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Abstract
Organic micropollutants such as food additives, pharmaceuticals and personal care products are found in rivers worldwide.
Persistence is a key criteria in chemical risk assessment as micropollutants that are persistent pose an exposure hazard to
humans and the environment. As biodegradation is the most relevant removal process for many micropollutants in rivers,
persistence assessment relies on the estimation of the biodegradation half-life.  This thesis presents new approaches to
understand the biodegradation of organic pollutants in rivers.

The application of Junge relationships (previously established for atmospheric pollutants), to river systems, was
investigated in paper I to assess if biodegradation half-lives in the Danube river are correlated with variability in measured
concentrations. Model scenarios show Junge relationships could potentially be found in measurements performed near
the mouth of the river, but Junge relationships were not found in currently available monitoring data. In paper II an
experimental design and response surface model were developed to study the effect of hyporheic exchange (induced
by flowing water) and bacterial diversity in sediment on dissipation half-lives of two micropollutants in flumes. Faster
dissipation was observed in flumes with high bacterial diversity and higher hyporheic exchange, and thus both variables are
relevant to study dissipation processes in rivers. The influence of biological factors beyond bacteria diversity is explored
in papers III and IV, by characterizing the bacteria community composition of sediment in OECD 308 bottle incubations
(a standard test that is often recommended in risk assessment guidelines). In paper III, higher variation in half-lives
(e.g. relative standard deviations > 50%) were found for micropollutants with longer half-lives (e.g. from 40 to more
than 120 days). Higher variation in half-lives also corresponded to differences in bacteria community composition and
specifically to increased or decreased abundance of certain bacteria genera. Although the exact bacteria genera involved in
the biodegradation of the micropollutants cannot be determined in papers II or III, our results suggest bacteria community
composition and diversity should be considered in the interpretation of biodegradation half-lives since they are related
to variability in biodegradation and to understand extrapolation from laboratory to the field. Finally in paper IV, it is
investigated if the bacteria communities are affected by the OECD 308 test conditions. Changes in the bacteria communities
in the sediment between the initial river community, the beginning and the end of the incubation, at high and a low
concentrations are reported. Overall, 8% of bacteria genera increased or decreased in relative abundance in all comparisons,
and it is unclear if these small changes in bacteria communities could have had an effect on the observed half-lives in
paper III.

This thesis contributes to the understanding of physical and biological factors influencing biodegradation and potential
implications for risk assessment of organic micropollutants in rivers.
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I 

Abstract  

Organic micropollutants such as food additives, pharmaceuticals and 

personal care products are found in rivers worldwide. Persistence is a key 

criteria in chemical risk assessment as micropollutants that are 

persistent pose an exposure hazard to humans and the environment. As 

biodegradation is the most relevant removal process for many 

micropollutants in rivers, persistence assessment relies on the 

estimation of the biodegradation half-life.  This thesis presents new 

approaches to understand the biodegradation of organic pollutants in 

rivers. 

The application of Junge relationships (previously established for 

atmospheric pollutants), to river systems, was investigated in paper I to 
assess if biodegradation half-lives in the Danube River are correlated 

with variability in measured concentrations. Model scenarios show Junge 

relationships could potentially be found in measurements performed 

near the mouth of the river, but Junge relationships were not found in 

currently available monitoring data.  

In paper II an experimental design and response surface model were 

developed to study the effect of hyporheic exchange (induced by flowing 

water) and bacterial diversity in sediment on dissipation half-lives of two 

micropollutants in flumes. Faster dissipation was observed in flumes 

with high bacterial diversity and higher hyporheic exchange, and thus 

both variables are relevant to study dissipation processes in rivers.  

The influence of biological factors beyond bacteria diversity is explored 

in papers III and IV, by characterizing the bacteria community 

composition of sediment in OECD 308 bottle incubations (a standard test 
that is often recommended in risk assessment guidelines). In paper III, 

higher variation in half-lives (e.g. relative standard deviations > 50%) 

were found for micropollutants with longer half-lives (e.g. from 40 to 

more than 120 days). Higher variation in half-lives also corresponded to 

differences in bacteria community composition and specifically to 

increased or decreased abundance of certain bacteria genera. Although 

the exact bacteria genera involved in the biodegradation of the 

micropollutants cannot be determined in papers II or III, our results 

suggest bacteria community composition and diversity should be 
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considered in the interpretation of biodegradation half-lives since they 

are related to variability in biodegradation and to understand 

extrapolation from laboratory to the field.  

Finally in paper IV, it was investigated if the bacteria communities are 

affected by the OECD 308 test conditions. Changes in the bacteria 

communities in the sediment between the initial river community, the 

beginning and the end of the incubation, at high and a low concentrations 

are reported. Overall, 8% of bacteria genera increased or decreased in 

relative abundance in all comparisons, and it is unclear if these small 

changes in bacteria communities could have had an effect on the 

observed half-lives in paper III.  

This thesis contributes to the understanding of physical and biological 

factors influencing biodegradation and potential implications for risk 

assessment of organic micropollutants in rivers. 
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Sammanfattning  

Organiska mikroföroreningar (‘micropollutants’), som tillsatser i mat, 

läkemedel och kemikalier i skönhetsprodukter, återfinns i vattendrag 

över hela världen. Persistens utgör en nyckelroll i 

kemikalieriskbedömning, eftersom risken för människa och miljö att 

exponeras är större för persistenta föroreningar. Biologisk nedbrytning 

är den mest relevanta nedbrytningsprocessen för många 

mikroföroreningar i vattendrag, och därmed är bedömningar av 

persistens avhängiga uppskattningen av halveringstider från biologisk 

nedbrytning. Den här avhandlingen presenterar nya tillvägagångssätt för 

att förstå biologisk nedbrytning av organiska föroreningar i vattendrag. 

Tillämpningen av Junge-samband (tidigare etablerad för atmosfäriska 

föroreningar) i vattendrag undersöktes i artikel 1, för att studera om 

halveringstider från biologisk nedbrytning i Donau korrelerar med 

variabiliteten i uppmätta koncentrationer av föroreningar i vattnet. 

Modellscenarios visar hur Junge-samband potentiellt kan finnas för 

uppmätta koncentrationer nära flodmynningen. Inga Junge-samband 

kunde hittas för mikroföroreningar i tillgänglig övervakningsdata. 

I artikel II utvecklades en experimentell design och ’response surface 

model’ för att studera effekter av hyporheiskt utbyte (inducerat av 

rinnande vatten) och bakteriell diversitet i sediment på halveringstider 

av två mikroföroreningar i mesokosm-flodrännor. Kortare 

halveringstider observerades i flodrännor med hög bakteriell diversitet 

och högre hyporheiskt utbyte. Båda dessa variabler är därmed relevanta 

att studera för att förstå processer som leder till försvinnande av 

mikroföroreningar i vattendrag. 

Påverkan av andra biologiska faktorer än bakteriell diversitet 

undersöktes i artiklar III och IV. Detta gjordes genom en karaktärisering 

av sammansättningen av det bakteriella samhället i sediment från 

inkubationsexperiment som utfördes enligt OECD 308 (ett standardiserat 

test som ofta rekommenderas i riskbedömningsvägledningar). I artikel 

III, observerades större variation i halveringstider (relativ 

standardavvikelse >50%) för mikroföroreningar med längre 

halveringstider (från 40 till mer än 120 dagar). Större variation i 

halveringstider kunde också kopplas till skillnader i sammansättningen 
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av det bakteriella samhället, och specifikt till ökad eller minskad 

förekomst av vissa bakteriella släkten. 

Exakt vilka bakteriella släkten som bidrog till den biologiska 

nedbrytningen av mikroföroreningar kunde inte fastställas (artiklar II 

och III). Resultaten visar ändå på att sammansättningen av bakteriella 

samhällen och dess diversitet borde beaktas då halveringstider från 

biologisk nedbrytning av föroreningar tolkas, eftersom de kan kopplas till 

variabiliteten i hur snabbt en förorening bryts ned, samt även för att 

bättre förstå hur man kan extrapolera halveringstider från 

laboratorieförsök till miljön.     

Till sist, i artikel IV, undersöktes om bakteriella samhällen påverkas av 

de förhållanden som råder under ett OECD 308-test. Förändringar i 

bakteriesamhällen i sediment mellan den tidpunkt då sedimentet 

provtogs i ett vattendrag, till början samt slutet på inkuberingstiden, vid 

höga och låga koncentrationer av tillsatta mikroföroreningar 

observerades. Generellt, ökade eller minskade den relativa förekomsten 

av 8% av de bakteriella släktena mellan alla jämförelser. Det är oklart om 

dessa små förändringar i bakteriesamhället kunde ha påverkat de 

halveringstider av mikroföroreningar som observerades i artikel III. 

Denna avhandling bidrar till en bättre förståelse av fysiska och biologiska 

faktorer som påverkar biologisk nedbrytning och potentiella 

konsekvenser för riskbedömning av organiska mikroföroreningar i 

vattendrag. 
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Resumen 

Los microcontaminantes orgánicos, provenientes de aditivos en los 

alimentos, productos farmacéuticos y para el cuidado personal, se 

encuentran comúnmente en los ríos de todo el mundo. La “persistencia” 

es un criterio clave que forma parte del análisis de riesgo ambiental de 

productos químicos, debido a que los microcontaminantes persistentes 

pueden representar un riesgo de exposición para los seres humanos y el 

medio ambiente. La biodegradación es el proceso más relevante para 

remover la mayoría de los microcontaminantes en los ríos, y por esa 

razón una evaluación de persistencia implica estimar una vida media de 

biodegradación. En esta tesis se presentan nuevas maneras de abordar y 

entender la biodegradación de microcontaminantes orgánicos en ríos. 

