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Abstract

:

More than 80% of wastewaters are discharged into rivers or seas, with a negative impact on water quality along the coast due to the presence of potential pathogens of faecal origin. Escherichia coli and enterococci are important indicators to assess, monitor, and predict microbial water quality in natural ecosystems. During rainfall events, the amount of wastewater delivered to rivers and coastal systems is increased dramatically. This study implements measures capable of monitoring the pathways of wastewater discharge to rivers and the transport of faecal bacteria to the coastal area during and following extreme rainfall events. Spatio-temporal variability of faecal microorganisms and their relationship with environmental variables and sewage outflow in an area located in the western Adriatic coast (Fano, Italy) was monitored. The daily monitoring during the rainy events was carried out for two summer seasons, for a total of five sampling periods. These results highlight that faecal microbial contaminations were related to rainy events with a high flow of wastewater, with recovery times for the microbiological indicators varying between 24 and 72 h and influenced by a dynamic dispersion. The positive correlation between ammonium and faecal bacteria at the Arzilla River and the consequences in seawater can provide a theoretical basis for controlling ammonium levels in rivers as a proxy to monitor the potential risk of bathing waters pathogen pollution.
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1. Introduction


Faecal pollution of coastal waters around the world impairs water quality and poses a serious health threat by promoting the spread of infectious diseases among humans and marine organisms [1]. A variety of pathways and sources—especially sewer overflows, drainage of stormwater, runoff from farmed and urban areas, leaking of septic systems and sewerage lines—can result in the contamination of coastal and bathing waters with faecal bacteria [2,3]. Monitoring faecal pollution together with various environmental parameters is essential to understand the environmental fate of faecal bacteria and to identify the reservoirs and hotspots that promote the spread of faecal bacteria across the coastal areas, potentially contributing to the prevention or mitigation of their spread to the ocean [4].



In many urbanised areas, domestic wastewaters and rainwater, so-called urban wastewater [4], are collected and conveyed to the wastewater treatment plant by the same network, known as a combined sewer system (CSS). Combined sewer overflows (CSOs) may occur in the case of intense rainfall events [5,6], resulting in a higher water flow rate within the sewer network due to the consistent contribution of surface runoff and rainfall. Surface runoff conveyed to the public sewer system may contain suspended solids, nutrients, microorganisms, heavy metals, or other types of pollutants depending on rain event magnitude and duration [7]. Microbial pollution of marine environments is strictly related to the discharge of urban wastewater along coastal areas [8]. Intense human activities and urbanisation of coastal areas have exacerbated the problem together with the increased frequency of heavy rain events also related to climate changes [9].



The ongoing climate crisis is the driver of risk to human and marine biota health, threatening coastal regions and their sustainable economic development. In this context, intense episodic rainfall events represent an increasingly important threat to the integrity of coastal systems, with hydrographic basins showing altered flow regimes that affect coastal ecosystem processes. Rivers are potential major contributors to the contamination of coastal waters because they receive various pollutants from lands, urbanised areas, industrial and agricultural activities located along their courses [10,11]. This issue is of great concern for water quality control authorities, and it can lead to a restriction in the use and destination of the receiving surface body, and consequently to negative economic impacts, such as the closure of bathing areas [12,13], restrictions to the consumption of fish and shellfish [14], and contamination of drinking water resources [15].



Coastal water quality is monitored throughout the world for faecal pollution using faecal indicator bacteria. The most widely used are Escherichia coli and enterococci [16]. In the EU, the provisions regulating bathing water quality involve monitoring E. coli and intestinal enterococci (Bathing Water Directive, BWD, 2006/7/EC) in rivers and along the coasts. Their origins are from human faeces and organic waste in the sewage, as well as animal faeces in the runoff and disposed of in the water bodies without any sanitation systems [7,17]. Each EU nation defines threshold levels for E. coli and intestinal enterococci concentrations to prevent the health risks associated with bathing in faecal contaminated seawater and freshwaters. The Bathing Water Directive establishes the guidelines for bathing waters monitoring (good quality: 500* and 200* CFU/100ml, for E. coli and intestinal enterococci, respectively * based upon a 95-percentile evaluation).



The increasing human activities along coastal areas, especially in surrounding semi-enclosed basins, such as the Adriatic Sea, make them ideal hotspots for microbial pollution, producing strong environmental impacts along the coasts on popular bathing locations and touristic towns [18,19,20].



