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Abstract
Hyporheic zones (HZs) are reactive transition regions between rivers and aquifers which are thought to play an important
role in the attenuation of micropollutants. Micropollutants are chemical substances such as pharmaceuticals, industrial
chemicals or personal care products that are found in trace concentrations in the environment and that can be harmful to
organisms. This thesis aimed to narrow the knowledge gap on the environmental fate of wastewater-derived polar organic
micropollutants in the aquatic environment, with a specific emphasis on the hyporheic zone.

In Paper I an efficient workflow was developed for the in-situ characterization of polar organic micropollutants and their
transformation products (TPs) in the hyporheic zone at high spatial and temporal resolution and with minimal disturbance of
natural flow paths. A low volume sampling device was combined with a newly developed high throughput-direct injection-
UHPLC-MS/MS method. Application in the field revealed significant differences in micropollutant concentrations that
varied over small time- and spatial scales. In Paper II the results of a comprehensive field study performed in the
urban lowland river Erpe in Berlin, Germany, are presented. The work provided data on in-situ attenuation behavior of
24 micropollutants and TPs, along with novel insights into the spatially- and temporally varying environmental factors
which play a major role in controlling in-stream attenuation of micropollutants. Paper III describes a novel, multi-
flume experiment designed to investigate the influence of hyporheic exchange flow and sediment bacterial diversity
on dissipation half-lives of 31 micropollutants and associated TPs. Attenuation and transformation of most substances
increased significantly with bacterial diversity; fewer compounds responded to both bacterial diversity and hyporheic
exchange flow. In addition to the discovery of several novel TPs, a number of bacterial strains were identified that
might be associated with micropollutant degradation. In Paper IV the fate of metformin in the hyporheic zone was
examined using large-scale (100m) recirculating flumes to perform realistic yet well-controlled experiments. In addition
to determining dissipation half-lives in surface and pore water, the formation of novel TPs was investigated via suspect
screening and bacterial communities were characterized using microbiological analyses. Data from these experiments
indicate that dunes and macrophytes promote hyporheic exchange flow and create reactive environments with steep and
varying biogeochemical gradients, which enhanced the degradation of metformin.

Collectively, the fate of 33 parent compounds and 37 transformation products was assessed in field and mesocosm
experiments described in this thesis. Additionally, 29 suspected TPs were tentatively identified. Higher bacterial diversity
in the hyporheic zone and more intense hyporheic exchange flows significantly enhanced biodegradation of organic
micropollutants. A number of known and novel TPs were discovered under diverse conditions, many of which showed
signs of environmental persistence, providing further evidence for inclusion of TPs in contaminant risk assessments and
regulatory frameworks. This work highlights the importance of considering both small- and reach-scale temporal and spatial
variability for a mechanistic understanding of attenuation in in-stream studies.

Keywords: micropollutants, hyporheic zone, biodegradation, bacteria, pharmaceuticals, transformation products, LC-
MS/MS, macrophytes, bedforms, suspect screening, mesocosm, flume, river.
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Abstract 
 
Hyporheic zones (HZs) are reactive transition regions between rivers 
and aquifers which are thought to play an important role in the attenua-
tion of micropollutants. Micropollutants are chemical substances such as 
pharmaceuticals, industrial chemicals or personal care products that are 
found in trace concentrations in the environment and that can be harm-
ful to organisms. This thesis aimed to narrow the knowledge gap on the 
environmental fate of wastewater-derived polar organic micropollutants 
in the aquatic environment, with a specific emphasis on the hyporheic 
zone.  
In Paper I an efficient workflow was developed for the in-situ character-
ization of polar organic micropollutants and their transformation prod-
ucts (TPs) in the hyporheic zone at high spatial and temporal resolution 
and with minimal disturbance of natural flow paths. A low volume sam-
pling device was combined with a newly developed high throughput-
direct injection-UHPLC-MS/MS method. Application in the field revealed 
significant differences in micropollutant concentrations that varied over 
small time- and spatial scales. 
In Paper II the results of a comprehensive field study performed in the 
urban lowland river Erpe in Berlin, Germany, are presented. The work 
provided data on in-situ attenuation behavior of 24 micropollutants and 
TPs, along with novel insights into the spatially- and temporally varying 
environmental factors which play a major role in controlling in-stream 
attenuation of micropollutants. 
Paper III describes a novel, multi-flume experiment designed to investi-
gate the influence of hyporheic exchange flow and sediment bacterial 
diversity on dissipation half-lives of 31 micropollutants and associated 
TPs. Attenuation and transformation of most substances increased sig-
nificantly with bacterial diversity; fewer compounds responded to both 
bacterial diversity and hyporheic exchange flow. In addition to the dis-
covery of several novel TPs, a number of bacterial strains were identified 
that might be associated with micropollutant degradation. 
In Paper IV the fate of metformin in the hyporheic zone was examined 
using large-scale (100m) recirculating flumes to perform realistic yet 
well-controlled experiments. In addition to determining dissipation half-
lives in surface and pore water, the formation of novel TPs was investi-
gated via suspect screening and bacterial communities were character-
ized using microbiological analyses. Data from these experiments indi-
cate that dunes and macrophytes promote hyporheic exchange flow and 
create reactive environments with steep and varying biogeochemical 
gradients, which enhanced the degradation of metformin.  
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Collectively, the fate of 33 parent compounds and 37 transformation 
products was assessed in field and mesocosm experiments described in 
this thesis. Additionally, 29 suspected TPs were tentatively identified. 
Higher bacterial diversity in the hyporheic zone and more intense 
hyporheic exchange flows significantly enhanced biodegradation of or-
ganic micropollutants. A number of known and novel TPs were discov-
ered under diverse conditions, many of which showed signs of environ-
mental persistence, providing further evidence for inclusion of TPs in 
contaminant risk assessments and regulatory frameworks. This work 
highlights the importance of considering both small- and reach-scale 
temporal and spatial variability for a mechanistic understanding of at-
tenuation in in-stream studies. 
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Sammanfattning 
 
Hyphoreiska zoner är reaktiva övergångsregioner mellan floder och 
akviferer som tros spela en viktig roll i att minska halterna av 
mikroföroreningar. Mikroföroreningar är kemiska substanser så som 
läkemedel, industrikemikalier eller personliga hygienprodukter, som 
återfinns i låga koncentrationer i naturen och som kan vara skadliga för 
organismer. Den här avhandlingen syftade till att minska 
kunskapsglappet om polära organiska mikroföroreingar i vatten från 
vattenreningsverk och deras öde i den akvatiska miljön, med specifikt 
fokus på den hyporheiska zonen. 
  I Publikation I utvecklades ett effektivt arbetsflöde för in-situ 
karaktärisering av polära organiska mikroföroreningar och deras 
transformationsprodukter (TPs) i den hyporheiska zonen med hög 
spatiell och tidsmässig upplösning och med minimal störning av 
naturliga flöden. En anordning för små provvolymer kombinerades med 
en nyutvecklad högkapacitetsmetod för direktinjektioner på UHPLC-
MS/MS. Tillämpning på fältet uppdagade signifikanta skillnader i hur 
mikroföroreningar varierade över små rums- och tidsmässiga skalor. I 
Publikation II presenteras resultaten av en omfattande fältstudie utförd 
i den urbana låglandsfloden Erpe i Berlin, Tyskland. Arbetet genererade 
in-situ-data om minskningen av 24 mikroföroreningar och TPs 
tillsammans med nya insikter i de spatiellt och tidsmässigt varierande 
miljöfaktorer som spelar en betydande roll för föroreningarnas 
minskning. Publikation III beskriver ett nytt experiment med multipla 
vattenrännor designat för att utreda inflytandet från det hyporheiska 
utbytesflödet och den bakteriella mångfalden i sedimentet på 
halveringstiden för 31 mikroföroreningar och deras TPs. 
Minskningstiden och transformeringen av de flesta substanserna ökade 
signifikant med bakteriell mångfald; färre kemiska ämnen påverkades av 
både bakteriell mångfald och hyporheiskt utbytesflöde. Utöver 
upptäckten av flera tidigare okända TPs identifierades ett antal 
bakteriella stammar som kan ha koppling till nedbrytning av 
mikroföroreningar. I Publikation IV utforskades metformins öde i den 
hyporheiska zonen med hjälp av en storskalig (100m) återcirkulerande 
vattenränna som tillåter realistiska men välkontrollerade experiment. 
Utöver fastställandet av halveringstider i yt- och porvatten undersöktes 
även formation av tidigare okända TPs med suspect screening och 
bakteriella communities karaktäriserades genom mikrobiologisk analys. 
Data från dessa experiment indikerar att flodbottensdynor och 
makrofyter främjar hyporheiska utbytesflöden och skapar reaktiva 
miljöer med kraftiga och varierande biogeokemiska gradienter, vilket 
förstärkte nedbrytningen av metformin. 
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  Totalt undersöktes 33 mikroföroreningar och 37 
transformationsprodukter, både på fältet och i mesokosmosexperiment, i 
den här tesen. Dessutom identifierades preliminärt 29 stycken 
misstänkta TPs. Större bakteriell mångfald i den hyporheiska zonen och 
ett mer intensivt hyporheiskt utbytesflöde ökade biodegraderingen av 
organiska mikroföroreningar signifikant. Ett antal kända och tidigare 
okända TPs upptäcktes under olika omständigheter, varav många visade 
tecken på att vara persistenta i miljön, vilket visar på betydelsen av att 
inkludera TPs i riskbedömning av miljöföroreningar och 
kemikalielagstiftning. Det här arbetet betonar hur viktigt det är att 
överväga både små- och räckvidsskalig tidsmässig och rumslig variation 
för att uppnå mekanistisk förståelse av nedbrytning i in-situ 
strömstudier. 
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Abbreviations 
 

 

Attx attenuation 
DO 
DOC 
DOW 

dissolved oxygen 
dissolved organic carbon 
overall octanol-water partition coefficient 

DT50 dissipation half-life 
ESI electrospray ionization  
GRP 
HEF 

glass reinforced plastic 
hyporheic exchange flow 

HRMS 
HZ 

high resolution mass spectrometry 
hyporheic zone 

KOW octanol-water partition coefficient 
LC liquid chromatography  
LOD limit of detection 
LOQ limit of quantification 
MS mass spectrometry 
MS/MS tandem mass spectrometry 
m/z mass-to-charge ratio 
PC parent compound 
pKa 
PNEC 
POM 
PW 
qPCR 
TrOC 

acid dissociation constant 
predicted no effect concentration 
polar organic micropollutant 
pore water 
quantitative polymerase chain reaction 
trace organic contaminants 

R 
RT 

retardation coefficient 
retention time 

SD 
SFO 
SPE 

standard deviation 
single first order 
solid phase extraction 

SU 
SW 

Stockholm University 
surface water 

TP transformation product 
UHPLC ultra-high performance liquid chromatography 
UBA 
UV 

Umweltbundesamt 
ultra violet 

WWTP 
 

wastewater treatment plant 
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Introduction 
 

 

The Hyporheic Zone  
 
Almost all surface waters from streams and lakes to wetlands and estu-
aries interact with ground water.1 Hyporheic zones are transition re-
gions between surface water and groundwater aquifers characterized by 
chemical and temperature gradients and are key compartments for the 
functioning of aquatic ecosystems.2, 3 In rivers, hyporheic zones repre-
sent the streambed interfaces where surface water and groundwater mix 
in often highly-reactive conditions. Hyporheic zones constitute a refuge, 
spawning ground and habitat for aquatic life and a reservoir of biodiver-
sity. Moreover, they offer important ecosystem services, including nutri-
ent cycling, retention of natural and synthetic particulate matter,  and 
biodegradation of organic contaminants.4  

 
Figure 1.  The Hyporheic Zone as major contributor to the self-cleansing 
capacity of rivers and in the context of river bank filtration for drinking 
water production. WWTP = wastewater treatment plant; HZ = hyporheic 
zone; RBF = river bank filtration; GWT = ground water table. 
 
