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Abstract

:

Water monitoring is key to determining the presence of potentially hazardous substances related to urban activities and intensive farming. This research aimed to perform a long-term (four years) quantitative monitoring of selected antibiotics (azithromycin, enrofloxacin, trimethoprim and sulfadiazine) both in rivers and wastewaters belonging to the Ebro River basin (North of Spain). The target antibiotics were chosen on the basis of a preliminary multispecies screening. The analysis of the antibiotics was carried out by LC-MS/MS on wastewater-treatment plant (WWTP) effluent, effluents of a slaughterhouse and hospital, rivers downstream and upstream of these WWTPs, and rivers close to extensive farming areas. The ANOVA test was performed to study the significant differences between the points exposed to concrete emission sources and antibiotic concentration. The monitoring, carried out from 2018 to 2020, has been essential to illustrating the presence of the most abundant antibiotics that were detected in the Ebro River basin. Enrofloxacin has appeared in river waters in significant concentrations, especially near intensive farming, meanwhile azithromycin has been frequently detected in wastewaters.
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1. Introduction


The presence of emerging pollutants such as antibiotics and their metabolites have been demonstrated in natural waters in recent years. It is a consequence of the improvement of the analytical methods, which allow the quantification of these substances at concentrations down to the ng/L level by using tandem mass spectrometry (HPLC/MS/MS) [1,2,3,4]. These compounds enter the water cycle when they are partially metabolized and excreted by humans and animals. According to the bibliography, more than a half of administered antibiotics, as well as their metabolites, are introduced into urban wastewater [5,6,7].



It is widely known that conventional treatments applied in WWTPs are not planned to eliminate antibiotics; however, some processes involved in the treatment, such as biological and adsorption processes, tend to significantly reduce their concentration [8]. Conventional treatments usually do not achieve removal performances superior to 50–80%, depending of the physicochemical characteristics of each antibiotic and the type of treatment [8,9,10]. As a result, antibiotics and their metabolites are inevitably emitted into receiving rivers. WWTP effluents are an important emission source to the environment [11,12]. On the other hand, it should be mentioned that not only WWTPs are related to antibiotic pollution in waters. In fact, according to the European Centre for Disease Prevention and Control, the European Food Safety Authority, and the European Medicines Agency, the majority of antibiotics in Europe are consumed by animals [13], despite the fact that the preventive use of antibiotics in groups of animals is not allowed in the EC Regulation N° 2019/6 [14]. The environmental impact of antibiotics is expected to be especially acute in areas of farming and indeed, intensive farming represents one of the main sources of antibiotic pollution and the spread of gene resistance, since animals contribute to the dissemination of antibiotic-resistant genes (ARGs) in surface waters through the stool excretion during the free grazing [7]. Thus, it is very important to determine the real emission sources of antibiotics in a specific area.



Antibiotic impact on the aquatic environment has been widely discussed during the last decade [11,15,16,17,18]. These antibiotics are found in wastewater surface waters, plants and animals [19,20,21,22], confirming their introduction and persistence in the environment and ecosystem.



Nevertheless, the most important issue related to antibiotics is the development of antibiotic resistance, which occurs when bacteria and other microorganisms evolve and are no longer sensitive to medicines, resulting in infections that are hard to treat and increasing death risk [11,23,24]. This problem is mainly due to the misuse of antibiotics, which are excessively applied for human and veterinary treatments [25,26,27,28]. Antibiotic resistance is a significant public-health threat nowadays, since the coronavirus disease (COVID-19) has additionally contributed to the use of antibiotics and their subsequent emission into surface waters [29,30].



Despite the introduction of the Spanish National Plan against Antibiotic Resistance in 2014, which contributed to the reduction of 48% in the overall consumption of antimicrobial agents for veterinary use from 2014 to 2018 [29], the presence of antibiotics continues to be reported in surface waters, groundwater, and treated and untreated waters [8,16,31,32,33].



The occurrence of a wide variety of antibiotics has been reported in the North of Spain for many years [32,33]. However, little research has been carried out for systematically monitoring the most frequently detected antibiotics in this specific area. The main objective of this research was to establish a comprehensive long-term study of antibiotic presence in surface waters and wastewaters, determining their emission sources, seasonal behavior, and comparing with other reports.



