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Abstract

:

Microbial pathogens present in stormwater, which originate from human sewage and animal faecal matters, are one of the major impediments in stormwater reuse. The transport of microbes in stormwater is more than just a physical process. The mobility of microbes in stormwater is governed by many factors, such as dissolved organic matter, cations, pH, temperature and water flow. This paper examined the roles of three environmental variables, namely: dissolved organic matter, positive cations and stormwater flow on the transport of two faecal indicator bacteria (FIB), Enterococcus spp. and Escherichia coli. Stormwater runoff samples were collected during twelve wet weather events and one dry weather event from a medium density residential urban catchment in Brisbane. Enterococcus spp. numbers as high as 3 × 104 cfu/100 mL were detected in the stormwater runoff, while Escherichia coli numbers up to 3.6 × 103 cfu/100 mL were observed. The dissolved organic carbon (DOC) in the stormwater samples was in the range of 2.2–5.9 mg/L with an average concentration of 4.5 mg/L in which the hydrophilic carbon constituted the highest mass fraction of 60–80%. The results also showed that the transport of FIB in stormwater was reduced with an increasing concentration of the hydrophilic organic fraction, especially the humic fraction. On the contrary, the concentration of trivalent cations and stormwater flow rate showed a positive correlation with the FIB numbers. These findings indicated the potentiality to make a good use and measurement of simple environmental variables to reflect the degree of microbe transport in stormwater from residential/suburban catchments.
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1. Introduction


Stormwater harvesting and reuse from urban catchments has been identified as a viable strategy for reducing water demand through both potable and non-potable water augmentation. However, a wide range of pollutants, such as pathogens and chemicals from non-point sources, are the major challenges posed for its treatment and reuse [1] and may cause serious health risks to human beings [2,3,4].



Microbes in urban stormwater originate from both point and diffuse sources, including those from animal and human faecal pollution [2,5,6]. The urban stormwater runoff can mobilise and transport microbial pathogens from various non-point sources to surface water bodies, such as rivers, lakes and creeks. The transport processes that govern the movement of microbial pathogens are described by adsorption and/or desorption as well as hydrological processes [7]. Thus, the transport of microbes involves several environmental factors, such as dissolved organic matter, cations, pH and temperature, while the hydrological processes include rainfall intensity, duration and flow rate [8,9].



Microbes are usually negatively charged in a neutral pH regime [10,11]. Additionally, since most natural surfaces are negatively charged at the pH levels found in the environment, repulsion would be expected as a result of interaction between natural surfaces and their associated double layer counterions [11]. Humic substances that constitute half of the dissolved organic matter, which are the fraction of organic matter smaller than 0.45 μm in size, are also negatively charged when present in stormwater. Previously, it was reported that a small increase in hydrophobic organic material could significantly delay the transport of microbes [12].



To date, a number of studies have examined the possible correlations between meteorological data, such as rainfall intensity, rainfall volume and flow rate, and the concentration of microbes in surface water [13,14]. For a long time, indicator bacteria of faecal contamination, such as Escherichia coli and Enterococci spp., have been used to assess microbial quality of water sources [15]. Such faecal indicator bacteria (FIB) can also be used to assess the transport of microbes in a watershed during different hydrological events and help to assess the risk of microbiological pollution or predict how they are being transported during storm events, as well as inform the design of water-sensitive urban design (WSUD) units to meet specific end-water reuse requirements.



Numerous studies have been conducted on surface water samples to reveal multiple relationships between microbial concentrations in surface water and various catchment and hydrological variables [16,17,18,19]. Stormwater runoff is a dynamic process, and the pollutants’ concentrations may vary within one storm event and among different storm events. In any event, a similar stormwater flow may result in different pollutant concentrations and loads [1,20,21]. Therefore, the various studies conducted on surface runoff are limited and they are typically performed on a single grab sample or during a single event, which could be too limited to identify the microbe transport span and concentration range [22]. Several studies have discussed the transport of microbes in different runoff events but the correlation was mostly confined to total suspended solids [18,23,24]. Suspended solids can become a physical transport carrier for microbes in stormwater, but the physical attachment and/or adhesion of microbes to suspended solids depends on other competing water quality factors, such as humic acid and metals [17,25,26]. Tacit mobility and partitioning of microbes in stormwater runoff into freely suspended and other carrier media, such as solid particles, are not well understood, with contrasting empirical observations that vary widely in the open literature [27].