It is not easy to find a universal definition of the hyporheic zone because 
it is the topic of investigation by so many sub-disciplines of the natural 
sciences. From environmental chemistry and biogeochemistry to engi-
neering to conservation, each discipline has a different focus on the 
hyporheic zone and, consequently, defines the hyporheic zone a little 
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differently, in particular with respect to vertical boundaries. In this work 
the hyporheic zone is defined as a riverbed section consisting of saturat-
ed, porous sediments containing a characteristic hyporheic community. 
In addition, flow paths must exist that originate from and return to the 
surface water as well as a mixing of the surface water with groundwater. 
4-7  
 

The hyporheic zone can be divided into aerobic and anaerobic sections 
which are both in contact with the surface water. The upper section of 
the hyporheic zone is usually aerobic due to constant exposure to oxy-
genated surface water as well as photosynthetic processes of 
macrophytes, algae and cyanobacteria. In contrast, the deeper layers are 
in most cases anaerobic due to lower exposure to dissolved oxygen from 
surface water and the ongoing degradation of organic matter.8 The pre-
vailing redox conditions and thus the overall dimensions of the 
hyporheic zone are often not stable since these depend on the ground-
water table level and surface water discharge. This instability can lead to 
considerable fluctuations both on diurnal and seasonal time scales.  
 

The biogeochemical conditions and reactions in the hyporheic zone —
including the attenuation of organic contaminants — are further con-
trolled by hyporheic exchange flow and residence time, which in turn are 
driven by hydraulic pressure gradients. These gradients are shaped by 
riverbed morphology and sediment permeability (i.e. grain size distribu-
tion). Thus, sediment bedforms such as dunes and ripples but also 
macrophytes, roots or woody debris have a major influence on the extent 
of hyporheic exchange. These structures, together with larger clay or 
peat lens features,9 as well as riffle–pool sequences and connected aqui-
fer systems,4 result in a mosaic of larger and smaller upwelling and 
downwelling regions within the hyporheic zone.  
 

The hyporheic ecological community “hyporheos” accounts for the ma-
jority of biomass and activity in aquatic ecosystems, and is estimated to 
contribute 76-96% of ecosystem respiration.10 The hyporheos includes 
biofilms dominated by consortia of archaea and bacteria covering the 
inorganic sediment granules11, 12 as well as planktonic forms of various 
organism groups, protists, meiofauna, and macroinvertebrates that fill 
the interstitial areas of the hyporheic zone.13 The grain size distribution 
of hyporheic sediments plays a major role in biofilm formation within 
the hyporheic zone. As well as in the distribution of biota, such as algae, 
meio- and macrofauna that are also affecting biofilms. In addition to of-
fering a large surface area, the often high permeability of hyporheic sed-
iments provides a steady supply of organic carbon/dissolved organic 
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matter (DOM) and electron acceptors (oxidized molecules with dissolved 
oxygen as the most favorable of these acceptors), which is necessary for 
sustained microbial life.14-16 
 

Prevailing conditions like steep hyporheic redox gradients favor micro-
bial diversity, which in turn plays a major role in biochemical processes. 
Microbial nutrient cycling again provides substrates for macro-
invertebrates and algal assemblages. Thus, biogeochemical cycling and 
microbial and higher animal ecology should be considered as one inter-
active system.17 The exact composition of hyporheic microbial communi-
ties is still largely unexplored and the few existing studies focus on ben-
thic biofilms covering the sediment surface.15, 18 
 

Submerged macrophytes are another important feature associated with 
and rooted in the hyporheic zone. They control the conditions in the 
main channel of especially smaller rivers and streams by regulating the 
deposition of organic matter, producing oxygen and taking up nutrients 
from the water and sediment.19 They further provide habitats for fish 
and macro-invertebrates and their large surfaces allow biofilms to 
grow.20 As a result, aquatic plants have been described as “river ecosys-
tem engineers” since they influence river geomorphology and hydrology 
and interact with and shape both hyporheic exchange flow and the 
hyporheic zone.21, 22 Especially in eutrophic (urban) river systems, 
macrophyte biomass can increase overall hydraulic resistance which can 
increase the risk of flooding. Consequently, macrophyte removal is often 
applied as a necessary maintenance strategy.23 Besides their direct con-
tribution towards contaminant transformation24 and removal,25 
macrophytes enhance water residence time26 and transient storage.27 As 
functional hotspots in lowland river ecosystems28 macrophytes were 
included in the European water framework directive as a quality param-
eter to determine a river’s ecological status.29 
 

Studying contaminant fate in the hyporheic zone is non-trivial. Attenua-
tion and transformation can be influenced by numerous factors, includ-
ing physical characteristics of the sediments (e.g. porosity and bed mor-
phology), biogeochemical parameters (e.g. occurrence of electron donors 
or acceptors, pH), and biological factors (diversity, abundance and varia-
bility of microbial population).30-33 These factors, together with advective 
processes, can hinder efforts of studying chemical transformation in-situ 
or attempting to mimic ‘real-world’ conditions for studying contaminant 
persistence and transformation in lab or mesocosm systems.30, 32, 34-36  
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The Growing Importance of Hyporheic Zones  
in a Changing Climate 
 
A large proportion of the so-called self-purification potential of streams 
might be provided by hyporheic zones. They could therefore be very 
important to tackle emerging environmental problems such as pollution 
with nitrate and other nutrients, pharmaceuticals, endocrine disruptors 
and other wastewater-derived organic contaminants together with their 
transformation products and microplastics as reviewed by Lewandowski 
et al. 2019.4 Many of these issues pose a direct threat to our drinking 
water resources especially when a larger proportion is obtained from 
surface water, bank filtrate, near-surface aquifers or enriched groundwa-
ter as it is the case in the EU (Figure 2) but also in a parts of North Amer-
ica,37 India, South Africa or the Philippines.38 In the US, increased use of 
bank filtration has been suggested as a solution to dwindling water re-
sources.39  

In Berlin, where our model stream (Erpe) is located, the share of bank 
filtrate makes up for 50 to 80% of the total drinking water production 
depending on the location of the wells.40 The Erpe can be described as a 
typical case of de facto potable reuse with drinking water wells located 
downstream of a treated wastewater discharge. A situation which can 
lead to micropollutants being detected in drinking water.37, 41 In our Ber-
lin case study this is made evident by publicly available analytical data of 
tap water produced by the Friedrichshagen waterworks listing 2018 
median values of 0.14 µg L-1 valsartan acid and 0.2 µg L-1  
dihydroxycarbamazepine, two of our target compounds, in finished 
drinking water.42 These trace contaminations are probably due to the 
close proximity of a well gallery of this utility to the River Erpe (about 
150 m East of the main channel) approximately 3 km downstream of the 
WWTP Münchehofe effluent water confluence.40 In these situations the 
hyporheic zone and specifically its microbial community can be de-
scribed as first line of defense for our drinking water against substances 
not removed by WWTPs since it controls the quality of the bank 
filtrate.39, 43  
 
In a rapidly changing climate,44 expanding water reuse (including pota-
ble reuse) is one possible future solution to tackle water shortages. One 
current example is the new regulation to stimulate and facilitate water 
reuse for agricultural irrigation as proposed by the European Parliament 
and of the Council to fight water scarcity across the EU and as an adapta-
tion to climate change with increasingly severe droughts and unpredict-
able weather patterns.45, 46 
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Direct reuse of treated wastewater can be risky due to the presence of 
pollutants and pathogens.47, 48 Hyporheic zones and related research may 
provide solutions to mitigate these risks, for example by utilizing the 
self-cleansing capacity of a natural stream section and employing the 
hyporheic zone as an intermediate filter (riverbank filtration), by con-
structing artificial hyporheic zones, improving existing structures, or by 
incorporating hyporheic processes into wastewater treatment lines.49-52 
Many of our common wastewater treatment technologies like construct-
ed wetlands or intermittent sand filtration are already based on organ-
isms and processes occurring naturally, primarily in hyporheic zones.53, 

54 But even within these widely applied processes a number of unan-
swered questions remain, in particular with regards to bacterial com-
munities involved in wastewater treatment processes.55-57 Fortunately, 
the development of high-throughput and culture-independent sequenc-
ing tools, such as 16S rRNA-based pyrosequencing allows such questions 
to be answered.58 Ultimately a better understanding of hyporheic zone 
processes, including both biogeochemistry and microbiology, may con-
tribute to improving WWTP technologies. 
 
Climate change will further directly impact our drinking water quality by 
altering hyporheic zone processes that are essential for existing bank 
filtration facilities.39, 59 A higher intensity of precipitation (up to 35% 
expected increase of heavy daily precipitation in winter within the 21st 
century in most parts of Europe, Figure 3) associated high flow events as 
well as longer dry periods in Europe60 will affect hyporheic microbial 
communities. In addition, both draught (which increases the proportion 
of WWTP effluent in streams) and storm events (which can lead to un-
treated wastewater bypassing WWTP treatment61) are expected to in-
crease wastewater-derived contaminant concentrations and place an 
increased burden on the self-purification capacity of the hyporheic 
zone.62  
 
These scenarios are not limited to Europe. A general intensification of 
the earth's hydrological cycle with increased precipitation, evapotran-
spiration, storm events and significant changes in biogeochemical pro-
cesses influencing water quality will ensue.63 
 
Our knowledge of the hyporheic zone, its associated microbial communi-
ties and processes is too limited to enable us to predict the exact conse-
quences of the upcoming changes. Moreover, existing data are often in-
complete and contradictory. While flooding and chemical stress is mostly 
associated with negative impacts on hyporheic communities64, 65 there 
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are also hints that increasing temperatures,66 low flow conditions67 or 
intermediate levels of disturbance68 might also exert some positive ef-
fects on degradation rates for organic pollutants, nutrients or hyporheic 
diversity, respectively. Storm events or temporarily increased discharge 
generally lead to increased dissolved organic carbon (DOC) levels in 
streams69 which has been shown to reduce the contaminant removal in 
sediments.70 Nevertheless, we recently found that in the upper hyporheic 
zone high DOC levels are associated with high contaminant removal 
rates71 and it remains unclear which of these coherences are more rele-
vant. Mitigation of the projected risks requires a comprehensive under-
standing of all hyporheic processes involved and the general disturbance 
ecology and chemistry of our streams. 
 