En el artículo I se investigó la aplicación en ríos de las relaciones Junge 

(derivadas previamente para contaminantes atmosféricos), para evaluar 

si las vidas medias de biodegradación de contaminantes en el río Danubio 

están correlacionadas con la variabilidad en concentraciones. Los 

escenarios modelados muestran que las relaciones Junge podrían 

encontrarse potencialmente en mediciones realizadas cerca de la boca 

del río, sin embargo no se encontraron relaciones Junge en los resultados 

de las campañas de monitoreo actualmente disponibles.  

En el artículo II se desarrolló un diseño de experimentos y un modelo de 

superficie de respuesta para estudiar el efecto del intercambio hiporreico 

(inducido por el flujo de agua) y la diversidad bacteriana en el sedimento, 

sobre las vidas medias de disipación de dos microcontaminantes en 

canales de recirculación. Se observó una rápida disipación en canales con 

alta diversidad bacteriana y alto intercambio hiporreico. Por lo tanto, 

ambas variables son relevantes en el estudio de los procesos de 

disipación de contaminantes en ríos.  

En los artículos III y IV se exploró la influencia de factores biológicos más 

allá de la diversidad bacteriana, es decir, la composición de la comunidad 

bacteriana en el sedimento de incubaciones basadas en el estándar OECD 

308 (recomendado frecuentemente para el análisis de riesgo ambiental). 

En el artículo III se encontró una amplia variación en vidas medias 

(coeficiente de variación mayor a 50%) de microcontaminantes que se 

degradan más lentamente (ej. Vidas medias de 40 hasta más de 120 días). 

Estas amplias variaciones corresponden a diferencias en la composición 
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de las comunidades bacterianas y específicamente al incremento o 

disminución de la abundancia relativa de algunos géneros bacterianos. A 

pesar de que no es posible identificar exactamente cuáles son los géneros 

bacterianos involucrados en el proceso de biodegradación de 

microcontaminantes (tanto en el artículo II como el III), nuestros 

resultados sugieren que la diversidad y composición de la comunidad 

bacteriana deben ser considerados en la interpretación de vidas medias 

de biodegradación, ya que están directamente relacionados con la 

variabilidad observada en biodegradación y que son necesarios para 

entender cómo extrapolar vidas medias del laboratorio al ambiente.  

Finalmente en el artículo IV, se investigó si las condiciones en las cuales 

se efectúa el estándar OECD 308 afectan a las comunidades bacterianas. 

Al respecto se observaron cambios en las comunidades bacterianas del 

sedimento al comparar la comunidad inicial en el río, la comunidad al 

inicio y al final del periodo de incubación en botellas, así como en niveles 

alto y bajo de concentraciones de microcontaminantes. Sumando todas 

las comparaciones, solo 8% de los géneros bacterianos incrementaron o 

disminuyeron en abundancia relativa, y no hay certeza de si estos 

pequeños cambios pudieron afectar las vidas medias reportadas en el 

artículo III.  

Esta tesis es una contribución para mejorar el entendimiento de los 

factores físicos y biológicos que influyen en los procesos de 

biodegradación, así como las posibles implicaciones que pueden 

representar para el análisis de riesgo ambiental de microcontaminantes 

en ríos.
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Introduction 

Persistence of chemicals in the environment 

Every day we use, consume, transport, build and discard products that 

contain thousands of synthetic chemicals. The exact number is unknown1, 

2, but more than 22 000 chemicals are currently registered for use in the 

European Union3. These synthetic chemicals can be released to the 

environment, where humans and organisms can be exposed to them. 

Some chemicals even have an adverse effect on a vital Earth system 

process (causing e.g. ozone depletion, climate change, ocean acidification, 

nitrogen/phosphorus cycles). As defined by Rockstrom et al.4, hazardous 

chemicals might pose a planetary boundary threat, and continuing or 
increasing their use could impact environmental and human well-being.5-

7 

There are plenty of historical examples of problematic chemicals in the 

environment. For example, polychlorinated biphenyls (PCBs), previously 

used in electrical industry applications until their production was banned 

in the 1970s-1980s PCBs have many reported acute, chronic and 

reproductive toxic effects on wildlife (e.g. birds, fish and mammals)8 and 

bioaccumulate in lipid tissue of organisms, having been found in polar 

bears, killer whales and even human breast milk9, 10. PCBs are also 

persistent, meaning they do not degrade easily in the environment, and 

thus will remain for decades. It is projected that in the next 100 years, the 

chronic effects of PCBs on reproduction and immune systems of killer 

whales could threaten >50% of populations around the world11. 

Therefore, long term exposure to persistent pollutants might result in 

severe impacts on humans and wildlife.  

PCBs are some of the most studied pollutants found in the literature,12 but 

for the grand majority of chemicals we don’t know if their presence pose 

any hazard for humans or the environment. The reality is that testing 

thousands of chemicals for adverse effects (e.g. growth inhibition, 

carcinogenicity, inmunotoxicity, endocrine disruption, global warming, 

etc.) is inefficient and costly. Moreover, we can only test a chemical for 

adverse effects we know about, but we continuously identify new 

unexpected effects of chemicals. For example, the effect of 

chlorofluorocarbons (CFCs) on the decline of the stratospheric ozone 
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layer, which is now recognized as a planetary boundary threat, was only 

identified in the 1970s after more than 40 years of production and use. It 

took almost 2 decades more, until the Montreal Protocol in 1987 and 

subsequent amendments in the 1990s, to agree to their reduction and 

phase-out.  

Persistent chemicals, such as PCBs and CFCs, are included in several 

scenarios of planetary boundary threats caused by chemical pollution. 6 7 

On one hand persistence is problematic as if the chemical is continuously 

released, persistent chemicals could accumulate in air, water, soil and 

organisms to levels that would eventually cause adverse effects. As 

persistent chemicals can be transported long distances in the atmosphere 

or with ocean currents the exposure could reach a global scale. On the 

other hand, even if emissions are reduced or stopped, environmental 

concentrations of persistent chemicals would fall at a very slow rate, and 

thus adverse effects could be poorly reversible. 5-7  

Persistence regulation and criteria 

Timely identification of persistent chemicals is important to prevent 

potential wide-spread adverse effects7, and thus is part of chemical risk 

assessment and regulation. The legislation in the European Union: 

REACH, states that persistence should be assessed for chemicals 

imported or manufactured in amounts of more than 10 tonnes per year. 

The criteria used for persistence is a threshold for the half-life of a 

chemical in the environment (commonly designed as τ), which is the time 

required for a chemical to degrade by 50% of its initial concentration. It 

is commonly assumed that degradation processes follow first order 

kinetics in the form of Equation 1a:  

Equation 1.     a) C= C0 e-kt ;    b) τ = ln (2) / k 

Where C is the concentration at timepoint t, C0 is the initial concentration 

and k is the kinetic constant. Thus the half-life of pollutants (τ) required 

for risk assessment can be calculated from the kinetic constant k 

(Equation 1b). 

Within the REACH framework, if the half-life of a chemical exceeds 40 

days in freshwater, 60 days in marine water, 120 days in freshwater 

sediment or soil, or 180 days in marine sediment, the chemical is 

considered persistent. Although the regulation is straightforward, how to 

assess the half-life of a chemical is not. The half-life needs to be assessed 
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through modelling, laboratory or in-situ approaches and in the relevant 

environmental compartment: air, water, and/or soil13.  

Persistence of emerging pollutants in aquatic systems 

The type and origin of pollutants in water vary greatly. Many chemicals 

such as pharmaceuticals, cosmetics, food additives, detergents, as well as 

personal care products, are released to urban sewage systems, cannot be 

completely removed by waste water treatment plants (WWTP) and 

eventually are released to rivers and lakes via treated waste water. Most 

of these pollutants are organic and can be found at low concentrations in 
the range of nano- to micrograms per liter (ng/L - μg/L), and thus are 

often referred to as organic micropollutants. (Figure 1) 

 

Figure 1. Organic micropollutants released to rivers via treated waste water (1) 
can move to other environmental compartments by infiltration to groundwater 
(2), sorption (3) or volatilization (4), or degrade through chemical hydrolysis (5), 
direct or indirect photolysis (6) and biodegradation (7) (emissions of chemicals 
from diffuse sources such as agricultural or urban runoff are not shown). 

Once contaminants are present in rivers and lakes, they can undergo a 

variety of degradation processes that reduce their concentration in water 

and sediment. The main degradation processes in aquatic systems are 

chemical hydrolysis, photolysis and biodegradation (Figure 1). The 

degradation by photolysis and hydrolysis are mostly influenced by 

physical (e.g. temperature, sunlight) and chemical (e.g. pH, redox 

conditions, salinity) conditions in the environment. In addition to 

physical and chemical conditions, biodegradation also depends on the 

bacterial community present in water and sediment. Some contaminants 
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move between environmental compartments, for example chemicals 

with high hydrophobicity are prone to sorption to organic matter, and 

thus bind to the sediment; while chemicals with high volatility might 

transfer to the atmosphere. However, sorption and volatilization do not 

imply degradation of the contaminant (i.e. sorption can even impede the 

degradation of a chemical) and therefore should not be taken into account 

when estimating a half-life intended for persistence assessment. (Figure 

1) 

Biodegradation 

Biodegradation is a term covering a variety of biologically mediated 

degradation mechanisms and is likely the most relevant degradation 

process for many organic micropollutants14-16. Bacteria are a large 

domain of organisms, which carry out a wide diversity of essential 

functions (e.g. biogeochemical cycles of carbon, nitrogen and 

phosphorous) to draw energy or nutrients (i.e. chemolithotrophy)17, 18. 