Microbial pollution and its effects have been mitigated along the European Mediterranean coasts through expensive implementations of large urban wastewater treatment plants to reduce the pollutant loads to the sea. However, these actions cannot face the effects of the short-term disturbances induced by the release of untreated CSOs during episodic heavy rain events. In Italy, only a few Regions have established guidelines for the management of rainwater during CSOs [6]. Coastline protection and integrated management of water quality are priority objectives of environmental policies in Europe, as ratified in the Water Framework Directive 2000/60/EC, and they are included between the 17 Sustainable Development Goals of the ONU (Organisation of the United Nations) 2030 Agenda [21]. In the Marche Region (Central Adriatic Sea, Italy), the quality of bathing waters remains a crucial issue from an environmental and economic point of view. The region’s coast is 173 km long and is relatively flat and straight, with shallow bathymetry dominated by sand and gravel [22,23]. Every time that a massive rainy event occurs, all recreational activities along beaches are regularly forbidden, with frequent closures of bathing areas due to the risk of microbial contamination (ARPA-Regional Agency for Environmental Protection; Regional Council Deliberation-DGR 419-2021). Nutrients associated with bacterial load in sewage out-flow and river discharge into the seawaters can be indicators of domestic, agricultural or zoonotic origin [24]. As part of the water framework directive (WFD), which aims to improve the ecological and chemical quality of European waters, ammonium, oxidised nitrogen compounds, and phosphorus concentrations are monitored in rivers and streams (European Commission-EC, 2000). Several studies have identified strong correlations between ammonium, its oxidised derivatives (nitrites and nitrates) and phosphates with faecal indicator bacteria [25,26]. Generally, the nutrients do not have faecal origins, but they can provide a signal of faecal pollution and its origin, such as human or zoonotic from inland within the catchment, and this can help to assess the water quality from faecal pollution.



The present study was carried out during two bathing seasons of 2019 and 2020, which were characterised by different and conspicuous rainy events in the area. The aims of the study were: (i) to assess the levels of faecal pollution and its spatial-temporal variability along a coastal area affected by freshwater discharged linked to strong storm rainfall events; (ii) to explore the potential relationships between the abundance and distribution of bacteria as faecal indicators and the main environmental variables; and (iii) to identify the potential processes to control the decay/persistence of coastal faecal contamination during river flow events. This study is part of the EU CBC-Interreg Italy–Croatia Project WATERCARE, which aims at reducing the impact of microbial environmental contamination on the Adriatic bathing waters due to heavy rainfall events, enhancing the quality of local waters; and providing support for the decision-making process regarding the management of bathing water. All the microbial and environmental data analysed were used to implement the Water Quality Integrated System (WQIS) proposed in the WATERCARE Project [27]. By understanding the dynamics associated with microbial contamination and environmental variables, it will be possible for managers and policymakers to develop more reliable sampling strategies and attenuation measures in order to avoid bathing area closures for unnecessary periods of time as often it occurs [13,28].




2. Materials and Methods


2.1. Study Area and Sampling Strategy


The study area is located in the Arzilla River along the bathing waters in front of Fano city (Marche Region, north-western Adriatic Sea). This area has been selected as a pilot site since this site shows the typical characteristic of a highly urbanised city overlooking the Adriatic Sea with a touristic marina located near the river mouth and the coast of the city characterised by several artificial protections against beach erosion. The Arzilla River collects sewages from inland and Fano CSO and discharges them into the sea, near one of the most popular beaches during the summer season. Heavy rainfall often causes the overflow of the local sewage network that collects the sewage load from Fano city [13]. Every time that a sewer outflow occurs, the bathing activity in the city is closed based on the potential risk for faecal microbial contamination [27]. Figure 1 shows the Arzilla River hydrographic basin, where all the water purification installations from urban centres, the CSOs and the bathing waters are placed. During intense rainfall, there is the potential for the CSOs and purification systems to be unable to retain all the rainwater. Therefore, a greater bacterial load flows into the Arzilla River.



For the purpose of this work, two bathing seasons were considered from May to September 2019 and 2020, during which freshwater and seawater samples were collected. Freshwater samples from the Arzilla River were collected over a time scale interval of 30 min during the rainfall events and every 6, 12 or 24 h after the rainfall events using an autosampler located at the Arzilla mouth. Samples were collected for the determination of faecal bacteria, dissolved inorganic nutrients (ammonia-NH4, nitrite-NO2, nitrate-NO3, total nitrogen, total phosphorus), total suspended matter (TSM) and chlorophyll-a (Chl-a) content characterising the freshwater body that flowed into the sea. At the end of each rainy event, surface seawater samples were manually collected with sterilised bottles in front of the Arzilla mouth, within 250 m from the coastline, for comparable chemical and microbiological analyses. The spatial sampling scale followed a grid composed of three transects (Transects 1, 2 and 3) along with a sampling site in the Arzilla mouth (Figure 2). Each transect includes sites at 50, 100, 150, 200 and 250 m from coastline; Transect 2 has only three sampling sites (i.e., 50, 100 and 150 m). This small spatial scale sampling strategy was adopted following the coastal morphology, bathymetry of the area, water currents and the presence of artificial barriers that influence the microbial dispersion. At each site, temperature (°C), salinity, pressure, density (στ), oxygen concentration and saturation, pH, redox and Chl-a were measured using a CTD multiparametric probe (Idronaut model Ocean Seven 316 Plus).