Figure 2. Sources of drinking water in the EU 2011-2013, adapted from 
EEA 201672 
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Figure 3. The modeled changes in heavy precipitation (in %) in winter 
and summer from 1971-2000 to 2071–2100 for the RCP8.5 scenario 
based on the ensemble mean of different regional climate models (RCMs) 
nested in different general circulation models (GCMs). Figure copyright 
holder EURO-CORDEX.  
 
Emerging Environmental Pollutants 
 
Population growth and economic development exert an increasing pres-
sure on freshwater ecosystems. Emerging environmental pollutants are 
one major part of this problem. According to the definition established 
by the EU NORMAN network, this group of chemicals comprises both old 
and new molecules, the presence and potential significance of which (in 
an environmental context) is only now being researched and which are 
not currently included in EU monitoring programs. Other definitions add 
that emerging contaminants are substances either suspected by stake-
holders to have an impact on human or environmental health or for 
which there is a concern that current environmental assessment proce-
dures are not appropriate.73, 74  
 
Pharmaceuticals are one major class of emerging pollutants. They help to 
cure diseases, relieve pain, increase well-being and are therefore irre-
placeable in human and veterinary medicine. The administered drugs 
remain to only a small extent in the target organism. A large part of the 
active compound taken in is excreted unchanged or in the form of meta-
bolic products. Depending on their purpose, the biologically-active sub-
stance(s) within a pharmaceutical are usually small molecules (typically 
200-1000 Da75), often designed to be mobile (ionic/polar) and stable 
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(some degree of persistence to avoid fast metabolization). Even 
lipophilic drugs are often excreted as more polar substances following 
biotransformation. Their inherent properties make them difficult to re-
move during wastewater treatment, and therefore plenty of substances 
in sometimes surprisingly high concentrations are found in WWTP efflu-
ent receiving surface waters.  
 
There are growing concerns surrounding the risks associated with ongo-
ing release of pharmaceuticals into the environment. Despite being de-
signed to elicit an effect (typically in humans or in livestock), the effects 
of these substances on non-target aquatic organisms are often unknown. 
A number of active compounds have been identified as persistent76 and 
exerting adverse effects on aquatic organisms.77, 78 Perhaps the most fa-
mous example, is the collapse of an entire population of fathead minnow 
following exposure to the synthetic estrogen ethinyl estradiol.79 More 
recently, it has been shown that pharmaceuticals can find their way back 
into our homes due to incomplete removal from contaminated ground 
water.76, 80, 81  
Concerns surrounding the occurrence of pharmaceuticals in the envi-
ronment also apply to industrial chemicals. Benzotriazoles, for example, 
are used as corrosion inhibitors and UV-stabilizers in a wide range of 
applications and have been observed in WWTPs as well as streams and 
groundwater, often stemming from industrial and household sewers or 
surface runoff.82-84 In EU-wide surveys benzotriazoles were the most 
frequently detected group of persistent polar organic pollutants in river 
water.85 Little is known about the formation and fate of benzotriazole 
transformation products in rivers. 
 
Acesulfame is an artificial sweetener, ubiquitously occurring and persis-
tent in surface waters and regularly detected in tap water.86 It can there-
fore be useful as a tracer for wastewater-derived pollution. While it does 
not appear in the NORMAN 2016 emerging substance list, acesulfame 
and other artificial sweeteners cannot be ruled out as problem to aquatic 
organisms.87, 88 In the context of hyporheic zone research, acesulfame is 
particularly interesting since it is thought to be the first contaminant for 
which the evolution of a catabolic pathway in WWTP bacterial communi-
ties has been witnessed.89 It remains to be answered whether hyporheic 
communities can react and adapt in a similar manner. Horizontal gene 
transfer appears to play a role in bacterial adaptation to pollutants.90, 91 
The dissemination of antibiotic resistance genes from WWTPs to receiv-
ing rivers has been demonstrated.92 A similar dissemination of bioreme-
diation capabilities is not unlikely. 
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Transformation Products 
 
Estimating potential risks posed by a contaminant class requires not only 
consideration of the parent molecule (or molecules), but also transfor-
mation products (TPs). TPs are diverse in structure and can form from 
both biological and abiotic pathways, for example, during production, 
storage, following consumption, in waste streams, during wastewater 
treatment, and finally in effluent receiving waters - including the 
hyporheic zone and associated organisms. Technical processes such as 
UV treatment during drinking water production can also lead to the for-
mation of TPs. The exact origin of TPs is often difficult to pinpoint since 
both biotransformation (human or microbial) and abiotic transformation 
(e.g. hydrolysis, oxidation or photolysis) can lead to formation of the 
same substance. While some TPs exist only as short-lived intermediates 
during the process of mineralization, others are more stable and can 
persist in the environment.  
 
For pharmaceuticals that are designed to be resistant towards hydroly-
sis, abiotic degradation is likely to occur either by direct photolysis (i.e. 
following absorption of solar light) or indirect photolysis via photosensi-
tizers (e.g. dissolved organic matter) that produce reactive oxygen spe-
cies.93, 94 Recent research suggests that oxidative processes that are ena-
bled by biogenic manganese oxides formed in the hyporheic zone,95 
might also play a role in micropollutant attenuation.96, 97 Biotic transfor-
mation in aquatic systems is mostly performed by microorganisms in-
cluding bacteria, archaea, protozoa and fungi and enabled by their natu-
rally occurring, metabolic diversity. Bacteria account for most of the bi-
omass and respiration in aquatic systems (as discussed above) and are 
therefore assumed to play the most important role with regards to trans-
formation processes. 
 
Molecules similar to substrates usually processed by organisms (e.g. car-
bohydrates and amino acids) can be enzymatically transformed and uti-
lized as growth substrate while co-metabolic transformation describes 
processes in which non-target compounds are biotransformed by en-
zymes without serving as a growth substrate. Environmental conditions 
like pH, temperature and the availability of oxygen and other solutes like 
SO42- control the metabolic activity of microorganisms.98 Certain organic 
contaminants are only biotransformed under aerobic conditions, while 
others require the absence of dissolved oxygen.93 Other substances 
might be broken down best when both conditions occur in close proximi-
ty.99 The complexity and high spatial and temporal variability of bio-
chemical gradients in the hyporheic zone, along with the presence of 
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highly contrasting environmental conditions in a confined space, allows 
various organisms to flourish and metabolic processes to occur simulta-
neously, making the hyporheic zone a highly efficient bioreactor.  
 
TPs of organic compounds are usually considered pharmacologically less 
active and therefore less hazardous than their parent compounds. Never-
theless, TPs can also be more abundant, more persistent and similarly or 
even more hazardous to the environment than their respective parent 
compounds.100 In rare cases they can be back-transformed into their 
parent compound.101 There is a growing number of studies reporting 
newly identified TPs, highlighting surprisingly high concentrations and 
discussing potential risks for the environment.102 However, in most cas-
es, studies focus on the occurrence of TPs in different waters but there is 
still a lack of information on their fate. An emerging topic of research is 
on by-products formed from advanced oxidation processes (i.e. using 
ozonation, H2O2 or UV treatment) that are increasingly used as a tertiary 
treatment step in WWTPs. Designed to remove potentially hazardous 
organic compounds, including pharmaceuticals, these processes can also 
result in a wide range of O3 and OH· reaction products103 with potentially 
toxic effects.104-106  
 
Formation of TPs is an often underestimated problem. The widely pre-
scribed anti-diabetic drug metformin is mainly transformed into 
guanylurea which is also dominating in the environment107 but monitor-
ing often solely focuses on metformin. Guanylurea was thought to be 
potentially persistent.108 Recently, it was demonstrated that bacteria in 
activated sludge are capable of degrading the compound109, 110 but it re-
mains unclear whether it can be degraded in natural environments.  
 

The HypoTRAIN ITN 
 

There are still many open questions and a need for novel methods and 
extensive field surveys4 to better understand small scale hyporheic pro-
cesses but also to achieve upscaling to entire river systems and estimat-
ing overall ecosystem services of hyporheic zones. The need to perform 
research under substantial temporal and spatial variations of both sur-
face water and aquifers and the necessity to work interdisciplinary in 
order to combine individual datasets to a full picture of this complex 
system make hyporheic zone research a challenging subject that requires 
alarger and well co-ordinated research team. Most research for this the-
sis was performed as part of the EU HypoTRAIN ITN, which provided 
interdisciplinary resources and enabled us to contribute to and profit 
from complex field and mesocosm studies. 
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Thesis Objectives 
 
The overall aim of this interdisciplinary work was to characterize factors 
controlling chemical degradation and transformation in rivers with a 
specific focus on water/sediment interactions. The hyporheic zone is 
hypothesized to be a major contributor to the removal of wastewater-
derived organic contaminants and most chapters of this thesis will focus 
on this compartment. 
 
We hypothesize that reactivity of the hyporheic zone is enhanced by 
structural heterogeneity, hyporheic exchange, the existence of multiple 
gradients and resulting microbial diversity. We performed river and 
flume experiments to test our hypotheses by studying the fate of a suite 
of model compounds in pore and surface water. Since there was a lack of 
available methods to study the small-scale processes in hyporheic sedi-
ments, one objective was to develop new concepts and tools that enable 
contaminant-focused research in the hyporheic zone. We hypothesized 
that field-based measurement of transformation rates would allow for a 
more realistic assessment of biodegradation in the hyporheic zone and 
the investigation of factors influencing degradation rates such as bacteri-
al community, macrophytes or the variability of hyporheic exchange 
flow. From this we aimed to determine whether the interaction of the 
aforementioned factors may create degradation hotspots.  
 
Ultimately, this research aimed to provide new knowledge and tools for 
increasing the effectiveness of restoration measures, a better under-
standing of the self-cleansing capacity of rivers in our disintegrating en-
vironment and the potential consequences for drinking water resources 
that depend on it. 
 
Four studies were designed (referred to as paper I-IV). The major objec-
tive of each study is described in detail below. 
 
Paper I aimed at establishing an efficient small volume sampling and 
analysis method to study the temporal and spatial variability of polar 
organic contaminants in surface and hyporheic pore water.  
 
Paper II aimed at investigating the impact of spatially and temporally 
varying environmental factors like macrophytes, sunlight, temperature 
and environmental disturbance on the in-situ attenuation of 24 
wastewater-derived organic contaminants and associated transfor-
mation products on the reach scale in the urban lowland river Erpe. 
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Paper III aimed at identifying processes and key drivers of wastewater-
derived organic contaminant attenuation in rivers. The effects of bacteri-
al diversity and hyporheic exchange on DT50s and transformation of 31 
polar organic contaminants were studied in flume systems. Taxonomic 
diversity was investigated as a first step to understand the link between 
bacterial community composition and biodegradation of contaminants. 
 