Bacteria rapidly evolve and develop new metabolic pathways and 

therefore are likely to be the organisms with higher capacity to degrade 

micropollutants16, 19. Not all bacteria provide the same functions, e.g. few 

bacteria can produce the enzymes (i.e. TrzN or AtzA) capable of the 

dechlorination of the pesticide atrazine20, 21, which is the first step in the 

biodegradation pathway. Even fewer bacteria can produce all the 

enzymes (i.e. 1st step: TrzN or AtzA, 2nd step: AtzB, 3rd step: AtzC, 4th step: 

AtzD or TrzD, 5th step: AtzE and 6th step: AtzF or TrzF) needed to fully 

mineralize atrazine into CO2, with most strains belonging to the genera: 

Agrobacterium, Alcaligenes, Ancylobacter, Chelatobacter, Pseudomonas, 

Pseudaminobacter and Ralstonia19, 21. Hence, degradation of a 

contaminant in the environment does not need to be carried out by one 

single bacteria strain and is more likely performed by bacteria consortia 

that have complementary functions. For example, isolated bacteria 

consortia (i.e. 2 or more species) are able to collectively degrade atrazine 

by carrying out different steps (i.e. each producing different enzymes), 

even if none of the bacteria species in the consortia could individually 

mineralize atrazine21-23.  

Environmental bacteria communities have different rates and efficiencies 

in degrading contaminants depending on their diversity and composition. 

For example, in studies of atrazine, degradation varies in different soil 
bacteria communities24, 25 and the same was found recently in studies of 

degradation of pharmaceuticals in different WWTPs26, 27. Bacteria 
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community composition varies between different sites in e.g. rivers and 

soils according to environmental factors such as temperature, pH, quality 

or quantity of organic matter17, 28. Therefore, the biodegradation of a 

compound by an environmental bacteria community may depend on the 

presence and abundance of the specific bacteria capable of carrying out 

the necessary function.  

The overall function to degrade atrazine was developed recently and 

mostly in soil bacteria that have been exposed to pesticides19, 21. 

Therefore, some functions might be rare and present in the environment 

only if bacteria developed them after chronic exposure to a 

micropollutant. Afterwards, the function might be aquired in the 

community through transfer of functional genes or in the case of 

micropollutants, through migration of bacteria from engineered systems 

(e.g. WWTP)16, 19, 21. In contrast, some compounds might be rapidly 

biodegraded in the environment because the function(s) involved are 

common in bacteria communities27. Functional redundancy, meaning 

when several bacteria species are able to perform a certain degradation 

reaction (by means of the same or different enzymes), occurs often in 

bacteria communities17, 28.  

Determining the exact biodegradation pathways and enzymes involved 

in the biodegradation of organic micropollutants requires extensive work 

in analytical chemistry and microbiology. Recent advances in 

microbiological techniques can complement traditional culture-single 

strain techniques to elucidate the biodegradation of a compound by 

environmental bacteria communities. Metagenomic approaches with a 

taxonomic marker gene are useful to identify bacteria by using e.g. the 

16S rRNA gene (meaning 16S rDNA) for taxonomic identification of the 

overall community, or with 16S rRNA (based on ribosomal RNA) for 

identification of “active” bacteria29-33. Metatranscriptomic approaches 

(based on messenger RNA) are able to reflect the active functions (i.e. 

enzymes) expressed in the bacteria communities24, 33-35.  

Estimating biodegradation half-lives 

For micropollutants where biodegradation is the main removal process, 

persistence assessment depends on a reliable estimation of the 

biodegradation half-life14, 16. Determining the biodegradation half-life of a 

micropollutant in aquatic systems has several challenges at different 

scales.  
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Estimating biodegradation in-situ, means dealing with temporal and 

spatial variability: with biodegradation changing in relation to seasonal 

or daily fluctuations in temperature, flow regimes and discharge, or 

simply at different locations in the same water body36-38. In a study of 

attenuation of 20 micropollutants in four different European rivers, Li et 

al.37 found that removal percentage varies between compounds and 

different rivers. For example, acetaminophen was degraded 96% in River 

Gründlach and 2.4% in River Fyris, whereas bezafibrate was degraded 

80-83% in Rivers Fyris and Gründlach, but less than 20% in Rivers Rönne 

and Viskan. The contrast in attenuation of micropollutants between River 

Fyris and River Gründlach is especially interesting. Fyris has larger 

average discharge (2.6 m3/s), average dimensions (3 m depth, 20 m wide) 

and average total organic carbon content (TOC, 11.2-11.9 mg/L) than 

Gründlach (0.03 m3/s, 0.15 m depth, 3m width and 6.1-5.9 mg/L 

respectively). However, Gründlach had higher proportion of WWTP 

effluent than Fyris (80% vs 20%). The in-situ study of Li et al.37 thus 

shows that variability in attenuation can be observed in different aquatic 

systems, and that it is complex to attribute variations to specific field 

conditions. 

Both in laboratory and field approaches, it is difficult to disentangle the 

relative contribution of other degradation or transfer processes (e.g. 

hydrolysis, photolysis or sorption) from the actual biodegradation of the 

micropollutant, unless supplementary controls or tests (e.g. sorption 

experiments) for non-biodegradation processes are carried out in 

parallel39-41. This means that instead of a degradation half-life, laboratory 

and in-situ approaches often report a “dissipation” half-life (DT50).  

Compared to in situ studies, laboratory approaches, such as bottle or 

flume batch experiments have superior reproducibility, control and 

reduce the variability in environmental conditions. Therefore, laboratory 

tests provide valuable information on the biodegradability of a 

compound, however at the same time, laboratory DT50s cannot fully 

represent biodegradation rates under the variety of environmental 

conditions and existing aquatic systems42. Laboratory approaches also 

provide the opportunity to statistically test the influence of different 

variables with the use of experimental design. Incorporating 

experimental design also optimizes the number of experiments needed 

to test a hypothesis. 43-45 
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Figure 2. Dissipation half-lives (DT50s) of pharmaceuticals commonly found in 
aquatic ecosystems impacted by WWTPs. The DT50s were estimated using 
different methods and scales. Red lines represent the REACH persistence criteria 
thresholds (40 days for water and 120 days for sediment).Grey areas are 
proportional to the density of points.36, 38-41, 46-80 
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The variability in empirical DT50s that can be obtained under different 

conditions, using various methods (laboratory or in-situ) and in different 

water bodies as case studies (lakes or rivers), are evidenced when 

reviewing reported DT50s of micropollutants in scientific literature. 

(Figure 2) 

Estimating biodegradation in rivers has additional complexity compared 

to more static systems such as lakes. Rivers are dynamic aquatic systems, 

where the flowing water component directly affects the transport of 

micropollutants and thus can substantially influence biodegradation. 

Flowing water increases the exchange between surface and sediment 

pore water, also referred to as hyporheic exchange. First, this implies that 

micropollutants in water have larger contact time with sediment and 

bacteria communities in sediment, which could result in higher 

biodegradation potential18, 81. Second, the exchange of surface water can 

increase the availability of oxygen and other redox agents in deeper 

layers of the sediment (e.g. nitrate/nitrite, phosphate), and this is 

important as degradation of micropollutants is usually faster under 

aerobic conditions53, 82, 83. Third, the gradients of oxygen and nutrients can 

also affect the distribution and abundance of bacteria across sediment 

layers, and thus bacterial community composition. Hydrological studies 

also suggest that hyporheic exchange increases in the presence of 

bedforms in the streambed (i.e. ripples or dunes in the sediment) because 

of the “advective pumping” effect. Briefly, the bedform induces a gradient 

of hydrodynamic pressure along the sediment, with higher pressure in 

the bedform side faced against the direction of the flow and lower on the 

opposite side of the bedform (i.e. in the direction of the flow), which 

“pumps” water from the sediment into the surface. 84, 85 

Special considerations should be taken into account to assess 

biodegradation in rivers because of their special characteristics. Three 

methods used in this thesis to estimate or constrain the estimation of 

biodegradation half-lives in rivers are presented in the next sections. 

Each method comes with respective advantages and disadvantages, but 

could be further used to provide insight into different processes 

influencing biodegradation in rivers.  

OECD 308 bottle incubations 

The OECD 30886 is the guideline recommended in risk assessment (e.g. 

REACH) to simulate aerobic and anaerobic degradation in water-
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sediment systems. The OECD 308 test has the advantage that it 

recommends the use of sediment and water from an environmental 

aquatic system, as opposed to sludge or sewage inoculum from technical 

systems (e.g. in OECD 301 or 302 guidelines)15, 87. Additionally, several 

incubations can be carried out in parallel, which allows for replicates and 

to test different conditions by using experimental designs.  

