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Abstract

:

The main aim of this study was a survey of micropollutants in stormwater runoff of Berlin (Germany) and its dependence on land-use types. In a one-year monitoring program, event mean concentrations were measured for a set of 106 parameters, including 85 organic micropollutants (e.g., flame retardants, phthalates, pesticides/biocides, polycyclic aromatic hydrocarbons (PAH)), heavy metals and standard parameters. Monitoring points were selected in five catchments of different urban land-use types, and at one urban river. We detected 77 of the 106 parameters at least once in stormwater runoff of the investigated catchment types. On average, stormwater runoff contained a mix of 24 µg L−1 organic micropollutants and 1.3 mg L−1 heavy metals. For organic micropollutants, concentrations were highest in all catchments for the plasticizer diisodecyl phthalate. Concentrations of all but five parameters showed significant differences among the five land-use types. While major roads were the dominant source of traffic-related substances such as PAH, each of the other land-use types showed the highest concentrations for some substances (e.g., flame retardants in commercial area, pesticides in catchment dominated by one family homes). Comparison with environmental quality standards (EQS) for surface waters shows that 13 micropollutants in stormwater runoff and 8 micropollutants in the receiving river exceeded German quality standards for receiving surface waters during storm events, highlighting the relevance of stormwater inputs for urban surface waters.
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1. Introduction


Urban stormwater runoff from impervious surfaces can be an important source of diffuse pollution contributing to the degradation of urban surface waters [1,2]. This is especially the case in cities with separated sewer systems as dominant drainage networks, as runoff from separated sewers is usually discharged directly to receiving surface waters without further treatment. For example, in Berlin (Germany) each year 70% or 48 million m³ of stormwater is discharged mostly untreated into Berlin’s surface waters via the separated sewer system (own estimate based on urban drainage data). Whereas “classic” pollutants in stormwater runoff such as suspended solids, chemical oxygen demand (COD) or heavy metals have been under investigation for several decades already [2,3,4,5], trace organic substances started to come into focus in recent years only [6,7,8,9,10]. Besides direct discharge into surface waters via separate storm sewers, combined sewer overflows can also be a relevant pathway for stormwater-related micropollutants to enter urban streams [11,12,13]. Sources are widespread and can be building materials (e.g., zinc and copper from roof surfaces and gutters [14,15]; or biocides from exterior paint [16]), vehicles (e.g., benzothiazoles from tire abrasion [17]), combustion processes (e.g., polycyclic aromatic hydrocarbons (PAH) [18]), atmospheric deposition (e.g., pesticide terbuthylazin [19]) or litter wash-off (e.g., nicotine from cigarette butts [20]).



Ecotoxicological relevance of trace organics in stormwater runoff for receiving surface waters was indicated for a number of substances through studies on acute mortality and chronic effects in coho salmon and other aquatic species [10], a conceptual exposure model [21], by simulating concentrations downstream of a stormwater inlet [22], and by investigating the effect on stream invertebrate assemblages [23]. The potential relevance was further underlined regarding the overall role of stormwater runoff for substance loads in receiving surface waters by Wittmer et al. [24] who showed that biocides from building materials can lead to higher loads than agricultural pesticide runoff for a Swiss peri-urban catchment. Besides trace organics, heavy metals in stormwater runoff (e.g., Zn, Cu) are also of ecotoxicological concern due to much higher concentrations, their persistence and effects in aquatic biota [25]. However, for most micropollutants the availability of measurement data in receiving rivers during stormwater influence is not sufficient to evaluate their ecotoxicological relevance.



Given the potential importance of trace organics in stormwater runoff [26], it is important to understand, which substances are expected in different urban catchments. Since sources of stormwater pollutants vary with land use (e.g., road vs. building) differences in substance occurrence would also be expected depending on land use. Indeed, concentrations were found to be higher in stormwater catchments with high traffic volumes for PAH by Gasperi et al. [6] and for some heavy metals and standard parameters by Järveläinen et al. [27]. However, no land use-related differences were described for most trace organics and heavy metals by the same authors. This may be due to consideration of large stormwater catchments of mixed land use by most existing monitoring programs (e.g., [6,7,27,28]). Moreover, concentration data of trace organics in stormwater runoff are generally sparse and for many substances there are no datasets for catchments of different land uses.



The present study addresses the above gaps based on event mean concentrations for more than 100 organic and inorganic micropollutants in stormwater runoff collected over one year in five different monitoring catchments in Berlin (Germany). Monitoring catchments were selected to contain mostly one dominant land use type. The monitoring is complemented by single event-based samples from one receiving river.



The study follows three main aims:




	
presenting a unique data set on stormwater pollution (available open access);



	
studying potential land-use specificity of micropollutants in stormwater runoff; and



	
discussing the potential ecotoxicological relevance of these substances based on data in stormwater runoff and in a receiving river.









2. Materials and Methods


A one-year monitoring program was conducted during which stormwater runoff was sampled in five catchments of different urban land use. Additionally, surface water of an urban stream receiving relevant stormwater inputs from separated storm sewers was sampled during dry and wet weather conditions.



2.1. Study Sites


Based on geographic information system (GIS) data of the Berlin Senate, five different urban land-use types were defined that represent the main city structure types of Berlin and other large European cities as summarized in Table 1. The selection was based on the assumption that differences in the selected land-use types (e.g., traffic density, roof area and type, building materials) will result in different concentration patterns of micropollutants in stormwater runoff. Together, the five selected land-use types represent ~83% of Berlin’s impervious area connected to the sewer network (see Figure 1).



For each land-use type one representative monitoring catchment was selected to sample stormwater runoff during rain events (Table 1, Figure 1). Selection criteria included location in the area with separate sewer system, high homogeneity in land use of connected catchment area, size (large but homogeneous), monitoring feasibility (accessibility of manhole, sewer condition, suitability for flow measurements) and water level during rain at respective manholes (from sewer modelling of design storms with 1-year return period).



Selected monitoring catchments include an area of typical five-storey perimeter blocks built between 1870 and 1930 (OLD), a newer area of 4–8-storey concrete slab buildings built between 1960 and 1980 (NEW), a residential area characterized by one-family houses and villas with gardens (OFH), a commercial and industrial area of high imperviousness with large flat-roof buildings and yards (COM) and 1.3 km of a busy road including an intersection with traffic lights and bus stops (STR). An overview of the selected monitoring sites is shown in Figure 1. Selected monitoring catchments vary in size from 2.6 to 37 ha (total area) and are very homogeneous regarding the respective land-use type with an average areal ratio of 90% (Table 1).



In addition to the five monitoring catchments, one monitoring station was installed at the urban river Panke in order to evaluate the impact of stormwater discharges on an urban stream. The Panke river is a small lowland river (mean discharge ~0.5 m³ s−1) that is characterised by strong stormwater inputs from impervious surfaces connected via a separate sewer system to the river. Of the 5 investigated catchments, catchment OLD discharges upstream of the Panke river sampling point.




2.2. Sampling Strategy for Stormwater Runoff


Four main sampling methods are commonly used to estimate the event mean concentration (EMC) of stormwater runoff [29]:




	
Constant sampling volume at fixed time interval;



	
Variable sampling volume at fixed time interval with sample volume proportional to runoff flow;



	
Variable sampling volume at fixed time interval with sample volume proportional to runoff volume;



	
Constant sampling volume at variable time interval.








