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ABSTRACT. We developed and tested a model for delineating levels of human pharmaceutical
pollution of surface waters at the landscape scale. Water quality experts have been suspecting sig-
nificant concentrations of human pharmaceutical substances in surface waters and harmful effects
on the aquatic biocenosis for more than 25 years. Although human pharmaceuticals in the envi-
ronment belong to the group of emerging substances, reliable data on effects are widely missing
due to the system complexity. The same is true for official regulations. Up to now knowledge on
pollution levels in Northern Germany as in most of Europe was restricted to point information at
few gauging stations. Our model results allow for a state-wide identification of polluted river
reaches and pollution sources. About 70 % of the total river length is non-polluted, 16 % has low,
7 % medium and another 7 % high pollution levels. Our research results are being used for plan-
ning of ecological investigations and for optimization of cost-efficient monitoring programs.

Pe3tome. Pa3paboranbl ¥ MPOTECTHPOBAHBI MOJICITH JJIsl XapaKTEPUCTUKH YPOBHEW (hapMareBTu-
YeCKOr0 3arpsi3HEHUs IOBEPXHOCTHBIX BOJ B Macmtade nanamadta. bomee 25 et criermanucts
MO0 Ka4yecTBY BOJBI MOJO3PEBAOT HAIMYME 3HAYMTENBHBIX KOHICHTpAIUi (hapMaleBTUIeCKUX
BEIIECTB B MIOBEPXHOCTHBIX BOJIaX M OTpUIaTeNbHbIe 3((eKTh Ha BOAHBIN OHolieH03. XO0Ts dap-
MaleBTHYECKUE TPOAYKTHI B OKPYXKAIOLIEH Cpeie OTHOCATCSA K TPYIIE BHOBH BBISBICHHBIX 3a-
IpsA3HUTENICH, HAJIe)KHbIE JaHHBIE 00 AP PEeKTax YacTo OTCYTCTBYIOT BCIEACTBHE CIOXKHOCTU CH-
creMbl. To ke BEpPHO /ISl HOPMATUBHOTO peryiupoBaHus. [lo HacTosImero BpeMeHH 3HaHHs 00
YPOBHSIX 3arpsi3HEHHs B ceBepHOU ['epmaHuy, Kak U B OOJIBIIMHCTBE CTpaH EBpombl, orpaHn4nBa-
JHMCh TOYCYHOHW MH(pOpMAIMEH asi HeOONBIIOr0 KOJINYECTBA IyHKTOB M3MEpeHHi. Pe3ymbrars
pacueToB 1Mo pa3pabOTaHHON MOJIENH Jat0T BOZMOKHOCTDh WICHTH()UKAIIMK 3arPSA3HCHHBIX y4acT-
KOB PEK M MCTOYHHKOB 3arpsi3HeHus B Macmrade ctpanbl. Okono 70% oOuieit [uMHBI pek He 3a-
rpszHeHo, 16% wumeror Hu3kui, 7% cpennuil u eme 7% BBICOKHI ypoBeHb 3arpszHenus. 1lomy-
YCHHBIC PE3yJbTAThl HCIIONB3YIOTCS JUIS TUIAHUPOBAHUS DKOJOTMYECKHX HWCCICIOBAHUN W IS
ONITUMH3AIIUH SKOHOMHYHBIX IPOTrPaMM MOHUTOPHHTA.

KEYWORDS: Hydrological model, surface waters, micro-pollutants, emerging substances
KuaroueBrbie ciaoBa: I’ HUAPOJIOTrNYCCKasas MOACb, IMOBCPXHOCTHBIC BOJbI, MHKpO3anHBHHTCHeﬁ, BO3HHKaA-
FOIIIME BEIIECTBA

INTRODUCTION

Human pharmaceutical consumption in Germany is high. According to Schwabe and Paffrath [1] more
than 3000 substances for human pharmaceutical production are approved in Germany. The situation is
enhanced by demographic change as the demand for consuming pharmaceutical substances increases with
human age. The substances have in common, that they are mostly polar, non-volatile and persistent alt-
hough they originate from a diverse range of pharmaceuticals, so as antibiotics, antiepileptics, antiphlo-
gistics, lipid regulators, betablockers, contrast media or hormons. Further characteristics are high re-
sistance against enzymes and low pH as well as stability for long-term storage. High amounts of sub-
stances are not retained by the human body (up to 50 %) and are excremented. In waste water treatment
plants retardation and decay of human pharmaceuticals are mostly low given their chemical persistence
and that the existing purification techniques were installed to eliminate nutrients and organic matter pre-
dominantly. Ternes et al. [2] state overall removal rates between 0 and more than 90 %, but for widely
used substances like sulfamethoxazole, carbamazepine or diclofenac rates are relatively low with 24, 0
and 33 %. As a consequence, high amounts of substances are discharged into rivers by waste water treat-
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ment plant effluents. Partly high concentrations are measured in different landscapes [3], [4], [6], [10],
[11].

The processes described are not new but the awareness among experts and in the public has increased in
recent years due to improved lab analytics and new discussions, e.g. about the growing number of micro-
bial resistances against antibiotics. This puts pressure on environmental policy, on all EU, national and
federal levels to develop strategies for tackling all micro-pollutants. Numerous studies are dealing now
with pharmaceuticals as “emerging substances” and “micro-pollutants”. But nevertheless knowledge is
still restricted to pollution levels at single gauging stations or effects of single substances on very specific
aquatic organisms. Studies on ecological risks reveal histopathological changes in the kidney of rainbow
trouts, alteration of sex ratios and decreased egg fertilization in fish [5], [8]. With regards to concentra-
tions relevant for risks, river reaches directly downstream of waste water effluent locations appear to be
the main target areas.

