marked in bold.

Taxon name

Achnanthidium delmontii
Achnanthidium minutissimum
Amphora ovalis

Amphora pediculus
Cocconeis placentula
Craticula subminuscula
Cyclotella meneghiniana
Diatoma vulgaris

Discostella sp.

Fistulifera saprophila
Gomphonema rosenstockianum
Gomphonema saprophilum
Gomphonema tergestinum
Mayamaea permitis

Melosira varians

Navicula antonii

Navicula cryptotenella
Navicula gregaria

Navicula lanceolata

Navicula cf. ramosissima
Navicula tripunctata
Nitzschia dissipata var. media
Nitzschia inconspicua
Nitzschia palea

Nitzschia paleacea

Pleurosira laevis

Sellaphora minima
Skeletonema potamos
Ulnaria ulna

>

Upper
5.37
1.35
1.69
4.82
0.59
0.76
1.19

15.79
0.68
2.38
2.25
3.42
3.30
0.84
8.25
1.32
1.87
0.81
2.31
2.16
3.86
7.96
0.16
1.27
2.20
0.05
0.19
0.06
2.03

78.93

Danubian reach

Middle
0.82
0.17
2.73
8.88
1.83
0.98
2.30
0.12
0.26
3.27
0.77
2.67
3.65
1.50
2.50
3.11
1.31
0.71
0.35

20.48
1.41
4.05
0.74
6.09
0.60
0.10
0.32
1.37
0.37

73.46
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Lower
0.02
0.23
1.41
1.61
1.41
4.97
0.06
0.01
0.00
0.54
0.01
0.89
0.04
1.45
6.90
1.26
1.01
0.03
0.00

36.98
0.18
1.03
1.71
8.24
0.14
0.72
1.70
1.64
1.57

75.76

Danubian tributary

Upper
1.34
0.97
5.07
473
1.42
1.49
1.09
0.24
0.62
0.51
0.03
1.01
0.04
0.65
8.39
0.62
1.65
0.61
0.61
0.27
0.53
1.12
0.36
4.95
0.22

27.67
1.79
0.20
2.30
70.5

Middle
1.17
0.16
4.20
3.56
1.71
1.86

11.13
3.29
1.02
1.20
0.00
1.00
0.03
1.63
5.50
0.98
1.23
0.03
0.01

16.10
0.69
0.62
1.00
6.66
0.13
0.71
1.35
1.04
1.53

69.54

Lower
0.01
18.16
1.12
3.18
0.44
0.02
0.43
0.10
0.01
0.06
0.00
1.04
0.00
0.71
7.97
0.09
3.75
0.24
0.00
5.37
4.66
2.86
0.11
11.68
0.03
0.14
7.02
0.02
5.98
75.2
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15.3.3 Correlation of community composition with environmental variables

In order to correlate the 18S-based SU data with environmental variables obtained during JDS4, the two
datasets had to be harmonized, which led to a loss of eleven sampling sites (i.e. 58 remaining). This slight
reduction of samples also led to a decrease of SUs by eliminating those that were present only in the
removed samples. A total of 21,980 SUs remained in the final dataset. Environmental variables used in
further analyses were: Alkalinity, BODs, chlorophyll-a, COD, Conductivity, DO, DOC, NH4-N, NO2-N, NOz-N, O,
saturation, pH, PO4-P, Suspended solids, temperature, TN, TOC, TP,

Temperature (R? = 0.70; p = 0.001), dissolved oxygen (DO; R? = 0.47; p = 0.001), organic carbon (TOC;
R? = 0.43; p = 0.001) and conductivity (R* = 0.41; p = 0.001) correlated best with changes in community
composition.

15.3.4 Comparison of taxa detected by DNA metabarcoding and morphology

152

Within JDS4, DNA metabarcoding was applied in parallel to classical light microscopy to detect diatom
species (see Chapter 7). Both approaches resulted in different numbers of taxa identified to species level,
with 385 taxa for the morphological approach, whereas with metabarcoding 221 (rbcL) and 160 (18SV4)
taxa were identified, respectively. However, significantly more SUs could be assigned as diatom taxa on the
genus level, showing the potential to measure the hidden diversity. As such, and even though the number
of species-level identifications is lower in both metabarcoding datasets, the high amount of additional
biological information detected by metabarcoding (e.g. intraspecific diversity, morphologically cryptic
lineages) helps us better understand community changes along environmental gradients.

The contrasting numbers of species-level identifications can be mainly explained by gaps in and
the taxonomic inconsistencies of reference libraries. For example, most of the species in the genus
Achnanthidium given in the morphological results of JDS2, JDS3 and JDS4 are not present in any reference
database, and, unfortunately, this is applicable for several other species-rich genera as well. In these and
other genera (e.g. Achnanthidium, Navicula, Nitzschia) a broad list of SUs could be assigned to the genus level
representing the genetic diversity detected. Still, the metabarcoding approach was able to reveal 78% of all
the most abundant diatom species identified in JDS2, JDS3 and JDS4, as well as six of the seven dominant
taxa identified by light microscopy in JDS4 (Table 4).
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Table 4: Comparative table of the most abundant species in the Joint Danube Surveys 2-4. Only species that reached at least 2% relative
abundance on average are included and marked in bold. For JDS4 samples that were analysed molecularly (metabarcoding data for
both 185V4, rbcl), refer to Table 3 and 4 for relative abundances per reach and tributary type. * refers to taxa that were formerly part of
the Cocconeis placentula species complex and were lumped into this taxon in the molecular analysis. Species in light grey mark taxa for
which no barcode reference data (185V4, rbcl) is available.

Taxon name Morphology Metabarcoding
JDS2 JDS3 JDS4 JDS4
Achnanthidium atomoides 3.95
Achnanthidium catenatum 2.13 X
Achnanthidium delmontii 25 X
Achnanthidium eutrophilum 2.78
Achnanthidium minutissimum 3.17 X
Amphora pediculus 3.55 7.3 25 X
Cocconeis euglypta 1.83 25 X*
Cocconeis pediculus 1.08 1.4 X
Cocconeis placentula var. lineata 4.34 X*
Craticula subminuscula 2.15 X
Cyclotella atomus 3.96 X
Cyclotella meneghiniana 4.28 8.49 25 X
Diatoma vulgaris 1.63 X
Discostella pseudostelligera 6.66 X
Gomphonema minutum 2.62 X
Gomphonema tergestinum 3.61 X
Luticola goeppertiana 1.79 3.03 X
Luticola hlubikovae 2.7
Mayamaea permitis 2.33 X
Navicula antonii 1.28 1.24 X
Navicula cryptotenella 2.96 5.68 X
Navicula erifuga 1.61 2.27
Navicula recens 229 6.32 25
Navicula tripunctata 7.53 1.97 X
Navicula rostellata 3.41 1.68 X
Nitzschia amphibia 1.02 1.5 X
Nitzschia clausii 4.97
Nitzschia dissipata 5.4 =5 X
Nitzschia inconspicua 3.53 19.22 X
Nitzschia palea 1.15 1.82 X
Nitzschia palea var. debilis 2.41
Nitzschia sociabilis 2.88
Rhoicosphenia abbreviata 2.81 1.23 X
Sellaphora nigri = Eolimna minima 1.35 5.72 X
Sellaphora seminulum 2.06 X
Skeletonema potamos 25 X
Ulnaria ulna 0.59 X
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15.3.5 Comparison of communities obtained from left and right riverbanks

Comparison of the relative abundances of the most abundant taxa showed large differences between the
left and right banks for both markers (Fig. 2). For example, Cocconeis placentula was barely detected in the
left bank at site JDS4-35 (0.1%), but reached 20% at the right bank; in the same sampling site, Navicula cf.
ramosissima, the most abundant diatom across the Danube reached an abundance of 84% in the left bank
but only 13% in the right bank. The reason for this large difference in relative abundances of several taxa
might be due to the varying microhabitat conditions, e.g. light exposure and flow within the transects on the
two banks. As already shown in Chapter 7, these deviations in abundance data between left and right bank
can result in different ecological indicative status. Based on the results obtained, we argue that standard
protocols such as sampling within a 10 m long transect should be modified to include longer transects in
large rivers like the Danube, to get a more representative sample, as well as sampling both banks whenever
possible.

188Vv4 rbcL

NMDS2
NMDS2

NMDS1 NMDS1

Figure 2: NMDS plots for both metabarcoding markers (18SV4, rbcl ) indicating differences in diatom relative abundance data between the
right and left river bank sample at a given JDS4 site. The longer the line connecting two points, the more different are two samples.

15.3.6 Index calculation
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IPS index calculation was performed with the software OMNIDIA (see Chapter 7 for details). Three
different data sets were used for IPS index calculation and their correlations tested by Pearson’s r statistic:
morphological data (originating from Chapter 7), rbcL. metabarcoding data as well as 18SV4 metabarcoding
data (this chapter). Although the results have to be interpreted with some caution, all three pairwise
comparisons indicate a good to strong positive linear correlation (Figure 3), highlighting the potential of
DNA-based index calculations.
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Figure 3: Correlation of IPS index calculations based on morphological, rbcl and 18SV4 metabarcoding data. Pearson’s r values are 0.52

(morph-18S), 0.65 (morph-rbcl) and 0.70 (18S-rbcl).

15.4 Conclusions

- 221 diatom species in 72 genera were identified by metabarcoding with rbcL; for 18SV4 160 species
within 60 genera were identified

- DNA metabarcoding (18SV4 and rbcl. combined) identified 78% of all the abundant diatom species
revealed by light microscopy during JDS2, JDS3 and JDS4

- generally, the number of species detected by light microscopy was higher, since non-living taxa can be
identified and are integrated; DNA metabarcoding can not reveal those taxa because of lacking suitable
DNA concentrations

- DNA metabarcoding detected many further sequence units which could not be assigned a Linnaean
species name 1) due to gaps in reference databases, 2) corresponding to cryptic and semi-cryptic taxa
that cannot be differentiated by light microscopy, and 3) also corresponding to intraspecific genetic
diversity within a species.

- this hidden diversity can help to better correlate community composition with environmental variables

- temperature, dissolved oxygen, total organic carbon and conductivity have been identified as the best
correlating environmental variables describing community composition

+ more comprehensive and taxonomically curated DNA barcode reference libraries will constantly
increase the proportion of species-level detections in the future

- a complemented approach of morphology- and DNA-based identification promises to provide a
comprehensive biodiversity assessment
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Abstract

Community composition of sediment samples was analysed by DNA metabarcoding. Two molecular markers
(18S V1V2 and COI) were analysed to generate an overview of community composition on a higher taxonomic
level (18S) and to access metazoan species diversity at a closer detail (COI). Three independent sediment cores
were analysed at 44 JDS4 sites.

Communitycompositionbetweenthethreecorestakenatasingle site were similarbutnotidentical,indicatingthat
each core added further species to the overall biodiversity present in the Danube — most likely due to microhabitat
differences. The 18Smarkerrevealed12,780individual genetic sequences,of whichthemajority couldbe assigned
to Metazoa (198 species). Atotal of 47 nematode species were detected within the 18S dataset, which were used
to calculate a pollution-index based on local nematode community structure. The COl marker revealed 29,494
individual sequences and detected 26 T metazoan species. In terms of species richness, the Danubian sediment
fauna was dominated by chironomids, oligochaetes, rotifers and mayflies. Additionally, eEDNA traces of semi-
aquatic and terrestrial taxa were revealed (e.g. beaver, beetles, butterflies, birds, livestock animals).

Both genetic markers contributed specific proportions of the Danubian biodiversity to the overall bioassessment.
Primerselectivity, taxonomicresolution ofthemarkerandthevariationinreference database completeness might
best explain those discrepancies in detection.

16.1 Introduction

Partly due to difficulties in identifying taxa to the level of species, organisms living in sediments are
often neglected in biodiversity assessments. However, they comprise some of the most species-rich
and ecologically indicative hololimnic groups, such as nematodes, ostracods, oligochaetes or copepods.
Furthermore, sediments serve as a habitat for numerous macroinvertebrate species during part of their
lives (e.g. caddisflies, chironomids) and as a spawning area for fish. At the same time, sediments can
be highly polluted as they accumulate inorganic and organic substances, influencing local community
compositions (Landrum & Robbins 1990). The aim of this molecular survey was to characterise the
community composition of sediments in the Danube catchment by means of DNA metabarcoding, which
has been demonstrated to be an effective method for the bioassessment of in particular hard-to-identify
meiofaunal groups (Beermann et al. 2018, Weigand & Macher 2018, Vivien et al. 2019, Schenk et al. 2020).
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16.2 Methods

Three independent sediment cores were collected at 44 JDS4 sites, thus to allow for the detection of a
larger number of species due to microhabitat differences. The sediments of three sites were analysed from
both riverbanks (JDS4-6,-29, -31). Two barcode markers, the mitochondrial cytochrome ¢ oxidase subunit 1
gene (COI) and the hypervariable regions of nuclear 18S rRNA gene (18S V1V2) were investigated. The 18S
marker was analysed by the primer pair FO4mod/R22mod to generate patterns of community composition
on a higher taxonomic level. COl was targeted with the primer pair mICOlintF/dgHC02198, enabling a higher
number of metazoan species-level identifications, except for nematodes, which were primarily identified by
means of 18S.

Sediment samples were extracted using the DNeasy PowerMax Soil Kit (Qiagen). For each extraction,
10 ml of sediment were treated according to the manufacturer's instructions and then precipitated and
resuspended in 600 pl Tris T0mMM solution. DNA extracts were stored at =20 °C until PCR amplification. PCR
reactions were performed in three replicates and a negative control for each DNA extract included to identify
potential cross-contaminations. PCR replicates of each sample were combined. Taxonomic annotations
were done using the vsearch toolkit (Rognes et al. 2016), searching for up to three candidate reference
sequences in the MIDORI (Leray et al. 2018) and SILVA (Quast et al. 2012) databases. The annotation was
done by using the Lowest Common Ancestor approach and when the query sequence had at least 95%
similarity with any sequence in the database. For Metazoan species, a match to a Linnaean species was
accepted in case of at least 97% sequence identity in the COI marker and 99.5% in the 18S V1V2 marker.
Bray-Curtis dissimilarity matrices were used to calculate the Beta dispersion of samples at two spatial
scales (within sampling sites, and within each river) using the betadisper function in the vegan package.
Non-Metric multidimensional scaling analysis was performed on the Bray-Curtis dissimilarity matrices
to explore the compositional variation of communities between tributaries and between reaches of the
Danube (Upper, Middle and Lower).

16.3 Results and discussion

16.3.1 Community composition on higher taxonomic levels
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Only a small fraction of the generated sequences remained unassigned within the 18S dataset. Holozoa
(mainly metazoans) and diatoms (Diatomea) dominated the community composition in all three reaches,
followed by Nucletmycea (mainly fungi), and Phragmoplastophyta (plants and Characeae) in the middle
reach (MR) and lower reach (LR) only (Figure 7). Chlorophyceae (green algae) were strongly represented in
the upper reach (UR), less so in the MR and LR. Conversely, the taxon Thecofilosea (amoeboid protists) only
reached a higher read proportion in the LR.