Paper IV aimed at studying the removal of metformin from the water 
phase of an artificial river system and understanding its transport and 
retention in sediments. By expanding the experimental approach to ac-
commodate hydrological and biogeochemical hyporheic processes and 
gradients as well as the characterization of bacterial assemblages we 
tried to identify potential reaction hotspots in the hyporheic zone. A fur-
ther objective was to identify novel TPs formed from metformin. 
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Methods 
 
 
The analytical methods applied in this thesis are summarized in Table 1. 
The targeted compounds are listed in Table 2. An overview of the overall 
study design is briefly described in the following chapters.  
 
Compound Selection 
 
The target list included in this work consisted of a range of relatively 
small (< 435 Da) polar organic substances, most of which are pharma-
ceuticals and listed as emerging pollutants by the Norman Network. 
Since all of these substances were detected in a concentration range of 
ng L-1 up to μg L-1 in the environment they can generally be described as 
“micropollutants”111 or “trace organic contaminants” (TrOC).  
 
There are very few consistent datasets available from lab-based to field 
studies, which makes a comparison between observations difficult.112 
Therefore, in the first three papers we aimed to include a core selection 
of PC-TP combinations that was supplemented with additional chemicals 
of interest depending on the respective hypothesis and available meth-
ods.  
The target compounds were selected based on preliminary results from 
an initial passive sampling campaign (data not shown) – i.e. the most 
abundant substances –, previous flume34, 113, 114 and field studies.30, 31 
A priority was to include a set of compounds with known metabo-
lites/(bio-)transformation products available as analytical standards to 
study hyporheic transformation processes. 
 
The TP guanylurea was found in surprisingly high abundance in the Riv-
er Erpe (Paper I & II) exceeding the concentrations of all other targeted 
analytes. In addition to that, its parent compound metformin was found 
included in a number of priority lists115-117 and is of significant 
ecotoxicological concern.118-121 For these reasons, a substantial share of 
this work was devoted to investigate these understudied but ubiquitous 
compounds that are expected to increase in consumption while little is 
known about their environmental fate and toxicity. 
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Method Development in Consideration of Projected Large-
Scale Experiments  
 
A combined sampling and analysis approach was designed and devel-
oped as a robust and highly efficient method to be used in the different 
field, flume and laboratory experiments within the Hypotrain project. We 
aimed to develop a method to detect a wide range of parent compounds 
and associated transformation products in high numbers of surface-, 
flume-, effluent- and pore water samples. Ultra-High Pressure Liquid 
chromatography–tandem mass spectrometry UHPLC-MS/MS was our 
method of choice since it allows the quantification of trace amounts of 
polar organic contaminants without additional techniques such as 
derivatization75 and depending on the exact setup without prior extrac-
tion or other means of concentrating samples. To achieve good method 
precision and accuracy in the different matrices water samples from pro-
jected sampling sites (River Erpe, UBA flume systems, WWTP effluent 
water) were repeatedly injected during method development to optimize 
parameters including injection volume, ionization conditions, LC gradi-
ent and temperatures for exactly these matrices. The chemical analysis 
was coupled to a newly developed minipoint pore water extraction 
method to allow for reliable sampling with high temporal and spatial 
resolution in the field and large-scale mesocosms. To be suitable for a 
highly resolved sampling scheme resulting in a high number of samples 
we aimed for a semi-automated method to reduce workload.  
 

Table 1. Analytical methods used in this work 

PAPER ANALYSIS TYPE INSTRUMENT 

I, II, III, IV targeted analysis SU UHPLC-MS/MS 

III targeted analysis Eawag HPLC-MS/MS 

III Non-targeted screening  LC-HRMS/MS 

IV Suspect screening LC-HRMS/MS 

 

Field site selection for Paper I, II and IV 
 
The fourth order, eutrophic, urban lowland River Erpe was selected as a 
river receiving WWTP effluent as the main source of organic contami-
nants and with concentrations of both PCs and TPs high enough to allow 
detection of the compounds with our newly developed direct injection 
method. The proportion of the effluent in the stream reaches up to 80% 
of the total discharge and undergoes strong diurnal fluctuations. The 
electric conductivity of the river water reflects these fluctuations which 
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proved as a useful measure to estimate travel times of water in the chan-
nel but also in sediments.  
The existence of a stretch downstream of the WWTP outfall with no ma-
jor tributaries or additional sources of organic contaminants was a fur-
ther criterion. Previous research on various aspects of this river (e.g.30, 

122, 123) and its catchment area124 provided excellent background infor-
mation for planning of the experimental campaigns and interpretation of 
results.  
 

Flume Mesocosm Studies 
 

Flume mesocosm studies aim to mimic ‘real-world’ conditions providing 
an intermediary between easily controllable, but often oversimplified 
batch experiments and complex field studies. Flumes have proven to be a 
particularly suitable system for studying small-scale transport processes 
and tracer experiments.34, 125-127  
Based on the results and captured background data from our Erpe stud-
ies, flume experiments were designed to investigate the role of bacteria 
and hyporheic exchange under more controlled conditions, with better 
access and as a means of replication. Both flume setups allowed us to 
examine PC and TP fate in both surface and pore water under more real-
istic environments as compared to laboratory studies. Flume systems of 
different dimensions were used in this work: For Paper III we employed 
oval (2.0 m * 0.4 m), recirculating channels made of GRP, filled with 20 L 
sediment mixture and 60 L deionized water. Their relatively small size 
allowed for high replication in a Central Composite face Design to fit a 
Response Surface Model that provided a robust statistical method to 
assess the influence of the variables hyporheic exchange and bacterial 
diversity on the degradation of trace organic compounds. 
 

Experiments with metformin (Paper IV) were conducted at the artificial 
stream and pond facility (FSA) of the German Federal Environment 
Agency UBA (Berlin, Germany). The FSA is one of the largest and most 
modern mesocosm systems in the world, allowing the simulation of a 
wide range of aquatic systems. The large recirculating, artificial river 
systems of 100m length provided ideal conditions to test our hypotheses 
with good accessibility and more controlled experimental conditions 
while simulating a natural stream without compromising on dimensions. 
This enabled us to expand our research focus to accommodate also 
macrophytes, larger sediment dunes, hydrological and biogeochemical 
hyporheic processes, the spatial characterization of bacterial assemblag-
es and the identification of potential reaction hotspots in the hyporheic 
zone. 
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Fig. adapted from 128 
 
Determination of Polar Organic Micropollutants in Surface and Pore 
Water by High-Resolution Sampling-Direct Injection-Ultra High Per-
formance Liquid Chromatography-Tandem Mass Spectrometry 
 
In this chapter we address current methodological gaps that hamper 
investigations into the environmental fate of polar organic contaminants 
in aquatic systems. While there is an abundance of studies on measure-
ment and behavior of micropollutants in the aquatic environment, most 
have focused on surface water using time-integrated average concentra-
tions.114 Others have focused on compound attenuation in riverbed sed-
iments but mostly over longer travel distances as occurring in river bank 
filtration.129, 130 
 
Such approaches are not well suited for sampling highly dynamic sys-
tems such as the hyporheic zone wherein changes can occur over small 
distance- and time scales. Due to the lack of efficient and validated sam-
pling methods, small-scale hyporheic processes which drive 
micropollutant degradation and transformation in the hyporheic zone 
remain poorly characterized.  
 
Paper I addressed the need for novel and efficient hyporheic zone sam-
pling methods through development of a semi-automated high spatio-
temporal resolution sampling method using modified minipoint sam-
plers together with a direct-injection ultra-high performance liquid 
chromatography tandem mass spectrometry method. The approach was 
applied for quantitative determination of 43 micropollutants in surface- 
and hyporheic pore water over minute- and centimeter scales.  
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Spatial and Temporal Variability in Attenuation of Polar Organic 
Micropollutants in an Urban Lowland Stream 
 
In Paper II we studied the role of spatially- and temporally varying envi-
ronmental conditions on contaminant attenuation. The role of sunlight, 
temperature and macrophytes as well as environmental disturbance 
through river management measures - i.e. the removal of macrophytes - 
on the in-situ attenuation of 24 wastewater-derived organic contami-
nants and associated transformation products was investigated on the 
reach scale in the urban lowland river Erpe. The sampling was conducted 
along a 4.7 km-long reach that was divided into two sections of 1.6 (S1) 
and 3.1 km (S2) length. Shading by adjacent trees was 5% in S1 and 58% 
in S2. Three automatic water samplers were positioned in the beginning 
and the end of the two sections, respectively (Figure 1, Paper II). Forty-
eight, hourly samples were taken twice at each station with a break of 1 
week in between. During the sampling break, macrophytes were re-
moved from section S1 while section S2 remained unchanged. Passive 
samplers were installed close to the autosamplers for a period of 11 days 
before mowing and for 10 days after mowing for comparison. A daily 
reoccurring electrical conductivity (EC) trough was used to estimate 
travel times between the sampling stations.   
 
Attenuation rate constants were calculated by tracking changes in solute 
concentrations according to a Lagrangian sampling scheme, i.e. by moni-
toring hourly consecutive water parcels at the three sampling stations. 
The change of concentrations by dilution was corrected by boron as a 
conservative WWTP-derived reference compound.  
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Bacterial Diversity Controls Transformation of Wastewater-Derived 
Organic Contaminants in River-Simulating Flumes 
 

In Paper III we presented a novel experimental setup using 20 flume 
mesocosms to simulate river conditions in a central composite face frac-
tional factorial design (CCD) to test the influence of hyporheic flow and 
bacterial diversity on degradation half-lives of wastewater-derived or-
ganic compounds. Bedforms enhance flux and residence time and may be 
crucial for the functioning of river sediments as biocatalytical filter sys-
tems. The composition of the hyporheic microbial community is ex-
pected to play a major role in biochemical processes. The selection of 
spiked parent compounds and targeted transformation products was 
based on results from Paper I and Paper II. The manuscript built upon 
our recent methods paper131 which described the experimental design 
and modelling approaches applied to acesulfame and carbamazepine. 

A response surface model (RSM) and a CCD was employed to evaluate 
the effects of bacterial diversity (S) and bedform-induced hyporheic ex-
change (B) on the attenuation of 31 parent compounds in flume 
mesocosms. The dissipation half-life (DT50) in the flume system was used 
as a dependent variable. The two independent variables (S and B) were 
manipulated into three levels (high, medium and low): Bacterial diversi-
ty in sediment (S) was controlled by diluting natural river sediment 
(River Erpe, Berlin; dilution-to-extinction method). Hyporheic exchange 
(B) was regulated by forming triangular-shaped bedforms (0, 3 or 6) in 
the sediment of the flumes. 