This paper examines the concentration of enrofloxacin, azithromycin, sulfadiazine, and trimethoprim in 17 rivers, which are located near urban areas and intensive farming, wastewaters including the effluents and affluent of three WWTPs, and also hospital and slaughterhouses effluents. Moreover, the results are compared with other monitoring programs carried out in Ebro basin river and Europe.




2. Materials and Methods


2.1. Study Area


The Ebro River basin is located in the northeast of Spain (Figure 1). The extension is 85,000 km2 flowing out into the Mediterranean Sea, in the Province of Tarragona. In the Iberian peninsula, the Ebro ranks second in length after the Tajo River and second in discharge volume and drainage basin after the Duero River. It is the longest river entirely within Spain. The importance of studying this basin lies in the fact that it encompasses more than twenty urban areas, including large areas such as Pamplona, Zaragoza and Logroño. Moreover, one of the main economic activities of most of these areas is animal farming.



The area involved in this study includes 20 surface-water-sampling points corresponding to 17 rivers from the Ebro River basin (Spain), which are listed in Table 1 and shown in Figure 1. The selection criteria for surface-water-sampling points were: (i) their proximity to poultry- and pig-intensive farms (Figure 2 and Figure 3) and their selection was carried out in collaboration with the Ebro Hydrographic Confederation; (ii) their proximity to WWTPs, taking a sample upstream from the WWTP discharge and another one downstream.



Surface-water-sampling points were also characterized by the livestock and WWTP pressure associated with their location, which were determined by the Ebro Hydrographic Confederation, the organism that manages water quality in Ebro River basin. They characterized the rivers according to punctual and diffuse sources of pollution in four levels: null, low, medium and high [34].



Complementarily, this study monitored the affluent and effluent of three WWTPs, as well as one hospital and three slaughterhouse effluents twice a year over the period of 2018–2021. The characteristics of the studied WWTPs are given in Table 2. In summary, a total of 30 sampling points was examined. Out of these, 2/3 corresponded to surface waters and 1/3 to wastewaters.




2.2. Antibiotic Selection


The first selection criterion was a revision of the literature, determining which antibiotics show the most significant sales and use in Spain. It should be mentioned that several previous studies have been carried out on the surface waters of the Ebro River basin related to monitoring selected emerging pollutants, such as microplastics [35] or pharmaceuticals [32,36], and sulfonamide residues [37]. Several authors have also studied the presence of pharmaceuticals in wastewater-treatment plants located in the Ebro River [32], including some antibiotics [32,36]. According to the most recent studies, trimethoprims, macrolides, sulfonamides and fluoroquinolones are four of the most detected antibiotic groups in Spanish and European rivers and wastewaters [11]. The literature reports the concentrations of antibiotics up to µg/L for: sulfonamides [32], trimethoprim [38,39] fluoroquinolones [26] and macrolides [32,36,40], which all represent a potentially significant risk for the environment. The European Medicines Agency (EMA) annually publishes a report on the sales and use of veterinary antibiotics within the framework of the European Surveillance Survey of the Consumption of Veterinary Antimicrobial Medicines (ESVAC). According to the last ESVAC report, sales of tetracycline, penicillin, and sulfonamides represented almost 70% of all antibiotics sold in Europe [41].



The first step to establish a target antibiotic for quantitative analysis is a qualitative screening, which was carried out in the spring of 2018. Its results were grouped by antibiotic families, due to the great variety of antibiotics detected. As revealed in Figure 4, fluoroquinolones were the most detected species with enrofloxacin present in 70% of the samples. The second group of antibiotics that was more frequently detected is the family of sulfonamides (present in 30% of the samples). Sulfadiazine was detected in more than 70% of the samples. Finally, trimethoprim and azithromycin were present in 60% and 55% of the samples, respectively. As a result of the screening data, sulfadiazine (sulfonamide), enrofloxacin (fluoroquinolone), trimethoprim (trimethoprim) and azithromycin (macrolide) were selected as target antibiotics for quantitative analysis. Table 3 shows the group and CAS numbers as well as physicochemical properties of the target antibiotics, (acid-dissociation constant (pKa), molecular weight and molecular structure).