For COI, however, a large proportion of sequences remained unassigned. This is probably due to a
lower specificity of the metabarcoding primers to metazoans only, and indicates that the majority of the
sequences produced likely belong to co-amplified Bacteria (Figure 7). This non-target amplification was
highest in the LR. An optimised primer pair can reduce this bias in the future. In all three reaches, dipterans
and oligochaetes (Haplotaxida) dominated the proportion of metazoan sequence reads. Ostracods
(Podocopida), branchiopods (Diplostraca) and rotifers (Ploima) were also strongly represented.
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16 METABARCODING OF SEDIMENT COMMUNITIES

16.3.2 Changes in community composition between site replicates

Three independent sediment samples were analysed for each sampling site, thus to account for variation
in communities due to microhabitat characteristics. Comparison of Bray-Curtis dissimilarities, indicating
changes in community composition, show that communities of replicates of the same site are more similar
than between all samples analysed for a river (Figure 2). Although this was expected, the analysis also points
to the fact that each site replicate harboured a certain amount of taxa specific to an individual sediment
core, underlining the importance of the conceptual approach taken in detecting a high amount of biodiversity

present in the sediments of the Danube and its tributaries.
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Figure 1: Community composition of Danubian reaches for the COl and 18S V1V2 markers.
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Figure 2: Community changes between sites within the same river vs. replicates at the same site.
Indicated are violin plots which show the taxonomic similarity of sediment samples within the same river (i.e. Upper, Middle or
Lower Reach of the Danube, respectively, tributary) or between the three sediment cores taken at the same sampling site.
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16.3.3 Changes in community composition between Danubian reaches and tributaries
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NMDS plots based on Bray-Curtis dissimilarities indicate that communities retrieved from sites (and site
replicates) within the same Danubian reach were generally more similar than between reaches (Figure 3a,
b). In the 18S V1V2 NMDS plot, sediment samples from tributaries form a distinct point cloud compared
to sediment samples from the Danube main channel (Figure 3d). This distinction is not recovered in the
COl-based analysis (Figure 3c) and might be a result of the 18S V1V2 marker in additionally incorporating
signals of e.g. fungi, plants, diatoms and green algae in community composition (Figure 7). Together, those
taxa play a prominent role in shaping community structures in Danubian tributaries, and the main channel.
Additionally, the majority of COI reads had to be excluded due to non-target amplification (i.e. Bacteria),
thereby also losing resolution power. Stress-values for all four NMDS plots suggest a good to moderate

representation of patterns in reduced dimensions.
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Figure 3: NMDS plots based on the community composition detected by two molecular markers and three sediment replicates per site.
a) COl dataset for the three reaches of the Danube; b) COI dataset for the Danube and its tributaries; c) 18S dataset for the three reaches
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16.3.4 Metazoan biodiversity based on COI

A total of 29,494 Amplicon Sequence Variants (ASVs, see Chapter 12) were produced, of which 979 were
assigned to Metazoa resulting in 267 identified Linnaean species. Another 21 taxa were only assigned to
genus level. The DNA-based sediment analysis primarily detected fully aquatic species living in the sediment
(e.g. meiofaunal organisms such as ostracods, copepods and oligochaetes) or developmental stages of
otherwise non-benthic adult taxa living in the sediment (e.g. fish, mayflies, chironomids) but likewise eDNA
signals of terrestrial (butterflies, vertebrates, beetles), amphibic (e.g. Castor fiber) and freshwater species.
Sediments of the sampling sites JDS4-17-L (48 species), JDS4-26-R (40 species), JDS4-40-R (42 species)
and JDS4-41-R (40 species) were particularly biodiverse. The three JDS4 sampling sites at which sediments
were investigated on both river sites highlight that this sampling strategy detects a larger number of species,
potentially due to microhabitat differences between river banks: JDS4-6-L and -R detected 9 and 17 species,
respectively, and 22 when combined; JDS4-29-L and -R detected 33 and 17 species (combined 42); and
JDS4-31-L and -R detected 26 and 22 species (combined 39). The following groups were detected: Diptera
(59 taxa on species level), Oligochaeta (37), Ephemeroptera (23), Rotifera (22), Gastropoda (11), Acari (11),
Branchiopoda (10), Copepoda (9), Bivalvia (9), Mammalia (8), Coleoptera (6), Plecoptera (5), Ostracoda (5),
Amphipoda (4), Nematoda (4), Cnidaria (4), Gobiiformes (4), Trichoptera (3), Odonata (3), Lepidoptera (3),
Collembola (2), Aves (2), Cypriniformes (2), Hemiptera (2), Isopoda (1), Protura (1), Diplopoda (1), Aranea (1),
Mysida (1), Hymenoptera (1), Bryozoa (1), Amphibia (1), Gastrotricha (1), Plathelminthes (1), Porifera (1) and
Tardigrada (7). Overall, Chironomidae comprised the most abundant family with 42 species, of which 11
were assigned to the genus Tanytarsus.

The most abundant species based on occupancy were Limnodrilus hoffmeisteri (at 33/44 sites; 75%),
L. claparedianus (25/44; 57%), Cladotanytarsus mancus (27/44; 61%), Tanytarsus ejuncidus (29/44; 66%),
T.volgensis (27/44;61%), Cypridopsis vidua (26/44; 59%), Limnocythere inopinata (41/44;93%) and Brachionus
calyciflorus (33/44; 75%). Abundant species can often comprise a high intraspecific genetic diversity or
even can form complexes of cryptic species. As such, it can be expected that several ASVs (or here, COI
haplotypes) are produced for a single Linnaean species. This was the case for the oligochaetes Limnodrilus
claparedianus (with 13 ASVs), L. hoffmeisteri (29), the beetle Prionus insularis (18), the chironomids
Cladotarnytarsus mancus (23), Tanytarsus brundini(61), T. volgensis (34), the ostracods Cypridopsis vidua (56),
Limnocythere inopinata (27) and the rotifers Brachionus calyciflorus (31), B. quadridentatus (14) and Euchlanis
dilatata (12). It becomes obvious that six of the eight most abundant Linnaean species also have a high
number of ASVs, harboring a high level of genetic diversity. In some cases, the different ASVs of a single
species were primarily detected in a single reach each, furthermore pinpointing to a high degree of spatio-
genetic structuring within those species.

The number of taxa was highest in the MR (161), a bit lower for tributaries (158) and lowest for the LR (101)
and UR (75) (Table 1, Figure 4). Yet, relative sampling densities have to be taken into account (tributaries: 17
sites; MR: 13 sites; UR and LR: 7 sites each). All reaches showed a large proportion of reach-specific taxa,
ranging from 37% for the MR to 22% for the LR. Only 25 taxa were shared between all three reaches and
tributaries (9%). Oligochaetes + Dipterans constituted between 47% (MR) to 40% (LR and Trib.) of all taxa
detected. The relative proportion of chironomids among dipteran taxa detected in the sediment increased
from the UR to the LR (76% to 86%), and was lowest in the tributaries (74%). On the contrary, EPT taxa
showed a remarkable decrease from the UR+MR (11%, respectively, 10%) to the LR (2%), being equally high
in the tributaries (11%). This pattern was mainly driven by Ephemeroptera, constituting 7 and 12 species
of five families for the UR and MR, respectively, whereas only Baetis rhodani and Rhithrogena germanica
were detected in sediments of the LR. Likewise, the relative proportions of oligochaete and mollusk species
declined from the UR (25%, respectively, 12%) to the LR (18%, respectively, 6%).
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Table 1: Relative proportion of selected taxonomic groups between reaches of the Danube in % (based on COI). UR: Upper Reach;
MR: Middle Reach, LR: Lower Reach; Trib. = Tributaries.

Taxon UR MR LR Trib.
n=75 n=161 n=101 n=158
Oligochaeta 25 17 18 17
only Naididae 19 12 14 14
EPT 11 10 2 11
only Ephemeroptera 9 7 2 9
Copepoda 1 1 3 4
Ostracoda 5 1 2 3
Branchiopoda 0 4 3 4
Diptera 21 30 22 23
only Chironomidae 16 23 19 17
Rotifera 11 12 12 11
Mollusca 12 4 6 6

Figure 4: Venn diagram indicating the number of exclusive and shared taxa for each reach of the Danube (based on COIl) and the
tributaries. UR: Upper Reach, MR: Middle Reach; LR: Lower Reach; Trib.: Tributaries.
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16.3.5 Metazoan biodiversity based on 18S

Atotal of 12,780 ASVs were detected, including 1,434 Metazoan ASVs of which 198 were assigned to distinct
Linnaean species. For some species, and similar to COI, several equally annotated ASVs were detected and
collapsed into a single taxonomic entry. The following groups were detected: Nematoda (47), Plathelminthes
(30), Arachnida (283, of which 22 Acari), Gastrotricha (16), Insecta (15, of which 6 Ephemeroptera, 3 Diptera,
2 Odonata, 2 Plecoptera, 2 Coleoptera), Annelida (12, of which 11 Oligochaeta), Rotifera (12), Ostracoda (9),
Branchiopoda (8), Mollusca (8, of which 5 Gastropoda, 3 Bivalvia), Collembola (6), Tardigrada (5), Bryozoa
(3), Vertebrata (2), Nematomorpha (1) and Micrognathozoa (7).

The majority of species detected by this marker belongs to the meiofauna and must be regarded as
complementary to the species detected by the COI metabarcoding approach. In particular, the 47 species
of nematodes in 37 genera (compared to 4 species by COI), 30 species of Plathelminthes in 26 genera
(compared to 1 species) and 16 species of Gastrotricha in 5 genera (compared to 1 species) must be
highlighted. On the contrary, the 18S marker only detected / resolved 15 insect (compared to 105 species
by CQlI), 12 rotifer (compared to 22 species) and 12 annelid species (compared to 37 species).

16.3.6 Ecological quality of fine sediments based on nematode community structure

The comparatively large diversity of nematode taxa detected by the 18S analysis allowed the calculation
of a pollution index for fine sediments based on nematode community structure. At each sampling site,
the NemaSPEAR[%]-index takes the relative proportion of vulnerable Nematode species at risk into account,
which preferably are present at less polluted or unpolluted sites (Hoss et al. 2017, Schenck et al. 2020). From a
management perspective, the 30% value indicates the threshold between an acceptable and non-acceptable
quality status of fine sediments (i.e. the higher the %-value, the higher the frequency of observed vulnerable
nematode species, and the better the assumed ecological quality of the sediment). The majority of JDS4
sampling sites was analysed, but some sites had to be excluded due to too low numbers of 18S sequence
reads. The sites JDS4-7,-13, -20 and -32 received the highest quality scores (= high/good ecological status),
whereas values for the sites JDS4-2, -3, -8 and -34 were particularly low (= bad/poor ecological status)
(Figure 5). The pattern was strongly influenced by the vulnerable species Eumonhystera vulgaris.

Since the index relies on relative abundance estimates of nematode species (inferred from the relative
proportion of sequence reads, which can be biased by biomass differences and primer selectivity),
classification results should be only treated as a further line of evidence in a multiple evidence framework.
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Figure 5: Results of the NemaSPEAR[%]-index for fine sediments based on 18S sequence data. n.c. = index not calculated due to a low
number of sequence reads available for the respective site.
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16.4 Conclusions

- DNA metabarcoding of sediments detected a high number of amplicon sequence variants (COI: 29,494; 18S:
12,780), including a high number of metazoan species (COI: 261, 18S: 198)

+ The COI and 18S molecular marker each detected a distinct set of taxa and were able to characterise the
community composition on higher taxonomic levels, thus together corroborating to the overall detection of
biodiversity present in the Danube

+ The COl dataset to a large extent consisted of unassigned sequence reads, likely originating from co-amplified
bacteria; optimised primers will likely reduce this bias

Primer selectivity, taxonomic resolution of the marker and the variation in reference database completeness,
might best explain discrepancies in detection

+ Overall, community composition of the three sediment replicates was comparable, but each sediment core
added further taxa to the overall biodiversity at a site; likely due to microhabitat differences and sampling effect

- 47nematodetaxawere detected by 18S;nematode community structure was usedto calculate apollutionindex
for fine sediments (NemaSPEAR[%])
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Summary: performance of (e)DNA-based
activities
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Abstract

JDS4 provided the excellent opportunity to evaluate (e)DNA-based approaches in an applied, international and
highly integrative setting. The fish community of the Danube, its macrozoobenthos (MZB), phytobenthos and
sedimentfaunawereassessedusinggroup-specificmetabarcodingapproaches. Althoughstillacertain degree of
methodological variation exists, the outcomes clearly demonstrate the huge potential of DNA and environmental
DNA-based approaches for biodiversity and ecological status class assessments: eDNA water analysis of fish
revealed most of the taxa also detected by the traditional fish survey, and was particularly effective in detecting
the hardto capture benthic taxa (includingendangered sturgeon species). The (e)DNA-basedtaxalists ofthe MZB
likewise covered many of the traditionally assigned species, but also included a plethora of additional chironomid
and oligochaete species. Molecular ecological status class assessments based on presence-absence values
of MZB species were also largely congruent to traditional abundance or presence-absence-based outcomes.
Although the molecularassessment of the phytobenthos revealed less species than traditional light microscopy,
much more taxa were detected, which await a species-level taxonomic annotation in the future. Metabarcoding
of the sediment community enabled the comprehensive assessment of the meiofaunal community (i.e. an often
neglected but ecologically highly sensitive component of the Danubian biodiversity) and the molecular inference
of fine sediment quality based on local community structures of vulnerable nematode species. Finally, all €DNA)-
based taxalists were compiled to effectively inform invasive alien species detection in the Danube River Basin.

Insummary,(e)DNA-basedmethodscanbeseenasahighlyeffective,complementarytooltoprovideconsolidated
results for biodiversity and ecological status class assessments in a multiple evidence framework, as pursued
during the JDS4. Yet, and despite their already very promising performance and large coherence with traditional
outcomes, the full potential of (e) DNA-based approaches in the context of larger environmental surveys might be
released by:

a) developing and curating a DNA barcode reference library specifically designed for the targeted catchments,
b) further standardizing (e)DNA-based approaches to a small set of good practice setups,

c) moreexplicitly integrating genetic diversity (and spatiotemporal changes thereof) in ecological status class
assessments,

d) installingadense, large-scaleenvironmental DNA-basedscreeningforbiological qualityelementsorinvasive
alien species, based on which traditional surveys can be performed at conspicuous sites,

e) specifically educating and training national authorities in state-of-the-art molecular tools.

The stronginternational and capable ofacting network ofthe ICPDR, consisting of stakeholders, water managers,
politicians and scientists, thereby represents the ideal framework to cooperatively address those issues.

Scientific Report: A Shared Analysis of the Danube River JDS4

165



166

17.1 Introduction

One of the aims of JDS4 was to test the performance of (¢)DNA-based approaches in an applied,
international and highly integrative setting. This chapter focuses on the outcomes of the diverse molecular
activities pursued during JDS4 (see Chapter 12). The fish community of the Danube, its macrozoobenthos
(MZB), phytobenthos and sediment fauna, were investigated using different DNA- and environmental
DNA (eDNA)-based metabarcoding approaches. Furthermore, all molecular data were merged to inform
invasive alien species detection in the Danube River Basin. The following subchapters provide an overview
of infrastructural issues faced before individually summarising the performance of (€)DNA-tools for the
different target groups. The chapter ends with a conclusion and states some potential roadmap items,
which can help to increase the effectiveness of (€)DNA-based tools for large-scale environmental surveys
in the future.

17.2 Infrastructural issues

Since (e)DNA-based activities were conducted during JDS4 for the first time, the (€)DNA survey plan (Chapter
12) was discussed at several meetings with the ICPDR experts on monitoring and assessment. Additionally,
dedicated training lessons were installed during the preparatory phase of JDS4. The content trained and the
specific sampling guidelines prepared (e.g. drilling sediment cores) helped all involved parties, but especially
the national teams, to collect the samples (i.e. MZB multi-habitat sample, phytobenthos brushed sample
and sediment cores) as appropriate as possible for subsequent DNA-based analysis. In the large majority
of cases, samples were optimally preserved.

Still, a few issues must be mentioned. In some cases, the labelling of MZB containers was imprecise
or wrong, or the label partly bleached by (the evaporating) ethanol. Yet, a correct labelling of samples is
of paramount importance to later on connect the multitude of abiotic and biotic results obtained for a
given JDS4 site. Some sampling teams have not respected the indicated ratio of preservative volume to
biomass. Since a too low e.g. ethanol (for MZB and phytobenthos) or LifeGuard solution concentration (for
sediment cores) leads to the degradation of DNA, it was not possible to generate DNA-based taxalists for
all anticipated sampling sites in the sediment analysis, for MZB and for phytobenthos. Finally, most of the
samples arrived in the respective analytical laboratory after a few days, which was expected. However, the
German custom control retained some MZB containers for several days, which likewise must have led to
a degradation of the DNA as sampling containers very likely were not properly stored. Even so, in the large
majority of cases, collection, handling, shipping and labelling of samples was very effective and appropriate
across all (¢)DNA-based approaches.