The first method gives a composite sample that is likely to be biased since the flow is not considered in the preparation of the composite sample [30]. The error is systematic and cannot be reduced by increasing the sampling frequency [31]. The other methods are conceptually similar regarding their aim at creating a composite sample from a series of sub-samples proportional to the runoff flow or volume. Shelley [32] demonstrated that major errors can be expected by estimating EMCs using method 1 and that the other methods provide similar accuracy, with a trend to underestimate the real EMC. The systematic error increases when the sampling frequency decreases but remains below 20% for time intervals of less than 30 min.



Several authors recommend a strategy of variable sampling volume—methods 2 or 3 [30]—with the mixing of the composite sample in the laboratory [29,33,34]. Each sub-sample is filled in an individual bottle during the event by an automatic sampler device and the composite sample is prepared in the laboratory by mixing a proportion of each sub-sample, proportional to the measured runoff flow or volume. This approach is preferred to the preparation of the composite sample directly by the automatic sampler since drift or outliers in flow measurement can lead to biased sampling. This is also the main drawback of method 4. The manual mixing enables flow measurement errors in the preparation of the composite sample to be corrected and considered. Additionally, it provides individual grab samples, useful to understand event concentration variability (e.g., maximal event concentration or first flush concentration).



A study by Sandoval et al. [35] estimated the uncertainties of different sampling strategies using online total suspended solids (TSS) and flow measurement from four different stormwater outlets in France, Germany, Austria and Colombia. The results confirm that method 3 delivers the most accurate estimation of EMC, independently of the selected sampling interval or the size of the catchment.



Based on these outcomes, we selected a strategy with fixed time interval and variable sampling volume proportional to the runoff volume (method 3). After the start of the event, each of the eight 2 L bottles would be filled every 20 min in order to cover an event duration of 2 h 40 min. Following the results of Sandoval et al. [35] obtained for stormwater runoff in Berlin, this strategy would lead to sampling uncertainties below 20%, which seems a reasonable tradeoff between sampling uncertainty and the duration of the events covered by the sampling strategy. Increasing the sampling frequency would reduce the sampling uncertainty but also our capacity to sample the entire duration of most events.



This basic strategy has been further slightly modified in order to



	
Improve the representativeness of each sub-sample: the first six bottles were each filled with four samples (V = 450 mL) at a fixed interval of 5 min (first two hours of sampling). This solution increases the representativeness of each sub-sample (over a 20 min period, four samples every 5 min are more representative than one single sample).



	
Cover a longer event duration: if stormwater runoff continued more than 2 h, the sampling interval changed to 15 min for the last two bottles, which leads to a maximum sampling duration of four hours.






A schematic view of preparation of a volume-proportional composite sample is shown in Supplementary Figure S1.




2.3. Stormwater Runoff Sampling


At each of the five monitoring catchments one flow meter (PCM4, Nivus, Germany) was installed in the storm sewer and one portable automatic sampler (Sigma SD 900, Hach Lange, Germany) was fixed under the manhole using suspension harnesses. Each sampler was equipped with a set of 8 × 2 L glass bottles and Teflon® inflow pipes to avoid potential sorption and sample contamination e.g., with phthalates. Automatic samplers were triggered by a preassigned water level threshold, varying between 9 and 15 cm for the different monitoring sites (depending on sewer pipe dimensions and expected water volumes). This setting allowed capturing rain events with a total rain height ≥0.4–2.5 mm, depending on catchment size (Table 2). For best estimation of EMC, the sampling method of variable sampling volume at fixed time interval with sample volume proportional to runoff volume was chosen after thorough investigation of the literature (see above). An event separation time of two hours was applied; longer gaps of rain were considered as separate events. Samples were retrieved and cooled within 24 h after the sampled rain event. A volume-proportional composite sample was prepared based on runoff measurements (for details see Supplementary Figure S1) to allow the analysis of EMC. During 13 months of monitoring (May 2014 to June 2015), a total of 143 volume-proportional composite samples were taken at all monitoring sites (OLD: 36, NEW: 31, OFH: 18, COM: 40, STR: 18), covering a total rain depth of 135 mm (STR)–170 mm (OLD). On average, about one third of all rain events at each monitoring site was sampled and analyzed in the laboratory (24–41%). Of the 143 samples, 93 samples were analyzed for the complete set of chemical parameters including a large number of organic micropollutants (Table 3). The remainder was analyzed for a reduced set of standard parameters (TSS, COD, total P) and heavy metals (see Table 3). Criteria for selection of sampled events for full chemical analysis included coverage of all four seasons, coverage of a wide range of rain event characteristics (e.g., regarding rain intensity or rain depth) and coverage of the majority of the rain event (>80% of volume sampled). An overview of the main characteristics of analyzed rain events is shown in Table 2, including rain depth, mean intensity over the rain event, maximum 10 min intensity, and number of antecedent dry days. Sampled events cover a wide range of rain events with local event frequencies between 20 and 1 yr−1, although no extreme rainfall (>20 mm) occurred during the sampling period.




2.4. River Sampling


Complementary river monitoring was performed at the Panke river during dry and wet weather conditions to evaluate stormwater-based pollutants in a small urban stream.



This monitoring aimed at peak concentrations rather than EMC. An automatic sampler with 24 glass bottles of 350 mL was installed at the station “Bürgerpark” to sample peak concentrations during rain events, triggered by an online sensor for electrical conductivity κ, as the conductivity in the stormwater runoff (mean in stormwater samples: 190 µS cm−1) is much lower compared to the conductivity of the Panke river at dry weather conditions (900–1000 µS cm−1). If κ dropped below 550 μS cm−1 because of a high percentage of stormwater runoff during storm events, two samplings 30 min apart were started, each filling 12 bottles subsequently. The set of bottles filled during the interval with lower κ (higher percentage of stormwater runoff in the river) were mixed into a composite sample of ~4.2 L, which was analyzed. In total, 20 river samples were taken during rain events, of which 12 were analyzed for the complete set of parameters. In addition, five grab samples were analyzed that were taken during dry weather conditions throughout the year.




2.5. Chemical Analysis


Stormwater runoff and river samples were analyzed for a set of 106 parameters, including standard parameters (total suspended solids, biological and chemical oxygen demand, total phosphorous, ammonium, pH and conductivity) and an extensive set of organic micropollutants (including phthalates, biocides/pesticides, organophosphates, PAH, industrial chemicals and heavy metals, see Table 3) in an accredited laboratory in accordance with German standards (DIN). Applied analytical methods and achieved limits of quantification are summarized in Supplementary Table S1.



In general, phthalates, PAH, polychlorinated biphenyls (PCB), polybrominated diphenyl ethers (PBDE), organotin compounds, alkylphenols, bisphenol A + F and heavy metals were extracted before analyses (total concentrations), whereas all other organic micropollutants were analyzed with LC-MS (liquid chromatography-mass spectrometry) directly without extraction. Blank results of tap water cycled five times through one of the applied automatic samplers indicated no particular contamination from sampling devices and/or sample pre-treatment procedure for most pollutants monitored. A low contamination by phthalates could, however, be detected, but values were below or at limit of quantification and far less than levels found in stormwater.