The OECD 308 test however has been criticised because the DT50s that 

can be obtained are dependent on the conditions set up for the test, and 

thus DT50s are variable and inconsistent across OECD 308 tests. The 

choice of sediment water ratios (1:3 or 1:4), for example, can influence 

the degree of sorption of compounds with high hydrophobicity to organic 

matter. It is also discussed that the test is more representative of 

degradation in stagnant lakes or irrigation ditches, but not in rivers.15 

Lastly, the OECD 308 recommends estimation of the bacterial biomass in 

sediment86, but little is known about how bacteria community diversity 

and composition could affect DT50s observed in the test. 26 

Flume mesocosms 

Flumes are frequently used in hydrological studies to simulate flowing 

water in rivers84, 85, 88, 89, and thus provide the opportunity to have a 

dynamic system while keeping controlled laboratory conditions (e.g. 

temperature, sediment type, sediment-water ratio).  

As described above, hyporheic flow can influence degradation of 

chemicals. However, few studies have used flume mesocosms to 

investigate biodegradation of micropollutants62, 90. In addition, none of 
the studies could implement replicates or experimental design, most 

likely because of limitations in infrastructure. Therefore, flume 

experiments are still understudied test systems that could be a bridge 

between field and laboratory experiments of micropollutant degradation. 

Junge relationships 

Large datasets of measured concentrations of micropollutants in rivers 

are generated as part of field investigations36-38 or monitoring 

campaigns91, 92 and it would be extremely useful if these field 

measurements could be used to estimate persistence of micropollutants 

in their respective aquatic system.  
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Monitoring data of atmospheric pollutants has been used to build Junge 

relationships93, which can be used to estimate persistence of gases in the 

atmosphere. The Junge relationship is based on the assumption that a 

persistent pollutant will have less variable concentrations in the 

atmosphere than a rapidly degraded pollutant when measured far away 

from an emission source. The formulation of the Junge relationship is a 

correlation between a compound’s variability in concentrations and its 

atmospheric half-life that can be used to estimate persistence (Equation 

2): 

Equation 2.     σ⁄μ = a∙τb    

where σ is the relative standard deviation (RSD) and μ the mean of 

pollutant concentrations, τ is the half-life of the chemical, while a and b 

are the intercept and slope of the correlation on a logarithmic scale. Junge 
relationships have been found, for example, in monitoring data of PCBs in 

the arctic (which qualifies as a “remote” location from urban sources), 

where more persistent highly chlorinated PCBs (e.g. congeners with 

chlorine numbers of 8 or 9) have lower RSD in concentrations than PCBs 

with fewer chlorines (e.g. congeners with chlorine numbers of 3 or 4), 

which have a higher tendency to react with hydroxyl radical (-OH).94 95 

The strength of a Junge relationship is shown by the value of the slope b: 

the relationship is weaker if b is negative but close to zero, and the 
strongest if it reaches the theoretical minimum of –1. Stronger Junge 

relationships are found when certain requirements95, 96 are met: 

- Chemicals included in the relationship should have similar 

sources and covariate emission patterns (but similar total 

emission rates are not a requirement). 

- Chemicals should have covariate removal processes, meaning 

that although the rate of the removal process (and the 

corresponding half-life) is different for every chemical, the rates 

should have similar spatial or temporal variation in the 

environment. This condition is violated when chemicals have 

additional removal process which are not correlated (e.g. if beside 

hydroxyl radical degradation of PCBs, atmospheric deposition is 

taken into account)  

- Other sources of variability should be small compared to the 

variability in concentrations related to transport and removal 

processes (which are the ones of concern for the Junge 
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relationship). This condition is compromised when 

concentrations of a chemical are close to the limits of 

quantification (LOQ) and thus subject to higher measurement 

error, or when the measurements are taken at locations that are 

not remote from sources such that variability in the source 

strength is directly reflected in the measured concentrations. 
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Thesis Objectives 

The objective of the research described in the thesis is to improve the 

understanding of the persistence of organic micropollutants in rivers. 

This was addressed by studying diverse factors influencing the 

biodegradation processes at different scales ranging from field-

catchment, to outdoor mesocosm and laboratory-batch incubations and 

by combining theory and tools from different disciplines (statistical 

modelling, environmental chemistry and microbiology). Four studies 

were conducted (referred to as Paper I-IV) and the major objectives and 

hypotheses of each study are outlined below.  

 

Figure 3. Overview of publications 

Paper I worked under the hypothesis that in analogy to Junge 

relationships found for atmospheric pollutants, persistent chemicals in 

rivers could have less variability in measured concentrations than non-

persistent chemicals as long as the measurements are taken far away 

from the emission source. The potential of Junge relationships to exist 

was evaluated for micropollutant concentrations in rivers, taking the 

Danube River as a case study. An ideal scenario was assessed with 

STREAM-EU fate and transport model and monitoring data from the real 

river system were also analysed. 
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Paper II was performed to test the hypothesis that a response surface 

model and flume mesocosms are suitable to study factors driving 

dissipation in rivers. Higher levels of hyporheic flow and bacterial 

diversity were hypothesized to result in faster degradation of 

micropollutants (shorter half-lives). This study evaluates the suitability 

of an experimental setup of 20 flumes to assess the influence and 

magnitude of the effect of hyporheic flow and sediment bacterial 

diversity on the dissipation half-lives using two model micropollutants: 

acesulfame and carbamazepine.  

Papers III and IV were based on the hypothesis that the differences in 

sediment degradation capacity of micropollutants is related to 

differences in bacteria community composition, and thus different 

sediments could produce different degradation half-lives for 

micropollutants. The first study (paper III) investigated the range and 

variability of DT50s that can be obtained for different micropollutants in 

bottle incubations based on the OECD 308 test guideline and to what 

extent DT50 variability can be attributed to differences in sediment 

bacterial communities. It was also hypothesized that bacterial 

communities in sediment could change in response to the differences in 

field-laboratory conditions. Therefore changes in bacterial communities 

were also identified along the duration of the OECD 308 test and at 

different micropollutant concentrations (paper IV). 
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Methodology 

Modelling approach: Junge relationships 

Junge relationships were constructed using as model compounds organic 

micropollutants with low volatilization and sorption potential, and for 

which biodegradation was likely to be the main removal pathway. The 

Danube River was used as a case study because of the availability of 

monitoring data of micropollutants from the Joint Danube Survey (JDS) 

campaigns, the existence of a model, STREAM-EU, which can model the 

transport and concentrations of contaminants along the Danube, and the 

compliance with several of the theoretical considerations required for 

Junge relationships. 

First, daily concentrations of hypothetical contaminants with fixed 

biodegradation half-lives of 7, 15, 30, 90, 180 and 360 days were 

modelled at 68 stations along the Danube for a whole year, using the 

STREAM-EU model and hydrological conditions from 2013. The 

concentrations of 4 chemicals with half-lives of 7, 15, 30 and 90 days were 

fitted to Junge relationships with two approaches: 67 Junge relationships 

accounting for temporal variability (σ/μ calculated per station using 365 

days) and 365 relationships for spatial variability (σ/μ calculated per day 

from the 67 monitoring stations). 

Second, an empirical Junge relationship was fitted from the 

concentrations of 9 micropollutants (amitriptyline, caffeine, 

carbamazepine, codeine, hydrocodone, lidocaine, nicotine, tramadol and 

venlafaxine) measured during the JDS3 (2013) and half-lives collected 

from scientific literature. Several compounds measured in JDS3 were 

excluded because of the sorption or volatilization potential of the 

pollutant (log Dow >4, log Kaw >5), or because of potential removal by 

hydrolysis or photolysis. 

Third, modelled concentrations were extracted for the dates where each 

sample was measured in the JDS3, and predicted a JDS3-Junge 

relationship with STREAM-EU data for the hypothetical chemicals. 
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Experimental designs: Flume set up and OECD308 bottle 

incubations 

Flume experimental design 

In paper II, a composite face-centered design with 20 flumes was 

established to investigate the effect of bacterial diversity and hyporheic 

flow on DT50s of the artificial sweetener acesulfame and the anti-

epileptic pharmaceutical carbamazepine. Three levels of bacterial 

diversity (low, medium and high) were created by diluting sediment from 

River Erpe in Germany with industrial sand (in ratios 1: 10, 1: 103 and 1: 

106), while three levels of hyporheic flow (low, medium and high) were 

induced by setting flumes with 0, 3 or 6 bedforms (see Table 1 and Figure 

4). 

Table 1. Number of flumes in the composite face-centered experimental design 
in paper II. 
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S6 S3 S1 Level name 

-1 0 1 Coded level 

1:106 1:103 1: 10 
Sediment: sand 

dilution ratio 

B0 -1 0 2 2 2  
B3 0 3 2 4 2  
B6 1 6 2 2 2  

 

Each flume contained 20 L of sediment (in the corresponding dilution) 

and 60 L of synthetic river water97. The flumes were set up inside a tent 

to protect from rain and direct sunlight, but were exposed to variation in 

environmental conditions. Average temperature in air was 16.3°C and 

16°C in water. 
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Figure 4. Flume set up with 20 recirculating flumes based on a composite face-
centered design described in paper II. (Photo by Anna Jaeger 30/07/2017) 

After an incubation period of 12 days to allow for development of the 

bacterial communities, it was assumed that bacteria biomass would be 

similar in the three sediment dilutions and thus that diversity was the 

main difference in bacteria communities between the dilution levels. A 

mixture of 31 organic micropollutants was then spiked to a final 

concentration of 10 μg/L each (day 0). The dissipation of the 

micropollutants was monitored in 10 surface water samples collected on 

days 0, 1, 2, 3, 7, 14, 21, 28, 42, 56 and 78. Sediment samples were taken 

at day 21 for microbiological analysis.  