The emerging COVID-19 pandemic situation in early 2020 has pinpointed one of the major drawbacks
of (e)DNA-based activities. While traditional taxonomic results were prepared by morphological experts
mostly unaffected by the restricted situation, the to-be-established hygiene conditions and social distancing
measures led to a strong reduction of molecular laboratory capacities in almost all (e)DNA-based
approaches, as well as a temporal unavailability of some chemicals — or increased prices, such as for
ethanol. This unforeseen situation further postponed the generation of some molecular contents (e.g. an
anticipated ring test). On another note, the MZB laboratory in Essen (Germany) noted that a much larger
than expected freezing capacity was needed to adequately store sampling containers. This infrastructural
requirement has to be kept in mind for future surveys.
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17.3 Evaluation of (e)DNA-based assessments

The overall pattern of results obtained from (e)DNA-based tools indicates a very good performance of the
pursued molecular approaches for Danubian biodiversity assessment — and were executed, for ecological
status class assessment — despite considerable methodological variation.

As expected, the complementary implementation of (€)DNA-based approaches during JDS4 has:
a) led to a great increase in taxonomic resolution for multiple taxonomic groups,
b) enabled the detection of hard to observe species (e.g. benthic fish, bivalves),

c) allowed the identification of taxonomically heterogeneous (=invasive alien species) or difficult to
identify organism groups (=meiofauna) and developmental stages (e.g. chironomid larvae),

d) revealed as-yet-unknown species for the Danube catchment, and
e) produced widely coherent results when compared to traditional taxalists and assessment results.

However, and before results of the organism group-specific surveys are presented, one overarching beneficial
aspect of (€)DNA-based tools must be emphasized. The sequence-based datasets generated within an
(e)DNA-based survey are comparable ‘inside’ and ‘outside’ the environmental program — an aspect that
seems particularly important for a repeated and very comprehensive longitudinal survey involving many
countries, such as the Joint Danube Survey. Because sequence-based taxalists for individual biological
quality elements are generated by a single authority and are available as FAIR raw data (Wilkinson et
al. 2016), the definition of molecular operational taxonomic units (MOTUs), their Linnaean taxonomic
annotation and site-to-site as well as survey-to-survey comparisons are repeatable and transparent for
any other user. As such, there exists “a single identifier” for all longitudinal samples of a taxonomic group
or biological quality element, as well as a unique DNA sequence for each MOTU. This inherent nature of
sequence-based data creates a high level of sustainability, with the outcomes being easily comparable
between sites and surveys — or across space and time.

17.3.1 Fish

The fish community was targeted by three separate environmental DNA sampling campaigns (Chapter
12, 14 and 21). The most comprehensive eDNA survey visited 29 Danubian River sites and 18 tributaries
(Chapter 14), detecting a total of 80 taxa, of which 19 corresponded mainly to farmed / food fish due to
eDNA release of wastewater treatment plants in urban areas. Of the remaining 61 taxa, 50 were identified
down to the species level. For six, respectively, five taxa, the analysed barcode marker was not able to
methodologically resolve congeneric taxa or species of different genera. Compared to the results of the
traditional fish survey (TFS), it can be stated that 50 taxa were detected by both methodologies. Nine taxa
were only detected by TFS, and eight taxa only by eDNA — particularly hard-to-catch benthic taxa including
several sturgeon species. The proportion of species-level hits and the nature of the fish community detected,
thereby largely depend on the barcode marker investigated and the reference library consulted (but see
Chapter 14). Furthermore, and although no direct 1:1 inference of abundance data or biomass values for fish
species is possible from eDNA signals obtained from water samples, the relative abundance of sequence
reads per site produced plausible longitudinal patterns (and shifts) of fish community composition (see also
Pont et al. 2019). Ethically speaking, it means that no specimens had to be caught or even sacrificed, but
still informative taxalists generated. The eDNA-based ecological status class assessment of 13 JDS4 sites
common with the TFS inferred most of the sites as being ‘moderate’. TFS- and eDNA-based assessment
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results were similar but sometimes varied by +1 status class. From a more technical point of view, it must
be highlighted that some eDNA metabarcoding samples were compromised, either by inhibition due to high
levels of pollutants, or by too low DNA concentrations in the filtered water samples due to flooding events.
As such, it was also not possible to totally streamline the eDNA water sampling for fish with all JDS4 sites,
as otherwise eDNA traces of fish taxa originating from confluences and wastewater treatment plants as
well as increased levels of inhibitors would have biased results.

17.3.2 Macrozoobenthos

168

The MZB was genetically analysed at 46 JDS4 sites (Chapter 13). Two metabarcoding approaches were
pursued, either generating DNA-based taxalists from the homogenised multi-habitat sample (=bulk sample)
or from the preservation liquid in which bulk samples had been stored. For seven JDS4 sites mainly situated
in Slovakia, a comparison of four assessment methods was performed (i.e. morphology, bulk sample,
preservation liquid and eDNA water metabarcoding). All three metabarcoding approaches targeted the
COI gene, but applied different primer combinations. They consistently produced more comprehensive,
species-level taxalists for each site and throughout the whole survey. As an example, the morphology-based
assessment at the 46 investigated JDS4 sites revealed 275 species, whereas bulk sample and preservation
liqguid metabarcoding detected 333, respectively, 321 species. When taxalists of both metabarcoding
approaches were combined, they included 463 distinct species. This increase of species-level identifications
in DNA-based taxalists can be mainly attributed to additionally detected chironomid dipterans, but also to
mayflies, stoneflies and caddisflies (=EPT) as well as to aquatic oligochaetes. Coincidentally, in the conclusion
of the traditional MZB survey (Chapter 6), dipterans and oligochaetes are explicitly highlighted and a request
for further ‘external’ taxonomic expertise formulated. On the contrary, only half of all odonate species and
approximately 2/3 of the traditionally observed gastropod species were detected by metabarcoding.

The assessment of the MZB community by means of analysing their environmental DNA from water
revealed three interesting patterns. First, eDNA-based taxalists comprised the highest number of families.
Second, many additional meiofaunal species were detected. Third, a large proportion of the listed species
/ taxa was exclusively found on the eDNA-derived taxalist. The results can be best explained by that fact
that riverine networks act as collectors of the biodiversity present in the water and adjacent environments.
As such, a water sample will not only comprise the eDNA of MZB and meiofaunal species present at a
given site, but also partly will contain eDNA traces that have been washed in from upstream sites and the
terrestrial realm. This circumstance has to be considered when conclusions have to be drawn that must
be spatially explicit. Otherwise, eDNA sampling designs very effectively allow the characterisation and the
assessment of biodiversity on the level of larger reaches and whole catchments.

Finally, in this subchapter, ecological status class assessments based on MZB were generated from
DNA metabarcoding datasets (from Chapter 13, based on presence-absence values), and compared to
the traditionally derived multi-habitat sample assessment results (from Chapter 6, based on abundance
data and presence-absence values). Saprobic Index (SI) and Multi-Metric Index (MMI) calculations were
executed by Patrick Leitner (BOKU, Vienna, Austria). Pairwise comparisons were evaluated by the Pearson
r-statistic (Tab. 1). All correlations were significant and strong, i.e. >0.4 after Cohen (1988), and at the large
majority of sites a higher number of classified taxa entered DNA-based index calculations. The outcomes
further highlight the potential of DNA-based ecological status class assessments based on presence-
absence values for MZB. As such, JDS4 results are in line with recently published scientific studies and
recommendations (e.g. Beentjes et al. 2018, Hering et al. 2018, Pawlowski et al. 2018, Buchner et al. 2019,
Zizka et al. 2020).
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Table 1: Pearson’s r-values for pairwise correlations of index calculations derived from traditional multi-habitat samples and DNA samples
of the macrozoobenthos.

SI=SaprobicIndex; MMI=Multi-Metric Index; MHS s = Multi-habitat sample calculation based onabundancevalues; MHSg,, = Multi-habitat
samplecalculationbasedon presence-absencevalues; DNAy = Calculation from DNAmetabarcodingbulk sampleandpresence-absence
values; DNA#yative = Calculation from DNA metabarcoding fixative sample and presence-absence values, for SI, calculations contain sites in
the Danube Riverand its tributaries; for MM, calculations were separately performed for the Danube River (values below the diagonal) and
tributaries (values above the diagonal), since the Austrian MMI method seems particularly questionable for tributaries andthe lower reach
of the Danube. All p-values for Pearson’s r correlations are significant.

Saprobic Index (SI) MHS abs MHSEg/ DNAbuk
MHSaps -
MHSE/A 0.776 -
DNA bk 0.439 0.497 -
DNA fixative 0.594 0.581 0.759
Multi-Metric Index (MMI) MHS aos DNAbuik DNA fixative
MHS aps - 0.792 0.764
DNA bk 0.788 - 0.987
DNA fixative 0.571 0.715 -

17.3.3 Phytobenthos

The phytobenthos community was analysed from 69 JDS4 sites (Chapter 15). Whenever possible, samples
were taken from both riverbanks thus, to account for microhabitat differences due to variable light exposure
and flow velocity — among others. Species composition was assessed by performing two complementary
DNA metabarcoding approaches (based on 18SV4 and rbcl). The sequence-based taxalists comprised
160 (for 18SV4), respectively, 221 species (for rbcl), compared to 385 taxa found on the taxalist retrieved
from classical light microscopy during JDS4. These contrasting numbers of species-level identifications on
the one hand must be attributed to the current sampling design. Light microscopy identifies phytobenthos
species by the presence of their frustules in a sample, regardless of them being alive or dead during the
sampling campaign (e.g. originating from only temporary submerged habitats as a result of strong water
level fluctuations), whereas DNA metabarcoding depends on a sufficiently high DNA concentration obtained
from living specimens. On the other hand, differences between taxalists obtained from light microscopy and
DNA metabarcoding must be attributed to the lack of available DNA barcode references for the one or the
other barcode marker (but see Chapter 12 and 15), rendering a sequence-based identification impossible for
certain species, although they were likely present in the sample. This is further exemplified by the fact that
both metabarcoding approaches detected a multitude of additional MOTUs, whose species-level taxonomic
annotation so far was not possible (e.g. at genus-level only). Still, the metabarcoding approaches were able
to reveal 78% of all the most abundant diatom species identified during JDS2, JDS3 and JDS4, as well as six
of the seven most dominant taxa identified by light microscopy in JDS4. Total genetic diversity (i.e. Linnaean
species + above species-level MOTUs) was used to describe community composition and to analyse shifts
thereof in correlation to environmental parameters. Temperature, dissolved oxygen, total organic carbon
and conductivity were identified as the most explanatory variables. Finally, light microscopy-based index
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calculations were compared with the results generated by both metabarcoding approaches. Although the
outcomes have to be interpreted with some caution, all three pairwise comparisons indicate a good to
strong positive linear correlation (Chapter 15).

17.3.4 Sediment community

Sediment-dwelling organisms are frequently neglected in environmental surveys, often simply due to their
minute nature and difficulty of identification. However, at the same time, sediments harbor some of the
ecologically most sensitive communities such as the meiofauna (including e.g. nematodes, oligochaetes,
dipteran chironomids, copepods, rotifers). During JDS4, the sediment community of the Danube River and
its tributaries was assessed by taking three sediment cores at 44 JDS4 sites, and by metabarcoding two
markers (COIl and 18S, but see Chapter 16). The (¢)DNA-based approaches allowed the characterization
of the sediment community at different taxonomic levels. A high species-level resolution was achieved for
some hard-to-identify but dominant groups of organisms, i.e. oligochaetes, dipteran chironomids (both by
COl), nematodes and plathelminths (both by 18S). One of the major outcomes was the finding that the three
sediment cores taken at an individual site — or at both riversides at the same JDS4 site — were generally
comparable, but each to a certain degree comprised an exclusive proportion of taxa. This highlights the
need to account for local variation in available microhabitats by collecting more than a single sediment core
at a site.

The total number of 47 nematode species detected by 18S metabarcoding and their site-specific
community composition were used to calculate a molecular index for vulnerable nematode species at risk,
which preferably are present at less polluted or unpolluted sites (NemaSPEAR[%], Hoss et al. 2017). Overall,
the index produced very plausible results for the local quality of fine sediments. Nevertheless, since the
calculation relies on relative abundance estimates of nematode species (inferred from the relative proportion
of sequence reads, which can be biased by biomass differences and primer selectivity), classification
results should be only treated as a further line of evidence in a multiple evidence framework. Finally, the (e)
DNA-based analysis of the sediment community revealed a multitude of terrestrial and semi-aquatic taxa,
whose eDNA traces very likely were washed in from the terrestrial realm into the submerged sediments.

17.3.5 Invasive alien species
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The target community of invasive alien species (IAS) comprises a taxonomically quite heterogeneous group
or organisms. As such, many taxonomists and different collection methods have to be involved to compile
comprehensive lists of IAS. During JDS4, the detection of aquatic IAS was supplemented by (e)DNA-based
tools (see Chapter 10). A total of 41 animal IAS were molecularly revealed, either by their direct presence
in a sample, or by traces of their environmental DNA. The traditional assessment detected 44 animal IAS.
When both assessment lists were combined, this resulted in a total of 52 animal IAS detected during JDS4
(35 macroinvertebrates, 17 fish). Notably, the medically important gastropod species Bulinus umbilicatus
was detected by means of (¢)DNA metabarcoding in the Danube River Basin for the first time. In summary,
the application of (¢)DNA-based tools was approved as an effective method for the detection of aquatic IAS
during JDS4.
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17.4 Conclusion and outlook

The application of (€)DNA-based tools during JDS4 can be considered very effective for a comprehensive
assessment of the Danubian biodiversity (i.e. fish, macrozoobenthos, phytobenthos, sediment community
and invasive alien species detection) and showed very promising potential for ecological status class
assessments. For the time being, a complementary approach of traditional assessment techniques and
(e)DNA-based tools holds great promise. One could imagine a dense, (e)DNA-based survey of biological
quality elements or invasive alien species throughout the Danube River Basin. Traditional assessments
could be then explicitly performed at conspicuous sites or where more integrated data are needed. Yet, to
streamline future activities and to benefit even more so from the molecular data generated, the following
roadmap items might be considered:

+ A higher proportion of species-level annotations can be achieved for all organism groups investigated
when gaps in DNA barcode reference libraries are specifically addressed for Danubian biota. A gold
standard here would be a well curated DNA barcode reference library for Danubian biota.

+ Besides the focus on classical biological quality elements, (¢)DNA-based approaches enable us to
integrate additional ecologically sensitive target groups into environmental assessments (e.g. nematodes).

M- When generating biodiversity patterns and investigating correlations to environmental parameters,
analyses could more explicitly focus on patterns of genetic diversity (e.g. occupancies of MOTUs and
ASVs) additional to Linnaean species. As such, the full potential of (€)DNA-based approaches can
be released, and Danubian biodiversity more fully accessed (i.e. by integrating cryptic lineages and
intraspecific genetic diversity as one pillar of biodiversity).

- Furthermore, a metadata analysis of (e)DNA patterns combined with the outcomes of non-target
analytics / effect-based tools holds great promise to understand the ecological drivers of habitat
changes and shifts in community composition.

- To reduce the plethora of methodological variation, standardisation work has to be conducted and a
limited set of well-performing and praxis-oriented (e)DNA-based approaches selected. A good framework
for such standardisation work might be the newly installed CEN working group WG28 “DNA and eDNA
methods”.

B- New or adapted (e)DNA-based biotic indices for ecological status assessment should be more explicitly
tested and intercalibration experiments performed (see also Hering et al. 2018, Pawlowski et al. 2018).

M- Last but not least, national authorities should be educated and trained in state-of-the-art molecular tools,
fostering the development of a strong collaborative international network between all parties involved
(Leese et al. 2018).
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Abstract

Assessment of the ecological status (and designation of Heavily Modified Water Bodies) for each water body is
a task of the EU member states and was not done during Joint Danube Survey 4. The ambition of JDS4 was to
provide a scientific snapshot of the whole Danube, a homogeneous internationally coordinated fingerprint at a certain
time—thisincludedalsoanindication ofthe ecological status forthe sites usingaharmonizedapproachregardless
if these sites were located in natural or Heavily Modified Water Bodies. Biological quality elements indicating
pressure from nutrients and oxygen depletion by biodegradable substances — Phytoplankton, Macrophytes,
Phytobenthos, partly Macrozoobenthos — indicated a good status at many sites and point at local pressure only.
FishandMacrozoobenthos, however, indicatedimpacts induced by hydromorphological pressures atamajority of
sites. Ageneralimprovement ofthe ecological status along the whole length of the Danube over thelast yearsis not
visibleexceptforsomesites. Climate change phenomenaandincreasing pressure frominvasive alien species may
additionally influence the ecological status. The applicability of molecular methods using DNA and environmental
DNA for status assessment proved to be promising and delivered sound results for a majority of sites.