2.6. Data Analysis


For data analysis (e.g., calculation of mean values), samples below limit of quantification (LOQ) were calculated with LOQ/2, unless all samples per catchment type were below LOQ, in which case the concentration was set to zero. Mean values in the text are presented with the standard error of mean. For statistical analysis, the Kruskal–Wallis and Dunn tests were applied to determine if concentration differences between the five catchment types are statistically significant. Concentration differences were evaluated for all land-use pairs and chemical parameters. As concentration values for each catchment type (n = 14–41 depending on parameter) were not normally distributed (tested by Shapiro–Wilk-test, see Supplementary Table S2 for results), an analysis of variance (ANOVA) could not be applied.





3. Results and Discussion


We detected 77 of 106 parameters in Table 3 above LOQ in stormwater runoff. Mean and maximum concentrations of investigated land use types are summarized in Table 4. 68 substances were also detected in wet weather grab samples from the Panke river.



3.1. Standard Water Quality Parameters and Heavy Metals


3.1.1. Event Mean Concentration (EMC) in Stormwater Runoff


Generally, average concentrations of all samples compare well to large stormwater datasets by Brombach and Fuchs [36] (means across 265 sites, global data base with focus on German data, described in [37]), Pitt et al. [28] (medians across 3390 samples of storm events across the United States), Gasperi et al. [6] (means of 3 urban catchments in France), Zgheib et al. [7] (medians of 1 catchment with high number of analyzed substances in Paris, France), and Masoner et al. [9] (median of 21 sites across the United States with high number of analyzed substances), as outlined in Figure 2. For example, EMC of TSS (mean: 124 ± 15 mg L−1, median: 71 mg L−1) are similar to the means/medians in the datasets above, of 282 mg L−1 (mean, [36]), 58 mg L−1 (median, [28]), 126 mg L−1 (mean, [6]) and 106 mg L−1 (median, [7]), respectively.



Regarding heavy metals, the highest concentrations were found for zinc with an overall mean concentration of 954 µg L−1 (max: 10,000 µg L−1), followed by copper with 253 µg L−1 (max: 5300 µg L−1) and lead with 68 µg L−1 (max: 780 µg L−1) (see Table 4). Again, means of heavy metal compounds were mostly in line with literature (Figure 2). Major differences were only found for Ni and Cd, which were clearly higher (outside the 95% interval of the data of this study) in the data set by Brombach and Fuchs [36]. However, the other data sets confirmed the present measurements. On the other hand, Zn and Cu values in this study were clearly higher than in the US data sets by Pitt et al. [28] and Masoner et al. [9]. Again, the other data sets were well within the 95% interval of the Berlin data, even if they were all below the Berlin mean. Sources for zinc and copper were typically traffic-related inputs (tire wear for zinc, brake abrasion for copper) and building materials (metal sheets, gutters).



During the last three months of monitoring, samples were also analyzed for dissolved metal concentrations. Results indicated that especially zinc, nickel and copper compounds were present to a high extent in dissolved form in stormwater runoff (Zn: 48%, Ni: 44% and Cu: 33%), whereas lead and titanium showed a predominant particulate fraction > 85%. Both results agreed very well with data by Pitt et al. [28] (dissolved shares of 26% (Zn), 44% (Ni), 31% (Cu) and 7% (Pb)) and Gasperi et al. [6] (dissolved shares of 40% (Zn), 46% (Ni), 27% (Cu), 6% (Pb) and 6% (Ti)). Since toxicity of heavy metals typically increases significantly for dissolved forms, this result may be relevant [25].



The international data sets above typically considered (large) stormwater catchments of mixed land use. Thus, similar values of mean/median concentrations across the five land-use types of this data set indicate that monitoring sites in this study were representative for mixed land use.




3.1.2. Land Use-Specific Differences in Stormwater Runoff EMC


While means across the five land-use types were comparable to international data sets, values differed significantly between these land use types. For all heavy metals and standard parameters, except BOD5, significant differences were found among land-use types, based on the Kruskal–Wallis test (see Supplementary Table S4). Overall, 38% of all the possible land-use pairs showed significant differences in pair-wise Dunn tests.



Pronounced differences between land-use types could be seen in the concentrations of TSS and COD for land-use type STR, which were significantly higher than concentrations of all other land-use types (significant difference for 88% of land use pairs with STR for TSS and COD, see Supplementary Table S4). As runoff from roads and highways has long been identified as a source of particulates and organics e.g., due to brake and tire wear or street tree inputs, this result is not surprising. Similarly, STR stands out with significantly higher values for a number of heavy metals (Ni, Cr, Ti, V).



In contrast, orthophosphate was significantly higher in OFH, potentially due to fertilizer application in private gardens. Surprisingly, Zn was significantly higher in OLD and COM than STR, which in turn was significantly higher than NEW and OFH. The result can probably be explained by the influence of building materials, such as galvanized rain pipes (OLD) and large tin roofs (COM), in combination with traffic (highest in STR, followed by OLD and COM).




3.1.3. Wet Weather Grab Samples in the River


Most investigated standard parameters and heavy metals also showed clear peaks in the River Panke during stormwater impacts. Differences between wet and dry weather concentrations for Zn and Cu were more than one order of magnitude. On average, wet weather concentrations exceeded those during dry weather by a factor of 7 and 15, for standard parameters and heavy metals, respectively.





3.2. Organic Micropollutants


3.2.1. EMC in Stormwater Runoff


We detected 63 of 92 analyzed organic micropollutants in at least one sample of stormwater runoff of the investigated catchment types. Only for PCB, PBDE, organotin compounds, MTBE and four biocides/pesticides (imidacloprid, thiacloprid, simazine, dichlorbenzamide [DCBA]) all analyzed samples were below the respective LOQ (see Supplementary Table S1 for LOQs). As shown in Figure 3, concentrations of organic micropollutants were highest for phthalates, dominated by diisodecyl + diisononyl phthalate (DIDP + DINP, technical mixture of phthalates replacing DEHP) with an average concentration for all samples of 12 ± 2.1 µg L−1. Figure 3 also indicates that the average stormwater sample contained a total of >20 µg L−1 in organic micropollutants (average sum of all analyzed organic micropollutants is 24 ± 2.6 µg L−1), with significantly higher concentrations for single events. For 6 parameters of organic micropollutants, the phthalates DIDP + DINP and DEHP, the flame-retardant TBEP, the sum of the 16 PAH and the stimulants caffeine and nicotine, average concentrations >1 µg L−1 were determined over all the samples and land-use types (see Table 4).



Figure 2 compares monitoring results to large European and US datasets for a number of organic micropollutants. In general, reported concentrations are well within 95%-prediction intervals of the presented data. However, there are a few noteworthy exceptions.



The most prominent biocide in this study, mecoprop, was found at ~100 times lower concentrations in French catchments. In turn, the biocide diuron was reported at 5 to 16-fold higher concentrations by Gasperi et al. [6] and Zgheib et al. [7] for France. Since both biocides are primarily used for algal/plant control on building materials, the difference may be due to regional use patterns of French and German roof/paint suppliers. Concentrations slightly above the 95%-prediction interval of this study were also reported by Gasperi et al. [6] for isoproturon and AMPA (metabolite of glyphosate), two pesticides / biocides, which have a predominant source in classical weed control. Again, different regional use patterns could possibly explain the observation. Generally, biocides of interest (average concentrations >0.05 µg L−1) that were found in this study include mecoprop, carbendazim, diuron, glyphosate, AMPA, terbutryn and terbuthylazin.