OECD 308 experimental design 

For papers III and IV, bottle incubations were set up following OECD 308 

to assess the dissipation of 10 micropollutants: acesulfame, 

acetaminophen, caffeine, carbamazepine, diclofenac, furosemide, 

ibuprofen, metformin, oxazepam, tramadol, and venlafaxine. The 

incubations were carried out in 250 ml bottles containing 60 g of 

sediment and 180 mL of synthetic river water, acclimated for 10 days 

(T1) in the dark and at 16°C, then spiked with the micropollutant mixture 

and incubated for 40 days (T2).  
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Figure 5. Full experimental design of papers III and IV. Bottles with sediment or 
water from River Fyris are labelled with an F, and with a G for river Gründlach. 
The numbers indicate whether the sample comes from before (1) or after (2) the 
discharge of the WWTP to the river. 

In paper III the DT50s of each micropollutant were compared using an 

experimental full factorial design with three factors, each with two levels 

in triplicate (Figure 5):  

- two different river sediments: Fyris, in Sweden (F) and Gründlach, in 

Germany (G), which were previously studied by Li et al.37 and which 

showed differences in attenuation of micropollutants, 

- two different locations in each river: upstream and downstream of 

the discharge of a WWTP (site 1 and 2 respectively), to compare 

sediments with high and low exposure to micropollutants, 

- two initial spiked concentrations: low concentration (L, 20 𝜇g/L) and 

high concentration (H, 2000 𝜇g/L).  
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Three controls were also set up for each of the four river types (F1, F2, 

G1, G2) spiked only at the high concentration (Figure 5, paper III): 

- River water control (W): containing 200 mL of river water from each 

location, to assess dissipation in natural water without sediment.  

- Water control (WC): using 200 mL of triple-sterilized deionized 

water, to assess chemical hydrolysis. 

- Sediment control (SC): using 60 g of sediment and 180 mL of water, 

triple sterilized, to assess sorption. 

Paper IV focuses on potential bacterial community changes caused by 

the OECD 308 test set up (Figure 5). For this, two extra controls that 

account for changes occurring during the handling of the sediment (e.g. 

from the collection point in the river) to the end of the incubation and 

changes due to the chosen concentration of micropollutants were used: 

- Acclimation control (AC): to assess changes between bacterial 

communities at the end of the acclimation period (T1) with the sample 

taken from the river (T0) and the samples at the end of the incubation 

(T2). 

- Unspiked control (UC): to assess changes induced by the low (L, 20 

𝜇g/L) and high (H, 2000 𝜇g/L) micropollutant spiked concentrations. 

 

Figure 6. Bottle incubations in papers III and IV. 
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Chemical analysis 

Water samples for papers II and III were analysed at two institutions: 

Stockholm University (SU) and at the Swiss Federal Institute of Aquatic 

Science and Technology (Eawag) for paper II, and exclusively at SU for 

paper III. The analysis of samples at SU and Eawag for paper II, was 

performed to increase the robustness of the DT50s calculated 

At SU the samples were analysed using direct injection to an ultra-high 

performance liquid chromatograph tandem mass spectrometer (UHPLC-

MS/MS) based on two different methods (papers II98 and III66). At Eawag 

the analysis was carried out on a reversed-phase ultrahigh-performance 

liquid chromatography electrospray ionization triple quadrupole tandem 

mass spectrometer (RP-UHPLC-ESI-QqQ). Internal standards were used 

for compound quantification in all methods. A comparison of the main 

steps of each method is shown in Figure 7. 

Microbiology analysis 

The bacteria community in the sediment samples of papers II, III and IV 

were identified with metagenomic approaches to explore the taxonomic 

diversity and composition of the community in each experiment. 

Sediment samples were extracted for DNA in paper II following a 

protocol by Griffiths et al.99 (0.5 g, performed in Bayreuth University-BU), 

and for RNA using the RNeasy PowerSoil Total RNA Kit (2g, Qiagen 

performed at Uppsala University-UU). Water samples available in paper 

III were also extracted for DNA (180mL) based on the protocol by Székely 

et al.100. RNA samples were reverse transcribed to cDNA. All samples 

were amplified and barcoded with PCR. The PCR products were purified 

and then sequenced with Illumina MiSeq PE300bp. Sequence processing 

in paper II was performed according to the mothur pipeline 

(http://www.mothur.org/) and taxonomy assigned with the Ribosomal 

Database Project (RDP) classifier101, whereas in paper III sequences 

were processed with vsearch102 and taxonomy was assigned with 

usearch103 using the RDP training set. For paper II, the bacteria 

community was also quantified using quantitative real-time PCR (qPCR) 

to estimate bacteria biomass. The main steps in the analysis are 

illustrated in Figure 7. 
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Figure 7. Overview of methods used for chemical and microbiology analysis in 
papers II and III. Methods performed by co-authors or external institutions to 
process samples are marked in grey. (Eawag = Swiss Federal Institute of Aquatic 
Science and Technology, SU = Stockholm University, BU = Bayreuth University, 
UU = Uppsala University) 

Operational taxonomic units (OTUs) were grouped at a genus level using 

the phyloseq package104 in the R software. Fisher-alpha (papers II and 

III) and Shannon (paper III) diversity indices were calculated (vegan 

package105 in the R software). The differences in diversity between 

treatments were assessed with an ANOVA: for paper II between the 
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bedform variable levels (B0, B3 and B6) and the sediment dilution (S1, 

S3, S6), whereas for paper III between rivers (Fyris and Gründlach), 

location (before or after the WWTP) and concentration (high and low).  

Additionally, differences between the bacteria community composition in 

samples from paper III were visualized with non-metric 

multidimensional scaling (NMDS) based on Bray-Curtis distance 

matrices. The significance of the differences was assessed with 

PERMANOVA and customized contrasts. 

Salt tracer dilution 

To assess differences in hyporheic exchange in the flumes (paper II), a 

salt tracer dilution test was conducted at the end of the experiment (day 

78). By spiking 50 mg of salt (NaCl) and measuring electrical conductivity 

decline in surface water during 163 hours, exchange flux Q [L/d], 

exchange volume V [L] and residence time [days] of the water in the 

flumes were estimated based on the method described in Mutz, et. al. 89.  

Statistical analysis of flume and bottle experiments 

Calculation of dissipation half-lives (DT50s) 

Concentrations of acesulfame and carbamazepine measured with SU and 

Eawag methods were normalized to the initial concentration (divided by 

C0), then pooled and averaged by flume and timepoint in paper II.  

The concentration time series for micropollutants in papers II and III 

were fitted to a first-order degradation model (Equation 1), from where 

DT50s were calculated. A two-tailed t-test was used to assess if the first 

order kinetic constant (k, Equation 1) was significantly different from 

zero (p≤0.05).  

Response surface model of flume experiment 

The DT50s obtained for each flume and compound in paper II were fitted 

to a second order response surface model (RSM, Equation 3) using the 

rsm package106 (R software) and the coded levels (-1, 0, 1) of the bedform 

and sediment dilution variables. 

Equation 3.   DT50 = β0 + β1 S + β2 B + β3 S∙B + β4 S2 + β5 B2 + ε 
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Each of the coefficients (βx) was tested to be significantly different from 

zero, and the adjusted R2, F-test and lack-of-fit were calculated to assess 

the significance and adequacy of the model.  

Differential abundance of bacteria in OECD 308 bottle incubations 

For paper III, differences in DT50s of the 10 micropollutants between 

rivers, location and spiked concentration of treatments H and L were 

assessed first with a MANOVA and second with individual ANOVAs for 

each compound. The DT50s of micropollutants with significant 

differences between river, location or spiked concentration in treatments 

H and L were classified into 2 groups: “fast” and “slow” degradation, 

according to a z-score (i.e. (DT50 – μDT50)/σDT50). The dissimilarities in 

bacterial community between the samples with fast/slow degradation 

were determined with a differential abundance analysis using the DESeq2 

package107 in the R software. 

For paper IV, the differential abundance (DESeq2 package107 in the R 

software) between T0, T1 and UC-T2 samples was analysed, as well as the 

differences between the UC and the spiked treatments H and L. 
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Results and Discussion 

Junge relationships 

Junge relationships in modelled concentrations  

By modelling hypothetical chemicals with half-lives of 7, 15, 30, 90, 180 

and 360 days, we found that the variation in concentration (σ/μ) 

decreases for chemicals with half-lives of 90 days or lower, and can 

increase for chemicals with half-lives of 180 and 360 days. This means 

chemicals with half-lives longer than 90 days should not be used in Junge 

relationships in the Danube River.  

The Junge relationships obtained from the concentrations modelled in 

STREAM-EU for the 4 chemicals (half-lives of 7, 15, 30 and 90 days) 

showed strong relationships in spatial and especially in temporal 

analysis. The slope varied between –0.236 and –0.059 for spatial 

relationships and from –0.802 to –0.066 in temporal relationships. <The 

lowest slope of –0.802, observed in a monitoring station in Bulgaria close 

to the mouth of the Danube River, is the strongest relationship obtained, 

as it approaches the minimum theoretical value of –1. The location of this 

strong Junge relationship agrees with observations of Junge relationships 

in the atmosphere. The upstream sections of the Danube River are subject 

to emissions from more populated areas, and thus stronger Junge 

relationships are obtained from concentration measurements 

downstream relatively far from the emission point. 