18.1 Introduction

The European Water Framework Directive (WFD, 2000) is constructed around the assessment of the
ecological (and chemical — dealt with in Chapter 39) status. Failing the objective of reaching good status in a
waterbody triggers the necessity of mitigation measures, may lead to the designation of a Heavily Modified
Water Body (HMWB) and has diverse consequences for water management. For the Danube catchment
area, this is described in detail in the River Basin Management Plans of the ICPDR'. As the Joint Danube
Survey 4 (JDS4) was collecting an extensive amount of data and assessing the quality of the Danube with
uniform indices for all sampling sites, it is dealing — beside other objectives (see Chapter 1) — with the
ecological status as an important aspect of the data analysis.

Why only “indication” of ecological status?

The assessment of the ecological status is a national task of EU member states regulated in detail in Annex
V of the Water Framework Directive and specified in various Common Implementation Strategy Guidance
Papers of the European Commission?. The ecological status is established for each water body based on

" more information: https://www.icpdr.org/main/activities-projects/river-basin-management
2 more information: https.//ec.europa.eu/environment/water/water-framework/facts_figures/quidance_docs_en.htm
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data from one or several representative monitoring sites by applying sampling and assessment methods
that were designed with scientific principles for each biological quality element. Those principles include the
degree of deviation from natural reference conditions and the correlation between pressure and impact, and
depend on typological, seasonal, hydrological and other criteria — a complex and exactly applicable system.

For obvious reasons JDS4 could not obey all the necessary instructions regarding representative site
selection, choice of sampling time (in relation to season and discharge), selection of assessment indices
suitable for the whole Danube and all tributaries. The ambition of JDS4 is to provide a scientific snapshot
of the whole Danube, a homogeneous internationally coordinated fingerprint at a certain point in time. Its
valuable results gathered with harmonized and uniform methods allow statements about the condition of
the river along its whole course and over time when compared to earlier Joint Danube Surveys. Thus, the
strength of this data is comparability; the results are not on national level approved status assessments for
water bodies as not all required WFD criteria could be met by the JDS design. Therefore, the approach taken
in this report refers to the indication of ecological status for sites (and not status assessment of the water
bodies).

From the legal point of view of member states, even more important is that many of the water bodies in
the Danube were designated as Heavily Modified Water Bodies. The WFD allows water bodies that are
substantially changed in character due to physical alterations by human activity and where restoration
measures necessary to achieve the good ecological status would have significant adverse effects on the
wider environment or the “specified uses” to be designated as Heavily Modified Water Bodies (Art. 4(3)(a),
WFD, 2000). For them, other legal objectives — summarized in the ecological potential — come into place
and replace the ecological status.

18.2 What is the (indication of) ecological status of the Danube?

A complicated question to provide just a simple answer by JDS monitoring! From what we stated above, it
follows that a legally relevant statement concerning the ecological status is not possible from JDS4 data.
Nevertheless, we put all the available information together to draw a picture of the conditions the scientists
involved in the JDS4 observed in the Danube (Table 1). The following remarks and analyses correspond
to the Danube River only, because the involved indices and methods for indication of status have limited
explanatory power for tributaries (see BQE chapters for detailed explanations). Disclaimer: For this overview
considerations data were simplified and aggregated — left and right bank of Danube were summarized by
worst case value, the various indices available were used, interpretation may serve as evaluation of trends
without claiming to be complete or representative for national point of view.

Aquatic macroinvertebrates

The sediment inhabiting animals of the biological quality element macrozoobenthos, the aquatic
macroinvertebrates, are indicators for oxygen depletion due to pollution by degradable organic substances
(Index: SI, saprobic index) as well as for general habitat degradation (index: SK MMI, multi-metric index used
in Slovakia). The results of saprobic index analyses show that organic pollution is a local problem, 81% of
sites (67% of samples) show an indication of good or high status. As also known from past surveys and
TNMN? data the indication of good and high status decreases downstream — 91% of sites in the Upper

ITransnationalMonitoringNetworkofthelCPDR:https://www.icpdr.org/main/activities-projects/tnmn-transnational-monitoring-network
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Table 1: Indication of status assessment of sites located in the Danube (without tributaries) — overview of results from JDS2, 3 and 4: Based on national assessment methods for JDS4 and on harmonized
indices applied by the experts during JDS2, 3and 4. Worst case value is given when data was available separately for left and right side of Danube. For Phytobenthos, Macrozoobenthos, and Macrozoobenthos
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in several cases differing values are given by border sharing countries (separated by /, order of countries can be seen in column Countries).
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Danube, 80% in the Middle Danube and 67% in the Lower Danube. The multi-metric index shows a different
picture: only 37% of the sites reach an indication of good status. The situation is better in the Upper Danube
(45%) and in the Lower Danube (50%) compared to the Middle Danube (20%). The MM is an indicator for
habitat degradation and these results show hydromorphological deficits caused by a variety of pressures.

Fish

The good news is that still most species of the reference communities can be found at nearly all sites, even
at strongly altered hydromorphological stretches. Hence, the diversity of aquatic habitats is still present in
an extent to allow species to survive. However, the indication of ecological status for fish is pointing towards
a failing status for a majority of the sites in the Danube. Several indices were used by the experts and all
of them show the deficits of the fish community caused by hydromorphological pressures (good status
according to FIS: 11% of sites, EFI: 23%, FIA: 25%). Those indices were not developed and are not suitable
for the whole length of the Danube, however, the national assessments also show corresponding low 17%
of the sites reaching the objective of good status. Two thirds of the sites classified worse than good show
the same indication of status by using the MMI for benthic invertebrates. On the other hand, 50% of the
remaining good sites are classified as failing the objectives regarding the quality element macrozoobenthos.
This illustrates the differing indicative power of those two groups — although partly they show the same or
interlinked habitat quality aspects.

Phytobenthos

The indicative status of benthic diatoms (index: Slovakian IPS) decreased from the Upper Danube towards
the mouth. In the Upper Danube 61% of the sites indicate good status, in the middle section of the Danube
20% of the sites and in the Lower Danube none. However, it should be noted that results from national
assessment of the JDS4 data differs essentially from this indicative assessment, especially for the
Lower Danube (see Table 1). Additionally, nutrient levels do not reflect the differences in phytobenthos
assessment — diatoms are used particularly as indicators for nutrient pollution. Scientists concluded that
general descriptors (longitude, latitude, typology) reflecting natural direction of the flow of the Danube had
the most important influence on diatom species composition.

Macrophytes

The results show that environmental parameters, which highly influence water plants in the Danube,
were water temperature, dissolved oxygen, nitrates, and conductivity. Mosses preferred colder and more
oxygenated water, rich in nitrates in the Upper Reach that has shaded banks with hard substrate. Beside
these relationships, the water plants are well known indicators for hydromorphological alterations. The
abundance of floating macrophytes in the Middle and Lower Reach of the Danube River suggests good
lateral connectivity to backwaters. Just like three Joint Danube Surveys before, the results demonstrate that
in certain river stretches there is naturally a lack of microhabitats with proper conditions for the successful
growth of macrophytes. This causes almost plant-free river parts without macrophytes or with insignificant
abundance — making the assessment difficult to impossible. Based on the comparison of outcomes of
previous Joint Danube Surveys, the composition of macrophytes is stable in terms of richness and diversity
over several years.

Phytoplankton

In contrast to previous Joint Danube Surveys, when only one sample per site was taken, during JDS4
samples were collected monthly from April to September enabling an assessment of the ecological status
according to the methodology guidelines of the member states. Thus, instead of Chlorophyll a (after TNMN
methodology) this time the national indication of the status was used. However, the results are similar to
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previous investigations — 92% of sites show high or good ecological status, only 2 sites were classified as
indication for moderate status.

How different is the national assessment of the status compared to JDS4 indication?

For some sites, very different! Reasons for national assessment to often deviate quite a lot are mentioned
above and the comparison can be seen in Table 1. For example, the indication of ecological status for
macrozoobenthos with national methods (using the same data) is in accordance with results from the
Saprobic Index at 31% of the sites, but when including the results from the Slovakian MMI for 73% of
the sites. This is not astonishing as the two indices are indicators for different pressures — Sl for oxygen
depletion due to pollution by degradable organic substances, MMI for general habitat degradation including
hydromorphological pressures affecting streambed where the invertebrates live. Some national methods
cover both aspects (e.g. the Austrian method is a worst-case combination of the national SI and MMI),
others cover just a part of the pressures indicated by Sl and MMI, depending on the national requirements.
Thus the results using different national methods may vary.

Is the ecological status of Danube improving? Can we see an effect of past measures?

Another very difficult question — but most interesting. The explanatory power of the comparison between
data from JDS2, 3 and 4 is somehow limited as the sampling designs were not completely in line with the
requirements for the used indices — concerning sampling season, hydrological conditions and sampling
methodology/effort. Even though, the comparison still can show general trends and hints at how the
Danube is doing. Figure 1 shows how indication of the status changed at sites from JDS2 to 4 and from
JDS3 to 4. Both progressions are shown to reduce by comparison the interpretation artefacts caused by
exceptional water level or other events during or prior to one of the surveys. For macrozoobenthos (SI) and
phytobenthos (both are indicators mainly for organic pollution and nutrients) some fluctuations are visible,
sites improved and deteriorated but the status of a majority of sites was stable. The status fluctuations do
not seem to indicate a long term trend as they are pointing to different directions when comparing changes
from JDS2 to 4 and from JDS3 to 4 (Figure 1). For fish and macrozoobenthos (MMI) (both are indicators
mainly for hydromorphological pressures) a number of sampled sites show a deterioration but for a low
number of sites also improvements are visible. For the MMI the experts explained the “deterioration” as
consequence of high water level before JDS4 sampling — this acted like a hydromorphological pressure and
was reflected in the assessment.

The deterioration of indication of ecological status for fish is a warning sign, even if it was partly caused by
methodological reasons. It could point to an increasing impact of hydromorphological pressures. However,
this can be the case even if the pressure itself is constant — this phenomenon has been well known all over
Europe in recent years and may be interlinked or intensified by effects coming from environmental and
climate change and invasive alien species.

For phytoplankton and macrophytes, the comparison of status changes was not done due to changes of the
applied methodology between the Joint Danube Surveys. However, both biological groups are indicators for
pressures caused by nutrients and other general physico-chemical elements, indicating a quite good status
for most of the Danubian sites pointing at the quite good situation of the Danube in this respect.

From the biological results of JDS4 we have the impression that the ecological status of the Danube is at
least at some locations improving, which might be a consequence of mitigation measures of the past years.
However, also deterioration can be observed. This is in line with the findings of hydromorphology experts
who pointed out that both improvements but also slight deteriorations took place in recent years.
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Sites changing status class from JDS 2 to JDS 4
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Figure 1: Number of sites changing status class from JDS 2 to JDS 4 (above) and from JDS3 to JDS4. Indices are explained in detail in the
respective chapters for the biological quality elements. Slovakian MMI was not calculated during JDS2.

Can we detect an impact of climate change?

Effects of climate change on temperature and interlinked environmental variables are altering the habitat
conditions for the biological quality elements and thus changing the conditions for animals and plants.
Hence other species than those of the original reference community have the opportunity to conquer the
habitat leading to a shift in communities and to successful establishment of highly competitive invasive
alien species. Consequently, in future, assessment systems will have to be adapted to the new conditions.

Data from the zooplankton investigation indicate that increased frequencies of species preferring higher
temperatures could be linked to climatic changes in the catchment area. Likewise, the high abundance
and species diversity of invasive alien macrozoobenthic species at many sites may have been supported
by climate change effects and decreasing fish abundances and disturbed age distributions could be partly
linked to changes in the temperature regime. In general, significant statements and analysis of climate
change effects have to be based on long-term data series. It is obvious that the JDS4 data will be a valuable
basis for further investigations in this field.

What is the impact of invasive alien species to the ecosystem?

The Danube River and the main tributaries are under considerable influence of biological invasions. Data
from the biological groups demonstrate that the number of recorded alien species revealed is lower in the
Lower Danube in comparison to Upper and Middle Danube, since the Lower Danube can be considered as
native habitat of some animals and plants that are classified as aliens in the more upstream located areas.
The comparison with JDS3 data reveals that the rise of the invasive alien species is progressing.
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In the assessment methods, the increasing influence of invasive alien species is more and more a problem.
They not only replace native species but also influence the performance of assessment indices that are not
designed for the application with these organisms. Regarding macrozoobenthos at some sampling sites
invasive alien species reach extremely high abundances - e.g. 99% at site JDS4-10. For the future, a critical
adaptation of indicator values for some of those species is therefore necessary

However, like all biological systems, the distribution and abundance patterns of alien species are also highly
dynamic. For example, the Asian clam Corbicula fluminea, first found in the lower Hungarian Danube in 1998,
was detected in high densities during JDS3 (Liska et al., 2015), but was detected only in low densities during
JDS4.

18.3 Future of ecological assessment: (e)DNA-based tools

Within the scientific program of JDS4 molecular methods using DNA and environmental DNA (eDNA) for
the identification of species (and higher taxonomical groups) were applied for the first time at the scale of
an international river basin. A variety of different sample types was used for testing scientific approaches
and to evaluate the applied performance of the molecular methods, but also a comparison concerning the
applicability of (€)DNA methods for WFD status assessment was done.

Performance of the (e)DNA-methods - biodiversity

78% of all the most abundant diatom species (Phytobenthos) identified in JDS2, 3 and 4, and six of the
seven dominant taxa identified morphologically (by light microscopy) in JDS4 were identified by molecular
methods. Within the benthic invertebrates, three types of DNA samples were processed and compared
with the results from classical Multi-habitat Sampling (MHS): MHS bulk samples (mixture of animals and
sediment), preservation liquid and water samples from the river. The comparison of the results revealed a
high number of exclusive species for all four types of samples (up to 20%) and only a low overlap in detected
species (up to 33%). Concerning fish 75% of the species taxa were detected both by eDNA in water and
traditional fish surveys, about 13% and 12% only by each single method. Several benthic fish species were
detected only by eDNA: the sturgeons Acipenser ruthenus from the Black Sea to Vienna downstream and
Acipenser stellatus in the Danube delta, shad species (Alosaimmaculata / A. tanaica) downstream of the Iron
Gate, and the two Zingel species all along the Danube. The entire longitudinal structure of fish communities
along the Danube and its tributaries was convincingly described.

Kind of funny: Salmon and Tuna in the Danube!

Environmental DNA surveys detect any fragments of DNA that are floating in water and sometimes this
can reveal unexpected findings. The experts detected DNA from a number of exotic species, some of that
presumably from aquaculture or released aquarium fish, most of them originating from sewage coming
from wastewater treatment downstream of large cities — DNA from fish that is consumed in the basin area,
like Atlantic salmon, sardines, ocean perches, tuna and herring!

Potential of (e)DNA for ecological assessment

Methods for ecological assessment should be robust enough for reproducible results in space and time —
e.g. different samples that are taken at the same site but at consecutive days and at different spots will vary
in number and abundance of species and thus also in terms of index values, but they should be comparable
in terms of ecological status class. Thus, we compared results for status assessment obtained by molecular
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methods with classical results. This should give some overview hints of the potential of molecular methods
for status assessment without claiming scientific precision. A more detailed analysis is given in Chapter 17.

Fish experts used intercalibration common metrics for ecological assessment of sites with data from
classical fish survey and from eDNA analysis. For 46% of the sites they found the same status class and for
70% of the sites the final classification of reaching or failing the WFD objective of good status was identical.
The indication of ecological status based on fish eDNA is mostly moderate, but with improvement in the
Middle Danube and the delta, and degradation between Belgrade and the Iron Gate (Figure 6 in Chapter 14,
Metabarcoding of fish eDNA samples).