All PAH compounds reported in the French study by Zgheib et al. [7] are well within the 95%-bounds of this study, with the exception of naphthalene, which was found at 20-fold higher concentrations in Parisian stormwater. In contrast, most PAH compounds reported in the US study by Masoner et al. [9] were clearly above the 97.5% quantile of the concentrations in this study, probably due to higher traffic volumes in the US. PAH concentrations in this study (mean of ∑PAH16: 1.7 µg L−1) were dominated by fluoranthene and pyrene with maximum concentrations of 3.2 and 2.9 µg L−1, respectively.



PAH ratios for source evaluation proposed by Tobiszewski and Namieśnik [38] were determined and clearly show that PAH emissions in all the land-use types of this study are dominated by traffic (e.g., benzo[a]pyrene/benzo[ghi]perylene—ratio to distinguish between traffic (>0.6) and non-traffic (<0.6) emissions resulted in average values of 1.6 for STR and 1.2–1.4 for all other land-use types). Consequently, differences in naphthalene concentrations may be explained by other sources than vehicular combustion in the Paris study.



The phthalate DEHP was detected at significantly lower concentrations than in the US by Pitt et al. (2004), as well as in France by Zgheib et al. [7]. This may be explained by a shift in plasticizer use from DEHP to DIDP + DINP, as reported by Bartolomé et al. [39]. As a consequence, the concentration in DEHP is likely to decrease with every year, following the replacement of plasticizers.



Finally, the concentrations of the insect repellent DEET in stormwater runoff as reported by Masoner et al. [9] were 1–2 orders of magnitude higher compared to concentrations observed in this study, which could indicate a higher usage of DEET in the US compared to Berlin.




3.2.2. Land Use-Specific Differences


Surprisingly, each of the five land-use types showed highest mean concentrations for some organic micropollutants; i.e., the biocide mecoprop was highest in OLD, the pesticide isoproturon in OFH, the flame-retardant TBP in NEW, the phthalate DINP + DIDP in COM and PAH16 in STR. Overall, STR was the dominant land use for 22 out of 48 parameters in Table 4. However, this included 14 PAH. If only the sum parameter of PAH (PAH16) is considered, the five land-use types OLD, NEW, OFH, STR and COM showed the highest mean concentrations for 31%, 8%, 12%, 31% and 19% of the organic micropollutants in Table 4, respectively.



The observed differences among the five land-use types were also statistically significant for all but four tested organic micropollutants, based on the Kruskal–Wallis test (see Supplementary Table S3). Two exceptions were the artificial sweetener acesulfame (possibly from littered consumables such as chewing gums or soft drink bottles) and nicotine (from littered cigarette butts), indicating that littering seems to be equally distributed in Berlin. Of the organic micropollutants with significant differences, 52% of all the possible land-use pairs showed significant differences in pair-wise Dunn tests. This shows that in many cases differences were not just due to one land use with a particularly high or low value, but can be graduated. For instance, the flame retardant and plasticizer TBEP shows significant differences between three groups from highest concentrations in COM and NEW to medium ones in OLD to lowest concentrations in STR and OFH (see Supplementary Table S3).




3.2.3. Plausibility of Differences among Land-Use Types


Since most stormwater pollutants can have multiple sources it was impossible to fully explain the differences among the different monitoring sites. However, we tried to show that observed differences were likely to originate from different land use, based on few examples.



For biocides/pesticides, catchment specificity depends on individual compounds. Mecoprop is contained in high amounts in certain bituminous sealing membranes for roofs [40]. Consequently, it can be found in all catchments with roof runoff (all catchments beside STR, Figure 4 and Table 4). In turn, substances such as the fungicide carbendazim or the herbicide diuron are typical additives to exterior paints [22] and are consequently expected at elevated concentrations from plastered walls/facades (especially on insulated facades). To test this hypothesis, we estimated the area of plastered walls/facades with potential connection to storm sewers (direct connection to impervious surfaces, no front gardens or similar below facade) in all the monitoring catchments and found correlation coefficients R2 for land-use medians of carbendazim and diuron of 0.85 and 0.68, respectively. Yet another pattern is found for compounds such as isoproturon or glyphosate/AMPA, which are predominantly used as a pesticide for weed control. Consequently, isoproturon is mostly found in OFH, probably from use in private gardens by individual home owners. In Berlin, glyphosate is also used to keep sidewalks free of weeds. As a result, glyphosate and its metabolite AMPA were found at similar concentrations in most land-use types (Figure 4).



Organophosphates (flame retardants) such as TCPP and TBEP are expected mostly from insulation materials on buildings. As a consequence, they were highest in the commercial area, potentially due to more extensive application of insulation materials to the larger industrial buildings, ware houses and large retail stores, followed by the other densely built-up land use types NEW and OLD.



A number of organic micropollutants in stormwater are typically associated with traffic, such as PAH (combustion byproduct), benzothiazoles (vulcanizing accelerators from tire wear) or benzotriazoles (corrosion inhibitor). Also, in this study the compounds in these three groups were found in significantly higher concentrations in STR than for the other land-use types. However, the substances are found in stormwater runoff of all the five monitoring catchments, since the other four land-use types also contain small roads <7500 vehicles per day. Since smaller roads are not covered by the official traffic counts we did traffic estimates by following official counting protocols and found the highest traffic volumes in STR, followed by COM (due to deliveries and store costumers), the two inner city land uses OLD and NEW down to lowest traffic volumes in OFH. By correlating these traffic estimates for the five land-use types with substance medians we found expected correlations for PAH16 and benzothiazoles, with R2 of 0.83 and 0.85, respectively. Surprisingly, traffic counts showed even higher correlations for phthalates DINP + DIDP (R2 of 0.89) and DEHP (R2 of 0.98). After some research one explanation could be the application of plastisols (paste-like polyvinyl chloride, PVC, with high content of plasticizers) for protective undercoating of vehicles (9% of phthalate production in Western Europe, [41]), which might leach phthalates to a higher degree than plastics on buildings or in yards.



The above examples show that observed differences between the five monitoring catchments can be explained plausibly by sources, which are closely associated with the investigated five land-use types. However, for a number of organic micropollutants in Table 4, such as TBP, 2-Phenylphenol or 4-tert-butylphenol, (dominant) sources are unclear and therefore concentration patterns cannot be explained by known land-use differences




3.2.4. Wet Weather Grab Samples in the River


We detected 54 organic micropollutants also in the Panke river, including all substances which were found in >30% of stormwater runoff samples in Table 3. As shown in Figure 5, concentrations of most compounds in river samples taken during storm events are about one order of magnitude higher compared to concentrations at dry weather conditions, strongly suggesting that stormwater runoff is responsible for concentration peaks of these and many of the other substances during storm events. Exceptions are sewage-based tracer substances and benzotriazoles, which are present in the river due to minor upstream inlets of WWTP effluents and consequently are diluted by storm water. All other substance groups showed concentration increases during stormwater impacts by factors between 5 (phthalates and benzothiazoles) and 20 (PAH) with an average of 13.