There are some studies on the transport of microbes in the presence of organic matter, metal ions and flow rate [28,29]. However, these studies are confined to a laboratory scale and conducted with column experiments. Thus, these studies are not representative and do not fully mimic the dynamics of open environment surface water flow. A review of the literature [3,30,31,32] showed a significant knowledge gap pertaining to the roles of environmental variables in microbe transport in stormwater from an urban catchment and knowledge of the key factors that control the transfer of microbes in stormwater is quite limited.



To our knowledge, there has been no previous attempts to determine the impact of dissolved organic matter (DOM), metal ions and flow rate on the concentration of microbial populations during stormwater runoff events.



Thus, the aims of this study were to evaluate the possible relationships and usefulness of environmental parameters such as dissolved organic matter, metal ions and stormwater flow to the transport of FIB of E. coli and Enterococcus spp. that could be useful as indicators of microbial pathogen presence or prevalence in a semi-urban watershed. It is anticipated that the outcomes of this research can make a good use of environmental parameters as useful predictors of microbial pathogens. Furthermore, the results can also be used to make informed decisions on the construction of best management practices (BMPs) to effectively control the presence of microbes in stormwater as well as facilitate the development of more comprehensive hydrological models with an increased capacity to estimate and predict microbiological parameters.




2. Materials and Methods


2.1. Sample Collection


Stormwater samples were collected from a stormwater drain gathering runoff from a catchment covering an area of 2.9 km2 from March to May 2011 over 12 storm events (Figure 1) in Fitzgibbon, South East Queensland using three autosamplers (ISCO 6700 series, Isco Inc., Lincoln, NE, USA). The catchment was a medium-density residential urban catchment where the impervious surface constitutes about 30% of the total area. A flow-proportional sampling mode (collected at a certain runoff volume interval) was chosen to collect sets of samples in all events. The autosamplers were programmed to be triggered simultaneously to collect 20 L in high-density polyethylene (HDPE) containers in each step. A set of 24 such containers was placed in a shed to collect the samples. In total, 13 samples were collected, including one sample from a dry weather period and the rest from stormwater events. The stormwater flow was measured with a submersible Argonaut Flow Doppler (Thermo Fisher Sci, Melbourne, Australia). The samples were collected when stormwater flow exceeded the dry weather flow by 20% and stopped when the flow returned to less than 20% of the dry flow. A remote telemetry system was established to notify the research team about the sampling in each container via SMS. After sample collection, the containers were transported back to the laboratory. A set of samples collected in each event was mixed to represent the event mean concentration. In two storm events, the flow proportion samples (at the beginning and at the end of the event) were also analysed in addition to the event mean concentration (EMC). To avoid contamination of the sampling containers, they were cleaned using sodium hypochlorite solution (10%) and rinsed with ultra-pure water (MilliQ system, Millipore, Melbourne, Australia) in the laboratory before replacing the filled HDPE containers at the site.




2.2. E. coli and Enterococcus spp.


Quantification of faecal indicator bacteria (FIB) (E. coli and Enterococcus spp.) was performed by the standard membrane filtration method [33]. One milliliter and 10 mL water samples were filtered through 0.45 µm nitrocellulose (Millipore, Melbourne, Australia) filters (47 mm) in triplicate and placed on ChromocultTM coliform agar (Merck, Darmstadt, Germany) and ChromocultTM Enterococci agar (Merck, Darmstadt, Germany) for E. coli and, Enterococci enumeration, respectively. The plates were incubated at 37 °C overnight and then typical colonies from plates with colony numbers < 100 were counted to determine the average number of colony-forming units (cfu/100 mL). E. coli ATCC 9637 and E. faecalis ATCC 19433 was used as a positive control in this study. In order to ensure quality control, field blanks and negative controls (sterile MilliQ water) were also processed with each FIB quantitation run. To confirm the presence of E. coli and Enterococci, typical well-isolated presumptive E. coli and Enterococci colonies (1–5 per dilution) were picked with a 20 µL pipette tip from the ChromocultTM coliform agar and ChromocultTM Enterococci agar plates, respectively. Colonies were suspended in 200 µL of sterile distilled water by vortexing. DNA was extracted from the cell pellets using an InstaGene™ Matrix according to the manufacturer’s instructions (Bio-Rad Laboratories, Sydney, Australia). Presumptive E. coli and Enterococci isolates were confirmed by PCR as described previously [2,4].




2.3. Dissolved Organic Matter


The stormwater samples were collected in the field during dry (i.e., no flow) conditions as well as during storm events. The dry condition sample was collected by simple grab sampling whereas the wet event samples were collected using the autosampler as described above. After sampling, the samples were immediately brought back to the laboratory after the storm had stopped. The sample was then passed through 0.45 µm glass fibre filters (GF/C Whatman, UK) and analysed by liquid size exclusion chromatography with organic carbon detection (LC-OCD, DOC Labor, DOC Labor Gmbh, Karlsruhe, Germany) for dissolved organic fractions.