Surface and pore water was sampled regularly for organic pollutant 
analysis using UHPLC-(high-resolution) MS/MS at SU and Swiss Federal 
Institute of Aquatic Science and Technology (EAWAG). Hyporheic ex-
change induced by bedform levels was quantified by a dilution test with 
deionized water (change of electric conductivity EC over time). Sediment 
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samples were taken to determine DNA concentration132 and quantify 
microbial community using real-time PCR133. Illumina Miseq amplicon 
sequencing was performed. Shannon diversity index was calculated at a 
genus taxonomic level and used to compare diversity between bedform 
(B0, B3, B6) and sediment dilution levels (S1, S3, S6). DT50s were calcu-
lated assuming first order kinetics by fitting the timepoint-averaged, 
measured concentrations to an exponential function. DT50s were then fit 
to a quadratic model (DT50 = β0 + β1 S + β2 B + β3 S∙B + β4 S2 + β5B2 + ε) to 
explore non-linear effects. The coded levels (-1, 0 and 1) were used for 
the S and B variables. Model coefficients βx were tested for significant 
differences from zero and ANOVA was used to evaluate the significance 
of the first (β1 and β2), second order (β4 and β5) and interaction (β3) 
terms. 

 
Metformin Transformation in a Large-Scale Flume Study 

 
Experiments in Paper IV revolved around the anti-diabetic drug met-
formin and its TPs. We hypothesized that metformin is primarily degrad-
ed or transformed in the hyporheic zone and specifically at reaction 
hotspots created by features like bedforms and macrophytes. We further 
aimed to study the potential formation and persistence of known and 
novel TPs. The experiments included in Paper IV were performed using 
recirculating, artificial river systems at German Federal Environment 
Agency UBA (Berlin, Germany). An array of three flume mesocosm stud-
ies, as a means of replication and to test for potential seasonal effects 
was designed to substantiate previous observations aiming to under-
stand the origin and the fate of metformin and its TPs in our surface wa-
ters. Interactions between flow velocity, sediment morphology, 
macrophytes, pore water biogeochemistry, sediment bacterial communi-
ty and metformin removal, retardation and transformation were investi-
gated.  
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In each of the experiments, one flume was spiked with metformin and a 
2nd served as control. The principal setup was always similar but each 
run targeted specific aspects. Experiment 1 was carried out in fall 2016 
with a focus on metformin transport, retardation and removal in pore 
water, while Experiment 2 was performed in summer 2018 - both exper-
iments with spiking concentrations of 10 µg L-1 metformin. A second 
metformin addition was carried out in August 2018 (= Experiment 3) 
with the substantially higher concentration of 10 mg L-1 Metformin. The 
2018 studies served as replication and focused on TPs, bacterial abun-
dance and community distribution and artificial streambed structures. 

Bedforms and other structures were built two weeks prior to the start of 
Experiments 1 and 2 to allow biofilms to regenerate. Four stilling pool 
sections in each flume were planted with different species of 
macrophytes. In all three experiments surface water was sampled regu-
larly to study metformin attenuation and potential TP formation at dif-
ferent times of the year. The minipoint pore water samplers developed 
for Paper I were employed to sample along expected horizontal 
hyporheic flow paths. Water samples were analyzed using the UHPL-
MS/MS method described in Paper I and suspect screening on a subset 
of samples was performed at Swiss Federal Institute of Aquatic Science 
and Technology (Eawag) using direct injection reversed-phase liquid 
chromatography electrospray ionization high resolution tandem mass 
spectrometry (RP-LC-ESI-HRMS/MS). 

Bacterial Analyses in Paper III and IV 
The laboratory works for bacterial analyses were carried out by Cyrus 
Rutere at the University of Hannover and the University of Bayreuth. 
Sediment was sampled in both flume studies and frozen immediately to -
80 degrees until further processing. The DNA was then extracted and 
used to quantify the bacterial community with real-time qPCR of 16S 
rRNA genes. 16s rRNA gene amplicons were then sequenced using the 
Illumina Miseq amplicon sequencing platform. The assessment of bacte-
rial community diversity and composition dynamics was based on opera-
tional taxonomic units (OTUs) defined at 97% similarity. The applied 
high-throughput sequencing method that is targeting conserved regions 
in microbial genomes is currently regarded as most reliable and cost-
efficient method to perform species composition analysis of environmen-
tal samples.134 To assess differences and similarities of sediment bacteri-
al communities in our experiments, sediment from the river Erpe sam-
pled close to the study site of Paper I and within section S1 of Paper II 
was compared to sediment from the flumes of Paper III (= diluted Erpe 
sediment) and Paper IV. The original source of sediments of the Pa-
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per IV flumes was a natural stream, minimally affected by anthropogenic 
activities while Erpe sediments were sampled 800 m downstream of a 
WWTP effluent water outfall. For the comparison between systems the 
Shannon diversity index (H’) was used since it is more sensitive to less 
abundant species (richness) than for example the Simpson’s index.  
 
Table 2. Target analytes included in this thesis. The place of the analysis 
(SU and/or EAWAG) and the respective paper in which the analyte was 
included are indicated as well as the logKow (at pH 8.3) predicted from 
SMILES strings using JChem for Excel (Vers. 19.14.0.500, ChemAxon).  

Compound Type logKow Eawag SU Paper 

Acesulfame PC -0.55 yes yes I, II, III 

Amisulpride PC 0.25 yes 
 

III 

Amisulpride N-oxide TP -0.87 yes 
 

III 

Atenolol PC 0.43 yes 
 

III 

Benproperine PC 5.19 yes 
 

III 

1H-Benzotriazole PC 1.26 yes yes I, II, III 

1-Hydroxybenzotriazole TP 0.63 yes 
 

III 

1-Methylbenzotriazole TP 1.42 yes yes III 

5-Methylbenzotriazole TP 1.78 yes 
 

III 

4-Hydroxy-1H-Benzotriazole TP 1.00 
 

yes I, III 

Bezafibrate PC 3.99 yes yes I, II, III 

3-[(4-chlorobenzoyl) amino]propanoic 
acid 

TP 1.37 yes 
 

III 

2/4-Chlorobenzoic acid TP 2.23 
 

yes I, III 

Carbamazepine PC 2.77 yes yes I, II, III 

Carbamazepine epoxide TP 1.97 yes yes I, II, III 

Carbamazepine-10-11-dihydro-10-11-
dihydroxy 

TP 0.81 yes yes I, II, III 

Iminostilbene TP 3.78 yes 
 

III 

Acridine TP 3.51 
 

yes I, III 

Acridone TP 4.20 
 

yes I, III 

Celiprolol PC 1.50 yes 
 

III 

Clofibric acid PC 2.90 yes yes III 

Citalopram PC 3.76 yes 
 

III 

Citalopram carboxylic acid TP 0.83 yes 
 

III 

Citalopram didesmethyl TP 2.95 yes 
 

III 

Desmethyicitalopram TP 3.38 yes 
 

III 

Diclofenac PC 4.26 yes yes I, II, III 

4-Hydroxydiclofenac TP 3.96 yes yes I, II, III 

Homogentisic acid TP 1.00 yes 
 

III 

Diclofenac amide TP 3.80 
 

yes I, III 

Flecainide PC 3.19 yes 
 

III 

Fluoxetine PC 4.17 yes 
 

III 
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4-Trifluoromethylphenol TP 2.55 yes 
 

III 

Furosemide PC 1.75 yes yes III 

Gemfibrozil PC 4.39 yes yes III 

Hydrochlorothiazide PC -0.58 yes yes I, II, III 

4-Amino-6-chloro-1-3-
benzenedisulfonamide 

TP -1.04 yes 
 

III 

Chlorothiazide TP -0.44 yes yes I, II, III 

Ibuprofen PC 3.84 yes yes III 

1Hydroxyibuprofen TP 2.69 
 

yes I, III 

2/3-Hydroxyibuprofen TP 2.4/2.37 
 

yes I, III 

Carboxyibuprofen TP 2.80 
 

yes I, III 

Irbesartan PC 5.39 yes yes I, II, III 

Valsartan acid TP 3.18 yes yes I, II, III 

Ketoprofen PC 3.61 yes yes III 

Metaxalone PC 2.37 yes 
 

III 

Metoprolol PC 1.76 yes yes I, II, III 

Metoprolol acid  
(Atenolol acid) 

TP -1.24 yes yes I, II, III 

alpha-Hydroxymetoprolol TP 0.84 
 

yes I, II 

Metformin PC -1.36 yes yes I, II, III, IV 

Biuret TP 
 

yes 
 

III 

Guanylurea TP -2.03 yes yes I, II, III, IV 

Naproxen PC 2.99 yes yes III 

Oxazepam PC 2.92 
 

yes I, III 

Acetamiophen (Paracetamol) PC 0.91 yes yes III 

Propranolol PC 2.58 yes yes III 

Sitagliptin PC 1.26 yes yes I, II, III 

Sulfamethoxazole PC 0.79 yes yes I, II, III 

N4-Acetylsulfa-methoxazole TP 0.86 yes 
 

III 

Sulfamethoxazole N1-glucuronide TP -1.30 yes yes III 

Sotalol PC -0.40 
 

yes I, II 

Sulpiride PC 0.22 yes 
 

III 

Sulpiride N-oxide TP -0.79 yes 
 

III 

Tramadol PC 2.45 
 

yes I, II 

Valsartan PC 5.27 yes yes I, II, III 

Venlafaxine PC 2.74 yes yes I, II, III 

Venlafaxine N-oxide TP 1.61 yes 
 

III 

Venlafaxine N-desmethyl TP 2.36 yes 
 

III 

Venlafaxine N-N-didesmethyl TP 1.92 yes 
 

III 

Venlafaxine N-O-didesmethyl TP 1.74 yes 
 

III 

Venlafaxine O-desmethyl TP 2.29 yes yes I, II, III 
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Results and Discussion 

 
 

Method Performance  
 
Paper I involved development of a new analytical method that, by reduc-
ing sample volumes and handling steps, offers a cost-efficient approach 
to generate high spatio-temporal resolution contaminant data in a high 
throughput manner. Our method produced unique measurements on 
organic contaminant occurrence that were not possible to capture using 
traditional approaches. For example, fluctuations in concentrations by up 
to an order of magnitude were observed between surface- and pore wa-
ter over time frames as short as a few hours. Considerable variability 
was observed in concentrations in hyporheic pore water sampled over a 
mere 30cm depth.  
 
With the analysis of a suite of emerging micropollutants in a stream im-
pacted by municipal wastewater treatment, we further provided new 
data on the presence, formation and fate of key transformation products 
and identified the existence of significant small-scale differences in both 
PC and TP concentrations in the hyporheic zone in-situ. 
 
Knowledge on spatial and temporal dynamics and variations of pollutant 
concentrations is essential to understand their fate and to assess in-
stream attenuation. The new knowledge presented in Paper I reduces 
current methodological gaps regarding in-situ sampling in the hyporheic 
zone. Its application will help assess the heterogeneity of attenuation 
within- and between different systems and may provide a basis for reali-
ty-checking lab-based knowledge on the environmental fate of organic 
contaminants. 
 