2.2. Environmental Variable Analysis


Samples for nutrient analysis were filtered (nitrocellulose Millipore, 0.45 μm) and stored at −20 °C in polyethylene bottles until analysis, whereas water samples for TSM (total suspended matter) and Chl-a were filtered on pre-combusted and pre-weighed GF/F Whatman, 0.7 μm and nitrocellulose Millipore, 0.45 μm filters, respectively, and immediately processed. Nutrient concentrations were measured using a UV-1700 Shimadzu model following [29]. TN (Total nitrogen) and TP (total phosphorous) were determined on unfiltered water samples according to the method of [1]. Accuracy was ±0.02 μmol L−1 for N-NH4, N-NO2, N-NO3, TN, TP. A calibration curve was made with 5 levels of Merck standards, and the accuracy was tested using a standard as the sample. The precision was tested on 10 replicates of the standard and was: ±0.001 μmol L−1 (N-NH4), ±0.006 μmol L−1 (N-NO2), ±0.005 μmol L−1 (N-NO3). Chl-a concentration was determined in 90% acetone homogenates of particulate matter collected on filters described above. The Chl-a was analysed spectrophotometrically (UV-1700, Shimadzu, Duisburg, Japan) according to the method described by [30]. TSM concentrations were determined gravimetrically by filtration of a known volume of water sample through 0.7 μm GF/F membrane filters (Millipore, Bedford, MA, USA) following [30]. The precision estimated on 5 replicates by a coefficient of variation (CV) being lower than 5%. For PIM (particulate inorganic matter) and POM (particulate organic matter) determination, the GF/F filters were then ashed at 500 °C for 1 h following the APHA (American Public Health Association) Loss on Ignition (LOI) method [30]. POM concentrations were calculated by the difference between TSM and PIM.




2.3. Microbiological Analysis


Samples for microbiological analyses of faecal contamination (Escherichia coli and intestinal enterococci) were immediately transported to the laboratory at in situ temperature in the dark and processed within a few hours after collection. E. coli and enterococci were analysed using culture-based methods. E. coli abundance was assessed by membrane filtration [4]. An appropriate volume of water (1 to 100 mL) was vacuum-filtered (pore size 0.22 μm, diameter 47 mm; Millipore) in triplicate, and the filters were placed on m-FC agar plates and were incubated at 44.5 °C for 24 h. Only blue colonies were considered. Their abundance was reported as CFU (colony-forming units) per 100 mL of water (100 mL−1). Enterococci abundance samples were assessed by membrane filtration, and an appropriate volume (from 1 to 100 mL) was filtered in triplicate as described above, and filters were placed on Slanetz Bartley agar plates. Plates were incubated at 37.5 °C for 48 h. Only red or reddish-brown colonies were considered as presumptive enterococci. Their abundance was reported as CFU 100 mL−1 of water filtered.




2.4. Statistical Analysis


Spearman rank correlation analysis was performed to test relationships between the abundance of E. coli and intestinal enterococci in the river and seawater and between rain and faecal bacteria in the river. Correlation coefficients (r) were considered significant at p-values < 0.05. Differences in the abundance of faecal indicator bacteria between river and seawater were tested using a one-way analysis of variance (ANOVA). Multivariate multiple regression analysis was performed to explore the relationships between environmental and microbial data using distance-based linear modelling (DistLM). This procedure was applied on faecal indicator bacteria dataset (i.e., considering all events and for each event separately) and included the main environmental variables (temperature, salinity, pH, redox potential, dissolved oxygen, total nitrogen, total phosphate, orthophosphate, chlorophyll-a, ammonium, nitrates, nitrites, total suspended matter) as predictor variables. One-way ANOVA was performed using the statistical R-software (version 4.0.5); DistLM analysis was performed using the routines included in the software PRIMER v6 and PERMANOVA+ [31]. Data were expressed as mean ± standard error (SE).





3. Results


Spatial and Temporal Variability of the Environmental Parameters and Faecal Bacteria Distribution in the Arzilla River and Bathing Water


We analysed the spatial and temporal variability of faecal bacteria distribution, along with the main environmental parameters positively correlated with faecal bacteria, in two sampling areas: Arzilla River (AZ) and seawater (SW). We considered different conditions of heavy precipitations, followed by an increase in the river level or activation of the CSO. The daily monitoring during the rainy events was carried out in two bathing seasons for a total of five sampling activities (July and September 2019; July, August, and September 2020).