For benthic invertebrates, the sites were compared by using the Austrian Sl and MMI*. Both indices were
calculated with species data originating from a) classical MHS sampling, b) DNA from bulk samples (like
classical samples - all material mixed together), c) DNA from preservation liquid (alcohol extracted from
the bulk samples). A comparison was done by using abundance data but also presence and absence of
species for classical samples (DNA methods do not deliver abundance estimates but presence/absence-
values — differences between abundance and presence/absence results may indicate the importance of
abundance values for ecological assessment). Results are presented in Table 2. Accordance of the status
class assessment is high for the Sl between classical samples and preservation liquid (62%) and even
higher between classical samples and bulk samples (66%). The accordance increases over 80% when using
presence/absence data for classical samples. This difference shows that the use of exact abundance data
may account for information that is not given when using presence/absence information. It will be one
of the future challenges for the use of DNA methods for ecological assessment to either incorporate this
guantitative aspect by methodological adaptations or to find alternative approaches.

For the MMI the identical status classes identified by the three different methods is few percent lower
(Table 2) but follows the same pattern as described above for the Sl.
Table 2: Number of sampling sites with identical results for Sland MMI. MHS (abu): classical samples with abundance values;, MHS (P/A):

classical samples with presence/absence values; DNA bulk: DNA from bulk samples taken similar to classical samples (invertebrates and
sediment mixed together), DNA liquid: liquid from DNA bulk samples was analysed.

status class identical
S| MMI Sl

status class identical

MMI

MHS (abu)

MHS (P/A)

MHS (abu)

MHS (P/A)

DNA liquid

DNA liquid

DNA bulk

66%

83%

59%

79%

DNA bulk

79%

66%

DNA liquid

62%

83%

55%

59%

reaching/failure of objective identical

N

MMI

reaching/failure of objective identical

S|

MMI

MHS (abu)

MHS (P/A)

MHS (abu)

MHS (P/A)

DNA liquid

DNA liquid

DNA bulk

83%

86%

93%

86%

DNA bulk

79%

86%

DNA liquid

83%

86%

86%

79%

Table 2 also shows the comparison between status classes from bulk samples and from preservation liquid
(79% accordance for Sl and 66% for MMI) to demonstrate that the accordance between the two molecular
methods is not higher than with classical methods.

* Calculated by the Austrian experts Patrick Leitner and Wolfram Graf, University of Natural Resources and Life Science (BOKU), Vienna.
Results may differ from Chapter 6 - Aquatic Macroinvertebrates.
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The same analysis was done (instead of status classes) for the information if the site reaches or fails the
quality objective of the WFD, the good status. This is a relevant information, because failing the objective
is provoking the need for restoration measures in natural water bodies. Here the accordance between
classical sampling and molecular methods is even higher and reaches up to 93% (Table 2).

These results demonstrate the high potential of DNA-methods for ecological assessment — especially
taking into consideration that this was a test only and for sound status assessment adaptations of the
assessment method would be necessary (e.g. reference values, performance of metrics).

For a smaller number of three sampling sites the indicative status for benthic invertebrates based on the
Austrian indices SI and MMI was calculated for the above mentioned sample types and additionally for
eDNA from water samples (Table 3). The results are astonishingly close together and when looking at the
index values (that are not presented here, but can be downloaded from the JDS 4 website. Please see
the full report, available at www.danubesurvey.org/jds4/full-report) they are even closer. This shows the
potential of using eDNA from water for ecological assessment.

Table 3: Indicative status class calculated with MZB data from: MHS (abu): classical samples with abundance values; MHS (P/A):

classical samples with presence/absence values; DNA bulk: bulk samples taken similar to classical samples (invertebrates and sediment
mixed together), DNA liquid: liquid from DNA bulk samples was analysed, eDNA: DNA taken from water sample.

S| MM
Site MHS abu MHS (P/A) DNA bulk DNA liquid eDNA MHS abu MHS (P/A) DNA bulk DNA liquid eDNA
10 2 2 2 2 3 8 2 3 3
14 2 2 2 2 2 3 2 2 3
16 2 2 2 2 2 3 3 3 3 3

What is the advantage of eDNA and DNA-based methods for ecological assessment?

The results of JDS4 show that the use of molecular methods can increase the detected biodiversity.
Species that are either rare or difficult to sample with classical methods can be detected — e.g. benthic fish.
For example, sturgeons were only detected with the eDNA method. Additionally, some organismic groups
are difficult to identify and only few experts are available. This is the case for chironomids, oligochaetes
and nematodes that were found in high species numbers and diversity by molecular methods. In this case,
the modern methods use the knowledge of traditional taxonomists that is preserved in genetic reference
databases. This increase in exactness and coverage of taxonomical identification opens possibilities for
future development of indices and metrics for ecological assessment. Ecological status assessment may
become cheaper and faster by use of (€)DNA-based methods and it could become possible to get more
information in shorter time, which is of advantage for water management.

Gaps and future challenges

Results from the DNA-based methods show also that molecular methods are only as good as the
information contained in the databases and still there are gaps of missing species (macrozoobenthos) or
genetic markers not enough specific to distinguish between several taxonomically related species (fish). All
the more the work of classically trained taxonomists is important to fill those gaps and to ensure constant
quality assurance.

The (e)DNA-based methods used during JDS4 did not describe quantitative information regarding
community structure. High abundances of certain taxa, (e.g. invasive species reaching up to 99% of the
total macrozoobenthos abundance) was not reflected by this approach but could be complemented in
future study designs (e.g. by occupancy patterns of replicates or subsamples).
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The traditionally applied sampling designs and assessment systems were scientifically designed in
accordance to each other and are not automatically suitable for the (¢)DNA-based approaches. For the
practical application of molecular methods for ecological assessment, a further development has to take
place — including definition of reference conditions, and assessment metrics and indices. For eDNA methods
it has to be taken especially into account that classical methods assess the environmental variables at a
certain spot or stretch and eDNA from river water somehow integrates information coming from a longer
distance. This may be seen both as advantage or disadvantage, depending on the study design.
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Abstract

The extent and origin of microbial faecal pollution along the Danube and its most important tributaries was
determinedbasedonthe standardfaecalindicatorbacteriumE. coliandgenetic microbial sourcetrackingmarkers.
In total, 72 samples were collected at 36 sites, with 18 sites where samples were collected from the middle and
from the left and right side of the river. 56 samples (78%) displayed little or moderate pollution levels as it can be
expectedforriverswith state-of-the-art wastewatermanagement. 14samples(19%)showedcriticaland2samples
(8% ) strongpollution levels. No site with excessive pollution level was observed during JDS4. Hotspots of microbial
faecal pollution were identified in the middle and lower section of the Danube and in the tributaries Arges, Rusenski
Lom and Drava. At many sampling sites, the influence of a wastewater input (from a point source or a tributary)
could only be detected at one of the two river sides. A slight yet statistically insignificant trend towards lower
values in comparison to JDS3 was observed. Corresponding to earlier investigations, human-associated genetic
faecal markers were detected in a high percentage of samples showing that human faecal contamination is the
major source of microbial faecal pollution in the Danube River basin. Only at very few sites, low concentrations of
ruminant- and pig-associated source tracking markers were found. The future implementation of genetic faecal
markers for bird-associated faecal pollution to cover a potential impact of poultry industry is recommended.

19.1 Introduction

19.1.1 Background

Escherichia coli is used worldwide as sensitive indicator for the assessment of faecal pollution in the aquatic
environment. Faecal indicators are excreted by humans and warm-blooded animals in high concentrations
and survive for a certain time in aquatic systems. Faecal pollution in rivers can be caused by point sources
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like discharges of sewage from human sources or livestock enterprises and by non-point sources like
pasture, urban and agricultural run-off or water fowl. Faeces frequently contain pathogenic microorganisms
like bacteria, viruses or parasites. Therefore, intestinal indicator bacteria like E. coli indicate the potential
presence of pathogens and are especially well appropriate to indicate faecal pollution in surface waters.
The usefulness of E. coli as faecal indicator was shown repeatedly for assessing the microbiological water
quality of the Danube during previous JDS (KIRSCHNER ET AL 2008, KIRSCHNER ET AL 2015).

Faecal pollution and microbial contamination from anthropogenic sources via treatment plant effluents
or untreated sewage have been shown to be a crucial problem throughout the Danube River Basin leading
to serious debasement of water quality (KIRSCHNER ET AL 2009, KIRSCHNER ET AL 2017). Moreover,
the river and its tributaries receive faecal polluted run-off from animal farms and agricultural areas. Thus,
detailed knowledge on the extent and the origin of microbiological faecal pollution is crucial for watershed
management activities in order to maintain safe waters according to established quality targets (EU Bathing
Water Directive, EU Drinking Water Directive).

Microbial faecal source tracking (MST) methods were developed to provide information on the origin of
faecal pollution. During the last two decades, methods for the molecular detection of source-associated
bacterial and viral indicators of faecal pollution have been established as the methods of choice to identify
the responsible sources of environmental contamination (HAGEDORN ET AL 2011). Most prominent
and widely used among these approaches is the detection and quantification of genetic faecal markers
targeting source-associated bacterial faecal populations from the phylum Bacteroidetes (WUERTZ ET AL
2071, FARNLEITNER ET AL 2011). Usually these markers are detected by applying quantitative polymerase
chain reaction (qPCR) on DNA extracted from water samples. Extracted DNA can be stored at -80°C before
further molecular analysis is performed, supporting the collection of large DNA sample libraries.

Ample MST investigations were conducted on the Danube in the past. The human-associated marker BacH
(REISCHER ET AL 2007) was evaluated on samples from JDS2 (REISCHER ET AL 2008). It was shown that
the marker was detectable in Danube and tributary samples throughout the catchment. Investigations on
samples from JDS2 showed that faecal pollution in the tributaries was dominated by human sources as
demonstrated by a clear relationship between the standard faecal indicator E. coli and the BacH parameter
(KIRSCHNER ET AL 2008; KIRSCHNER ET AL 2015). For JDS3, human- (BacH, HF183Il) ruminant- (BacR)
and pig-associated (Pig2Bac) markers were determined together for the first time, corroborating that human
faecal pollution is the dominant source of faecal pollution in the Danube River basin (KIRSCHNER ET AL
2017).

19.1.2 Aims of the study

184

Data of microbial faecal pollution were collected during the Joint Danube Survey 4 (2019) along the
longitudinal stretch of the River Danube from the upper section (rkm 2415) to the Delta (rkm 104) for the
following aims:

- analysis of the extent and variation of faecal pollution on the basis of the standard bacterial faecal indicator
bacterium E. coli along the longitudinal stretch of the River Danube and main tributaries

+ identifying hotspots of faecal pollution of the Danube River basin

- classification of faecal pollution according to a classification scheme developed in KAVKA ET AL (2006)
and KIRSCHNER ET AL (2009)

- Quantification of microbial source tracking markers for human-associated, ruminant-associated and
pig-associated faecal pollution based on quantitative PCR (qPCR)
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+ Determining the relationship of the MST markers to the E. coli concentrations

+ Comparison of E. coli and MST marker data with results from JDS3

19.2 Methods

19.2.1 Survey logistics

In contrast to the official JDS4 logistics where samples were taken by the national teams, the microbiological
sampling campaign was done with cars using a small rubber boat for taking the samples. The trip down the
Danube started in Kelheim, Germany on June 30, 2019 and lasted until July 19 in Tulcea, Romania. Samples
were processed in partner laboratories in Regensburg (Germany), Vienna (Austria), Budapest (Hungary),
Belgrade (Serbia), Turnu-Severin and Calarasi (both Romania). Processed samples were stored at 4°C or
frozen at -22°C and delivered to the home laboratories in Austria (Vienna and Graz) within 96 hours.

19.2.2 Sampling and storage

Water samples were collected by hand from small boats at a water depth of approx. 30 cm in two sterile
500-mL plastic bottles from 36 sampling sites. 28 sites were located on the Danube River, 8 were situated
in the mouth of tributaries. At 18 Danube sites, samples were taken from the left, middle and right sides of
the river. At 10 Danube sites and all tributaries samples were taken either in the middle, or at the left or right
side of the river. All samples were immediately cooled in a cooling box and brought to the partner laboratory
within a maximum of 4 hours, where they were subsequently processed.

19.2.3 Escherichia coli

E. coli concentrations were determined according to ISO 9308-2 with Colilert 18 (IDEXX, Ludwigsburg,
Germany), a most probable number (MPN) technique, using two volumes (100 ml, T ml). Samples were
incubated at 36 + 2°C for 18 - 22 hours and analysed in a UV-cabinet. Quantitative values were obtained by
comparison with the MPN table provided by the manufacturer. For the first 4 sampling points in Germany,
parallel samples were taken for comparative measurements via 1ISO 9308-2 and 1SO 9308-3, performed
at Bayerisches Landesamt fiir Umwelt in Augsburg (Dr. Margit Schade). Due to the fact that intestinal
Enterococci data did not add significant additional information to the faecal pollution situation during the
previous JDS, only E. coli was determined in JDS4.

19.2.4 Classification system

To enable the assessment of faecal pollution levels, faecal indicators were classified by a system of 5
microbiological water quality categories after KAVKA ET AL (2006) and KIRSCHNER ET AL (2009) (Table
1). For setting up this scheme, one concentration derived from the EU Bathing Water Quality Directive 2006
was used as anchor point (1000 MPN / 100 ml). Faecal pollution levels of quality class | and Il are below,
quality classes Ill, IV, and V exceed these values. The EU Bathing Water Directive and the assessment of
bathing water quality could not be applied for the JDS data set since the data of bacterial indicators of faecal
pollution generated during the Joint Danube Survey are single measurements. It can thus be considered
only as a snapshot analysis of faecal pollution. According to the EU Bathing Water Directive the assessment
of bathing water quality shall always comprise at least 16 samples compiled in relation to that bathing
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season and the three preceding bathing seasons, based upon a 95-percentile and 90-percentile evaluation,
respectively.

Table 1: Microbiologically based classification system of water quality according to faecal pollution (KAVKA ET AL 2006,
KIRSCHNER ET AL 2009). Faecal indicator concentrations are given in most probable numbers (MPN) per 100 ml.

Classification Class
of faecal pO”UtiOﬂ “
Faecal
Parameter critical
pollution
in 100ml >100 > 1000 >10000
Escherichia coli <100 >100 000

water - 1000 -10 000 - 100 000

19.2.5 DNA extraction

Duplicate subsamples with a volume of 300 ml were filtered through 0.2 um polycarbonate filters. Filters
were immediately frozen at -20°C and within 4 days all filters were transferred to a -80°C freezer after
transport of the filters to the home laboratory. Clean filters were frozen and stored alongside the sample
filters as filter controls. DNA was extracted by a phenol-chloroform extraction combined with bead-beating
(REISCHER ET AL 2008). DNA was dissolved in 100 ul of 10 mmol L-1 Tris buffer. Extraction controls were
routinely run alongside each extraction batch.

19.2.6 Microbial source tracking markers
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gPCR quality assurance and inhibition control

The sample DNA was diluted 1:4 and 1:16 and the AllBac assay (LAYTON ET AL 2006) was applied to ensure
the presence of amplifiable bacterial DNA and the absence of inhibition.

Microbial faecal source tracking assays

The human-associated faecal marker BacHum (KILDARE ET AL 2007) and a modified version of the HF183II
(GREEN ET AL 2014) - which was recently renamed as HF183/BacR287 (USEPA 2019) - were determined
by gPCR indicating human-associated faecal pollution. The ruminant-associated BacR gPCR assay
(REISCHER ET AL 2007) and the pig-associated Pig2Bac qPCR assay (MIESZKIN ET AL 2009) were included
as methods for detecting animal faecal pollution sources. All these gPCR assays were adapted to run on the
Rotor-Gene Q thermocycler with the Rotor-Gene Multiplex PCR mastermix (Qiagen Inc.). Quantification was
achieved by running plasmid standard dilution series of known concentration. No-template controls were
applied at all instrument runs.