2.3. Sampling, Conditioning and Conservation Procedure


The main difficulties surrounding environmental aqueous samples are the lack of representativeness and repeatability of the matrix and the integrity of the sample. Consequently, in this research, samples were taken in spring and autumn for 4 years (2018–2021) and a storage procedure was developed to guarantee their integrity. According to the methodology USEPA1694 [42], 2 L of samples were taken in amber glass bottles to avoid possible UV degradation of the antibiotic. Moreover, bottles were filled to overflowing to minimize the presence of oxygen in the sample, which could also degrade the antibiotics. Samples were filtered in two stages, at first to avoid larger solids, by using glass fiber filters of Øp = 1.6 μm and, then using GVS nylon filters with a smaller pore size Øp = 0.45 μm [43,44]. Immediately after the sampling, the samples were placed in an ice-cold refrigerator. Subsequently, samples were refrigerated at 4 °C.




2.4. Antibiotic Quantification


The analytes were preconcentrated by solid-phase extraction. OASIS HLB, waters were conditioned with 32 mL of MeOH and 12 mL of water (pH 2 + 0.5). A 250 mL sample volume was loaded, and the retained species were eluted with MeOH (25 mL). The antibiotic concentration was determined by liquid chromatography coupled to a tandem mass spectrometer (LC-MS/MS). Samples were diluted to 1:1 with 0.1% (w/v) formic acid/methanol/acetonitrile (0.8/0.1/0.1 w/v), prior to LC-MS/MS analysis. Chromatographic separations were carried out using an Ultimate 3000 RSLC system (Thermo Fisher Scientific, Lyon, France). A 2.6 µm column Accucore C18 (100 × 2.1 mm) was used for the analysis. The mobile phases were (A) 0.4% formic acid and 5 mM ammonium formate and (B) 1: 1 (v/v) MeOH/ACN. A 20 µL sample aliquot was injected. The detection was performed by a QExactive Plus mass spectrometer (Thermo Fisher Scientific, Lyon, France). Resolution was 70,000. Operation was chosen in positive-ion selective monitoring. Samples were examined in triplicate. The limits of quantification and detection of selected antibiotics were: 2.0 ng/L for azithromycin, 1.2 ng/L for enrofloxacin, 0.8 ng/L for sulfadiazine and trimethoprim, and the limits of quantification were: 6.5 ng/L for azithromycin, 3.7 ng/L for enrofloxacin, 2.5 ng/L for sulfadiazine and trimethoprim.




2.5. Statistical Analysis


To complement this study, we studied the frequency of detection of the selected antibiotics, the average concentration among the 6 campaigns, the quartile values, the quartile differences of the average concentrations, and the mean and median for each antibiotic in surface-water-, WWTP- and wastewater-sampling points. The data were treated with Microsoft Excel, using this software to perform the ANOVA test between the points exposed to concrete emission sources and antibiotic concentration (p-value < 0.05 for significant differences, [45]). Complementarilyy, Tukey’s honestly significant-difference test (Turkey’s HSD) was used to determine significant differences between the concentration of selected antibiotics.





3. Results


3.1. Antibiotics Presence in Surface Waters


The overall results obtained for the concentrations of the target antibiotics in all surface-water-sampling points (2018–2021) are shown in Figure 5a. For a more detailed interpretation of the results, the data were processed by grouping the surface-water-sampling points into the different sub-basins that form the Ebro River basin (Figure 5b). It should be noticed that the boxplots of antibiotic concentrations have been elaborated by the concentration results shown in Tables S1–S4 from the different sampling campaigns. Unusual values are not represented in the boxplot graphs.



In order to complement the statistical analysis of this research, Tables S1–S4 list quantitative antibiotic-concentration results obtained during the 6 sampling campaigns that were carried out. Figure S1 shows the river flows of the six sampling campaigns. According to Figure 5a, enrofloxacin and sulfadiazine were frequently detected in concentrations from 20–180 ng/L in the surface-water-sampling points.



Tables S4–S6 present the ANOVA and Turkey’s HSD test results in high-livestock-pressure sampling points. Significant differences (p-value < 0.05) were found between the enrofloxacin concentration and the rest of antibiotic concentrations at points that represent high-livestock-pressure sampling points. This result, coupled to the high concentration detected of this veterinary-use antibiotic, in comparison with the rest of the selected antibiotics, points to the fact that the fluoroquinolone was present in higher concentration than the rest of the antibiotics in rivers near intensive-farming areas.