A complete list of physical, biological and chemical parameters measured for riverine and sea waters is reported in Tables S1–S5. The lowest values of salinity characterising the water bodies were registered in 2019 events: mean values of 0.42 ± 0.02 and 29.72 ± 0.57 at river and sea, respectively. The temperature values were significantly different between river and seawater (p < 0.001), showing that riverine waters were colder than seawater. Dissolved oxygen was in the mean range value of 6.22 to 6.36 mg L−1 in the seawater. Regarding chemical parameters (Tables S1–S4), results from daily monitoring conducted during the events in 2019 and 2020 showed that the ammonium and nitrate were significantly positively correlated with the sewage faecal load (Table 1). Other chemical parameters were analysed. The mean nitrite values were in the range of 4.03 to 9.84 μM and 0.4 to 0.51 μM in river and seawaters, respectively. In riverine waters, the total nitrogen mean concentration was in the range of 205 to 292.65 μM. Total nitrogen was retrieved in the concentration of 40.53 ± 3.94 μM in the seawater. Phosphate mean concentration was 0.90 ± 0.13 μM in the seawater, while total phosphate was in the mean range of 4.08 to 5.30 μM in riverine waters, and of 1.44 ± 0.27 μM in seawater. TSM mean values were in the range of 100.55 to 242.6 μg L−1 and 50.14 to 63.67 μg L−1 in river and sea waters, respectively. The particulate organic matter (POM) had a 12.52 ± 1.76 μg L−1 and 9.12 ± 1.33 μg L−1 mean value in riverine and seawater, respectively. In addition, Chl-a was analysed as a biological parameter in both riverine and seawater; the mean range value was 12.35 to 14.27 μg L−1 and of about 4.15 ± 1.22 μg L−1 mean value in riverine and sea waters, respectively.



From the data analysed, we observed that E. coli and intestinal enterococci concentrations were always higher in the Arzilla River than those of seawater sites (p < 0.001) and with abundances often exceeding the limit allowed by Directive 2006/7/EC (Figure S1). A highly significant and positive correlation was found between the abundance trend of E. coli and intestinal enterococci in all sampling periods in the Arzilla River (n = 53, r = 0. 850, p < 0.01; Table 1) and in seawater (n = 63, r = 0. 872, p < 0.01), and between rainfall and total abundance of E. coli and intestinal enterococci in Arzilla River (p < 0.01; Table 1) in all events. Differently, the ammonium concentration significantly correlated only with the enterococci load (2019–2020 events; Table 1).



The nutrient concentrations of the seawater samples collected immediately after the rainy events showed an evident and immediate dilution of ammonium and nitrate from the mouth to offshore along all the three transects associated with the hydrodynamics of the surface water mass, which was associated above all with wind direction and intensity (Figure 3 and Figure 5 and Supplementary Table S5). In particular, the highest concentration of nutrients was found at the Arzilla mouth in the range of 2.4 to 70 μM and 75 to 380 μM for ammonium and nitrate, respectively. The highest ammonium concentration was reached (70 μM) on 3 September 2019, while the highest nitrate concentration (380 μM) occurred on 6 August 2020 (Figure 3 and Figure 5).



Although characterized by abundant rains, the precipitation event of July 2019 did not produce an activation of the CSO but an increase in the Arzilla River level (from a 0.63 m at a maximum of 0.72 m; Figure S1).



Despite the no-CSO condition, the rains caused a significant increase in E. coli and intestinal enterococci at t1 (up to 4000 and 3500 CFU 100 mL−1, respectively) in the river samples, and the levels also remained above the maximum limit allowed by Directive 2006/7/EC in the following hours (2850 and 3150 CFU 100 mL−1, respectively at t7; Supplementary Figure S1). During the event, the nutrient concentrations of ammonium and nitrate exhibited a different trend along the riverine sampling. The nitrate decreased from t1 to t7, while the ammonium remained constant within a range of 2.5 to 6.5 μM (Supplementary Figure S2). Following the meteorological event in seawater samples, the E. coli and enterococci values exceeded the allowed limit only at the station near the mouth of the Arzilla River (AZm), where the river flows into the sea and at the SW50 stations. The faecal load was below the limit established by law as it moved away from the river mouth to offshore along all three transects (Figure 4). The ammonium and nitrates distribution in seawater samples showed an evident dilution along all transects with a range of concentration from 0.94 to 3.55 and from 10.25 to 26.9 μM, respectively (Figure 3). With regard to faecal indicator bacteria, the event of September 2019, after precipitation of 1.2 mm, produced activation of the CSO lasting about 4 h (from t3 to t4), which showed a rapid increase in the abundance of E. coli and intestinal enterococci in the Arzilla River (16,500 and 24,000 CFU 100 mL−1, respectively in t4) up to a maximum value at t4 for E. coli in Arzilla mouth (30,000 CFU 100 mL−1). In the following time (until t12; after 84 h), a reduction in the microbial load was observed up to the legal limits (Figure S1). In September 2019, the peak of ammonium during the activation of the CSO preceded the nitrate increase (Figure S2), while the nitrate concentration reached the highest levels at t8 (136.5 μM).