The model results thus show that the Junge relationships could exist for 

chemicals in the Danube with biodegradation as main pathway, half-lives 

below 90 days and emissions proportional to population (as defined in 

the model parameters), especially if temporal variability of chemical 

concentrations are measured downstream in the Danube. 

Junge relationships in monitoring data 

Of the 168 chemicals measured in the JDS3 by the Laboratories of 

Croatian Waters, only 9 complied with all of the criteria which were 

defined as conditions for finding Junge relationships: number of 

measurements above LOQ, potential for sorption or volatilization, lack of 
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photolysis or hydrolysis, available DT50s in water or sediment-water 

systems reported in thescientific literature.  

Caffeine and carbamazepine were the only two compounds with the 

majority of measurements above LOQ and where several DT50s were 

available. The DT50s of caffeine determined in literature studies ranged 

from 1.564, 68 to 10351 days, and of carbamazepine from 63108 to 1296 

days79. There is thus a large variation in half-lives that are obtained for 

the same compounds that could be due to differences in the method used 

(e.g. laboratory or modelling), the river or lake studied or the conditions 

in each study.  

The empirical Junge relationship generated with the JDS3 data and 

literature half-lives had a negative but weak slope (b = –0.045) that was 

not significantly different from zero (two-sided t-test, p-value = 0.495) 

and a low correlation coefficient (R2 = 0.069) The result is not surprising 

given that the Junge relationship fitted with predicted (i.e. modelled) 

JDS3 relationship with STREAM-EU data was also weak (b = –0.034, R2 = 

0.169, p-value = 0.5889), and that modelled spatial Junge relationships 

were not as strong as the temporal relationship. 

 

Figure 8. a) Junge relationship predicted in STREAM-EU for the Joint Danube 
Survey (JDS3) sampling dates and b) empirical Junge relationship from 
micropollutants measured in the JDS3 (adapted from Coll et al. 109) 

Overall, Junge relationships could still exist for micropollutants, 

particularly temporal relationships measured downstream of the Danube 
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River. However, further research is needed to know how much of the 

variation in concentrations can actually be allocated to spatial and 

temporal heterogeneity in transport and biodegradation processes in the 

Danube. Stronger Junge relationships could be obtained by reducing 

external sources of variation present in the Danube, and that could 

weaken empirical Junge relationships. For example, it would be ideal to 

have more half-lives and of more micropollutants to calibrate the 

relationship. As most of the micropollutants in the JDS3 were found at low 

concentrations (i.e. close or below the LOQs), it would be useful as well to 

carry out more measurements using state-of-the-art analytical methods 

that are able to measure lower concentrations. Finally, Junge 

relationships would need to be assessed for other river systems apart 

from the Danube, however to the best of our knowledge no other 

(European) rivers have micropollutant measurements or monitoring 

sites far away from emission sources (cities).  

Dissipation of micropollutants in flume and bottle 

experiments 

DT50s of micropollutants in sediment-water systems 

Overall, 20 DT50s of acesulfame and carbamazepine were calculated in 

the sediment-water flumes (paper II, Figure 9). Similarly, 24 DT50s of 

acesulfame, acetaminophen, caffeine, carbamazepine, diclofenac, 

furosemide, metformin, oxazepam, tramadol, and venlafaxine were 

obtained in the OECD 308 sediment-water bottle incubations (paper III, 

Figure 9).  

The average DT50 of acesulfame was 13 days (RSD 67%) in the flumes 

(paper II), and 109 days (RSD 75%) in the bottle experiments (paper 

III). In the OECD 308 bottle incubations, acesulfame DT50s were mostly 

above the REACH persistence criteria in sediment (120 days) and 

acesulfame was thus mostly persistent. We found no other studies 

reporting half-lives of acesulfame in sediment-water systems for 

comparison, but the compound was considered persistent previously in 

a lake79 and in a river37, and its biodegradation in WWTPs has only been 

observed recently110.  

The average DT50 of carbamazepine was 256 days (RSD 73%) in the 

flumes (paper II) and 111 days (RSD 167%) in the bottle experiments 

(paper III). Most DT50s measured for carbamazepine in paper II (15 out 
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of 20) were above the 120 day persistence criteria, while only 6 out of 24 

DT50s measured in paper III were above the persistence criteria. Several 

DT50s obtained from the literature also show long DT50s of 

carbamazepine (Figure 9). Carbamazepine is a neutral compound with an 

octanol-water partition coefficient (log KOW) of 2.77, and has shown a 

tendency for sorption to organic matter in other studies53, 111. Sorption 

was discarded as a relevant process for carbamazepine in the flumes 

because very low removal was observed in the sorption test with the 

sediment dilutions (i.e. bacterial diversity levels) as part of paper II112. 

Additionally, the lowest dilution (S1), which corresponded to the 

treatment with the highest proportion of River Erpe sediment (1:10) had 

a low total organic carbon content of 0.007%, which makes significant 

sorption to organic matter unlikely. However, in paper III very similar 

DT50s were obtained for carbamazepine in the sterilized sediment 

control (SC) compared to the non-sterile treatments at high and low 

concentrations (L and H). Furthermore, the 6 longest DT50s (all >120 

days) were found in incubations with sediments from River Gründlach 

after the WWTP (G2), which was the sediment with the lowest total 

organic carbon (0.5%), compared to sites in River Fyris (F1, F2) and River 

Gründlach before the WWTP (G1) which had TOC’s of 5.6, 4.3 and 3.7% 

respectively. Although the sterilized controls were not completely sterile 

(see next section, Figure 12b), biodegradation of carbamazepine seems 

implausible or at least very slow as no degradation of carbamazepine is 

often reported 108 41. Therefore, the short DT50s in sediments F1, F2 and 
G1 (with high TOC), are most likely driven by sorption to the sediment. 

Differences in bacterial communities between fast and slow dissipation 

of carbamazepine were not explored further because biodegradation was 

not the reason for the variation. The DT50s of carbamazepine in paper II 

and the ones from sediment G2 (low TOC) in paper III, which are not 

influenced by sorption processes, are in good agreement (Figure 9). 

The dissipation of the compounds acetaminophen, caffeine, diclofenac, 

furosemide, metformin, oxazepam, tramadol and venlafaxine are 

reported in paper III. These compounds had DT50s below 120 days. The 

DT50s of acetaminophen averaged 2.5 days and for caffeine 4.4 days and 

were thus well below the persistence criteria, which agrees with DT50s 

found in the literature (paper III, Figure 9). Low variation in determined 

DT50s was found for both compounds, with a RSD for caffeine of 38% and 

for acetaminophen 20% (paper III). The DT50s of diclofenac (average 

17.6 days), furosemide (average 25.6 days), metformin (average 12.7 

days), oxazepam (average 19.2 days), tramadol (average 31.8 days) and 



 Claudia Coll Mora 

27 

 

venlafaxine (average 13.9 days) had medium to high variation, with RSDs 

between 47-106%, which points to a high variation in dissipation linked 

to the different sediment characteristics.  

For diclofenac, oxazepam, tramadol and venlafaxine, as well as 

acesulfame, the sediment controls (SC) showed slower dissipation than 

the H and L treatments, which is a sign of a considerable contribution of 

biodegradation to the overall DT50s (Figure 9). Furosemide had similar 

DT50s in the sediment control (SC) as the H and L treatments, similarly 

to carbamazepine. For this reason, it is not clear if dissipation of 

furosemide was driven by sorption or degradation processes. Even if 

furosemide is a negatively charged compound at pH 7-8 and has a low 

KOW of –1.49, sorption has been observed in other studies 113. Therefore, 

furosemide was not included in further analysis of bacteria communities. 

DT50s of micropollutants in water 

We obtained 12 DT50s for micropollutants in incubations with river 

water (W), and 3 DT50s from incubations in de-ionised water (WC, paper 

III). Most of the DT50s in river water (W) or the water control (WC) were 

derived from kinetic constants (Equation 1) that were not significantly 

different from zero. This means that dissipation was very slow compared 

to the sediment treatments. Still, DT50s of acesulfame and 

carbamazepine all exceeded the REACH persistence criteria for water (40 

days). In contrast, half of the determined DT50s for acetaminophen 

(average 59 days) and caffeine (average 44 days) were below 40 days, 

and thus these can also be biodegraded by some bacteria communities in 

river water. For diclofenac, furosemide, metformin, oxazepam, tramadol 

and venlafaxine, most of the determined DT50s were above the 40 days 

criteria. Acetaminophen was the only compound which dissipated in the 

deionised water control, which shows potential removal by hydrolysis. 

(Figure 10) 
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Figure 9. DT50s in water-sediment experiments in papers II and III compared to 
literature. The red line represent the REACH persistence criteria threshold of 
120 days for sediment. Grey areas are proportional to the density of points. 51, 53, 

61, 62, 64, 66, 68-70, 90, 112, 114-116 
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Figure 10. DT50s in water for ten micropollutants studied in paper III compared 
to literature. The red line represent the REACH persistence criteria threshold of 
40 days for water. Grey areas are proportional to the density of points.36, 38-41, 46, 

47, 65, 72, 77-80, 108, 114, 117-121 
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Differences of DT50s between sediment dilution and bedform levels in 

flumes 

The response surface models (RSMs) fitted from the DT50s of acesulfame 

and carbamazepine (paper II) are presented in Figure 11, as well as the 

corresponding second order equation (based on Equation 3). The 

sediment dilution (S, bacterial diversity) had a significant effect on the 

DT50s of both acesulfame (negative linear and quadratic effects, β1 and 

β4) and carbamazepine (negative linear effect, β1), meaning shorter 

DT50s occurred at the lower dilution level (S1). The bedform variable (B, 

hyporheic exchange) only had a significant effect on the DT50s of 

acesulfame (negative linear effect, β2), where rapid dissipation was 

observed in flumes with 6 bedforms. The relative magnitude of the effect 

of diversity on DT50s was thus larger than the effect of hyporheic flow.  