3.3. Comparison with Environmental Quality Standards


Concentrations in stormwater runoff were compared with environmental quality standards (EQS) of the European Water Framework Directive (2013/39/EU, regulating DEHP, diuron, terbutryn, the PAH, Pb and Cd) as well as EQS of the National (German) Surface Water Directive ([42], regulating mecoprop and carbendazim) and EQS-suggestions by the German Federal Environmental Agency ([43], for Zn and Cu). EQS for surface waters were exceeded by catchment-specific average concentrations for one phthalate (DEHP), four biocides (carbendazim, mecoprop, diuron, terbutryn), four PAH (fluoranthene, benzo[a]pyrene, benzo[b]fluoranthene, benzo[ghi]perylene) and four heavy metals (Zn, Cu, Pb, Cd). For zinc and copper, dissolved fractions were 48% and 33%, respectively, resulting in maximum dissolved concentrations of 3000 µg L−1 and 150 µg L−1, which is remarkable in regard to environmental quality standards of 33 µg L−1 for zinc and 2.4 µg L−1 for copper recommended by the German EPA as maximum allowable concentrations [43]. However, whether toxicity thresholds are violated in receiving rivers depends on the mixing ratio between storm water runoff and stream flow.



In the case of the Panke river, maximum concentrations measured during storm events also exceeded the higher maximum allowable concentrations values (MAC-EQS) for eight of these compounds (zinc, copper, DEHP, carbendazim, mecoprop, fluoranthene, benzo[b]fluoranthene and benzo[ghi]perylene), highlighting the relevance of stormwater inputs for urban surface waters.



A number of substances in Table 4, such as DIDP + DINP or TBEP, are not regulated through EQS. In some cases, PNEC (predicted no effect concentration) values from literature could be compared, which indicated potentially low relevance for aquatic organisms from TBEP but high relevance from nicotine as PNEC values were exceeded both in stormwater runoff as well as in surface water of the Panke river during rain events.



Comparing the stormwater concentrations directly to EQS neglects dilution with river water as well as other (point) sources of pollution. Moreover, EQS are developed for long exposure times and it remains unclear how short but high concentration peaks during storm events should be assessed. For instance, maximum detected dissolved copper EMC of 150 µg L−1 (dissolved fraction: 33%) is more than 60-fold higher than the EQS of 2.4 µg L−1 proposed by the German EPA, but only occurs for a few hours. An example for organic micropollutants is fluoranthene with maximum concentrations in stormwater runoff of 3.2 µg L−1, which is more than 25-fold higher than the maximum allowable concentration (MAC) EQS (0.12 µg L−1) as set in the European Water Framework Directive and more than 500-fold higher compared to the annual average (AA) EQS (0.0063 µg L−1). Another important aspect is the fact that stormwater runoff does not contain single substances but a mix of >50 micropollutants with a total concentration of ~24 µg L−1 for organic micropollutants and of ~1.3 mg L−1 for heavy metals. Some studies indicated that such a mixture could either amplify or reduce the impact of single compounds [44].



Given these limitations, it is impossible to make a final judgment on the relevance of pollution from stormwater runoff for the ecology of urban surface waters. However, results show that stormwater runoff from very different urban land uses contains a large mix of substances, some of which are known to have detrimental effects on aquatic organisms. Although many compounds were measured in this study, new compounds will be found.





4. Conclusions


	
We detected 77 of 106 organic and inorganic micropollutants of different chemical groups and sources in 143 event-based samples of stormwater runoff from five different urban land use types.



	
The average stormwater runoff contained a mix of >50 micropollutants with a total concentration in the order of 10 µg L−1 for organic micropollutants and of 1 mg L−1 for heavy metals.



	
Event mean concentrations showed significant differences between land use types for ~90% of tested substances.



	
While road runoff was the most important source for some compounds such as polycyclic aromatic hydrocarbons or benzothiazole, all land-use types contained dominant sources for some micropollutants and cannot be neglected in pollution control strategies for stormwater.



	
For 13 compounds (including 4 heavy metals) average concentrations in stormwater runoff exceeded EQS, indicating a potential relevance of urban stormwater runoff for surface water pollution. For 8 compounds (including 2 heavy metals) maximum concentrations in an urban stream even exceeded maximum allowable concentrations of EQS, demonstrating the relevance of stormwater inputs for urban surface waters.



	
It is suggested that further research is undertaken on: (i) the toxicity of short concentration peaks of mixed substances; (ii) the role of stormwater pollutant loads to surface waters in comparison to other sources, such as waste water treatment plants, combined sewer overflows or agriculture; and (iii) on mitigation strategies, such as substance replacement or treatment at the source or further downstream.
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The following are available online at https://www.mdpi.com/article/10.3390/w13091312/s1, Figure S1: Schematic view of preparation of volume-proportional composite sample incorporating flow data measured in respective storm sewer during sampled rain event. Table S1: List of monitored substances, analytical methods, and limits of quantification (LOQ). Table S2: Results of Shapiro-Wilk test to test for normal distributions of concentrations per catchment type (prerequisite for application of analysis of variance (ANOVA)). Table S3: Results of Kruskal-Wallis test and Dunn test to test for significance of concentration differences between catchment types. Table S4: Overview of results of statistical analysis to evaluate the statistical significance of concentration differences. Red: concentrations significantly higher in comparison to at least 2 catchments, blue: concentrations significantly lower in comparison to at least 2 catchments.
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Figure 1. Land-use types and location of monitoring catchments in Berlin (Pictures © Google 2015, Geobasis-DE/BKG). 
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Figure 2. Comparison of means (black line) and 95% interval (grey area between 2.5% and 97.5% quantiles) with literature values on stormwater runoff in separated sewer systems. 
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Figure 3. Concentration boxplots of micropollutant groups (sum of all micropollutants per group, see Table 3) in stormwater of all 5 catchment types. Boxes show 25% and 75% quantiles with median as thick line, whiskers show 5%/95% quantiles, n is number of samples. 
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Figure 4. Concentration boxplots of selected biocides/pesticides (a) and DEHP, PAH and nicotine (b) by catchment type (OLD—old building areas, NEW—high-rise newer buildings, OFH—one-family houses, STR—streets >7500 vehicles/d, COM—commercial areas). Whiskers show 5%/95% quantiles. 
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Figure 5. Concentrations of selected substances during storm events (boxplots) and dry weather (open circles) in the urban river Panke. Whiskers show minimal and maximal values. 
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Table 1. Land-use types in Berlin considered for monitoring. All land use types beside streets (STR) include small residential roads <7500 vehicles per day.
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	Land Use Type
	Short Name
	Description
	Connected Impervious Area for Berlin [ha]
	Size of Catchments [ha] and Catchment Homogeneity [%]





	Old building areas
	OLD
	Block development with side wings and rear buildings, 4–6 storeys, 1870s to 1930s
	4139

24%
	31.2

88%



	New building areas
	NEW
	Block development >1950, multi-storey buildings of the 1960s to 1980s, new buildings >1990
	2702

16%
	16.2

99%



	One family houses
	OFH
	Single and twin-houses with gardens (mostly one-family homes)
	2247

13%
	16.7

96%



	Commercial areas
	COM
	Commercial and industrial areas, large-area retail
	3213

19%
	36.6

94%



	Streets
	STR
	Large streets >7500 vehicles per day
	1906

11%
	2.6

76%
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Table 2. Rain event characteristics of sampled events. Min–max (median).
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	Rain Depth

[mm]
	Duration

[h]
	Max. Intensity

[mm/h]
	Mean Intensity

[mm/h]
	ADD 1

[d]





	OLD (n = 35)
	0.4–13.8 (4.4)
	0.5–8.5 (3.0)
	1.2–25.2 (4.2)
	0.1–1.1 (0.2)
	0.1–16.8 (2.6)