During the rain event, the CSO activation caused an increase in the microbial load of E. coli and intestinal enterococci in seawaters, with values that exceeded the limit allowed by the Directive 2006/7/EC at the SW50 and SW100 stations of the Transect 1 only (near the coastline) on the first sampling day (3 September), and after 72 h, the faecal distribution exhibited an evident dispersion at SW50 and SW100 also in the Transect 2 and 3 (Figure 4). In addition, the ammonium and nitrates distribution in seawater samples showed a similar trend for the faecal bacteria, with a high concentration at Arzilla mouth and SW50 of the Transect 1 and an evident dilution along all transects after 72 h (Figure 3). For the 2019 events, a highly significant and positive correlation was reported between faecal bacteria and ammonium concentration in the Arzilla River, along with rain levels (Table 1).



A rapid increase in the concentration of E. coli and intestinal enterococci was observed on July 2020 in the Arzilla River (from t1 to t3, 17,000–21,000 CFU 100 mL−1 and 10,500–16,900 CFU 100 mL−1, respectively) after the rainfall event (6.0 mm of rain) and the CSO activation. In the next 24 h, a marked decrease in the concentration of faecal bacteria occurred with values at t1 of 151 CFU 100 mL−1 in the E. coli and higher for intestinal enterococci (778 CFU 100 mL−1; Supplementary Figure S1). In July 2020, the nutrient trends were almost overlapping. After the period of spillway continuation, the nutrient concentrations decayed immediately for a short time, and then, the nitrate concentration seemed to re-increase at the end of riverine sampling (Supplementary Figure S2). Along the three transects from SW50 to SW150, 4 h after the CSO, an increase in the E. coli and enterococci load was observed, recording values of faecal bacteria beyond the limits allowed by the Directive. In the following 24 h, the E. coli concentrations exhibited an evident dispersion along the coastal transect, with values below the legal limits (Figure 6). The Enterococci values remained high around the Arzilla mouth and in SW50 of Transect 3, placed in front of the river mouth. The ammonium and nitrate concentration showed an evident and immediate dilution from the mouth to offshore along all three transects associated with the wind direction (Figure 5 and Supplementary Table S1).



The event of August 2020 was characterised by two CSOs at t1 and after 24 h at t6. We reported an increase in the microbial load of E. coli and intestinal enterococci in the Arzilla River (33,700 and 25,800 CFU 100 mL−1 for E. coli and 15,000 and 5110 CFU 100 mL−1 for enterococci, in the first and second events, respectively) with values above the limits allowed by Directive. Faecal concentrations decreased in the following 32 h but never returned below the expected limits (Supplementary Figure S1). The nutrient concentration of ammonium and nitrate increased simultaneously and in succession reached the highest levels after the second CSO event showing values of 59 μM and 293.4 μM for ammonium and nitrate, respectively (Supplementary Figure S2).



The seawater sites were sampled approximately 4 h after the CSO activation. The load of E. coli exceeded the legal limits in the river mouth only (23,000 CFU 100 mL−1), and in all seawater sampled sites (from SW50 to SW250), the E. coli concentration was below the limits, even in the following days after the event (Figure 6). On the contrary, the enterococci concentration reported from Transect 3 (from SW50 to SW150 stations) in front of the Arzilla mouth was higher than the limits allowed by the Directive. Enterococci values returned below the allowed limits over the next 72 h, showing a decreasing trend moving away from the mouth to offshore (Figure 6). The ammonium and nitrate concentration showed an evident and immediate dilution from the Arzilla mouth in all three transects due to wind direction and intensity (Figure 5 and Supplementary Table S1). The meteorological event on September 2020 determined the CSO activation 3 h after the rain started. The CSO opening induced an increase in the microbial load of E. coli and intestinal enterococci along the Arzilla River and mouth above the limit allowed by Directive. Over the next 24 h, faecal bacteria concentrations decreased without returning below the legal limits (1660 and 880 CF 100 mL−1; Supplementary Figure S1). In September 2020, the nutrient trends were almost overlapping. After the period of spillway continuation, the nutrient concentrations decayed immediately for a short time, and then, the nitrate concentration seemed to re-increase at the end of riverine sampling.



Twenty-four hours after the event, at all seawater sampling stations, the bacterial load of E. coli and enterococci remained below the allowed limits (Figure 6), and ammonium and nitrate concentrations were not very indicative due to the limited number of samples collected due to the adverse weather conditions (Figure 5). During the 2020 events, only the enterococci loads were significantly and positively correlated with nitrate concentrations in the Arzilla River, while both faecal bacteria were significantly correlated with rain levels (Table 1).