In addition, the sampling point ASE_19 can be considered as a reference point, because it is the only one that presents low wastewater pressure and low livestock pressure. As a result, the ANOVA test was used for the concentration of the different drugs at this point and others with medium or high livestock pressure. Significant differences (p-value < 0.05) were found for sulfadiazine concentration. The levels of drugs at this point were lower than the rest of the points in this study, except for enrofloxacin in the spring of 2019, which presented an unusual concentration (Table S2).



ANOVA and Turkey’s HSD test results in high-WWTP-pressure sampling points showed that a significant difference between the points exposed to this kind of pressure and the concentration of individual antibiotics in rivers does not exist. However, as revealed by Figure 5b, the areas that present the highest total concentrations of antibiotics are Arga, Ebro and Ega, which present a medium-high WWTP pressure.



In the Alcanadre River sub-basin, 46 ng/L average concentration of azithromycin appeared in Flumen River (Table S3). Moreover, the presence of enrofloxacin, trimethoprim and amoxicillin was also detected in concentrations close to the quantification limit; this might be associated with the presence of pig farms and low-flow rivers. In terms of detection frequency, sulfadiazine appeared in 40% of the samples, enrofloxacin in 20% of the surface-water-sampling points; these antibiotics can be associated with the presence of pig farms. In fact, trimethoprim was present only in 10% of the samples, and azithromycin was not detected in this area.



The Aragón River sub-basin presented an average concentration of 147 ng/L of enrofloxacin. Downstream, as it passes through the town of Caparroso, the Aragón River area has a significant presence of pigs, poultry and rabbit farms and, as a result, 40% of the total samples contained fluoroquinolone (Table S2) and 30% of the surface-water-sampling points were polluted by sulfadiazine (Table S1).



Regarding the Arga River sub-basin, the four target antibiotics were detected. The presence of sulfadiazine and enrofloxacin was detected in the concentration range of 100 to 130 ng/L (Tables S1 and S2). However, azithromycin and enrofloxacin appeared in average concentrations of up to 739 ng/L. It should be noted that this region is marked by the presence of an urban area (Pamplona). Concerning the detection frequency of target antibiotics, sulfadiazine and trimethoprim were found in 55% of the samples. Moreover, enrofloxacin was present in more than 50% of the river samples. These results might suggest that urban areas show a greater variety of antibiotics.



In the Cinca River sub-basin, where there is a notable presence of pig and poultry farms, average concentrations close to 150 ng/L of enrofloxacin, sulfadiazine and trimethoprim were detected. Enrofloxacin and sulfadiazine appeared in 60% of the samples, while trimethoprim was detected only in 10% of them. This behavior confirms that enrofloxacin mainly appears in rivers where diffuse pollution from intensive farming of pig and poultry and agriculture-activity occurs.



In the Ebro sub-basin, a high average concentration of enrofloxacin (1604 ng/L) was detected. It should be noted that the detection frequency of this fluoroquinolone antibiotic was about 75%. Sulfadiazine presented the average concentration of 270 ng/L; it appeared in 40% of the samples. It is interesting that all the target antibiotics appeared in this sub-basin, which is very close to urban areas such as Logroño or Zaragoza, so it is marked by both urban areas and intensive farming, in which pig farms predominate. Consequently, these results point to the fact that a greater number of antibiotics were detected near urban areas. Moreover, this trend could also suggest that enrofloxacin and sulfadiazine can be associated with farming. Enrofloxacin was also detected in the French rivers Seine, Marne and Oise, presenting a maximum concentration of 100 ng/L [46]. The presence of 249 ng/L of this substance was also reported in the Polish rivers Gościcina and Reda, which are also associated with livestock pressure [26]. This antibiotic was also detected in the Mondego River (Portugal), in the Lllobregat River (Spain) and in the Ebro River (Spain), presenting concentrations of 76–178 ng/L [47].



In the Gállego sub-basin, sulfadiazine and trimethoprim presented average concentrations of up to 60 ng/L. On the other hand, enrofloxacin significantly exceeded 700 ng/L. This behavior can be attributed to the fact that the sampling point (at San Mateo de Gállego) is located downstream of several pig farms, as well as receiving the contribution of other rivers that discharge upstream, in areas where there is also an important farming presence (Huesca).