Data analysis

The recovered gPCR data were log10 +1 transformed. Graphs were produced using Microsoft Excel and
IBM-SPSS, version 24. Statistical analysis was performed using IBM SPSS version 24 for Windows.
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19.3 Results

19.3.1 Variation in E. coli concentrations

E. coli concentrations are shown in Figure T and expressed in most probable numbers (MPN) per 100 ml. In
the upper part of the Danube until Dunaféldvar (rkm 1560; Hungary) all E. coli concentrations corresponded
to class | and Il (little to moderate pollution) with only one exception directly downstream the wastewater
treatment plant effluent of Linz/Asten (Enghagen, Austria), where the limit value of moderate pollution was
exceeded only slightly (1.050 MPN per 100 ml). The comparative measurements performed for the first 4
sampling sites were in perfect agreement with these observations (data not shown). In the middle part of the
Danube, starting with the tributary Drava, many sampling sites showed critical pollution levels, specifically
downstream (ds) Drava (rkm 1377 right), ds Novi Sad (rkm 1252 left/middle/right), ds Tisza (rkm 1212
middle), ds Belgrade/Pancevo (rkm 1151, right/middle), and at the Iron Gate reservoir in Tekija (rkm 954
right). The large tributaries Tisza and Sava exhibited little and moderate pollution, respectively.
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Figure 1: E. coli concentrations along the Danube and in selected tributaries (squares).
Data were log — transformed: 7 = 10 MPN per 100 ml, 2 = 100 MPN per 100 ml, 3 = 1.000 MPN per 100 ml, 4 = 10.000 MPN per 100 mi,
5=100.000 MPN per 100 ml. Samples were taken left (diamonds), middle (large circles) and right (triangles) at 18 Danube stations. From
the other Danube stations and the tributaries Inn, Moson Danube, Drava, Tisza, Sava, Timok, RusenskiLom and Arges samples were taken
only on one position (left, middle or right). Coloured bars along the y-axis indicate the pollution status according to Table 1, from little
(blue) to strong (orange) pollution. Dashed vertical lines: borders between Upper, Middle and Lower Danube.

In the lowest part of the Danube, critical pollution levels were observed at four Danube sampling sites,
at Simijan (rkm 926 left), downstream Zimnicea/Svistov (rkm 550 left), downstream the strongly polluted
tributary Arges (rkm 432, left) and at Tulcea (rkm 104, right). The two investigated tributaries showed both
strong pollution levels with a maximum of 43,500 MPN per 100 ml.

Summing up, 56 of 72 investigated samples displayed little or moderate pollution as it can be expected for rivers
with state-of-the-art WWTP influents. With one exception, critical pollution levels only occurred in the middle
and lower stretch of the Danube and its tributaries. Strong pollution levels only occurred in two tributaries in
the lower stretch, of all 72 investigated samples no sample indicating excessive pollution was recorded.
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19.3.2 Comparison with JDS3
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Adirect comparison of the E. coli concentrations of 2019 with those from 2073 revealed no overall significant
difference between the two JDS. A paired T-test with all 72 corresponding samples resulted in a p-value of
>0.1. Table 2 depicts the key data of both surveys.

Table 2: Median, minimum and maximum E. coli concentrations of all 72 corresponding samples from JDS3 and JDS4.

2013 2019
E. coli
[MPN/100ml] log[MPN/100 ml] [MPN/100ml] log[MPN/100 ml]
Median 335 2.52 201 2.30
minimum 2 0,3 3 0,49
maximum 393,000 5,59 43,500 4,64

A 1:1 analysis of log-normalized data by scatterplot, however, showed a trend towards lower values in 2019.
The linear correlation line markedly deviated from the 1:1 line and 6 samples were identified that showed
by 1 log lower values in 2019 than in 2013 (Figure 2). Specifically, at Oberloiben and Kelheim, where ships
had been suspected to be responsible for the high values in 2013, moderate pollution levels were observed
in 2019. In addition, the tributary Arges, the receiving water of the wastewater discharges from Bucharest,
showed by > 1 log lower results in 2019. At Dunafoldvar, 2-log lower values were observed in 2019 and
downstream Zimnicea/Svistov and in the tributary Timok, pollution levels were about 1-log lower than in
2013. In contrast, at the Iron Gate reservoir near Tekija and ds the WWTP effluent Linz/Asten the pollution
levels in 2019 were 2.1 and 1.4 log higher than in 2013.

6

5 3 t
= |
g o o Arges
g 4 ,
S ®
E e
= ] ds Linz/Asten -~ @ -
g 1 IGR Tekij J .
73 ekija O o 0 o Q’)g
[ ; ¥o) 70 o - |
0 1 7 ; - o ds Svistov
; ] - (@) > Dunaféldvar
o - “ N -Oberloiben O
S 2 = > — ©
:‘: P e  Timok
3 . / .8 ° R e O Kelheim
N 1 3= Po) foWid

e ’
0 "t
0 1 2 3 4 5 6

2013 E. coli [log +1 (MPN/100 ml)]

Figure 2: Comparison of E. coli concentrations at 72 corresponding samples of the Danube and selected tributaries.
The stations where the concentrations differed by more than 1 log are named.
The middle dashed line indicates the 1.1 curve, the outer dashed lines indicate 1 log difference.
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19.3.3 Microbial Source Tracking

Occurrence of source-associated genetic faecal markers during JDS4

The concentrations of the human-associated genetic faecal markers HF183 Il and BacHum were determined
using quantitative PCR. These genetic markers were designed to be specific indicators of human faecal
influence originating from untreated and treated sewage discharges into the environment. They could be found
in more than 69% of the investigated samples. From in total 72 samples, 58 samples passed the quality control
of the gPCR process. From these 58 samples, 40 and 41 samples were positive for HF183 Il and BacHum,
respectively. The concentrations of the BacHum marker were of similar magnitude as HF183 Il (Figure 3).
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Figure 3: Distribution of HF 183 Il and BacHum marker concentrations in Danube and tributary samples (ME, marker equivalents; Boxes,
25th and 75th percentile; lines within the boxes, median; whiskers, 10th and 90th percentile, respectively; n, number of samples).

Highest marker concentrations were found in the Drava tributary, downstream (ds) of its confluence with the
Danube, ds Novi Sad, ds Belgrade/Pancevo, at Simijan, ds Ruse, in the Arges tributary and ds of its confluence
with the Danube. In comparison to JDS3, the percentage of samples that were positive for the human-associated
markers was slightly lower. During JDS3, more than 90% positive samples were found. As well, the number of
samples that passed quality control in JDS4 was lower than in JDS3. One major reason was that in the upper
section of the Danube the high water of the Inn resulted in a significant decrease in DNA extraction efficiency
and false-negative gPCR results, most likely due to the high load of inorganic particles capturing the DNA. This
influence of the Inn (rkm 2225) was detectable until ds Bratislava (rkm 1869), affecting in total 13 samples.

In order to detect the possible presence of animal faecal pollution, two additional MST markers were
included. The BacR marker targets Bacteroidetes populations associated with ruminant animal faeces,
while the Pig2Bac marker is targeting pig-associated Bacteroidetes populations. In significant contrast to
the human-associated markers, the animal-associated markers were rarely detected in the investigated
JDS4 samples. The BacR marker was detected in only 1 out of 58 samples (1.7%), the Pig2Bac assay only
7 out of 58 samples (12.0%). In both cases the detected concentrations were very low and close to the limit
of detection (results not shown).

Summing up, as in JDS3 (KIRSCHNER ET AL 2017), human faecal pollution was the dominant source of
faecal pollution in the Danube and its most important tributaries during JDS4, while animal faecal pollution
only plays a minor role along the whole Danube with a few exceptions at specific locations.
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Correlation and regression analysis of genetic markers with faecal indicators

In order to investigate for relationships between the levels of source-associated genetic faecal markers and
the bacterial standard indicator of faecal pollution (E. coli), non-parametric Spearman rank correlations were
calculated for all samples where a positive marker result was obtained by gPCR. Both human-associated MST
markers were highly correlated with each other (rho=0.94, p<0.001, n=34) strongly supporting the reliability
of the two markers as indicators of human faecal pollution. Remarkably, there were high correlations of the
human-associated genetic faecal markers with the E. coli concentrations with rho = 0.67 and p < 0.001 for
HF183 Il and with rho = 0.69 and p < 0.007 for BacHum, respectively. Without the outlier (Rusenski Lom, high
E. coli but relatively low marker concentrations, see Figure 4), correlation coefficients would be markedly
higher (rho = 0.81 for both BacHum and HF183 11). In sharp contrast to the human associated markers, there
were no correlations between E. coli concentrations and the ruminant- and pig-associated genetic faecal
markers BacR and Pig2Bac, due to the few positive results.

Linear regression analysis showed that for all samples from the Danube River and its tributaries where a
positive gPCR signal was obtained, 51% and 41% of the variation in E. coli concentrations could be explained
by the respective levels of the human-associated genetic faecal markers HF183 Il and BacHum, respectively
(Figure 4). In comparison to the data from JDS3 (REISCHER ET AL 2015, KIRSCHNER ET AL 2017), the
correlation between the human-associated MST markers and E. coli was less pronounced in JDS4. If the
outlier mentioned above would have been eliminated from the data set, comparable values of 60 to 65%
would have been achieved.

BacHum
HF183lI
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Figure 4: Regression analysis of human-associated Bacteroidetes genetic faecal marker versus E. colilevels (as indicator for total faecal
pollution) based on linear regression models.

19.4 Conclusions

+ The longitudinal study along the Danube River and its major tributaries by applying uniform methods
in the partner laboratories allowed for a reliable quantitative estimation of the presence of the faecal
indicator bacterium E. coli and thus faecal pollution levels.

+ Through the application of a “5-level” classification system, the assessment of the microbiological water
quality regarding faecal pollution based on a single event sampling was possible. However, a classification
according to the EU Bathing Water Directive is not directly possible since the bathing water quality
assessments comprise at least 16 samples and a percentile evaluation.
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« Sixteen sampling points (13 Danube samples and 3 tributaries) out of 72 (22%) were classified either as
critically (14) or as strongly (2) polluted. As hotspots of strong pollution the tributaries Arges and Rusenski
Lom were identified. The highest contamination in the Danube with critical pollution levels was measured
downstream the confluence with the Arges, as well as ds Novi Sad (RS) and Simijan (RO), in the middle
stretch, with generally critical faecal pollution levels. Another hotspot of faecal pollution was observed in
the Drava River and downstream of its confluence with the Danube.

- Sampling at the left, middle and right river sides enabled a deep view into the microbial faecal pollution
patterns of the Danube. At many JDS sampling sites the influence of a wastewater input (from a point
source or a tributary) could only be detected at one of the two river sides, most prominently downstream
Rusenski Lom (BG), downstream Arges (RO) or after the Iron gates at Vrbica/Simijan (RS/R0). Thus,
sampling at both river sides in addition to the midstream is a prerequisite for assessing the microbiological-
faecal status of the river.

- A comparison with data from 2013 revealed similar median values for the faecal indicator E. coli. Although
a slight tendency towards lower values was observed in the Danube and specific tributaries (Arges, Timok),
a general improvement of the microbiological water quality cannot be deduced from the data, because of
the fact that the microbiological analysis is based on two snapshots only. Stretches in the middle section
between Novi Sad and Vrbica/Simijan kept being hotspots of faecal pollution since JDS1. However,
stations in Germany, Austria and Hungary (Kelheim, Oberloiben and Dunaféldvar), where hotspots of
faecal pollution were observed only in 2013, were inconspicuous in 2019 indicating that local short term
effects (e.g. from shipping industry) were responsible for the observed high pollution levels in 2013.

- Microbial source tracking data from JDS4 corroborated that human faecal contamination is the main driver
of faecal pollution levels in the Danube and its major tributaries. Human-associated genetic faecal marker
levels could be predicted by the bacterial standard indicator variations, such as E.coli, to a high extent.

- In contrast to human-associated genetic faecal markers, ruminant- and pig-associated genetic faecal
markers could very infrequently be detected and showed very low levels (close to the detection limit of the
method). This indicates that faecal pollution from ruminant and pig contamination sources did not play a
significant role for faecal pollution in the Danube River and its major tributaries at their confluence sites.

- One valuable addition in the future would be the application of genetic faecal markers for bird-associated
faecal pollution, but unfortunately up to date there are no such methods available that have been tested
in the Central European region.
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Abstract

The occurrence of human-induced antibiotic resistant bacteria (ARB) is not only limited to clinical surroundings,
theycanalsobefoundinthehumanpopulation,animalsandthe waterenvironment. Particularlylargeriversystems
areof greatconcernregardingthe spreading of ARB. Thus, the aim of this study was to analyze the Escherichia coli
populationof Europe 'ssecondlargestriver,the Danube, forpresenceofhuman-inducedresistances. Furthermore,
the obtained data were compared with the occurrence of ARB that were isolated in 2013 from the River Danube
during JDS3.

The results show a significant increase in multi-resistance (acquired resistances to antibiotics from three or
more tested antibiotic classes) and extended spectrum beta-lactamase (ESBL) phenotype. This indicated that
the accumulation of resistance mechanisms in the River Danube E. coli population has continued over the
last six years. From 797 E. coliisolates, 110 (13.8 %) were multi-resistant, 198 (24.8 %) showed resistances to
one or two classes of antibiotics and 489 (61.4 %) revealed no acquired resistance to the antibiotics tested.
18isolates (2.26 %) expressedthe ESBL phenotype. The most common resistances were those to ampicillin (198
isolates, 24.8 %) and tetracycline (192 isolates, 24.1 %), respectively. No resistances were detected toimipenem,
meropenem, tigecycline, amikacin and colistin.

20.1 Introduction

In the last decades, the number of human-induced antibiotic resistant bacteria (ARB) has risen not only
in the clinical setting but also in the natural environment. One main reason for this is the extensive use of
antibiotics in animal breeding and human therapy. Antibiotics and ARBs originate from hospitals, industry
and farming and their residues are excreted or discharged via the drain. Flushed to the sewage, and passing
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sewage treatment plants, they finally end up in surface waters. Surface waters, especially rivers seem to
play an important role in the spread of ARB because they serve as habitats and as a transport media for
microorganisms (Allocati et al. 2013).

In the course of JDS4 (Joint Danube Survey 4), Escherichia coli were isolated in a quantitative approach
from surface water samples of the Danube River, collected at 36 locations, and examined for non-wild type
(multi-)resistances to antibiotics.

E. coli is a Gram-negative bacterium within the family of Enterobacteriaceae. It colonizes the intestinal
tract of humans and warm blooded animals and can cause pathogenic diarrhoea and urogenital infections
(Allocati et al. 2013). The rising number of new resistances, especially due to their capability to develop or
receive genes for extended spectrum B-lactamases (ESBL), makes them insensitive to a larger group of
antibacterial agents (Kittinger et al. 2016). ESBLs are enzymes produced by a great variety of bacteria and
hydrolyze beta-lactam antibiotics such as penicillins, cephalosporins and monobactams (Okai et al. 2019).

20.2 Methods

Water samples were taken from 18 sampling points along the Danube from the left, middle and right side of
the river at a depth of 30 cm. The samples were spread in portions of 500 pL on Chromocult® Coliform agar
(Merck, Austria) and CHROMagar Orientation (Becton Dickinson Austria GmbH, Austria) immediately and
transferred to Graz within 48 hours at 4°C where the resulting isolates were stored at -70°C in 50 % glycerol.

The isolates were thawed and incubated on LB-agar overnight for subsequent confirmation via mass
spectrometry MALDI-TOF VITEK MS™ Assurance (Biomerieux, Austria). For all confirmed E. coli isolates,
the antibiotic susceptibility testing (AST) was performed according to the guidelines of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST 2020). For tetracycline, chloramphenicol and
colistin, there are no criteria available for this test. Therefore, tetracycline and chloramphenicol testing was
carried out according to the Clinical Laboratory Standards Institute (CLSI 2020). Protocols of Boyen et al.
were used for the determination of resistance to colistin (Boyen et al. 2010). The isolates were tested for
the antibiotics ampicillin (10ug), amoxicillin/clavulanate (20 pg/10 ug), piperacillin/tazobactam (100 pg/
10 pg), cefalexin (30 ug), cefuroxime (30 pg), cefoxitin (30 pg), cefotaxime (5 pg), ceftazidime (10 ug),
cefepime (30 pg), meropenem (10 pg), imipenem (10 pg), ciprofloxacin (5 pg), moxifloxacin (5 pg), colistin
(10 pg), amikacin (30 ug), gentamicin (10 pg), chloramphenicol (30 pg), trimethoprim/sulfamethoxazole
(1.25 pg/23.75 ug), tetracycline (30 ug) and tigecycline (15 pg). Figure 1, panel A to C, displays petri dishes
used to perform AST: the isolate expresses an ESBL phenotype.