	NEW (n = 27)
	1.7–11.1 (4.6)
	0.3–5.8 (2.7)
	1.2–48.6 (6.0)
	0.1–2.2 (0.3)
	0.3–23.7 (2.8)



	OFH (n = 18)
	1.4–13.7 (7.5)
	0.5–7.3 (2.3)
	4.8–56.4 (10.2)
	0.1–3.3 (0.5)
	0.2–59.1 (7.9)



	COM (n = 38)
	0.7–9.3 (3.2)
	0.3–7.5 (2.8)
	0.2–4.2 (0.8)
	0.1–1.2 (0.2)
	0.2–33.2 (2.7)



	STR (n = 18)
	2.5–17.1 (6.6)
	0.6–5.8 (1.5)
	0.6–11.1 (1.8)
	0.3–1.6 (0.6)
	0.2–31.9 (0.9)







Rain data collected by rain gauge network of Berlin waterworks (>40 gauges)—gauge with best correlation between rain depth and event volume in storm sewer was chosen (distances to monitoring sites: 2–6 km); 1 ADD: antecedent dry days.
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Table 3. Overview of analyzed substances and parameter groups.
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	Standard parameters (6)
	total suspended solids (TSS), biological oxygen demand (BOD), chemical oxygen demand (COD), Ptotal, orthophosphate, ammonium 1



	Phthalates (8)
	benzylbutylphthalate (BBP), dibutylphthalate (DBP), dioctylphthalate (DOP), diethylphthalate (DEP), dimethylphthalate (DMP), diethylhexylphthalate (DEHP), di-iso-decylphthalate + di-iso-nonylphthalate (DIDP + DINP)



	Organophosphates (6)
	tri-butylphostphate (TBP), tris(2-chloroethyl)phosphate (TCEP), tris(2-butoxyethyl) phosphate (TBEP), tris(2-chloro-propyl) phosphate (TCPP), tris(1,3-dichloro-2-propyl)phosphate (TDCP)



	Biocides/pesticides (20)
	carbendazim, cybutryn, diazinon, diuron, tebuconazol, 2,4-D, isoproturon, 2,6-dichlorbenzamide, glyphosate, AMPA, mecoprop, terbutryn, thiacloprid, DEET, imidacloprid 1,2, simazine 1,3, terbutylazine 1,3, desethylterbutylazine 1,3, benzisothiazolinone 1,3 (BIT), octylisothiazolinone 1,3 (OIT)



	Polycyclic aromatic hydrocarbons (16)
	naphthalene, acenaphthylene, acenaphthene, phenanthrene, fluorene, anthracene, fluoranthene, pyrene, chrysene, benzo[a]anthracene, benzo[b+k]fluoranthene, benzo[a]pyrene, dibenz[a,h]anthracene, benzo[g,h,i]perylene, Indeno [1,2,3-c,d]pyrene



	Polybrominated diphenyl ethers 4 (9)
	BDE 28, 47, 99, 100, 153, 154, heptabromdiphenylether (Hepta-BDE), decabromdiphenylether (Deca-BDE), hexabromcyclododecan (HBCDD)



	Organotin compounds 4 (5)
	monobutyltin, dibutyltin, tributyltin, tetrabutyltin, triphenyltin



	Polychlorinated biphenyls 4 (7)
	PCB 28, 52, 101, 118, 138, 153, 180



	Industrial chemicals (15)
	alkylphenols (nonylphenol, phenylphenol, 4-tert-octylphenol, 4-tert-butylphenol), bisphenol A, bisphenol F, methyl-tert-butylether (MTBE) 4, benzothiazole, hydroxybenzothiazole, methylthiobenzothiazole (MTBT), benzotriazole, tolyltriazole, PFOS, PFOA



	Heavy metals (8)
	zinc, cadmium, chrome, copper, nickel, titanium, vanadium, lead



	Tracer substances (5)
	acesulfame, formylaminoantipyrin (FAA), carbamazepine, caffeine, gabapentine



	Others
	Nicotine 1,3







1 added during monitoring; 2 only single values available; 3 retroactively quantified in frozen backup samples; 4 analysis suspended after 3 months as all results <LOQ (limit of quantification).
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Table 4. Concentrations of standard parameters and micropollutants in stormwater runoff of different catchment types (only substances with >30% of all samples above LOQ). See Table 3 for acronyms.
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OLD

	
NEW

	
OFH

	
STR

	
COM

	
All Samples




	

	

	
Mean

	
(Max)

	
Mean

	
(Max)

	
Mean

	
(Max)

	
Mean

	
(Max)

	
Mean

	
(Max)

	
Mean

	
(Max)

	
N






	
TSS

	
mg L−1

	
86

	
(293)

	
68

	
(352)

	
107

	
(401)

	
368

	
(1330)

	
98

	
(850)

	
124

	
(1330)

	
142




	
COD

	
mg L−1

	
123

	
(532)

	
89

	
(354)

	
90

	
(254)

	
244

	
(601)

	
82

	
(301)

	
115

	
(601)

	
121




	
BOD

	
mg L−1

	
45

	
(160)

	
16

	
(55)

	
15

	
(34)

	
22

	
(73)

	
11

	
(47)

	
22

	
(160)

	
56




	
Ammonium

	
mg L−1

	
0.58

	
(1.0)

	
0.47

	
(1.1)

	
0.77

	
(1.1)

	
0.40

	
(0.64)

	
0.49

	
(0.74)

	
0.51

	
(1.1)

	
34




	
Total Phosphorus

	
mg L−1

	
0.55

	
(2.2)

	
0.32

	
(0.92)

	
0.56

	
(1.1)

	
0.81

	
(2.0)

	
0.27

	
(0.96)

	
0.45

	
(2.2)

	
141




	
Orthophosphate

	
mg L−1

	
0.10

	
(0.50)

	
0.038

	
(0.15)

	
0.2

	
(0.51)

	
0.044

	
(0.087)

	
0.046

	
(0.24)

	
0.078

	
(0.51)

	
81




	
Zinc

	
µg L−1

	
1000

	
(2600)

	
147

	
(370)

	
259

	
(520)

	
574

	
(1500)

	
1979

	
(10,000)

	
954

	
(10,000)

	
142




	
Copper

	
µg L−1

	
56

	
(200)

	
77

	
(180)

	
104

	
(220)

	
188

	
(500)

	
645

	
(5300)

	
253

	
(5300)

	
142




	
Lead

	
µg L−1

	
42

	
(130)

	
14

	
(42)

	
28

	
(52)

	
53

	
(140)

	
142

	
(780)

	
68

	
(780)

	
119




	
Titanium

	
µg L−1

	
35

	
(130)

	
27

	
(110)

	
38

	
(100)

	
179

	
(480)

	
44

	
(290)

	
55

	
(480)

	
142




	
Chrome

	
µg L−1

	
4.5

	
(9.3)

	
3.7

	
(11)

	
5.5

	
(8.3)

	
30

	
(77)

	
9.4

	
(53)

	
11

	
(77)

	
90




	
Nickel

	
µg L−1

	
3.6

	
(10)

	
3.9

	
(12)

	
5.5

	
(12)

	
15

	
(37)

	
9.5

	
(33)

	
7.8

	
(37)

	
80




	
Vanadium

	
µg L−1

	
3.1

	
(7.8)

	
3.6

	
(9.6)

	
4.5

	
(8.3)

	
16

	
(41)

	
4.9

	
(22)

	
6.3

	
(41)