4. Discussion


The national and regional legislation requires that the dispersion of sewage as soil improvers for use in agriculture must be distributed at a distance greater than 10 m from the shores of surface watercourses [32]; therefore, in this study, it was difficult to define the cause of sewage run-off and whether there was the interference of this agricultural fertilisation practice [33,34,35]. Bathing waters along the Adriatic Sea regularly receive untreated or partially treated sewage from neighbouring cities [13,36]. In many cases, the release of wastewaters occurs in the proximity of recreational waters, which are situated in front of estuaries, bays, or artificial semi-enclosed systems, where water circulation is limited. This increases the likelihood of the presence of high levels of faecal bacteria that can negatively impact the utilisation of coastal resources and human health. This situation is exacerbated when the increase in the water runoff flow is associated with sudden heavy rainfall events and seasonal temperature changes [37] that might favour increased faecal pollution and longer survival for the faecal microbes, respectively. Coastal development and the loss of vegetative landscape have increased the potential of small rainfall events to create large pulses of stormwater, which can also carry excess pollutants that may adversely affect coastal systems [38].



The EU public health regulation (Bathing Water Directive, BWD, 2006/7/EC) requires the monitoring of recreational waters. The monitoring is limited to seawater, ignoring the riverine systems’ potential contribution to coastal water quality, and it involves two parameters of faecal coliform bacteria. The analyses are carried out at single points distributed along the coast and systematically sampled once a month or one time after a rain event (ARPA, DGR 419-2021), and they do not envisage bathing water sampling at different time scales and spatial points (i.e., from few hours up to one week after the event).



In the present study, the results of a two-year monitoring program in the Arzilla River and the bathing water area in front of the city of Fano (Marche Region, Italy, North Adriatic Sea) are shown. The Arzilla River collects treated wastewaters from the wastewater treatment plant of Fano city, and it discharges them into the sea near one of the most popular beaches during the summer season. Heavy rainfall events often cause the overflow of the local sewage network, directly releasing the wastewaters into the river and to the sea [13]. The area was selected since it is representative of the average conditions of a medium urbanised city (about 100,000 inhabitants) overlooking the Adriatic Sea, and it might provide valuable information for the implementation of monitoring programs and mitigation strategies.



The study design consisted of multiple sampling points located both in the Arzilla River and on the coast at sampling time points following episodic heavy rain events. Our data highlighted the need for monitoring at different time scales, including more than one single point at sea (i.e., different distances from shore) and considering the riverine system as input of polluted waters into the coast.



Time scale, sources of microbial contamination and nutrient concentrations are key aspects if we wish to improve water quality management practises and achieve a more thorough understanding of the risk they pose to human health. In fact, different studies reported higher faecal bacteria levels at sites affected by freshwater inputs after storm rainfall events [4,39], suggesting that such inputs are likely to be important point-sources of faecal pollution for bathing waters, which receive faecal-polluted freshwater as for our study case from the Arzilla River.



This study showed how there was an immediate increase in Arzilla River levels of faecal bacteria in conditions of heavy rainfall. The activation of the CSO corresponded to the maximum values of faecal bacterial concentrations, with over 100 to 1000 times the limit allowed by the Bathing Water Directive at the beginning of the rain event. E. coli and enterococci trends co-occurred, and their concentration profiles were strictly related to rainfall duration and intensity precipitation and decreased 40–60% over the next 48 to 72 h, as previously reported [6,40]. The E. coli concentrations dominated in all samples. Differences between the concentrations of E. coli and enterococci in aquatic environments have been described in previous studies, and this variability depends on numerous factors, such as temperature, ultraviolet radiation, pH, salinity, and oxygen and nutrient concentrations. Solar radiation is an important factor in understanding microbial dynamics. In the present study, the seawater sampling was very close to the beach, and at the mouth of Arzilla River, the TSM values were high (6.25–285.71 mg L−1, shown in Table S2). Meanwhile, TSM values in the northern Adriatic coastal area were much lower in the range of 2.5 to 4.2 mg L−1 (unpublished data; [41]), and consequently, the solar radiation into the water column was potentially attenuated.



As reported in previous studies [7,17,42], lower salinity and higher oxygen values favour higher faecal bacteria concentrations in bathing waters. Amorim et al. [17] also stressed that higher microbial loads were often reported in those beaches less exposed to the direct influence of the Ocean, while beaches more exposed to oceanographic forcing and under reduced fluvial influence were less impacted by faecal contamination. Similarly, [7] stressed the influence of beach topography and the differential impact of storm run-off on bacterial concentration according to topographically distinct beaches. In the present study, the Fano or Arzilla site is characterised by sandy beaches and is very shallow with artificial reefs placed parallel to the coast, which limits the seawater circulation favouring high residual time of the waters. The spatial distribution of microbial faecal load and nutrients in the coastal seawater in front of the Arzilla River showed a faecal bacteria dispersion decreasing along the sampled transects, with higher values at the river mouth and along the transect near the coastline. Similar trends were visible in the nutrients, showing dilutions from 50 metres (SW50) from the coast to offshore stations potentially related to wind direction and intensity with a mitigation effect in 24 h.