Widely unknown is how human pharmaceutical pollution differs in the landscape and how a mixture or
“cocktail” of substances is effective for the entire biocenosis or even for human exposition via the drink-
ing water pathway, if surface water is being used as a resource [7]. Therefore, the main objective of our
research works were the state-wide identification of surface waters with high risk for pollution (hot spot
analysis) in Northern Germany (state of Lower Saxony, 48,000 km?). We determined the waste water load
in all rivers and major creeks, i.e. the cumulated share of annual effluent after waste water purification in
the average natural discharge in the stream. This waste water load is regarded as a proxy for the contami-
nation of the stream with human pharmaceutical substances as studies show that there is a close depend-
ence [4].

The research results are required by the State Agency for Water Management, Coastal and Nature Protec-
tion of Lower Saxony (NLWKN) for planning ecological investigations in the vicinity of treatment plant
discharges and for optimization of cost-efficient monitoring programs.

MATERIAL AND METHODS

In a first step a very detailed river network is divided into sub-catchments, whereupon the boundaries
coincide with river sub-branches and effluent locations of waste water treatment plants. A distributed
hydrologic model is used to supply grid based information on mean runoff and discharge at selected sta-
tions. Here, the GROWA model has been used based on climate, land use, artificial drainage, surface
geology and relief data as well as soil parameters [9]. Spatial discretization was 100 meters. Model runs
have been performed for an average period 2004-2014, a wet year (2008) and a dry year (2014).

The advantage of using a hydrologic model instead of discharge measurements is the availability of data
for ungauged catchments, too. GROWA model results have been validated successfully at 192 gauging
stations throughout the state. Coefficients of determination range between 0.9 and 0.95 for the model
periods.

Furthermore, the annual waste water effluents from 455 sewage treatment plants have been evaluated and
effluent locations have been assigned to specific river reaches. In a pollution load analysis the cascading
relation between treated waste water and mean discharge has been assessed for each river segment and
each effluent location. The general simulation process is shown in figure 1. For validation, simulation
results on waste water loads were checked with measured concentrations of three selected substances
which are widely used: sulfamethoxazole, carbamazepine or diclofenac [10].

RESULTS AND DISCUSSION

Figure 2 shows simulation results on pharmaceutical pollution levels for all 3000 river branches in the
State of Lower Saxony. About 30 percent of all stream lengths are polluted with pharmaceuticals. The
substances make their way into the rivers via the waste water discharge of sewage plants after treatment.
According to our study, 7 percent of all rivers have a "high" or "very high" level of contamination, 7 per-
cent "medium", and 16 percent "low". A waste water portion of less than 4 % is regarded as “low”, a por-
tion between 4 and 7 % is regarded as “medium” and a portion higher than 7 % as “high” polluted. Offi-
cial classifications are missing.

Highly contaminated river reaches are typical for the conurbations Osnabriick, Hannover, and Braun-
schweig. Water bodies at times do not carry enough water into these densely populated areas to dilute the
waste water from sewage plants sufficiently. As a result, wide stretches of the rivers Hase, Wietze, Fuhse,
and Oker are heavily polluted. Such distribution patterns following densely urbanized areas were con-
firmed for dryer regions in Spain by Osorio et al. [11].
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Furthermore, figure 2 shows very well dilution effects caused by non-polluted tributaries, e.g. east of the
city of Bremen. The comparison of simulation results between the average period and the wet and dry
year does not show strong variations. In the wet year 2008 the hot spot regions described above are still
outlined, even with additional dilution. In the dry year 2014 the strongly polluted area around the city of
Hannover is extended downstream towards Bremen.

Model results reveal pollution levels for all 3000 river reaches in Lower Saxony for the first time. Up to
now insights on pollution levels were restricted to 80 water quality gauging stations and to the pharma-
ceuticals Diclofenac, Sulfamethoxazol and Carbamazepin. Checking model results with these measured
concentrations show reasonable fit for all substances. But about 50% of the total variance is not ex-
plained, meaning that additional factors like waste water ,,import“ from states upstream, heterogenous
composition of waste water between plants, demographic reasons etc. play a significant role. Further-
more, the sampling frequency was between 4 and 8 in a two year period (2010-11), leading to increased
uncertainty associated with the average concentrations. This is being evaluated currently in greater detail
in a follow-up project. Public as well as media interest in this project is high.

CONCLUSIONS

1. Strongly urbanized regions are hot spots of pharmaceutical pollution in rivers, even in temperate zones

2. The contribution of waste water to the discharge in streams does not explain substance concentration
satisfactorily. Additional factors like demography, varying waste water contents, number of hospitals
etc. need to be included in pharmaceutical load assessments.

3. Great public interest in the project should be used to raise awareness of the problem and for simple
countermeasures, like disposal of unused pharmaceuticals not via the toilet, reduction of pharmaceuti-
cal usage in favour of household remedies, if possible.

River network
\A Subdivision of river network Mean discharge in each

and sub-catchments sub-catchment
Effluent points of WWTPs /

| Distributed hydrologic model
Validation of waste water | Mean refation between
share with measured | 4———  discharged waste \‘a:litlaﬂuq of ::;gmrge
pharmac. concentrations | water and mean runoff gauging statians
Annual waste water effluents

| Figure 1 — General overview in simulation process
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Figure 2 — Simulation results on pharmaceutical pollution levels in river reaches in the
State of Lower Saxony (Northern Germany) and location of Lower Saxony in Germany
(small map)
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