	
73




	
Cadmium

	
µg L−1

	
0.24

	
(0.63)

	
0.23

	
(0.65)

	
0.22

	
(0.38)

	
0.61

	
(1.5)

	
1.2

	
(4.0)

	
0.61

	
(4.0)

	
69




	
Caffeine

	
µg L−1

	
1.6

	
(4.9)

	
0.7

	
(1.6)

	
0.81

	
(2.4)

	
1.1

	
(4.3)

	
1.5

	
(4.1)

	
1.2

	
(4.9)

	
90




	
Acesulfame

	
µg L−1

	
0.46

	
(1.8)

	
0.11

	
(0.37)

	
0.3

	
(1.1)

	
0.12

	
(0.5)

	
0.27

	
(1.8)

	
0.26

	
(1.8)

	
94




	
TBEP

	
µg L−1

	
2.2

	
(5.6)

	
1.2

	
(3.1)

	
0.19

	
(0.4)

	
0.26

	
(0.45)

	
2.9

	
(40)

	
1.5

	
(40)

	
82




	
TCPP

	
µg L−1

	
0.47

	
(1.5)

	
0.4

	
(1.1)

	
0.17

	
(0.48)

	
0.29

	
(0.65)

	
0.56

	
(2.7)

	
0.4

	
(2.7)

	
80




	
TBP

	
µg L−1

	
0.11

	
(0.66)

	
0.14

	
(0.47)

	
0.056

	
(0.14)

	
0.1

	
(0.42)

	
0.077

	
(0.34)

	
0.1

	
(0.66)

	
92




	
DIDP+DINP

	
µg L−1

	
5.7

	
(21)

	
3.1

	
(7.9)

	
3.6

	
(7.4)

	
17

	
(46)

	
27

	
(130)

	
12

	
(130)

	
88




	
DEHP

	
µg L−1

	
1.4

	
(11)

	
0.74

	
(2.2)

	
0.75

	
(2.2)

	
3.7

	
(14)

	
2.2

	
(13)

	
1.7

	
(14)

	
92




	
Mecoprop

	
µg L−1

	
1.0

	
(6.9)

	
0.62

	
(3.4)

	
0.35

	
(1.4)

	
n.d.

	

	
0.32

	
(1.9)

	
0.51

	
(6.9)

	
94




	
Glyphosate

	
µg L−1

	
0.68

	
(4.6)

	
0.051

	
(0.17)

	
0.25

	
(0.97)

	
0.2

	
(0.84)

	
0.4

	
(3.4)

	
0.34

	
(4.6)

	
94




	
Carbendazim

	
µg L−1

	
0.37

	
(1.5)

	
0.016

	
(0.06)

	
0.12

	
(0.76)

	
0.024

	
(0.07)

	
0.048

	
(0.14)

	
0.13

	
(1.5)

	
94




	
AMPA

	
µg L−1

	
0.13

	
(0.43)

	
0.052

	
(0.1)

	
0.11

	
(0.31)

	
0.062

	
(0.11)

	
0.2

	
(0.76)

	
0.12

	
(0.76)

	
93




	
Isoproturon

	
µg L−1

	
0.017

	
(0.05)

	
0.016

	
(0.03)

	
0.045

	
(0.12)

	
0.023

	
(0.08)

	
n.d.

	

	
0.018

	
(0.12)

	
94




	
Benzisothiazolinone

	
µg L−1

	
0.023

	
(0.07)

	
0.19

	
(1.6)

	
0.17

	
(1.3)

	
0.05

	
(0.24)

	
0.05

	
(0.47)

	
0.088

	
(1.6)

	
62




	
Diuron

	
µg L−1

	
0.2

	
(0.60)

	
n.d.

	

	
0.089

	
(0.30)

	
0.058

	
(0.26)

	
0.026

	
(0.19)

	
0.076

	
(0.6)

	
94




	
Desethylterbutylazine

	
µg L−1

	
0.071

	
(0.30)

	
0.041

	
(0.20)

	
0.054

	
(0.21)

	
0.077

	
(0.24)

	
0.056

	
(0.19)

	
0.06

	
(0.30)

	
54




	
Terbuthylazine

	
µg L−1

	
0.06

	
(0.23)

	
0.05

	
(0.26)

	
0.066

	
(0.22)

	
0.077

	
(0.21)

	
0.053

	
(0.21)

	
0.06

	
(0.26)

	
54




	
Terbutryn

	
µg L−1

	
0.092

	
(0.28)

	
0.011

	
(0.03)

	
0.11

	
(0.36)

	
0.01

	
(0.03)

	
0.035

	
(0.06)

	
0.051

	
(0.36)

	
94




	
DEET

	
µg L−1

	
0.036

	
(0.15)

	
0.027

	
(0.09)

	
0.027

	
(0.08)

	
0.034

	
(0.12)

	
0.033

	
(0.20)

	
0.032

	
(0.20)

	
74




	
Hydroxybenzothiazol

	
µg L−1

	
0.37

	
(0.83)

	
0.25

	
(0.76)

	
0.3

	
(0.96)

	
1.7

	
(4.7)

	
0.41

	
(1.13)

	
0.56

	
(4.7)

	
89




	
Benzothiazole

	
µg L−1

	
0.35

	
(0.74)

	
0.35

	
(0.74)

	
0.4

	
(0.80)

	
1.1

	
(3.2)

	
0.58

	
(1.5)

	
0.54

	
(3.2)

	
86




	
Benzotriazole

	
µg L−1

	
0.7

	
(3.6)

	
0.36

	
(0.90)

	
0.16

	
(0.32)

	
0.82

	
(2.0)

	
0.22

	
(0.62)

	
0.45

	
(3.6)

	
93




	
Tolyltriazoles

	
µg L−1

	
0.43

	
(1.9)

	
0.33

	
(0.71)

	
0.42

	
(1.3)

	
0.96

	
(1.9)

	
0.22

	
(1.2)

	
0.43

	
(1.9)

	
94




	
2-Phenylphenol

	
µg L−1

	
0.24

	
(1.3)

	
0.24

	
(1.9)

	
0.32

	
(1.6)

	
0.26

	
(0.9)

	
0.29

	
(1.0)

	
0.27

	
(1.9)

	
76




	
MTBT

	
µg L−1

	
0.24

	
(0.54)

	
0.12

	
(0.19)

	
0.21

	
(0.44)

	
0.19

	
(0.35)

	
0.1

	
(0.21)

	
0.17

	
(0.54)

	
85




	
4-tert-Butylphenol

	
µg L−1

	
0.078

	
(0.30)

	
0.064

	
(0.20)

	
0.075

	
(0.20)

	
0.053

	
(0.10)

	
0.17

	
(1.0)

	
0.093

	
(1.0)

	
69




	
PAH 16

	
µg L−1

	
2.2

	
(8.3)

	
0.57

	
(2.9)

	
0.50

	
(2.0)

	
4.1

	
(11)

	
1.6

	
(4.3)

	
1.7

	
(11)

	
94




	
Fluoranthene

	
µg L−1

	
0.50

	
(1.8)

	
0.12

	
(0.64)

	
0.10

	
(0.42)

	
1.0

	
(3.2)

	
0.35

	
(1.0)

	
0.4

	
(3.2)

	
94




	
Pyrene

	
µg L−1

	
0.42

	
(1.6)

	
0.1

	
(0.57)

	
0.084

	
(0.35)