Multivariate analysis involving all environmental variables was performed to identify which measures influenced the faecal patterns in the entire sampling period (Table 1). In the Arzilla River, variability in faecal bacteria concentrations was partially explained by ammonium concentration, Chl-a and TSM, whereas in seawater samples, the faecal abundance was highly explained by salinity, pH and ammonium content. The water temperature, similar to that reported in previous studies [4], was not the main factor influencing their survival in the sampling water bodies, and consequently, it had a marginal role in determining the spatial and temporal distribution of the bacteria concentration in coastal waters.



Despite our results suggesting a potential role of the seawater hydrodynamics (i.e., mixing induced by wind and waves) in controlling the decay of the faecal contamination to background levels, our analysis did not identify these variables as statistically significant (Table 2). This could be due to the difficulties encountered in securing a consistent number of samples from the offshore sampling sites during severe storms, a variable temporal offset between the changing of key environmental variables (i.e., UV-index or water hydrodynamics), and the response in the concentration of faecal contaminants or a combination of both.



The identified correlation of faecal bacteria and TSM can be attributed to the capacity of the increased flow rate to resuspend sediments [43], which can considerably increase faecal bacteria and pathogen levels [44]. With regard to salinity, its variation over time during CSO generally showed a rapid decrease, and sometimes it reached a minimum before progressively increasing until the end of the overflow, highlighting a dilution effect of wastewater due to urban stormwater runoff (with a much lower conductivity). As reported in the literature and our results, there was a great variation in the concentration of microorganisms in CSO depending on rainfall/runoff duration and intensity, stormwater quality, and the number of dry days before the event [44]. In the present study, results that were related to the variation of some nutrients associated with the nitrogen cycle could help us understand whether the origin of faecal contamination was due exclusively to the urban sewage outflow quantity of the Arzilla mouth or also could originate from other sources.



The ammonium (N-NH4+) was the most representative nutrient of domestic sewage outflow rather than the other chemical parameters that included different origins, such as inorganic and organic and as dissolved or particulate [45]. Several studies identified strong correlations between ammonium with faecal indicator bacteria [26,43]. The strong correlation between ammonium and faecal bacteria in the sampling waters in Arzilla River and seawater (Table 1 and Figure S3) can provide a theoretical basis for controlling pathogen pollution through ammonium monitoring in the river. In the short term, effective sensors will be available for measuring the concentration of ammonium in freshwaters allowing us to have real-time information on this parameter [46].



In the present study the potential spatial-temporal relationships of the faecal microbial load in the Arzilla River and bathing waters with the main environmental variables were assessed. These relationships were analysed to establish whether the E. coli and intestinal enterococci abundance patterns were related to the fluctuations of some of the main environmental variables over time and provide a concept of how they can be used to predict bathing water quality. The data acquired in this study, associated with the real-time information of the ammonium concentration in the river waters, will contribute to determining the forecast of the duration and distribution of contamination in coastal waters along with the use of the forecasting models [13].



Moreover, the findings presented here support the hypothesis that individual characteristics of beaches may influence pathogen concentrations and manifest serious health risks. The use of specific data for a given location in management decisions is highly recommended, and our results provide the basis for such planning [7,20].
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Figure 1. The hydrographic basin of the Azilla River (light blue line). An area of 105 square kilometres, delimited by the orange line. In the map, the purification systems (marked with DEP and shown as red dots) releasing wastewaters into the Arzilla River, two CSOs of the urban network of the Fano city (CSO_via del Moletto and CSO_via Goito, shown as red placemarks), and bathing areas (light blue lines) along the coast near the mouth of the Arzilla stream: IT01104013005 is shown. 
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Figure 2. Study site and sampling strategy. Two sampling stations were positioned along the Arzilla River (green dots), AZ (where is located the automatic water sampling for microbiological and chemical analyses) and at Arzilla mouth (AZm). On the sea, sampling stations were distributed along three transects at increasing distances from the shore (orange dots). Transect 1 near the coastline (red line): Transect 2 in the middle (blue line); Transect 3 in front of the river mouth (yellow line). 
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Figure 3. Ocean data view [15] maps showing the spatial distributions of nutrient concentration (NH3 and NO3) in seawater from sampling stations to offshore along the three transects in front of the Arzilla mouth during the 2019 rainy events (July and September 2019). The graphs show the relative concentration of ammonium (in green) and nitrates (in blue). 
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Figure 4. Ocean data view [15] maps showing the spatial distributions of microbial faecal contamination in seawater from sampling stations to offshore along the three transects in front of the Arzilla mouth during the 2019 rainy events (July and September 2019). The graphs show the relative abundance of colony-forming units of Escherichia coli (in red) and intestinal enterococci (in blue). 
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Figure 5. Ocean data view [15] maps showing the spatial distributions of nutrient concentration (NH3 and NO3) in seawater from sampling stations to offshore along the three transects in front of the Arzilla mouth during the 2020 rainy events (July, August and September). The graphs show the relative abundance of ammonium (in green) and nitrates (in blue). 