Micropollutants in the River Erpe 
 
35 out of 43 targeted compounds in Paper I were detected in the River 
Erpe. Only 4 were found upstream of the WWTP outfall, probably stem-
ming from diffuse discharges upstream. We observed significant differ-
ences in concentrations over small time and spatial scales. 
Concentrations of most compounds were higher in SW compared to PW 
indicating removal in the hyporheic zone. This is supported by often 
higher TP levels in PW, especially of compounds assumed to undergo 
biotransformation (e.g. valsartan and metoprolol). Concentrations of 
guanylurea (222 µg L-1), valsartan (54.3 µg L-1) and valsartan acid (32.1 
µg L-1) far exceeded data found in literature for these substances.  
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In an older study from 1998 three of our target compounds were quanti-
fied in Erpe SW close to our study reach: clofibric acid (0.88 µg L-1) 
diclofenac (0.58 µg L-1) and ibuprofen (0.15 µg L-1).41 The concentrations 
measured in our study were lower for both ibuprofen and clofibric acid 
while diclofenac levels (2.57-7.04 µg L-1) were substantially higher. The 
latter observation could be a result of higher consumption of diclofenac 
in more recent years,135 while bacterial communities may have devel-
oped the ability to degrade ibuprofen and clofibric acid over time - a 
phenomenon that has been described as ongoing for WWTP bacteria 
degrading acesulfame.89 High acesulfame concentrations in the Erpe (up 
to 13.5 µg L-1) suggest that bacteria of the WWTP Münchehofe may not 
have developed this ability yet. 
 
Attenuation rate constants, relative attenuation and half-lives were de-
termined for all 24 compounds. We observed compound-specific reac-
tions to light conditions, temperature and the presence of macrophytes. 
The most persistent compounds identified in Paper II were acesulfame, 
1H-benzotriazole, carbamazepine, 10,11-dihydro-10,11-dihydroxy-
carbamazepine and O-desmethylvenlafaxine. The TPs valsartan acid and 
metoprolol were formed under all conditions and in both monitored sec-
tions. River Erpe compares well with similar WWTP affected streams 
with regards to important aspects like pore water velocities35 DOC con-
centrations and pH.  
 
The role of Macrophytes 
 

The role of macrophytes was investigated in Papers II and IV. In Pa-
per IV we observed that macrophytes created reactive areas in the flat 
streambed by acting as a flow barrier and forcing hyporheic exchange 
flow (pumping effect) that were biogeochemically similar to dune envi-
ronments. This presumably improved contact between metformin and 
microbial degraders resulting in increased transformation. In Paper II 
macrophytes were expected to contribute to the transient storage zone 
in the River Erpe and to biodegradation through providing surface areas 
for biofilms with very specific conditions (e.g. high oxygen supply). The 
mowing of a river section was expected to reduce biodegradation and 
sorption due to minimizing the filter-effect of macrophytes. Indeed, we 
saw significantly slower attenuation of metoprolol, metoprolol acid and 
guanylurea after mowing which was most likely due to reduced sorption 
and biodegradation potential. On the contrary, attenuation rates of 
diclofenac and hydrochlorothiazide, both known to be sensitive towards 
photolysis, were significantly higher which was probably due to in-
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creased light intensity. A comparison of these attenuation rates deter-
mined by high resolution sampling over relatively short time periods (48 
h) with longer-term data obtained from passive samplers revealed simi-
lar trends (Paper II, SI Figure S6). This indicates that removal of 
macrophytes as a management strategy has also longer lasting effects on 
the self-cleansing capacity of streams.   
 

Bacterial Community Composition 
 
A comparison of bacterial communities on the phylum level in sediments 
of the River Erpe (Paper I and II), diluted Erpe sediment used for the 
flume mesocosm study in Birmingham (Paper III) and sediment from 
the UBA flume mesocosm (Paper IV) revealed similarities but also some 
substantial differences (Figures 4 and 5): Proteobacteria were more 
abundant in the Erpe sediment than in the UBA flumes. They comprise 
the phenotypically most diverse phylogenetic lineage within the bacteria 
domain with extreme variations in lifestyle, geographical distribution 
and genome size136, 137 and can react rapidly to substrate availability.138 
They might therefore profit from a diverse range of compounds available 
as both a carbon and energy source in rivers that carry varying amounts 
of effluent water. Proteobacteria were most abundant in diluted Erpe 
sediment of the Birmingham flumes. As generally fast-growing r-
strategists they potentially profited even more from the dilution to ex-
tinction approach by adapting faster than other phyla to less stable sys-
tems and available ecological niches.  
 
Especially the Erpe and Birmingham bacterial communities were similar 
to typical WWTP assemblages with the four dominant WWTP phyla 
Proteobacteria, Bacteriodetes, Acidobacteria and Chloroflexi 57, 139 also 
representing four of the six most abundant phyla in our sediment sam-
ples (Figure 4). This is not surprising since WWTPs are known to affect 
bacterial diversity and abundance in water and hyporheic sediment 
downstream of their effluent discharge.140-144 Nevertheless, there is a 
lack of studies directly comparing WWTP sludge and affected stream 
bacterial communities.  
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Figure 4. Comparison of bacterial communities in the River Erpe (N=4, 
Paper I and II), Birmingham flume mesocosms (N=3, Paper III) and UBA 
flume systems (N=3, Paper IV): Relative abundance (%) of bacterial phy-
la (based on 16S rRNA genes). Average community composition for each 
sediment type. 
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Figure 5. The 29 bacteria phylae that showed most differences between 
the three systems River Erpe (N=4, Paper I and II), Birmingham flume 
mesocosms (N=3, Paper III) and UBA flume systems (N=3, Paper IV). 
The Heatmap shows qPCR data for all samples autoscaled (mean cen-
tered and divided by the standard deviation) by phylum. 
 
The bacterial communities in UBA sediment showed many similarities to 
Erpe and Birmingham sediments with the exception of Cyanobacteria, 
which were overrepresented in UBA sediment (Figure 5).  The original 
source of the UBA sediment was a natural stream that is (supposedly) 
minimally affected by anthropogenic activities. Taken together this result 
is consistent with a prior Swiss study that reported a higher abundance 
of Cyanobacteria in natural compared to effluent-impacted streams, and 
suggests a shift in the microbial community in the presence of WWTP 
effluents.145   

Birmingham 

Class 
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Attenuation and Transformation in Flume Mesocosm Systems 
(Paper III & IV) 
 
In Paper III hyporheic exchange and bacterial diversity were successful-
ly manipulated and the CCD setup with two variables at three levels each 
was established. Sediment dilution treatments caused different levels of 
bacterial diversity while bacteria biomass was similar in all sediment 
dilutions. According to the Shannon diversity index, sediment with the 
highest proportion of Erpe inoculum (S1, lowest dilution) had the high-
est diversity and sediment with the lowest proportion of inoculum (S6, 
highest dilution) the lowest diversity. (Paper III and 131) Hyporheic ex-
change was increased by bedforms. The bedform-variable significantly 
influenced the reduction of EC in the dilution test. 
 
The use of a CCD to fit a RSM provided a robust statistical method to as-
sess the influence of both variables (bedforms and hyporheic exchange 
flow) on the degradation of wastewater-derived organic 
contaminants.131 Differences in sediment bedforms and bacterial diversi-
ty had a significant impact on the degradation of organic pollutants in 
flume systems. Differences in bacterial diversity influenced biotransfor-
mation of 20 substances while only acesulfame, ibuprofen, sitagliptin and 
metaxalone were significantly influenced by hyporheic exchange flow. 
The median DT50 values of PCs ranged from 0.5 (fluoxetine) to 306 days 
(carbamazepine) (Paper III).  As in our field study (Paper II) carbamaz-
epine and 1H-benzotriazole were found amongst the most persistent 
compounds. Carbamazepine and clofibric acid with half-lives of 306 and 
223 days fulfilled the REACH criterion for persistence in fresh or estua-
rine water sediment of 120 days. 
 
In Paper IV pyrosequencing of bacterial 16S rRNA gene fragments in 
sediment samples revealed significant differences between hyporheic 
bacterial communities inhabiting sediment dunes and plane sediments. 
With highest bacterial abundance and diversity in dune sections with 
both highest DO concentrations and flow velocity. It was previously pos-
tulated that hyporheic exchange flows at the scale of ripples or dunes are 
especially relevant to biota since short residence times allow dissolved 
oxygen to reach them.146  
The experimental results of Paper III demonstrated that dynamic flow 
conditions also increase the biodegradation of certain compounds. Stag-
nant incubation experiments (e.g. as specified under OECD TG 308) could 
therefore consistently underestimate the biodegradation of a chemical in 
sediment-water systems. 



Transformation of Micropollutants in the Hyporheic Zone 

 

29 

In Paper III we detected a total of 32 TPs in at least one pore water or 
surface water sample using targeted methods (confidence level: 1) and 
24 suspected TPs (confidence level: 3-4). Several target TPs accumulated 
over the entire incubation period suggesting a slower degradation rate 
than their rate of formation. These TPs might be persistent in the envi-
ronment.  
 
Perhaps the most interesting TPs with regards to potential persistence 
were those derived from venlafaxine: Venlafaxine N-desmethyl was most 
frequently detected together with Venlafaxine N-oxide and showed no 
signs of dissipation in both SW and PW and at all diversity levels. We 
suggested novel transformation pathways for hydrochorothiazide, 
atenolol/metoprolol and metformin (Paper III).  
 
 
Case Study Metformin 
 
Guanylurea was the most abundant TP identified in our Erpe field study 
with concentrations reaching more than 200 µg L-1, while metformin 
occurred in concentrations of up to 2 µg L-1. These concentrations 
matched estimated concentrations entering the Erpe based on consump-
tion data (Paper I).  
 
We observed seasonal differences with faster dissipation of Metformin in 
SW during the summer months (Paper IV), likely attributable to in-
creased metabolic activity of microorganisms. Previous research showed 
that oxygen consumption, nitrate production and dissolved organic car-
bon immobilization in river sediments of temperate regions are higher 
during summer when biofilm activity is high.147 Faster diffusion as ob-
served for other small hydrophilic and cationic compounds148 and there-
by increased partitioning and sorption of metformin to biofilms and sed-
iment particles might contribute as well. 
 
The observed season-dependency of metformin degradation can be rele-
vant for natural environments since metformin consumption and subse-
quent release from WWTPs is similar throughout the year. We can there-
fore expect substantially higher environmental concentrations during 
the colder months. Our data from the River Erpe support this finding 
with higher combined loads of guanylurea and metformin in April (aver-
age: 154 µg L-1, min: 85.55 µg L-1, max: 223.66 µg L-1, Paper I) compared 
to June (average: 70.72 µg L-1, min: 47.73 µg L-1, max: 94.39 µg L-1, Paper 
II).  
 