Regarding the sub-basin of the Ega River, enrofloxacin once again presented high average concentrations, exceeding 1600 ng/L which can be linked to poultry and pig farming predominating in this area. Sulfadiazine was also detected at an average level close to 60 ng/L.



In the Alhama River sub-basin, an average concentration of 125 ng/L of enrofloxacin appeared, which can be associated with the presence, in this case, of poultry farming. There are a smaller number of poultry farms in this area than in others such as Segre or Ebro; however, in the areas where poultry farming predominates, antibiotic concentration is lower than in rivers that are located near pig farming. This behavior might suggest that pig-intensive farming presents a higher antibiotic load than poultry farming.



Finally, in the Segre River sub-basin, which is subject to high farming pressure due to the presence of a large number of pig farms, all the studied antibiotics appeared. Enrofloxacin was again the antibiotic that presented the highest average concentration (205 ng/L) and detection frequency (80%). This behavior confirms that the vast majority of rivers near pig farms tend to be polluted by enrofloxacin. In fact, sulfadiazine chronicity was around 40% and trimethoprim was detected in 30% of the samples, but their average concentrations were relatively low: 121 ng/L and 140 ng/L, respectively. Furthermore, azithromycin appeared only in 10% of the samples. This decrease could confirm that the macrolide is only present near large urban areas in the Ebro River basin. However, other authors report concentrations of this macrolide antibiotic up to 1000 ng/L in rivers of Spain and France [48,49].



Regarding the river-flow effect, despite the existence of a significant difference between the average flows on rainier days and a consequent dilution of the species (Figure S1), the concentration of the selected antibiotics remained quite similar in drier and rainier seasons. A relevant fluctuation of the levels of drugs in river water between the sampling campaigns was observed. This could be due to the different flows that have been observed during these campaigns, which are listed in Figure S1. Although the ANOVA test confirms that there are not significant differences between the antibiotic levels and river flow, the antibiotics enrofloxacin and sulfadiazine tended to present higher concentrations in the rainier seasons. The data showed an increase in the levels of these antibiotics in autumn of 2020, which could be due to the initial stage of the pandemic of COVID-19, when the use of antibiotics and their subsequent emission into surface waters was augmented, as other authors suggest [29,30].




3.2. Antibiotics Presence in Wastewaters


Tables S8 and S9 present the ANOVA and Turkey’s HSD test of antibiotic concentrations in wastewater-sampling points. Significant differences (p-value < 0.05) were found between the azithromycin concentration and the rest of the selected antibiotics This result, coupled to the high detected concentration of this macrolide antibiotic, in comparison with the rest of the selected antibiotic, points to the fact that azithromycin was present in higher concentration than the other antibiotics in WWTPs.



Concerning the average concentration results obtained for antibiotics in wastewater, which are shown in Figure 6a, the macrolide azithromycin presented the highest average levels. Regarding Figure 6b, the presence of this antibiotic was especially high in the WWT1, which is the one that presented the highest number of equivalent inhabitants, where the average azithromycin concentration exceeded 5000 ng/L. Other authors have reported the presence of this macrolide antibiotic in WWTPs in the range 20–2800 ng/L [11,50,51]. The total average concentrations of all the studied antibiotics reached 8000 and 5000 ng/L in the affluent and in the effluent, respectively.



According to Figure 6a, after azithromycin, enrofloxacin appeared in high concentration in the studied WWTPs, presenting average levels of 1300 ng/L. Enrofloxacin has been detected in 15 WWTPs of Croatia at a similar concentration [52]. Additionally, this antibiotic has also been found both in Slovakia in several WWTPs effluents [53] and in five WWTPs located in the Spanish territory [54]. The maximum level of azithromycin was reported at the entrance of WWTP1 and was up to 21,000 ng/L. These results are significantly superior to the ones reported in literature for other WWTPs located in Ebro River basin ten years before [32,55,56]. This increase might point to an incipient consumption of antibiotics, which is consistent with the reports published by the European Medicines Agency [41].



Sulfadiazine was also detected in the WWTP samples but in lower concentrations, reaching 300 ng/L. Comparing these outcomes with the literature, other authors detected the presence of this antibiotic in concentrations up to 846 ng/L in affluent and effluents from the Volos WWTP (Greece) [57,58]. The presence of sulfadiazine has also been evidenced in 22 treatment plants in Spain, with a concentration range of 49–1240 ng/L and 8–286 ng/L in in the affluents and effluents, respectively, which are similar to the concentrations found in this study [37].