	
0.9

	
(2.9)

	
0.28

	
(0.84)

	
0.34

	
(2.9)

	
94




	
Chrysene

	
µg L−1

	
0.22

	
(0.99)

	
0.07

	
(0.41)

	
0.061

	
(0.23)

	
0.36

	
(0.80)

	
0.17

	
(0.42)

	
0.17

	
(0.99)

	
94




	
Phenanthrene

	
µg L−1

	
0.24

	
(0.70)

	
0.07

	
(0.31)

	
0.048

	
(0.18)

	
0.34

	
(0.67)

	
0.14

	
(0.33)

	
0.16

	
(0.70)

	
94




	
Benzo[b]fluoranthene

	
µg L−1

	
0.19

	
(0.51)

	
0.066

	
(0.27)

	
0.065

	
(0.21)

	
0.34

	
(0.64)

	
0.17

	
(0.39)

	
0.16

	
(0.64)

	
94




	
Benzo[a]anthracene

	
µg L−1

	
0.19

	
(0.65)

	
0.061

	
(0.22)

	
0.053

	
(0.18)

	
0.28

	
(0.60)

	
0.15

	
(0.34)

	
0.14

	
(0.65)

	
94




	
Benzo[a]pyrene

	
µg L−1

	
0.13

	
(0.69)

	
0.023

	
(0.14)

	
0.023

	
(0.095)

	
0.22

	
(0.77)

	
0.065

	
(0.26)

	
0.088

	
(0.77)

	
94




	
Indeno[1,2,3c,d]pyrene

	
µg L−1

	
0.10

	
(0.32)

	
0.028

	
(0.10)

	
0.025

	
(0.087)

	
0.13

	
(0.37)

	
0.079

	
(0.22)

	
0.073

	
(0.37)

	
94




	
Benzo[g,h,i]perylene

	
µg L−1

	
0.093

	
(0.46)

	
0.018

	
(0.093)

	
0.02

	
(0.075)

	
0.13

	
(0.36)

	
0.053

	
(0.22)

	
0.062

	
(0.46)

	
94




	
Benzo[k]fluoranthene

	
µg L−1

	
0.072

	
(0.33)

	
0.018

	
(0.089)

	
0.016

	
(0.059)

	
0.17

	
(0.57)

	
0.051

	
(0.21)

	
0.061

	
(0.57)

	
94




	
Anthracene

	
µg L−1

	
0.042

	
(0.14)

	
0.011

	
(0.038)

	
0.0085

	
(0.034)

	
0.067

	
(0.24)

	
0.024

	
(0.085)

	
0.029

	
(0.24)

	
94




	
Dibenz[a,h]anthracene

	
µg L−1

	
0.023

	
(0.10)

	
0.0059

	
(0.012)

	
0.0071

	
(0.021)

	
0.046

	
(0.14)

	
0.015

	
(0.062)

	
0.018

	
(0.14)

	
94




	
Fluorene

	
µg L−1

	
0.023

	
(0.067)

	
0.0075

	
(0.023)

	
0.0064

	
(0.018)

	
0.029

	
(0.091)

	
0.018

	
(0.074)

	
0.017

	
(0.091)

	
94




	
Nicotine

	
µg L−1

	
1.3

	
(4.8)

	
1.5

	
(7.9)

	
0.36

	
(1.5)

	
2.6

	
(7.4)

	
0.89

	
(4.2)

	
1.3

	
(7.9)

	
83








n.d.—not detected; In each section substances are listed in decreasing order of “All samples” mean.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
'SsIp qd

ajouaydjAuoN

‘SSIP IN

Vd3 91 HVd

dH3d

d34l

SUIOOIN

auIayeD

'SSIp BA
'SSIp 4D

PO

wniuowiwy

doudoosp

ajozeuyAjo

auayjueion|

alesoydA|n
aualid

dad

auasAiyn

auaiyjueusyd

auayjueionji[glozuag

'SSIp PO

auaoelyjue[elozuag

wizepuagJe)

Mean, present data set
Median, Pitt et al. 2004

Mean, Brombach & Fuchs 2003

Mean, Gasperi et al. 2014

@)

A

Median, Zgheib et al. 2012
Median, Masoner et al. 20_19

v

e

YdAY

dal

d3d

[ouaydjA100-L8)-
ddal

V |ousydsig

lousydifing-Lis)-

aualAd[e]ozueg

d301

uoaniqg

aualAd[p‘o-g‘z‘L]ouapul

us|Aiad[i‘y‘blozusg

auayjueioniy]ozusg

4 |ouaydsig

dAd

1330

ausoeIyuy

d0dl

aunuadeqes

ausoelyue[y‘ejzuaqiqg

L —
_—a—//

uoinjoidos|
aualion|4

ausjAyydeusoy

auajeyiydeN

auayjydeuaoy

LB B | LLLLILRL I B (LLLI L B LLLL L L 0L UL L B (LLLLJLBL B B (LLLLILL LB |LLLEIL NI B

10°

10*

~—

o

™ o
o o
— — -—

o
o

-

e
-V

~
1

10

[,.7 67] suopesjussuo)

auldezeweqie)






nav.xhtml


  water-13-01312


  
    		
      water-13-01312
    


  




  





media/file2.png
B OLD: Old building areas < 1930

[ NEW: Newer building areas > 1950
B o
(]

FH: One-family houses with gardens
COM: Commercial areas
[ STR: Streets >7500 vehicles/d






media/file5.jpg
© o

. “ o

E o P

E . o

iy + i s

I. S
- W e

e on e DR | L] f
e s e it G s e 1 s e
e Gt o o ompots ol






media/file3.jpg
111111

Iszifzgssznggs;ség-ﬁzﬁs&*ﬁzgzirmfﬁ?éﬁ"“*“&“*‘“*





media/file1.jpg
L0: 0idbdingaeas < 1930






media/file7.jpg
@

®





media/file10.png
¢ dry weather
B wet weather

—_—p -

M=12

||||||||||

||||||||||

||||||||||

||||||||||

||||||||||

1000
100

10

01

[7/6r] uonequaauon

0.01

0.001

usjilad[iyblozuag

uayjueltonj[qlozuag

uayjueion|

doidoosy

wizepuagien

OUNOJIN

dH3d

no

Utz





media/file9.jpg
$] - uerkediuslozueg

' ary weamer
= et e

i ]
S0 | vewwenigozueg
ot
S0 E—
%’
O |- doxdosory

- wizepusqieo

|- ounoay

b dHaa

n

b ouz

[V uopeauesuod





media/file0.png





media/file8.png
Nicotine

Sum PAH 16

DEHP

— —~~
© =
p
@
el
(41}
7))
O
i -
s
) Z
_. ............................................
.
o | . b4l _____ o
3 : -
-- 9 o f----
@
1k -
e — .
£
N
TN TTY g RN
I T 1l T 11l 1
ceetce 8 ceetce
O=Ty= b A= Ty=
0555 O 0555
| | | | | | | [ | | |





media/file6.png
Hg/L

10

: E -
— <0.01 <0.01 <0.05
—— __‘ pg/L Hg/L /L
n=93 n=93 n=93 n=93 n=93 n=16 n=16 n=16
Organo- Pesticides Industrial PAH 16 Others Organotin PBDE PCB

phosphates Biocides chemicals

(Nicotine) compounds

50

45

40

35

30

20

Phthalates

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

n=143

Heavy
Metals