 

30 
 

 

 
Metformin SW DT50s in flume mesocosms were 3.6-28.2 days in Paper 
III and 37.5-124.2 days in Paper IV. Median attenuation in the Erpe was 
43-245 days. In hyporheic sediment we measured a DT50s as low as 3.9 
hours (Paper III). Reactivity of Metformin was highest in the first few 
centimeters of hyporheic flow paths confirming results of a previous 
field study where in the hyporheic zone of the river Erpe we saw highest 
reactivity in the upper sediment layer and determined a DT50 of 1.1 – 3.9 
hours.71 This compares very well with our flume data and shows that 
pre-exposure of bacteria with metformin does not change dissipation 
rates substantially. Observed differences (i.e. faster degradation in the 
Erpe) might rather be the result of slightly higher bacterial diversity in 
Erpe sediments (Figure 6) since we demonstrated in Paper III that met-
formin reacted significantly on diversity changes. 
 
In an Australian stream we determined a DT50 in hyporheic sediment of 
0.5-1.0 hours.35 These measurements were made in the dry season with 
high water temperatures which probably increased dissipation rates, as 
discussed in Paper IV. Metformin appears to be efficiently removed in 
the hyporheic zone of different stream types. Here dissipation is much 
faster compared to surface water. 
 
In Paper IV we demonstrated that retardation of metformin along 
hyporheic flow paths can be substantial and needs to be considered 
when its reactivity in sediments is assessed. We further saw that dunes 
and macrophytes promoted hyporheic exchange flow and created reac-
tive environments with steep and varying biogeochemical gradients, 
which enhanced the degradation of metformin. Habitat complexity creat-
ed by bedforms and macrophytes in a stream promotes hyporheic ex-
change flow together with microbial diversity and abundance which in 
return appears to improve micropollutant dissipation. Under neutral 
conditions (in absence of groundwater upwelling or downwelling) as 
present in the large-scale flume system used for our study, bedforms and 
other flow barriers like macrophytes were crucial for surface water-pore 
water exchange. This should be taken into account for future experi-
mental setups. 
 
Guanylurea was only detected in flume pore water when environmental-
ly relevant concentrations of metformin were spiked. It appears to be 
further biodegraded, taken up as substrate (nitrogen source) or retained 
by sorption processes. We saw that guanylurea was attenuated in a natu-
ral river (median DT50 of 26-119 h, Paper II) as well as in the upper cm 
of the hyporheic zone of a different stream.35 Concentrations in Erpe 
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pore water were as well significantly lower than surface water levels. 
Thus, it appears likely that most of the guanylurea found in rivers origi-
nates directly from WWTPs while natural hyporheic sediments may ra-
ther act as a sink for both TP and parent compound. Nevertheless, spik-
ing a flume with a very large amount of metformin (c= 10 mg L-1, Paper 
IV) revealed that detections of guanylurea in surface waters can, under 
certain circumstances, also be traced back to environmental processes.  

The permanent release of high guanylurea concentrations into the envi-
ronment and its structural and physicochemical similarity to the active 
compound metformin calls for additional studies investigating its fate 
and its chronic effects on aquatic organisms. A comprehensive compari-
son of adverse effect profiles of both compounds would be advantageous.  
 
 

Environmental Implications 
 
Dimensions of dunes and ripples in both flume systems compared well 
with structures observed in natural systems like the Erpe and other 
streams.149 Together with the near-natural outdoor mesocosm setup 
with regards to flow velocity, water chemistry, sediment composition, 
macrophyte populations and prior year-long system equilibration time 
(Paper IV) and bacterial communities obtained from an effluent water-
receiving (natural) lowland stream (Paper III) we assume that many 
results from this study can be transferred to natural systems. 

In all four papers we found indications that hyporheic exchange flow is 
important for micropollutant attenuation in streams. The restoration of 
lost linkages between surface and subsurface is therefore a way to pro-
mote this ecosystem service. In the past, and in many regions of the 
world to this day, streambeds are artificially reconstructed for instance 
with concrete or large stones, thus not creating a microporous habitat 
promoting micropollutant attenuation efficiently. 

The goals of such hydromodification approaches include increased suit-
ability for navigation (by modifying the path of a river - canalization), 
increased discharge capacity and reducing natural erosion or flood pre-
vention. In Scandinavia the major reason for canalization of 60% of all 
streams was timber transport.150, 151 The negative consequences of such 
practices include loss of wetlands, increased soil erosion leading to high-
er risk of flooding downstream, reduced wildlife diversity and abun-
dance152 as well as loss of the hyporheic zone.  
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The importance of hyporheic exchange flow and connectivity with aq-
uifers have been recognized today153 but this knowledge is only slowly 
incorporated into legislation. Aforementioned methods of riverbed 
modification now for instance disagree with the goals of the water 
framework directive.154 Whilst hyporheic exchange flow and hyporheic 
biogeochemical processes are rarely considered,4 some early reports and 
guidelines generally acknowledge the significance of water exchange 
between rivers and groundwaters and provide recommendations on 
how restoration can be optimized in light of this fact.155 There is general-
ly a lack of evidence that restoration measures (not taking hyporheic 
exchange flow into account) lead to an improvement in river water quali-
ty.156, 157 This might be an indirect indication of the significance of 
hyporheic zones in this regard. 

Engineered solutions were proposed for increasing hyporheic exchange 
and proved useful in reaeration of rivers and in promoting nutrient and 
metal attenuation.49, 158 Further investigations are necessary to find out 
whether these artificial solutions can keep up with intact natural 
hyporheic zones for attenuating organic micropollutants. A general issue 
with fixed artificial elements in dynamic natural systems such as rivers 
and streams is their impact on natural disturbance and succession mech-
anisms. Both of which are important drivers of biodiversity: According to 
the intermediate disturbance hypothesis that has been proven for a 
range of ecosystems including rivers 159 and floodplains160 an intermedi-
ate level of disturbance creates optimal conditions for maximum diversi-
ty. High diversity natural communities again are more resistant to biotic 
and abiotic disturbance factors as it was shown in various ecosystems 
for instance the associational resistance of plants.161  

Intact and diverse hyporheic zones might thus be more resistant to ex-
treme system disturbances which are likely to increase with global 
change – as discussed before. Fixed structures like dams or weirs on the 
contrary can reduce or were designed to prevent natural disturbances 
e.g. flood events, and consequently can have an impoverishing effect on 
stream ecosystems. The question remains whether artificial hyporheic 
zone structures may reduce natural disturbance and succession and ex-
ert similar impoverishing impacts on hyporheic zone ecology. However, 
hyporheic zone engineering is mostly discussed in the context of heavily 
modified environments systems. These are often already severely de-
graded – for instance canalized urban rivers – and can in many cases 
only benefit from change. Engineered hyporheic zones could also be use-
ful in stormwater treatment162 in the context of combined sewer over-
flows or for WWTP effluent pretreatment prior to agricultural reuse.  
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Another important measure apart from improved or artificial means of 
restoration is avoiding further degradation and disappearance of 
hyporheic zones. A major ongoing issue today is siltation and colmation 
i.e. the settling of fine particles in interstitial spaces and subsequent 
clogging of the sediment.163, 164 Increased siltation originates mostly from 
forestry and unsustainable agricultural activities causing soil erosion. It 
presents another problem that will worsen with climate change.165, 166 
Bank filtration activities for drinking water production may cause addi-
tional clogging.167 Source-related restoration measures such as erosion 
control to reduce the entry of fine particles into streams are required to 
solve this problem.168 But colmation is not only caused by human activi-
ties but also due to in-stream processes.169 Natural flow dynamics and 
disturbances that influence biofilm detachment and succession170 might 
also play an important role in reversing loss of sediment permeability. 
During our field experiments in the River Erpe, following high flow peri-
ods caused by precipitation, we repeatedly observed removal of top sed-
iment layers that were physically clogged by particulate organic matter. 
In the aftermath of such erosion events we observed deeper dissolved 
oxygen advection into sediment dunes. Restoring natural flow conditions 
in streams and allowing for the occurrence of disturbance events should 
increase hyporheic exchange flow also by partially mitigating the silta-
tion problem. We speculate that even artificial diurnal changes of dis-
charge caused by WWTP effluents as present in the Erpe (Paper I and II) 
might promote hyporheic exchange flow by regularly disturbing or re-
moving parts of the benthic bio-clogging layer.  

Taken together these points demonstrate that a holistic approach is re-
quired to achieve optimal results in restoration projects. Bacterial abun-
dance and diversity for instance that we identified to significantly affect 
the attenuation of micropollutants in streams can thereby hardly be sep-
arated from measures aiming to improve hyporheic exchange flow. 
Stream biodiversity and hyporheic exchange interact and are dependent 
on a diversified and dynamic stream morphology and hydrology: A natu-
ral streambed is shaped as a function of flow dynamics and the present 
geologic material and is responsive to precipitation-induced runoff. 
Abundant and diverse bacterial communities are the foundation of di-
verse invertebrate communities171 while invertebrate bioturbation helps 
to maintain or reestablish hydraulic conductivity and hyporheic ex-
change flow and enhance or modify microbial activity.172, 173 Invertebrate 
grazers again, profit from variable flow conditions.174 The decline of 
stream biodiversity was directly linked to reduced functionality of the 
hyporheic zone.175 
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Results from Paper IV suggest that the promotion of shorter hyporheic 
flow-paths of a few decimeters in length (depending on sediment prop-
erties) would increase reactivity and improve the attenuation of 
certaincompounds. These findings were supported by our field experi-
ments.71 Such short flow paths can be enhanced by the presence of sedi-
ment dunes and ripples. To form, these structures require the presence 
of mobile sand and/or gravel in a stream bed which is ensured by natu-
ral-type flow regimes with regular high flow events. In canalized streams 
high flow velocity can erode mobile sediments quickly while under slow-
flow conditions siltation and colmation can clogg and solidify mobile 
sediments and prevent hyporheic exchange flow and formation of rip-
ples. A lack of loose streambed sediments is also adversely affecting fish 
populations by degrading spawning habitats.150, 176 Strategies to improve 
spawning habitats apart from the recreation of natural flow regimes are 
the introduction of boulders that retain finer particles such as gravel and 
sand under fast flow conditions or gravel placement.150 These restoration 
strategies aiming to recreate spawning habitats might therefore, inci-
dentally, efficiently enhance micropollutant attenuation. In cases where 
they are no option, short hyporheic flow paths could alternatively be 
promoted by introducing macrophytes as shown in Paper IV or woody 
debris.177 By implication we can assume that rivers where these condi-
tions are already met will be most efficient in removing micropollutants. 
 
 
Comparison of WWTP and natural micropollutant removal in rivers 
and the hyporheic zone 
 
Conventional WWTPs have not been designed to deal with organic 
micropollutants. As a consequence, their efficiency in removing them is 
sometimes very low. A direct comparison between attenuation rates of 
hyporheic zones and WWTPs is not easy since, as discussed before, at-
tenuation in rivers is highly variable and influenced by various factors. 
Likewise, WWTPs can differ substantially in design while micropollutant 
removal is dependent on factors such as hydraulic retention time, micro-
bial community, sludge retention time and load.178, 179 In addition, as de-
scribed in Paper II, it is difficult to separate hyporheic zone attenuation 
from other processes causing substance removal in complex natural sys-
tems. Two compounds with relatively well studied behavior in WWTPs 
that were found on various priority lists and that have often been de-
scribed as persistent are diclofenac and carbamazepine. Removal effi-
ciency of diclofenac in WWTPs was mostly in the range of 21-40 % while 
carbamazepine proved as very persistent with rates mostly below 
10 %.180 Assuming a (typical) hydraulic retention time of 24 h and first 
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order decrease this would suggest WWTP half-lives of 71-33 h and 158 h 
(Table 3).  
 