Figure 5. Ocean data view [15] maps showing the spatial distributions of nutrient concentration (NH3 and NO3) in seawater from sampling stations to offshore along the three transects in front of the Arzilla mouth during the 2020 rainy events (July, August and September). The graphs show the relative abundance of ammonium (in green) and nitrates (in blue).



[image: Water 14 00502 g005]







[image: Water 14 00502 g006 550] 





Figure 6. Ocean data view [15] maps showing the spatial distributions of microbial faecal contamination in seawater from sampling stations to offshore along the three transects in front of the Arzilla mouth during the 2020 rainy events (July, August and September). The graphs show relative abundance in colony-forming units of Escherichia coli (in red) and intestinal enterococci (in blue). 
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Table 1. Spearman’s rank correlation between nutrient concentrations (nitrates and ammonium), faecal bacteria (E. coli and enterococci) and rainfall in the site of the Arzilla River during 2019–2020 events. In bold significant values reported (p < 0.01).
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	2019–2020
	
	N-NH4+
	N-NO3−
	Rain
	Enterococci
	E. coli





	
	N-NH4+
	1
	
	
	
	



	
	N-NO3−
	0.159
	1
	
	
	



	
	rain
	−0.059
	0.209
	1
	
	



	
	Enterococci
	0.346
	0.225
	0.422
	1
	



	
	E. coli
	0.244
	0.197
	0.490
	0.850
	1



	2019
	
	N-NH4 +
	N-NO3−
	rain
	Enterococci
	E. coli



	
	N-NH4+
	1
	
	
	
	



	
	N-NO3−
	−0.382
	1
	
	
	



	
	rain
	0.461
	0.070
	1
	
	



	
	Enterococci
	0.947
	−0.348
	0.543
	1
	



	
	E. coli
	0.968
	−0.340
	0.476
	0.926
	1



	2020
	
	N-NH4+
	N-NO3−
	rain
	Enterococci
	E. coli



	
	N-NH4+
	1
	
	
	
	



	
	N-NO3−
	0.158
	1
	
	
	



	
	rain
	−0.270
	0.159
	1
	
	



	
	Enterococci
	−0.011
	0.446
	0.498
	1
	



	
	E. coli
	−0.172
	0.252
	0.492
	0.852
	1
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Table 2. Summary of DistLM statistical analysis carried out to test for relationships between the abundance of E. coli and intestinal enterococci and chemical–physical variables in the Arzilla River (a) and in seawater (b) during all sampling periods (2019–2020) and each sampling year separately. Results of sequential tests. SS = mean square; F = F statistic; TSM = total suspended matter; T = temperature; S = salinity; TN = total nitrogen. Only significant relationships are shown.
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Variable

	
SS

	
F

	
p

	
Prop%

	
Cum.Prop%






	
(a) Arzilla River

	
2019-2020

	
N-NH4+

	
5.74 × 108

	
4.703

	
0.032

	
7.6

	
7.6




	

	
Chl-a

	
5.27 × 108

	
4.587

	
0.023

	
7.0

	
14.6




	

	
TSM

	
4.59 × 108

	
4.452

	
0.039

	
6.1

	
20.7




	
2019

	
N-NH4+

	
2.27 × 109

	
240.990

	
0.001

	
92.0

	
91.9




	

	
Chl-a

	
3.87 × 107

	
4.872

	
0.006

	
1.6

	
93.6




	
2020

	
T

	
1.13 × 109

	
10.920

	
0.001

	
24.3

	
24.3




	

	
S

	
1.19 × 109

	
16.920

	
0.001

	
25.7

	
50.0




	

	
TN

	
5.68 × 108

	
10.365

	
0.003

	
12.2

	
62.2




	
(b) Seawater

	
2019–2020

	
N-NH4+

	
1.12 × 108

	
113.310

	
0.001

	
69.8

	
69.8




	

	
pH

	
3.86 × 106

	
4.174

	
0.040

	
2.4

	
72.2




	
2019

	
S

	
5.06 × 107

	
65.969

	
0.001

	
75.0

	
75.0




	

	
N-NH4+

	
4.86 × 106

	
8.493

	
0.008

	
7.2

	
82.2




	

	
pH

	
1.94 × 106

	
4.459

	
0.043

	
2.9

	
85.1




	
2020

	
N-NH4+

	
6.46 × 107

	
60.956

	
0.001

	
70.9

	
70.9




	

	
Redox

	
3.87 × 106

	
4.099

	
0.031

	
4.2

	
75.2




	

	
S

	
2.95 × 106

	
5.333

	
0.030

	
3.2

	
78.4




	

	
T

	
2.27 × 106

	
6.979

	
0.012

	
2.5

	
80.9
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