 

Figure 11. Response surface model of DT50s of a) acesulfame and b) 
carbamazepine in the flume experimental setup (paper II). The second order 
equation (Equation 3) for each model is shown at the bottom, with coefficients 
significantly different from zero highlighted in bold and purple. (figure adapted 
from 112) 

For carbamazepine the RSM was overall significant (p-value <0.05), with 

an adjusted-R2 of 44.4% and with a non-significant lack-of-fit (p= 0.364). 

The overall RSM of acesulfame was significant (p-value <0.05), with an 

adjusted-R2 of 90.2% but with a significant lack-of-fit (p=0.048). 

Therefore, although the RSM explains most of the variation in DT50s 

(90%) for acesulfame, the higher difference between predicted vs 
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measured DT50s in the higher sediment dilutions (S3 and S6) are not 

explained by the variables in the model. 

Acesulfame presented a lag-phase only in the low diversity sediment, 

meaning it started degrading after 20-28 days of the experiment. The lag-

phase suggests growth or development of bacteria degrading acesulfame 

in the first days, and is thus a complementary factor to consider when 

assessing dissipation, which is currently not taken into account when 

calculating a DT5086. 

The results of acesulfame thus agree with our initial hypothesis that 

increasing hyporheic exchange and high diversity can improve 

micropollutant biodegradation. The specific correlation between 

sediment dilution (i.e. diversity), and bedforms (i.e. hyporheic exchange), 

is discussed in the next sections. 

Differences in DT50s between sediment from two rivers, two locations 
and two concentration levels in bottle incubations 

In paper III, the DT50s in OECD 308 incubations varied significantly 

between the studied rivers (Fyris (F) and Gründlach (G)), the two 

locations (before and after the WWTP), and the spiked concentrations 

(high and low) for the ten micropollutants studied (MANOVA, p <0.05). 

When assessing the individual DT50s per compound, diclofenac, 

ozaxepam, tramadol and venlafaxine had differences per river (ANOVA, 

p-value <0.05); acesulfame, oxazepam, tramadol and venlafaxine had 

differences per location (ANOVA, p-value <0.05); and acesulfame, 

caffeine, diclofenac and venlafaxine had significant differences in DT50s 

according to the initial concentration used in the test (ANOVA, p-value 

<0.05). Acetaminophen and metformin did not have significant 

differences in DT50s that could be associated to the treatments (ANOVA, 

p-value > 0.05). 

The dissimilarity in observed DT50s of acesulfame, diclofenac, ozaxepam, 
tramadol and venlafaxine are in line with the hypothesis that because of 

the different characteristics of the two rivers and the two sites, bacterial 

communities could also differ in composition and thus have different 

capacity to degrade micropollutants. The composition of the bacterial 

communities and its possible association with the differences in DT50s 

observed for these five micropollutants is discussed in the next sections. 
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Influence of hyporheic flow on dissipation of 

micropollutants 

The hyporheic flow parameters calculated from the salt tracer dilution 

test in paper II, exchange flux, exchange volume and residence time of 

water in sediment, did not show significant differences between flumes 

with flat sediment, 3 or 6 bedforms (ANOVA, p < 0.05). The salt tracer test 

was performed at the end of the experiment (days 78-84), when several 

flume conditions potentially reducing hyporheic exchange had changed 

from the initial set up: 

- Development of biofilm and floating algae, which could have clogged 

the sediment surface and reduced permeability and thus hyporheic 

exchange, 

- Bedform height decreased due to erosion, which affects the “pumping 

effect” that induces hyporheic exchange. 

- Surface water velocity decreased due to the development of biofilm 

in the pumps, thus the hydrodynamic energy driving the hyporheic 

exchange was lower. 

It was not possible to perform the salt tracer dilution test earlier in the 

flume experiments, nor to replicate the experimental setup. Therefore, 

there are no available estimates of hyporheic exchange in the first half of 

the experiment where most attenuation of micropollutants (e.g. 

acesulfame) occurred (Figure 9). 

Hydrological studies have shown that bedforms increase hyporheic 

exchange compared to flat sediments, and thus we hypothesized that 

flumes with flat, 3 or 6 bedforms had different hyporheic exchange84, 85. 

Additionally, acesulfame is degraded faster under aerobic conditions 82, 

122, which are influenced by the hyporheic flow regimes123. The significant 

effect of the bedform variable on acesulfame (Figure 11) could therefore 

be an indication in favor of our hypothesis that hyporheic exchange 

differed between the flumes with flat, 3 or 6 bedforms sediment. 
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Influence of bacterial communities on dissipation of 

micropollutants 

Bacterial diversity 

In paper II the taxonomic diversity of bacteria in sediment had a 

significant effect on the dissipation of acesulfame and carbamazepine 

(Figure 11), and differences in diversity corresponded to the three 

sediment dilutions used in the flume setup. The lowest diversity was 

found at the highest sediment dilution level (1:106, S6), as predicted by 

the dilution to extinction method124 and the highest diversity in the low 

dilution (1:10, S1).  

However, in paper III the bacterial diversity did not correlate to higher 

dissipation, possibly because there was no functional redundancy of 

bacteria taxa capable of biodegrading micropollutants in the community, 

or in other words, some of the degrading functions were “rare”. 

Diclofenac was degraded similarly in sediments G1 and G2 which have 

the highest and lowest diversity respectively in the setup. Acesulfame 

was degraded faster in the sediment with the lowest diversity (G2). As 

will be discussed in the next section, the bacteria in G1, G2 and F1/F2 are 

different in taxonomic composition. Therefore, it is not always useful to 

compare diversity indices from bacterial communities with different 

composition to estimate their overall capacity of micropollutant 
degradation.  

Bacterial community composition  

The composition of the bacterial communities in the three diversity levels 

in paper II, are derived from the original community in sediment from 

River Erpe, which means that in theory there should be a complete 

overlap in bacteria taxa found in the 3 levels. Although the medium and 

low diversity sediment (S3 and S6) have very similar Fisher-alpha 

indices, there are dissimilarities in composition, as can be visualized in 

Figure 12a. Correspondingly, the concentration time series of acesulfame 

in the flumes (Figure 2a in paper II), show that there are clear differences 

in dissipation (DT50s and lag phase) between the medium and low 

diversity levels.  

Bottle incubations with river water (W) in paper III (with longer DT50s 

than in incubations with river sediment) were carried out very similar to 
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what is described as “pelagic test” in the OECD 309 standard, except that 

a higher concentration of micropollutants (2000 𝜇g/L) was spiked than 

recommended, and the bottles were stored and acclimated just as the 

OECD 308 sediment-water incubations. We were not able to extract 16S 

rRNA in any of the water samples (RW, W or WC), so analysis is based on 

the 16S rRNA gene, and thus the sequences reflect both active and non-

active bacteria in water. Bacteria community composition of river water 

(RW) and river water incubations (W) were more heterogeneous than 

the sediment communities (Figure 12b). We generally expect less 

bacteria biomass in the water than in sediment, but the NMDS shows that 

communities there have large dissimilarities. As there was not much 

dissipation of the tested micropollutants in water, it is not easy to 

associate bacteria to fast or slow degradation as was done for sediment 

bacteria. 

Bacterial communities in sediment incubations (H and L treatments) 

from the two rivers (Fyris and Gründlach) and two locations (before and 

after the WWTP) in paper III show that community composition can have 

a high impact on the observed DT50s of micropollutants. Five 

micropollutants (acesulfame, diclofenac, oxazepam, tramadol and 

venlafaxine) had significant differences in DT50s according to the river 

or location used. As mentioned in paper III, acesulfame degraded faster 

in sediment G2, diclofenac in sediment G1 and G2, whereas oxazepam, 

tramadol and venlafaxine in sediments F1 and F2. Concurrently, there 

were significant differences in bacterial communities between sediments 

G1, G2 and F1/F2 (i.e. no significant differences between F1 and F2). 

(Figure 12b) 

After classifying samples from the sediment bottle incubations into a 

“fast” and “slow” degradation group according to the z-score in DT50s, 

the bacteria that were at least 4 times higher in relative abundance (log2 

fold-change ratio ≥|2|) were identified in each category and for each 

micropollutant (full plots and lists in paper III). For acesulfame, 89 

genera were associated with fast degradation, and 85 with slow 

degradation. For diclofenac, 31 genera were more abundant in fast and 

25 in slow degradation. There were 149 genera that were more abundant 

in samples with fast degradation of oxazepam and 79 in slow. Finally, in 

sediments where fast degradation of tramadol and venlafaxine occurred, 

298 genera were overrepresented, whereas 118 were overrepresented 
in the sediments where they degraded slowly.  
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Figure 12. Non-metric multidimensional scaling (NMDS) of bacterial 
communities in a) sediment of flume experiments based on the 16S rRNA gene 
(paper II) and b) sediment (16S rRNA) and water (16S rRNA gene) of bottle 
incubations (papers III and IV) 
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No sediment or treatment had consistently the fastest degradation for all 

five micropollutants (acesulfame, diclofenac, oxazepam, tramadol and 

venlafaxine), and thus none of the bacteria genera were consistently 

identified in samples with the fast degradation. In fact, only 27 genera 

overlap for the five compounds, but from these, 25 correspond to genera 

identified for fast degradation of acesulfame and diclofenac are 

associated to the slow degradation of oxazepam, tramadol and 

venlafaxine and vice versa for the 2 remaining genera. 