The presence of trimethoprim in WWTPs was especially widespread in this study, appearing in the entirety of the effluents and showing an average concentration near 400 ng/L. However, concentrations of this substance up to 1866 ng/L have been reported in several WWTPs in Greece [59].



As revealed in Figure 6b, azithromycin was also present in smaller urban areas, such as WWTP3. The average concentration of this antibiotic in WWTP3 was higher than 5000 ng/L. Other authors have reported the same concentration in studies on wastewater quality [60,61]. This behavior is probably associated with the fact that both sampling points are subject to high urban and industrial pressure.



The results of the average antibiotic concentrations for the slaughterhouse and hospital effluents are shown in Figure 7. According to Figure 7a, azithromycin, again, was the antibiotic that presented the highest average concentration (2000 ng/L), especially in the hospital effluent, reaching 5000 ng/L (Figure 7b). It should be noted that this antibiotic was used to treat symptoms of COVID-19 in 2020 and 2021 [28]. In addition, the trimethoprim level was also relatively high in the hospital effluent (>1500 ng/L). These results confirmed that the presence of azithromycin and trimethoprim is commonly due to human medicine, whereas to a lesser extent, they could also be found in poultry and rabbit slaughterhouses. In the literature, azithromycin presence in European hospital effluents varies in the range 1–10 µg/L [54]. The sulfonamide antibiotic sulfadiazine was found in the hospital effluent in low concentration up to 80 ng/L. Sulfadiazine concentrations reported in the literature for hospital effluents in Valencia, Spain range from 9–137 ng/L [3]. According to the literature, trimethoprim has been detected in hospital effluents, reaching concentrations up to 1800 ng/L [50]. However, in our study, this antibiotic appeared only in the hospital effluent at a significant concentration (1368 ng/L) and in the poultry slaughterhouse at a concentration of 390 ng/L.



Compared to the rest of the studied slaughterhouses, only the duck slaughterhouse, where concentrations exceeding 1500 ng/L were detected, presented significant concentrations of azithromycin. Regarding enrofloxacin and sulfadiazine, the highest average concentrations were observed in the rabbit slaughterhouse (970 and 1835 ng/L, respectively).





4. Conclusions


This research work presents a long-term study of the presence of antibiotics among surface waters and wastewaters in the Ebro basin (northeast of Spain) for four years (2018–2021). The choice of the target antibiotics was made based on a multispecies screening campaign carried out in the spring of 2018 and supported by the information on the sales and use of veterinary antimicrobials in Spain. Despite the European and national measures taken to restrict the use of antibiotics and exposure to these substances [14,60,61], the collected data demonstrated that:




	
Enrofloxacin and sulfadiazine were present in almost all surface-water control points, which denotes high, direct exposure to these substances, especially in areas that are close to intensive farming. In fact, this fluoroquinolone antibiotic appears at very high concentrations in rivers of the Ebro basin near intensive farming, such as the Segre, Gallego or Cinca Rivers. Significant differences were found between the areas exposed to high livestock pressure and the concentration of enrofloxacin.



	
Azithromycin was detected at very high concentrations in WWTPs. Complementarily, trimethoprim and enrofloxacin were detected in wastewaters of the Ebro River basin, especially in areas near large urban cores (>100,000 equivalent inhabitants).



	
According to previous studies carried out in Ebro River basin in 2012 and 2010 [32,47], another important finding of this research is an increasing quantitative presence of antibiotics. Consequently, comprehensive studies of antibiotic assessment in Spanish rivers, wastewater, tap water, seawater and groundwater should be continued in order to establish water-quality standards for legislative guidance.
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Figure 1. Surface-water-sampling points in the Ebro River basin (North of Spain). 
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Figure 2. Distribution of number of pigs per farm in the Ebro River basin and sampling points (Source: Ebro Hydrographic Confederation, 2016). 






Figure 2. Distribution of number of pigs per farm in the Ebro River basin and sampling points (Source: Ebro Hydrographic Confederation, 2016).