We studied the attenuation of both compounds in the field (Paper II) 
and in flumes (Paper III). In the Erpe, median relative attenuation along 
the studied reach of 4.7 km length was 29% for diclofenac and 8% for 
carbamazepine with half-lives of 16-37 h and 94-323 h respectively (Pa-
per II). According to this comparison, the River Erpe could be described 
as similarly efficient or - in the case of diclofenac - even more efficient 
than average WWTPs in attenuating these two compounds. We showed 
that in the case of diclofenac this can be attributed to sunlight exposure 
in the natural environment. On the contrary, there is strong evidence 
that hyporheic zone biotransformation is driving carbamazepine attenu-
ation: increased concentrations of the TP 10,11-dihydroxy-10,11-
dihydrocarbamazepine were detected in 10 cm sediment depth (i.e. the 
most reactive layer) together with lower carbamazepine concentrations 
throughout the hyporheic zone (Paper I). In a different study we ob-
served that carbamazepine was rapidly removed in the upper 10 cm of 
the Erpe hyporheic zone with a half-life of just 10 h.71 Consequently, the 
hyporheic zone of the River Erpe appears to be more efficient in remov-
ing carbamazepine than a typical WWTP.  
 
Two compounds that were found to be primarily degraded (trans-
formed) in the hyporheic zone were valsartan and metoprolol (Paper I 
and II). Removal rates of valsartan in WWTPs were variable and ranged 
between 16 and 95% with a mean of ca. 58%.181-185 Metoprolol removal 
rates in WWTPs are typically lower with 25 % on average184 or less (Ta-
ble 3).182 Corresponding WWTP half-lives (again assuming 24 h hydrau-
lic retention time and first order decrease) would be 19 h for valsartan 
and 58 h for metoprolol. We determined valsartan half-lives of 24-53 h in 
the Erpe with a removal rate of 32 % along the studied reach of 4.7 km 
length. Metoprolol median half-lives in the Erpe were 18-112 h with 
33 % removal. These values are very similar to WWTP performance.  
 
Taken together, these comparisons show that not only for 
micropollutants that are well biodegraded or biotransformed, but also 
for fairly persistent compounds, the hyporheic zone or the natural 
stream as a whole can be similar or more successful at removal than 
WWTPs. 
 
The half-lives of the four exemplary compounds in flume systems con-
taining diluted Erpe sediment of the highest bacterial diversity (S1, Pa-
per III) were: 1552.8-2340 h (carbamazepine), 220.8-309.6 h 
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(diclofenac), 72-91.2 h (valsartan) and 12 h for metoprolol. Accordingly, 
attenuation was less efficient in flumes for all four compounds except for 
metoprolol. That could have been caused by the sediment dilution (1:10 
in S1) which reduced bacterial diversity significantly (Figure 6) com-
pared to Erpe sediment. 
 

Figure 6. Shannon diversity (H’) for Erpe (Paper I & II) Birmingham 
flumes with highest bacterial diversity (BGH, Paper III) and UBA flume 
(UBA, Paper IV) sediment bacterial communities. (p-value: 0.035728; 
(Kruskal-Wallis) statistic: 6.6636). 
 
We can speculate that metoprolol might be degraded by strains of the 
proteobacteria phylum which were overrepresented in the flume system 
compared to the Erpe (Figure 5). The Birmingham flumes were also the 
most carbon-limited system since glucose was spiked only once at the 
beginning of the experiment. DOC then slowly depleted (5 mg L-1 average 
T5-T9) while the Erpe DOC concentration was 12 mg L-1 on average (Pa-
per II).131 Since co-metabolism is assumed to be the dominating mecha-
nism in micropollutant degradation lower DOC levels should associate 
with increasing half-lives.71 Since all three systems were different in 
many aspects other reasons are also conceivable.  
A general question when evaluating the micropollutant attenuation or 
the self-cleansing capacity of natural rivers and streams is their ultimate 
fate. We tried to learn more about this by including a range of TPs in our 
analyses as well as non-target and suspect screening approaches but for 
most compounds we are most likely still missing part of the products. By 
assessing retardation rates in hyporheic sediments we studied reversible 
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interactions of molecules with sediment particles and biofilms and in 
Paper III we studied the sorption of selected PCs. But even this did not 
cover the fraction remaining as non-extractable residues. Thus, we can-
not say whether parts of the “dissipated” PCs and TPs not caught by wa-
ter analyses were catabolized, mineralized or remained in the system. In 
the context of WWTPs sorption or formation of non-extractable residues 
is not as important to consider as in natural environments because of 
sludge treatment which removes additional portions of the retained pol-
lutants. In contrast, in a river the reversibly sorbed fraction may be re-
mobilized for instance by sediment upheavals (e.g. during storm 
events)186 or changes in pH. Likewise micropollutants partitioning into 
biofilms but not being degraded can be remobilized187 or enter the food 
web by grazing.  
 
Here it is important to consider how much of this fraction can re-enter 
the aqueous environment as bioavailable fraction. There is a lack of 
knowledge regarding micropollutant remobilization from hyporheic sed-
iment and biofilms.  
 
 
Table 3. Comparison of micropollutant half-lives (h)  in WWTPs, the 
River Erpe (Paper II) and Flume systems (Paper III) for 4 
micropollutants studied in the present work. The Erpe ranges refer to 
median values determined in the different river sections while flume 
ranges show half-lives determined in all systems with highest bacterial 
diversity (S1). 

 WWTP 
(derived from180-185) 

Erpe 
(Paper II) 

Flume 
(Paper III) 

Carbamazepine 158 94 - 323 1553 - 2340 

Diclofenac 33 - 71 16 - 37 221 - 310 

Valsartan 19 24 - 53 72 - 91 

Metoprolol 58 18 - 112 12 
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Conclusions and Future Perspectives 
 
The results of this work improved the scientific basis for the quantitative 
prediction of the hyporheic processing of micropollutants. We studied 
cause-effect relationships and described mechanistic links between 
turnover rates of organic contaminants and physical, biogeochemical, 
and biological factors. A newly developed high-throughput and high-
resolution sampling and analysis approach formed a corner stone of this 
work. It enabled us to perform a number of sophisticated mesocosm and 
field studies. Apart from the 4 papers presented in this thesis it has been 
applied in additional experiments within but also beyond the frame of 
the HypoTRAIN ITN.7, 35, 71, 131 A comprehensive set of dissipation rates 
for a large number of micropollutants was obtained in flume mesocosm 
and field studies. A number of known and novel TPs were found in all 
types of settings with many of them showing little signs of further degra-
dation, reinforcing the importance of including TPs in contaminant risk 
assessments, environmental quality assessments, regulatory monitoring 
and guidelines.  
 
Findings from papers I-IV support the hypothesis that the hyporheic 
zone drives attenuation and transformation of many wastewater-derived 
contaminants. Results from Paper III suggest that hyporheic bacterial 
communities play a particularly essential role in this process. Systems 
holding a higher species richness and diversity were more efficient at 
attenuating a larger number of micropollutants while Paper IV showed 
that bacterial abundance might also be important. Our large-scale flume 
study further provided evidence for the role of habitat complexity in 
promoting bacterial diversity and abundance (as described by Kovalenko 
2012188) and by extension, micropollutant degradation and transfor-
mation. These findings indicate the importance of incorporating infor-
mation on the present microbial community into biodegradation studies.  
 
We saw similarities in micropollutant removal rates in WWTPs and in 
the River Erpe. At the same time Erpe bacterial community composition 
showed similarities to published data on WWTPs. Depending on the 
compound, the removal efficiency of the hyporheic zone could be im-
proved by generally increasing the residence time in the hyporheic zone 
(Paper II) and especially in oxic and suboxic sediment regions (Paper 
IV,71). Ecosystem services provided by hyporheic zones could be en-
hanced by adequate management measures. The effective restoration of 
hyporheic zones requires that river management measures should be 
planned considering their impacts on hyporheic exchange flows. We saw 
that both intense exchange and medium retention times (as provided for 
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instance by hyporheic flow paths of few decimeters length) in the 
hyporheic zone are required. This was confirmed in further experi-
ments.36, 71 
 
By controlling their self-cleansing capacity, hyporheic zone processes 
can support the achievement of a good chemical status of rivers as re-
quired for instance by the European WFD154 but with a view on high con-
centrations determined (and with guanylurea exceeding a suggested 
PNEC) it is also clear that additional measures to reduce the input of 
micropollutants are necessary. 
 
This thesis narrowed the knowledge gap on the environmental fate of 
wastewater-derived polar organic contaminants in the aquatic environ-
ment. To achieve this, it provided a comprehensive set of degradation 
data for a range of highly relevant and often understudied parent com-
pounds and presented novel information on the formation and fate of 
associated TPs derived from experiments at different scales.  
 
Future Perspectives 
 
Obviously, our River Erpe large-scale attenuation study could be extend-
ed to cover other groups of emerging pollutants such as biocides or per- 
and polyfluoroalkyl substances (PFAS) to test whether our findings are 
transferrable. In addition, a non-target or suspect screening approach 
using high resolution mass-spectrometry and possibly linked with time-
trend analysis could provide valuable additional information e.g. on for-
mation of persistent TPs or identification of novel compounds.   
 
With a view on the results from Paper IV it would be of interest to re-
peat Erpe SW and PW sampling in winter to allow for seasonal compari-
sons. We can expect substantially higher concentrations of substances 
whose degradation depends on bacterial activity in winter while the ab-
sence of macrophytes could enhance photolysis, as shown in Paper II. 
Since microbial communities in rivers undergo dramatic seasonal fluctu-
ations16, 189, 190 micropollutant transformation pathways might also show 
a seasonal pattern.  
 
We observed significant differences between bacterial communities in-
habiting flat and dune sediments in Paper IV. These dunes were relative-
ly stable over several months which gave communities time to adapt to 
the morphological conditions. It would be interesting to i) look at similar 
dune structures in natural streams ii) to investigate bacterial communi-
ties of more dynamic structures such as ripples in a natural stream iii) to 



 

40 
 

 

test how quickly community structures can change with changing condi-
tions.  
 
Since we obeserved changes in micropollutant attenuation after 
macrophyte mowing it would be worthwhile to compare biofilms cover-
ing their surfaces with bacterial consortia present in the rhizosphere as 
well as benthic and hyporheic bacterial communities. Including 
macrophytes as a third leveled variable in a flume study as presented in 
Paper III would tell us more about their role in micropollutant attenua-
tion. Due to a limited number of available flume mesocosm systems this 
was anticipated but deemed not possible in our experiment.  
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