Variability in fast/slow DT50s (RSDs > 40%) could be related to 

differences in abundance of some of the genera identified in the fast 

degradation group of each micropollutant. This implies that some of these 

taxa could be expressing functions (i.e. enzymes) that intervene in the 

initial biodegradation step of a micropollutant, or that make the overall 

biodegradation process more efficient through interdependence or 

complementarity in functions within the community, as has been 

observed for atrazine21, 22, 25, 125, 126.  

Bacteria that were found more abundant in the slow degradation group, 

or in other words, that were less abundant in the fast degradation group, 

could have also influence on biodegradation. Bacteria community 

interactions are very complex, and some of them might also be 

“antagonistic”127, 128 (as opposed to “complementary”), such as predation, 

parasitism and competition. An increased abundance of an antagonistic 

bacteria, could thus mean a reduced efficiency of bacteria capable of 

degrading micropollutants and thus larger DT50s.  

Changes in bacteria communities related to the OECD 308 set up 

Laboratory experiments such as the OECD 308 are recommended 

standardized methods in chemical regulation frameworks, where 

variability of conditions can be controlled compared to in-situ studies42, 

87. During storage, acclimation and incubation stages of bottles, it is likely 

that conditions in terms of temperature, light and oxygen saturation, as 

well as nutrient availability differ compared to the respective rivers. 

Changes in bacteria community composition that arise due to this 

handling of the sediment could also result in increase or decrease in 

abundance of bacteria that could potentially be important for the 

biodegradation of micropollutants. 

In paper IV there were no significant dissimilarities in sediment bacterial 

communities between the three time points analysed in the OECD 308 
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test: the sampled river sediment (RS, T0), the end of the acclimation (AC, 

T1) and the end of the incubation (UC, T2). There were also no significant 

differences in the overall bacteria community composition between the 

concentrations used in the test (H: 2000 μ/L, L: 20 μ/L) and the unspiked 

control (UC). (Figure 12b and in paper IV: Figure 2a, and PERMANOVA) 

By doing an analysis of differential abundance as in paper III; 29 genera 

that increased in abundance were identified between T0 and T1, whereas 

6 decreased in abundance. All 35 genera were different in Fyris sediment 

(either F1, F2 or both), and not in Gründlach (G1 nor G2). These bacteria 

taxa were influenced by conditions in the storage and/or the bottle 

acclimation. 

Between the acclimation (T1) and the end of the test (T2), 36 bacteria 

genera increased, while only 12 decreased in abundance. Most of these 

48 genera had changes in sediment from River Fyris and not from 

Gründlach. Changes from T1-T2 could be related to the duration of the test 

(40 days in the bottles) and to nutrient depletion.  

Finally, only 18 genera changed abundance between T0 and T2, but not 

between T0-T1 or T1-T2: 11 genera increased and 8 decreased in 

abundance, which would encompass changes due to any of the stages of 

the test. 

Even fewer genera (30 OTUs at genus level) had differences according to 

the spiked concentration and unspiked control in the test, despite having 

a relatively high environmental concentration (L: 20 μ/L) and an 

extremely high environmental concentration (H: 2000 μ/L). Only 9 

genera had differences in abundance (3 increased, 6 decreased) between 

the unspiked control (UC) and the low concentration (L). Most of the 

genus with changes in abundance were identified between the high (H) 

and low (L) concentration: 7 genera increased and 7 decreased. 

Additionally, 7 other genera increased and 4 decreased according to the 

comparison between the unspiked control and the high concentration, 

that were not differentially abundant between the unspiked control-low 

concentration or the low-high concentration. 

Considering there were a total of 1213 genera in the sediment samples, 

this means that overall less than 8% of bacteria genera changed during 

the course of the test and because of the addition of micropollutants. 

Because estimations of bacteria biomass (e.g. qPCR as in paper II) are 

lacking, it is still possible that the bacterial biomass was affected by the 
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high concentration of micropollutants, or the length of the test. However, 

it is unlikely the effect would be even for the whole bacteria community, 

which covers a large number of different taxa.  

Comparison of dissipation processes in flumes and 

bottles 

Acesulfame was studied in both flume and bottle incubations and both 

studies suggest biodegradation is a relevant removal pathway. This can 

give us insight into the dissipation processes that can be assessed with 

each method. However, bacteria communities cannot be directly 

compared, because sediments used were sampled from different rivers 

(Erpe in paper II and Fyris/ Gründlach in paper III).  

Acesulfame had lower DT50s in the flume setup than in the bottle 

incubations. The faster dissipation in the flumes can be attributed first to 

biodegradation performed by bacteria from River Erpe . This bacteria 

community has been continuously exposed to micropollutants from a 

WWTP discharge36, and because of this exposure it is likely that some 

bacteria have developed or adapted to degrade acesulfame 110, making 

dissipation faster in the flumes. In agreement, most of the long DT50s 

(>120 days) in paper III were obtained in incubations with sediment 

sampled before the WWTP, which had lower exposure to acesulfame than 

the sites after the WWTP and thus the bacteria had likely not developed 
the capacity to degrade acesulfame. Therefore, both approaches are able 

to reflect the bacteria communities’ degradation capacity of 

micropollutants. 

Hyporheic flow was another factor which had a significant effect on the 

DT50s of acesulfame (e.g. lower DT50s were found at higher number of 

bedforms) in the flumes in paper II, but that is not possible to simulate 

in bottle incubations. Flowing surface water in rivers is therefore an 

important factor neglected in OECD 308 test setups which influences the 

dissipation of micropollutants. 
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Conclusions and Future Perspective 

Estimating the biodegradability of aquatic micropollutants is an essential 

component of persistence assessment, because biodegradation is a major 

removal process for most micropollutants. However, biodegradation 

half-lives estimated in this thesis (based on DT50s) are highly variable, 

especially for chemicals with longer half-lives (e.g. longer than 40 days). 

The variation in DT50s is strongly associated with diversity (paper II) 

and composition (paper III) of bacteria community in sediment.  

Lower diversity can result in lower potential of a bacterial community to 

degrade micropollutants. The environmental relevance of these results, 

is that if a natural bacteria community is negatively affected by an 

environmental or anthropogenic stressor that decreases the diversity in 

the community, the capacity of the bacteria to degrade micropollutants 

could also be reduced as a response. However, taxonomic diversity is not 

a consistent predictor of the degradation capacity of a bacteria 

community when comparing different aquatic systems. It is likely that 

very specific (enzymatic) functions are needed for degradation of 

micropollutants, and these functions could be rare among environmental 

bacteria. Therefore, more information is needed on the composition of 

full bacteria communities in biodegradation studies. 

It is currently not required to do an identification of bacteria communities 

in biodegradability studies for regulation purposes. The lack of 

knowledge of the bacteria communities used for biodegradation tests, 

such as OECD 308, can thus be problematic for interpretation of the half-

life and comparison against the corresponding persistence criteria.  

There are more advantages in making the effort to obtain information 

about environmental bacteria communities (with e.g.  Illumina 

sequences) other than interpreting variation of DT50s. The 16S rRNA 

sequences in particular, helped map the “active” bacteria community in 

the test and to detect bacteria genera that could be associated with fast 

or slow degradation of micropollutants (paper III). Identifying bacteria 

that have the capacity to degrade a micropollutant would be extremely 

useful to predict biodegradation in the field, as can be done with atrazine, 
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for example. However very little information of potential bacteria 

degraders is available for the grand majority of aquatic micropollutants.  

It is also important to note that our association of differential abundance 

of bacteria genera to fast/slow DT50s of micropollutants is not enough to 

derive causality. Further analysis of functional gene expression (meta-

transcriptomics), enzyme abundance (meta-proteomics) and the links 

between functional versus taxonomic composition could further 

elucidate bacteria taxa candidates for biodegradation of a 

micropollutant.35 

Other factors than bacteria community composition should be taken into 

consideration when assessing biodegradation of micropollutants in 

rivers. In situ studies that have calculated dissipation in rivers or lakes 

through modelling, mass balance or direct sampling methods, estimate 

shorter half-lives of the studied micropollutants in water (yellow points 

in Figure 10). The bottle incubations with river water in paper III were 

kept in the dark and have longer DT50s. It is possible that photolysis is a 

major contributor to overall micropollutant removal in the field36, and 

thus photodegradation of micropollutants should also be taken into 

account to extrapolate half-lives from laboratory to field conditions. 

Finally, the DT50s estimated through laboratory studies such as OECD 

308, omit the hyporheic flow (i.e. surface water-pore water interactions) 

induced by flowing water. Hyporheic flow can significantly reduce the 

half-lives of compounds (e.g. acesulfame) that are sensitive to redox 

conditions such as oxygen availability. Other studies have also found that 

half-lives obtained from OECD 308 tests can underestimate 

biodegradation in small streams and overestimate it in large rivers42. 

More research is needed to elucidate what factor of hyporheic flow has 

more impact on biodegradation (e.g. volume exchange, residence time in 

sediment, length in transport pathways through sediment). 
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