CLSI standards were also used to perform confirmation tests for E. coli displaying an ESBL-like resistance
pattern after the preceded AST (CLSI 2020). This double disc test comprises ceftazidime (30ug), cefepime
(30ug), ceftazidime-clavulanic acid (30/10ug) and cefepime-clavulanic acid (30/10ug). As an example an
ESBL-positive double disc test of a single isolate is shown in Figure 1, panel D.

Both — AST and conformation of ESBL — were performed using BD BBL™ Sensi-Disc™ antimicrobial
susceptibility test discs (Becton Dickinson Austria GmbH, Austria).

Statistical significance was calculated using Fisher’s exact test. P-values below 0.05 were assessed as
significant.
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Figure 1: Disc diffusion tests performed for antibiotic susceptibility testing. An E. coliisolate was tested for antibiotic susceptibility using

the disc diffusion method according to guidelines of EUCAST, CLSI and Boyen et al. displaying an ESBL resistance pattern (panel A - C).

A subsequent ESBL confirmation test according to CLSI standards shows an affirmative result (panel D). Clear circular spaces in the

discs’periphery are inhibition zones without bacterial growth due to the antibiotics diffusing into the surrounding medium. The diameters

of these inhibition zones are compared with the specific corresponding breakpoints given in the guidelines and indicate the isolate’s
susceptibility or resistance to each antibiotic.

20.3 Results and Discussion

797 E. coliisolates have been tested so far. 110 (13.8 %) E. coli were multi-resistant (resistances to three or
more of the tested antibiotic classes), 198 (24.8 %) showed resistances to one or two classes of antibiotics
and 489 (61.4 %) revealed a wild type resistance pattern (Figure 1). These findings indicate a significant
increase by 42 % (4.1 percentage points, p=0.021) in the number of multi-resistant E. coli when compared
with data obtained during JDS3 when multi-resistance occurred in 9.7 % (61 of 629) of the isolates (Kittinger
etal. 2016).

B Wildtype resistances

[ Resistant to one or two
classes of antibiotics

M Resistant to three or more
classes of antibiotics

Figure 2: Classification and frequency of antibiotic resistances. The total number of isolates tested was 797. Multi-resistance
(resistance to 3 or more classes of antibiotics) occurred for 13.8 % (indicated in red). Resistance to 1 or 2 classes of antibiotics was
shown by 24.8 % of the isolates (indicated in orange) and 61.4 % displayed wildtype resistances (green).

Scientific Report: A Shared Analysis of the Danube River JDS4

195



196

The most frequently detected resistances were against ampicillin and tetracycline with 198 isolates,
24.8 %, and 192 isolates, 24.0 %, respectively (Figure 2). These findings are similar to the results of JDS3 with
21.8 % of isolates resistant to ampicillin and 24.0 % to tetracycline, respectively (Kittinger et al. 2016). All
isolates were susceptible to meropenem, imipenem, amikacin, colistin and tigecycline. Thisis in concordance
with the findings in 2013. Therefore, resistances to last line antibiotics are still not detectable in the River
Danube E. coli population.

30,0%

24 8% 24.1%

25,0%

15,0%
12 8%
12 0%
10,0%
7.4%
48%
5,0% —
3.8%
1.6%
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Figure 3: Antibiotic-specific frequencies of resistances. The most frequent resistances within the 797 tested isolates occurred toampicillin
(198isolates, 24.8 %) andtetracycline (192 isolates, 24.0 %). Antibiotics and abbreviations: ampicillin (AM), amoxicillin/clavulanate (AMC),
cefalexin (CN), cefuroxime (CXM), cefoxitin (FOX), cefotaxime (CTX), piperacillin/ tazobactam (TZP), imipenem (IPM), ceftazidime (CAZ),
meropenem (MEM), cefepime (FEP), gentamicin (GM), amikacin (AN), moxifloxacin (MXF), ciprofloxacin (CIP), tetracycline (TE), tigecycline
(TGC), colistin (CL), trimethoprim/ sulfamethoxazole (SXT), chloramphenicol (C). Classes of antibiotics are indicated by colours: olive
green — beta-lactams, blue — aminoglycosides, orange — chinolones, light green — tetracyclines, violet — antagonists of folic acids,
red — chloramphenicol.

Resistance patterns indicating ESBL after AST were detected in 18 (2.26 %) isolates and confirmed by
performing a subsequent confirmation test according to CLSI standards (Table 1). During JDS3 4 ESBL
producing E. coli (0.6 %) were isolated (Kittinger et al. 2016). Therefore, the presence of ESBL phenotype in
2019 was nearly five times higher (increase by 1.66 percentage points, p=0.016) than in 2013. The reasons
for this increase could be a stronger entry of resistant bacteria from the human population or from domestic
and farm animals. It remains unclear whether the establishment of resistance will continue in the upcoming
years and how much it is influenced by a constant input of resistant bacteria from the above-mentioned
sources. Even more critical is the question to what extent the observed resistances in large surface waters
contribute to the establishment and stabilisation of resistances in the human and animal population.
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Table 1: Antibiograms of ESBL-producing E. coli. The displayed ESBL-producing isolates represent a percentage of 2.26 % (18 of all
797 E. coli tested). Each line shows the test results of a single isolate. The first column shows the geographic location of isolation.

From the second up to the second to last column each table element displays the inhibition zone diameters for the current antibiotic.

A red colour indicates resistance and white a sensitive test result. In the last column, the results of the ESBL confirmation tests are
displayed. Antibiotics and abbreviations: ampicillin (AM), amoxicillin/ clavulanate (AMC), cefalexin (CN), cefuroxime (CXM,), cefoxitin
(FOX), cefotaxime (CTX), piperacillin/ tazobactam (TZP), imipenem (IPM), ceftazidime (CAZ), meropenem (MEM), cefepime (FEP),

gentamicin (GM), amikacin (AN), moxifloxacin (MXF), ciprofloxacin (CIP), tetracycline (TE), tigecycline (TGC), colistin (CL), trimethoprim/

sulfamethoxazole (SXT), chloramphenicol (C). rkm: river kilometre.

20.4 Conclusions

- From 797 Escherichia coli isolates 110 (13.8 %) were multi-resistant, 198 (24.8 %) showed resistances to

one or two classes of antibiotics and 489 (61.4 %) revealed no acquired resistance to tested antibiotics.

- 18 (2.26 %) isolates were affirmatively tested for the ESBL phenotype.

+ The six-year-comparison with data from JDS3 shows a significant increase in multi-resistance and ESBL

phenotype for the E. coli population of the River Danube.
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Abstract

Microbial communities in natural ecosystems are rapidly responsive to environmental changes by activating
or inhibiting specific metabolic pathways which may cause variations in the overall community composition
and functionality, then having an impact on the entire ecosystem. Moreover, among the main threats to the
water environment, anthropogenic pressure and climate changes have negative impacts on water quality and
biodiversity. Here, we investigated changes in the microbial community composition in eight selected sampling
points along the Danube River by using a 16S rDNA sequencing approach. In accordance with the data reported
duringthe Joint Danube Survey 2 (JDS2), we observedthat Proteobacteria, Actinobacteria and Bacteroidota were
themostdominantphyladetectedintheriver. Wealsoidentifiedantibioticresistantgenes (ARG)againstantibiotics
belonging to B-lactams (Blarey), sulfonamides (SulT) and quinolones (qnrST), which are among the main usedin
human and veterinary medicine. Due to the increasing use of antibiotics, their concentration in waterbodies is
indeed increasing and can contribute to the spread of the antimicrobial resistance (AMR). In fact, our results
showed that these ARG were present in at least one sampling point. On the other hand, the environmental DNA
(eDNA) analysis (mitochondrial 12S rDNA sequencing) was instead used to detect and identify fish populations
along the Danube, at least to an order level. Here, we were able to detect ten fish orders along five selected
sampling points. These orders had representative native and invasive species reported during the Joint Danube
Survey 3 (JDS3).
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21.1 Introduction

High quality freshwater ecosystems are essential and critical natural resources which, in the last decades,
have been threatened by anthropogenic activities.

The assessment of water quality and biodiversity in aquatic ecosystems traditionally has relied on microscopy
analysis, traps, electrofishing and active sampling. These methodologies are frequently invasive, destructive
and dependent on a skilled operator to identify species found in the environment, as well as labour intensive
and time consuming (Beng & Corlett, 2020). Advanced DNA sequencing techniques with their modest cost,
now offer the opportunity, as an alternative to the traditional survey, to perform monitoring research on the
complex and often unknown biodiversity in the ecosystems. The use of metagenomics has indeed become
a common technique to explore the effects of anthropogenic pollution in river ecosystems by assessing
changes in microbial communities and microbiome (Bai et al,, 2014; Sacca et al,, 2019).

Microorganisms are important players in the biogeochemical cycling of nutrients, biodegradation of
pollutants and maintenance of ecosystem health (Holguin et al., 2001), however, the diversity and
community structure could be affected by changes in the environment, and can be therefore used as an
indicator of environmental conditions. Among others, antibiotics are considered emerging pollutants in the
environment. The consumption of antibiotics in both human and veterinary medicine is increasing in many
countries, resulting in their detection in waterbodies. Moreover, wastewater treatment plants (WWTP) are
not suitable to completely remove antibiotics during the treatment processes, and consequently, these
substances are released directly in the environment. The amount of antibiotics in water has become a
serious threat, principally because they represent a driving force behind the increasing occurrence of the
antimicrobial resistance (AMR) and the spread of antibiotic resistant genes (ARG).

Ultimately, fish are very sensitive to anthropogenic impact and climate changes, and studies on their
population have been used as indicators of human pollution. For fish surveys, the environmental DNA
metabarcoding, or environmental DNA (eDNA), has been recently used to analyse the genetic material which
is present in environmental samples such as sediment or water. This methodology is based on the principle
that all living organisms shed DNA into the environment via, for example, skin or excrement (Ruppert
et al,, 2019) (see Chapter 12). The eDNA analysis allows the simultaneous detection and identification
of organisms across different trophic levels, providing relevant information about the complex biotic
interactions related to ecosystem populations and changes. Although the use of eDNA is a relatively new
method of screening, it has proven its potential in ecological monitoring without the need of disturbing or
even destructing the habitat, contrary to what happened often with conventional methods (Djurhuus et al,,
2020; Hajibabaei et al,, 2011; Thomsen & Willerslev, 2015).

In this chapter, we performed a sequencing analysis for monitoring the microbial community (16S rDNA
sequencing) and fish populations (mitochondrial 12S rDNA sequencing) in eight and five different sampling
points respectively, in order to study the water quality status of the Danube River. Finally, to gain an insight
into the antibiotic pollution in the river, the expression of ARG belonging to the antibiotic classes B-lactams,
sulfonamides and quinolones was analysed through polymerase chain reaction (PCR).
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21.2 Methods

Sampling points and filtration

The water sampling campaign was carried out at eight different stations along the Danube River from 30"
of June to 20" of July 2019. The sites were classified as reported in Table 1. For each sampling station, two
5L samples were collected in distinct bottles, acid-washed and rinsed with river water, representing true
biological replicates. All sampling sites were used for investigating the microbial community composition
by 16S rDNA sequencing and for antibiotic resistance genes (ARG) identification through polymerase chain
reaction (PCR), whereas five sampling sites were selected for environmental DNA (eDNA) studies by the
mitochondrial 12S rDNA sequencing (Table 1). The 16S s part of the 30S subunit of the ribosomes in bacteria
and even though this gene is conservative, sequence differences (polymorphisms) in the hypervariable
regions allow the taxonomic classification and the phylogenetic analysis of the microbial populations. For
vertebrates, mitochondrial DNA (mtDNA) is predominantly maternally inherited, and its rapid mutation rate,
together with its high number of copies in each cell, make it suitable for vertebrate identification (Cawthorn
etal,2012).

For DNA extraction, 1L samples from each replicate were filtered using MF-Millipore membrane filters,
0.22um pore size (Millipore), except for the sampling site Joint Danube Survey4-4 (JDS4-4) where the volume
filtered was 400mL. For eDNA extraction, 1L samples from each replicate were filtered using nitrocellulose
NC45 membranes, 0.45um pore size (Whatman).

Water samples were filtered upon arrival to the laboratory, and all filters were stored at -20°C until further
analyses.

Table 1: List of Danube River sampling sites analysed for 16S rDNA, mitochondrial 12S rDNA and antibiotic resistance genes (ARG).

Collection

Sampling q River . q

site areit in the Place Country Km Coordinates Analysis
river
IDS4-4 Right N“’f;é;i:f“h' DE | 2282 | 48763617 | 13.017867 16:{{%5/
JDS4-9m |  Middle D"\‘;’i‘;ﬁ?m AT 1930 | 48.162879 | 16.503526 1613{{1(2}5/
JDS4-14 | Middle Bratislava SK 1869 | 48075482 | 17.156551 162{{1(2}5/
Banatsk

JDS4-40 Left Pa‘;l’:ni: RSRO | 1071 | 44.825379 | 21343977 | 16S/ARG

DS4- 165/128/
! Middle Vrbica/Simijan RS/RO 926 44.601839 22.709641

41m2 ARG
Upstream Timok

JDS4-41 Middle (Rudujevac / RS/RO 849 44232340 22.673430 | 16S/ARG

Gruia)
Downstream

JDS4-47 Middle Ruse/Giurgiu BG/RO 488 43.928989 26.073169 | 16S/ARG
(Marten)

JDS4-50 Middle Reni RO/UA 130 45.45484 28.25887 16:{{1?}8/
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Laboratory environment and controls

DNA extraction, library preparation and sequencing were conducted in three different dedicated and physically
separated rooms to prevent sample contamination. Controls during DNA extraction and library preparation
were used to monitor possible DNA contamination in reagents or sample manipulation. Benchtops were
cleaned with RNase Away (Invitrogen) and then wiped with ethanol 70%. PCR were prepared in a designed
DNA-free hood and pipettes were wiped also with RNase Away and UV-irradiated for at least 20 minutes.

DNA extraction

For DNA extraction, filters were incubated overnight in 50 mM KH,PO, buffer and then sonicated for 15
minutes at 60°C as described in Kisand et al. (Kisand et al., 2012). Enzymatic digestion using lysozyme
(100mg/ml, Sigma) and B-mercaptoethanol (14 mM, Sigma) was also performed prior to column-based
DNA extraction with DNease Blood and Tissue Extraction Kit (Qiagen), according to supplier instructions.
DNA was extracted from two biological replicates/sampling site (1L/sample) and mixed in equal volume
ratio before performing further analyses.

DNA extraction for environmental DNA (eDNA) was performed using the PowerWater Kit (Qiagen) in
accordance with supplier instructions, but was also slightly modified. Briefly, the incubation time with the
beads was increased to 30 minutes and the incubation with IRS solution to 10 minutes. The total DNA
was recovered in 20ul Tris buffer and replicates were pooled to reduce variations between sampling and
extraction efficiencies.

DNA and eDNA concentration was checked at Nanodrop (Thermofisher Scientific) and quantified by Qubit
dsDNA HS assay kit (Invitrogen).

Library preparation and DNA sequencing

Amplification of 16S rDNA (variable regions V3-V4) and 12S rDNA (mitochondrial conserved region) was
performed using primer pairs shown in Table 2. PCR was carried out using 25ng of high-quality genomic
DNA (for 16S rDNA) and 10uL, 1:10 or 1:100 dilutions of environmental DNA (eDNA, for 12S rDNA). For
16S rDNA, PCR conditions were: 1 cycle of 3 minutes at 95°C followed by 25 cycles of 40 seconds at 95°C,
2 minutes at 55°C, 1 minute at 72°C and 7 minutes incubation at 72°C. For eDNA, the PCR samples were
denatured at 95°C for 10 minutes, followed by 50 cycles of 30 seconds at 95°C, 30 seconds at 55°C and 1
minute at 72°C, followed by a final elongation at 72°C for 7 minutes.