[image: Water 14 01033 g002]







[image: Water 14 01033 g003 550] 





Figure 3. Distribution of number of poultry per farm in the Ebro River basin and sampling points (Source: Ebro Hydrographic Confederation, 2016). 
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Figure 4. Frequency of occurrence of most detected antibiotics in the screening (2018). 






Figure 4. Frequency of occurrence of most detected antibiotics in the screening (2018).



[image: Water 14 01033 g004]







[image: Water 14 01033 g005 550] 





Figure 5. (a) Boxplots of selected antibiotics and (b) average concentration (ng/L) of target antibiotics among all surface-water-sampling points in the Ebro River basin area (2018–2021). 
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Figure 6. (a) Boxplots of selected antibiotics and (b) the average concentration of the target antibiotics in selected WWTPs (2018–2021) located in the Ebro River basin area. 






Figure 6. (a) Boxplots of selected antibiotics and (b) the average concentration of the target antibiotics in selected WWTPs (2018–2021) located in the Ebro River basin area.



[image: Water 14 01033 g006]







[image: Water 14 01033 g007 550] 





Figure 7. (a) Boxplots and (b) average concentration (ng/L) of target antibiotics in a hospital and three slaughterhouse effluents. 






Figure 7. (a) Boxplots and (b) average concentration (ng/L) of target antibiotics in a hospital and three slaughterhouse effluents.



[image: Water 14 01033 g007]







[image: Table] 





Table 1. List of surface-water-sampling points: locations and pressures [34].
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	River
	Location
	Sampling Point
	Sub-Basin
	Livestock Pressure
	WWTP

Pressure





	Segre River
	Torres de Segre
	01_ASE
	Segre
	High
	Null



	Noguera Ribagorzana River
	Corbins
	02_ASE
	Segre
	High
	Null



	Clamor Amarga River
	Zaidín
	03_ASE
	Cinca
	High
	High



	Cinca River
	Fraga
	04_ASE
	Cinca
	High
	Null



	Alcanadre River
	Sariñena
	05_ASE
	Alcanadre
	High
	Null



	Flumen River
	Albalatillo
	06_ASE
	Alcanadre
	High
	Null



	Gállego River
	San Mateo de Gállego
	07_ASE
	Gallego
	Low
	Null



	Arba de Ríquel River
	Ejea de los Caballeros
	08_ASE
	Ebro
	High
	Low



	Aragon Subordan River
	Javierregay
	09_ASE
	Aragón
	Low
	Null



	Aragon River
	Caparroso
	10_ASE
	Aragón
	High
	Null



	Irantzu River
	Estella
	11_ASE
	Ega
	Medium
	Null



	Arakil River
	Irañeta
	12_ASE
	Arga
	High
	Null



	Queiles River
	Novallas
	13_ASE
	Queiles
	High
	High



	Alhama River
	Alfaro
	14_ASE
	Alhama
	High
	Null



	Ega River
	Estella
	15_ASE
	Ega
	Low
	Medium



	Ega River
	Downstream Estella
	16_ASE
	Ega
	Low
	High



	Ega River
	Upstream Pamplona
	17_ASE
	Arga
	Null
	Low



	Arga River
	Downstream Pamplona
	18_ASE
	Arga
	Null
	High



	Ebro River
	Upstream Tudela
	19_ASE
	Ebro
	Low
	Low



	Ebro River
	Downstream Tudela
	20_ASE
	Ebro
	Low
	Medium







ASE: assay-sampling Ebro River basin.
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Table 2. Main characteristics of studied WWTPs.
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	WWTP
	Equivalent Inhabitants
	Inlet Flow

(m3/day)





	WWTP1
	695.232
	129.600



	WWTP2
	82.500
	22.150



	WWTP3
	51.336
	7.500
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Table 3. Antibiotics characteristics.
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	Group
	Antibiotic
	CAS
	Molecular Weight (g/mol)
	Molecular

Structure





	Sulfonamide
	Sulfadiazine
	26787-78-0
	365.4
	 [image: Water 14 01033 i001]



	Trimethoprim
	Trimethoprim
	93106-60-6
	359.4
	 [image: Water 14 01033 i002]



	Fluoroquinolone
	Enrofloxacin
	738-70-5
	290.3
	 [image: Water 14 01033 i003]



	Macrolide
	Azithromycin
	83905-01-5
	749.0
	 [image: Water 14 01033 i004]
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