PCR amplicons were used to prepare amplicon libraries with the lon Plus Fragment Library Kit (Thermo
Fisher Scientific) according to manufacturer's instructions. Libraries were amplified and pooled at an
equimolar ratio (100pM) based on concentrations assessed with the 2100 Bioanalyzer instrument using
the Agilent High Sensitivity Kit (Agilent). Sequencing was performed on the lonS5 Instrument (Thermo
Fisher Scientific) at the Joint Research Centre (JRC) in Ispra (VA, Italy). All 16S rDNA and 12S rDNA samples
were sequenced as 400bp and 200bp reads, respectively, using chips 520 (Thermo Fisher Scientific).

Table 2: List of primers used for amplifying 16S rDNA and 12S rDNA.

Gene Forward Reverse A}npllcon Ref
size (bp)
(Klindworth et
16S 5-CCTACGGGNGGCWGCAG-3’ 5-GACTACHVGGGTATCTAATCC-3’ 464 al. 2013)
128 5*-ACACCGCCCGTCACTCT-3’ 5. CTTCCGGTACACTTACCATG-3’ 126 (Zlale;(t)‘ln;)et
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Antibiotic resistance genes detection by Polymerase Chain reaction (PCR)

The presence of genes encoding resistance to the antibiotic classes sulfonamides (SulT), B-lactams (Blarew)
and quinolones (gnrST) were monitored by PCR using primer pairs listed in Table 3. Amplifications were
performed in a final volume of 25uL, using 5ulL of a 1:10 dilution of the pooled DNA from two biological
replicates. The amplicons were analysed with the 2100 Bioanalyzer instrument (Agilent) to ensure the
correct size of the product.

Table 3: List of primers used for amplifying antibiotic resistance genes (ARG).

iutibiotic Gene Forward Reverse Afnpllcon Ref
class size (bp)
B-lactams Blargy | 5-GCKGCCAACTTACTTCTGACAACG-3’ | 5’-CTTTATCCGCCTCCATCCAGTCTA-3’ 247 (XZIO‘:;Q;L’
Sulfonamides | Sull 5’-CGCACCGGAAACATCGCTGCAC-3’ 5’-TGAAGTTCCGCCGCAAGGCTCG-3’ 163 (P;LZ:;I"
(Marti &
Quinolones | qnrS1 5’-GACGTGCTAACTTGCGTG-3’ 5’-TGGCATTGTTGGAAACTT-3’ 118 Balcazar,
2013)

16S rDNA and 12S rDNA sequencing data analysis

All 16S rDNA V3-V4 amplicon reads were initially converted into reads with the same (forward) sense by a
custom-written Perl script. Reads shorter than 300 nucleotides were removed. In order to obtain an equal
number of reads per sample, 295,000 reads were randomly selected from each sample. The data was
then combined into one datafile and Operational Taxonomic Units (OTU) (Dadheech et al., 2013) clustered
with USEARCH (https://www.drive5.com/usearch) applying a 97% sequence identity cutoff. Taxonomic
classification of OTU was performed using the SINTAX algorithm of USEARCH against the 16S rDNA
reference database from GTDB (https:/gtdb.ecogenomic.org/). Heatmap clustering of OTU abundance
across samples was performed in R using custom-written R scripts.

For 12S rDNA analysis, in silico PCR simulations were performed by using ThermonucleotideBLAST (Gans &
Wolinsky, 2008), with the primers listed in the Table 2 tested on all GenBank vertebrate assembled genomes
available at NCBI (2,280 at time of writing). ThermonucleotideBLAST was run on each assembled genome
with default parameters, except for the following ones: -e 30 -E 40.

Putative not redundant amplicons were then extracted by in-house developed scripts and used to build a
dataset of sequences (called 12S-Kraken-DB) in the format suitable the Kraken 2 software (Wood et al.,
2019). Each NGS read dataset was screened by using Kraken 2 and the built 12S-Kraken-DB, in order to
assign taxonomic labels to reads.
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21.3 Results and Discussion

Microbial community structure (16S rDNA)

A metagenomic approach was used to analyse the microbial community in eight Danube samples which
were selected based on differences in anthropogenic pressures. The sites were classified as shown in
Table 4.

Table 4: List of Danube River sampling sites and their anthropogenic pressure.

Sampling site Anthropogenic pressure

JDS4-4 Little polluted reference site

JDS4-9m Directly after inflow of WWTP Vienna

JDS4-14 Important capital with expected wastewater
JDS4-40 Moderate pollution reference site

JDS4-41m2 High pollution levels during JDS3-left and right
JDS4-41 Low pollution reference site

JDS4-47 High pollution levels-right river side

JDS4-50 After Siret/Prut tributaries

To obtain an overview of the microbial community complexity, 16S rDNA reads were clustered in Operational
Taxonomic Units (OTU) (Dadheech et al., 2013) and six main clusters were detected as shown in Figure 1.
We could observe a 16S rDNA sequence similarity at the OTU level for sampling sites JDS4-41m2, JDS4-41,
JDS-4-50, JD4-47 and for JDS4-14 and JDS-9m. Instead, the low polluted (JDS4-4) and moderate polluted
(JDS4-40) sites exhibited distinct OTU profiles when compared to the other sampling points (Figure 1).

Metagenomic data analysed at the phylum level revealed that the microbial community was dominated by
Proteobacteria, Actinobacteria and Bacteroidota (Figure 2). Dominance of these phyla in freshwater and in
the Danube River JDS2 campaign has also been observed in previous studies (Liu et al., 2012; Newton et al,
2011; Savio et al,, 2015). In particular, in the current study, Proteobacteria was the most abundant phylum in
most of the samples analysed, with the exception of two sites, JDS4-41m2 and JDS4-41, which were instead
dominated by Actinobacteria (Figure 2). The highest relative abundance of Proteobacteria was detected in
sampling sites JDS4-47 and JDS4-14, while lowest levels were found in JDS4-41 and JDS4-41m?2 (Figure
2). Bacteroidota was the third most abundant microbial population in the majority of samples, followed by
Cyanobacteria, Planctomycetota, Verrucomicrobiota, and Patescibacteria (Figure 2). Reported changes in
bacterial community composition were apparently not directly influenced by physico-chemical parameters
(pH, temperature, conductivity, 02 (%) and O, (mg/L)) or nutrient content (total phosphorus, total nitrogen
and total organic carbon) as no marked variations of their values were observed across sites. According
to Savio et al. (Savio et al.,, 2015), modulations in the bacterial community along the Danube River could be
due to an environmental-condition-based sorting (“species-sorting”), intended as species selection caused
by differences in environmental local conditions. Further analysis will be needed to better understand the
reported differences in our results.
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Figure 1: Metagenomic data analysed at the Operational Taxonomic Unit (OTU) (Dadheech et al., 2013) level. The 16S rDNA metagenomic

data was clustered using the OTU abundance levels. For clustering, abundance values were log2 converted setting zero counts to 1. Only

OTUs present more than 100 times in total across all samples were included. Six different OTU clusters were identified as indicated by the
numbers shown at the bottom of the figure.
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Figure 2: Bacterial community at the phylum level. The microbial community composition at each sampling point (x axis) was determined
by 16S rDNA sequencing. 16S rDNA sequencing reads were analysed at the phylum level and results expressed as the percent fraction of
all 16S rDNA reads in the sample (y axis). Only dominant phyla (> 1% fraction) are shown.
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Fish population using environmental DNA (eDNA)

Environmental DNA (eDNA) analysis was used to investigate the fish population at five sampling points
along the Danube River. This analysis was carried out as a complementary study to Chapter 14. Among
the fifteen orders of fish detected by Kraken2 in a customized Teleostei 12S database (see Materials and
Methods), four belonged to marine fish orders (Beryciformes, Gadiformes, Spariformes, Pleuronectiformes)
and one did not belong to the Danube area (Pristiformes/Rhiniformes).

-0 0@
1 25 5 10 20

Clupeiformes

Anguilliformes

Cypriniformes

Acipenseriformes

Cyprinodontiformes

Salmoniformes

Perciformes

Syngnathiformes

Gobiiformes

JDS4-4
JDS4-9m
1DS4-14
JDS4-41m2
1DS4-50

Figure 3: Fish population at the order level. Fish population detected in five sampling points along the Danube River by 12S rDNA sequencing.
Samples were analysed at the order level and results expressed as percentage fraction of 12S rDNA reads per each sampling point.
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Table 5: List of fish orders detected by 12S rDNA sequencing in five sampling points along the Danube River. Results of the analysis are
expressed as percentage fraction of reads per each sampling point.

Fish Orders JDS4-4 JDS4-9m JDS4-14 JDS4-41m2 JDS4-50
Clupeiformes 0 0 2.578 43.134 0
Anguilliformes 0.002 27.333 39.411 6.232 1.483
Cypriniformes 0.449 0.056 0.110 35.665 15.526
Acipenseriformes 0.006 10.270 10.874 15.984 13.167
Cyprinodontiformes 0.554 0.525 0.222 0.970 0.239
Salmoniformes 0 0.512 0 0 0.033
Perciformes 0.013 0.031 0.034 0.064 0.205
Syngnathiformes 0.064 0.033 0.033 0.058 0.033
Gobiiformes 0.002 0.021 0.014 0 0
Gadiformes 0 0.012 0 0 0
Beryciformes 0.006 0 0 0.004 0.009
Spariformes 0 0.008 0 0.005 0
Pristiformes/Rhiniformes 0 0.003 0.003 0 0
Pleuronectiformes 0.001 0 0 0 0
Siluriformes 0.001 0 0 0 0

The 12S rDNA analysis showed that the most detected orders along the Danube belonged to the
Clupeiformes, Anguilliformes, Cypriniformes and Acipenseriformes, followed by Cyprinodontiformes and
Salmoniformes (Figure 3 and Table 5).

Clupeiformes is an order with mostly marine fish species, however, some species native to the Black Sea,
migrates up in the Danube to spawn, and in the case of the Pontic shad (Alosa immaculata) this migration
happens between April and August.

The genus Alosa was identified in Chapter 14 and, in our study, Clupeiformes were detected in two different
sampling points: Slovakia (JDS4-14) and Romania (JDS14-41m2) (Figure 3 and Table 5).

The order Anguilliformes was detected in all sampling points analysed in the JRC laboratories (Figure 3
and Table 5). Although we did not go through the analysis at species level, we supposed that the most
abundant species is represented by Anguilla anguilla. This species was identified during the last campaign in
Danube River (see Chapter 14) and it was also observed during Joint Danube Survey 3 (JDS3). In this latter,
it was detected in the upstream section of the Iron Gate Dam (located in Romania), whereas Wiesner et al.
(Wiesned, 2007) found Anguilla anguilla along the entire course of the river.

The order Cypriniformes, was the third having higher number of reads along the Danube stream, particularly
in the lower section of the river (JDS4-41Tm2 and JDS4-50 sampling points) (Figure 3 and Table 5). Indeed,
different species of Cypriniformes have been identified along the Danube, such as Abramis brama, Alburnus
alburnus and Cyprinus carpio, as reported in Chapter 14. During JDS3, it was observed that the catches
were dominated by two different species, Neogobius melanostomus (order Gobiiformes) and Alburnus
alburnus, a small cyprinid native from European freshwaters. The presence of non-native cyprinids such as
Hypophthalmichthys molitrix (downstream the Iron Gate Damn in Romania) and Pseudorasbora parva have
also been reported during the JDS3 and JDS4 campaigns (see Chapter 14).

As described already for the other orders, Acipenseriformes, which includes 6 species native in the Danube
River, was also detected in all sampling points analysed (Figure 3 and Table 5). The higher number of
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reads was found in the middle-lower course of the river (JDS4-9m, JDS4-14, JDS4-41m2 and JDS4-50).
Indeed, species such as Acipenser ruthenus were reported in Chapter 14. During JDS3, the species Acipenser
ruthenus was also caught by electrofishing at three different sampling points: Belegis (close to our sampling
point JDS4-41m?2), Reni (same sampling point corresponding to JDS4-50) and Valcov in the Chilia Arm
(downstream Reni). However, the eDNA approach also spotted Acipenseriformes at sampling points
located in the upper part of Danube River, where it is known that low number of this species can still be
found (Friedrich, 2018).

Cyprinodontiformes, Perciformes and Syngnathiformes were also detected at all five sampling points
(Figure 3 and Table 5). For Syngnathiformes, Wiesner et al. (Wiesned, 2007) detected the introduced genus
Syngnatus in the upper stream of the Iron Gates dam, although our data also showed the presence of fish
populations belonging to this order in the lower section of the river. The invasive species Lepomis gibbosus,
order Perciformes, was identified (see Chapter 14) and during JDS3, it was also observed throughout the
entire course of the river. Further analyses will be performed to verify if the same species was also present
in all our samples.

In our study, Gobiiformes were confined to the upper part of Danube River (JDS4-4, JDS4-9m and JDS4-
14) (Table 5). Species from this order have been identified along the Danube, as showed in Chapter 14,
and similar results were found during the JDS3, with the species Neogobius melanostomus, being the most
detected.

Finally, the Salmoniformes were observed in two sampling points located in Austria (JDS4-9m) and Reni
(JDS4-50) (Figure 3 and Table 5). Also in this case, a species belonging to this order, the Oncorhynchus
mykiss (an invasive species from Pacific Ocean in Asia and North America) was reported in the Danube
during the JDS3 campaign, and species such as Hucho hucho and Thymallus thymallus were reported in
Chapter 14.

Overall, our results are in accordance with the ones shown in Chapter 14. In order to compare different
methodologies, further 12S analysis of our samples should be done at the species level. In this way, it will
be possible to correlate our results with species identified by the electrofishing survey and other eDNA
approaches.

Antibiotic resistance genes detection

In order to detect antibiotic resistance genes (ARG) in water collected at eight different sampling sites of
the Danube River, PCR analysis was carried out using the specific primer pairs listed in Table 3. Although
this is not a quantitative method, it can be adopted to perform a first screening for presence/absence of
ARG. The genes selected confer resistance to B-lactams (BlaTEM) (i.e., ampicillin), sulfonamides (Sul1)
(i.e. sulfamethoxazole), and quinolones (gnrS1) (i.e. ciprofloxacin) and they were detected in at least one
sample. The resistance genes Sul1 and BlaTEM, were observed in three of the eight sampling points, while
gnrS1 was reported in one sampling site (see Table 6). BlaTEM) was observed in sites expected to have an
anthropogenic impact (JDS4-14 and JDS4-47) as well as in an area which was classified as low polluted
(JDS4-41). A similar situation was reported for SulT. This gene was detected in an area close to a waste
water treatment plant (WWTP) as well as in moderately polluted (JDS4-9m and JDS4-40) and low polluted
(JDS4-4) sites. The gene gnrST was only detected in a low polluted area (JDS4-40). A study performed in a
WWTP discharging water in the Danube River showed a wide spread occurrence of SulT in the effluent. Other
genes, such as gnrS and the B-lactams gene Blashv were detected sporadically in the samples (Alygizakis
et al, 2019). These findings are in accordance with the results obtained during our study, although in our
case, Sull was observed in all samples. Escherichia coli (E. coli) isolates from water samples collected in
the Joint Danube Survey 4 (JDS4) campaign were found to be resistant mainly to ampicillins (3-lactams)
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and tetracycline (see Chapter 20). These results were also observed during JDS3, where more than 50% of
E. coli showed resistance to the antibiotics tested (e.g. tetracycline), with a higher proportion to amoxicillin
(B-lactam), while the genera Pseudomonas was found to be susceptible to the aminoglycosides only. It
was therefore concluded that the water from Danube River represented a reservoir for antibiotic resistant
bacteria (ARB), as also supported by our results.

Table 6: Antibiotic resistance genes (ARG) detected by polymerase chain reaction (PCR) in Danube River water samples
(+ detected, - not detected).

Sampling site Blarew Sul1 qnrS1
JDS4-4 — + —
JDS4-9m — + —
JDS4-14 + - —
JDS4-40 — + _
JDS4-41m?2 — — —

JDS4-41

+ o+

JDS4-47

JDS4-50 — — —

21.4 Conclusions

During this study, a metagenomic analysis was performed to investigate the taxonomic composition of the
microbial community in the Danube River. The eight selected sites showed a similar bacterial distribution,
with main phyla belonging to Proteobacteria, Actinobacteria and Bacteroidota. Interestingly, a shift from the
Proteobacteria-dominated community to the prevalence of Actinobacteria was observed at two sampling
points (UJDS4-41m2 and JDS4-41) located south of the stretch of ri