The composite stormwater samples were analysed using a UV spectrometer (Varian Cary 50 Bio, Varian Inc, Palo Alto, CA, USA). The instrument was operated at bandwidth 1 nm, with a quartz cell of 10 mm path length, scanning wavelengths of 190 to 400 nm and at a scanning speed of 190 nm/min (slow).



The LC-OCD instrument measured hydrophilic and hydrophobic fractions. In the hydrophilic fraction, it distinguishes biopolymers, humic substances, building blocks and low molecular weight organics. The LC-OCD system consists of an HW-50S column (GROM Analytik + HPLC GmbH, Herrenberg, Germany) and an organic carbon detector based on the Grantzel thin film reactor. One mL stormwater samples were injected into the instrument and eluted with the eluent mixture containing 2.5 g/L KH2PO4 and 1.5 g/L Na2HPO4 2H2O at a flow rate of 1.1 mL/min. Suwannee River Humic Acids Standard II (Catalog # 2S101H, IHSS - International Humic Substances Society, Denver, CO, USA) and Suwannee River Fulvic Acids Standard II (Catalog # 2S101F, IHSS—International Humic Substances Society, Denver, CO, USA) were analysed as reference standards. Potassium nitrate and potassium cyanide were used to calibrate the nitrogen detector.




2.4. Cation Measurement


Three trivalent metals, Al, Fe and Mn, which are abundant in soil, were measured in filtered water samples by using inductively coupled plasma mass spectrometry (ICP/MS-Perkin Elmer, Waltham, MA, USA). Analyses were performed in triplicate for all the samples and the median was taken for the result and discussion.





3. Results


3.1. Faecal Indicator Occurrence during Storm Events


Stormwater samples, event mean concentration and flow proportion, mentioned above, were analysed for faecal indicator bacteria (FIB). Figure 2 shows the number of E. coli and Enterococcus spp. observed in one dry weather sample and in wet weather event mean concentration samples. Both E. coli and Enterococcus spp. numbers were significantly higher (more than twofold in many events) during the wet weather period than the dry period, when E. coli and Enterococcus spp. numbers were ~102/100 mL. This result suggested that during the runoff event, the FIB were washed off and hence increased in concentration in the runoff water. High FIB numbers observed after the rain events were also similar to what had been previously reported in the literature. Tiefenthaler, et al. [34] observed significant FIB loads during wet weather flow in a southern Californian stream. Similarly, McCarthy, Hathaway, Hunt and Deletic [18] observed an increase in FIB concentrations in wet weather periods during different events in different catchments across Melbourne, Australia. It was said that stormwater may have washed off the surface-deposited microbes along with other pollutants and drained them into receiving water bodies. The ranges of FIB in stormwater reported in this study are in agreement with the reported numbers in the literature [35,36]. A large variation in FIB numbers in stormwater events indicates that each event is significantly different from the others. This emphasises the need to garner knowledge of the roles of the environmental variables that influence FIB mobility to construct best management practices (BMPs) for recycling and reuse.




3.2. Dissolved Organic Matter Concentration


Dissolved organic matter (DOM) is defined as the natural organic matter (NOM) fraction that passes through a 0.45 µm filter [37]. There appears to be an increasing interest in DOM, not only in total content but also in its chemical composition, since DOM comprises hundreds of molecules and chemical structures [38,39]. The fractions in DOM mainly comprise humic/fulvic acid, polysaccharides, polyphenols, proteins, lipids and other heterogeneous organic molecules [40,41]. The dominant fraction, the humic/fulvic fraction, is negatively charged. It is believed that the interaction of humic fractions and microbes occurs mainly through adsorption [11,42,43].



A good correlation between bacterial abundance and dissolved organic carbon (DOC) has been reported previously [26]. Some researchers have documented the interaction between two surface properties, the charge and hydrophobicity/hydrophilicity of the microbes and dissolved organic matter, to be important for the transport of microbes [11,42,44,45]. However, as the characterisation of dissolved organic matter is complex, studies on correlating organic matter fractions and microbe abundance are, to date, limited to either hydrophilic/hydrophobic or humic materials.



Figure 3 reveals the size distribution of DOM determined by liquid chromatography with organic carbon detection for six events to illustrate the variability of DOM composition (only six out of 13 events are shown to minimise congestion in the figure). The graph indicates that there was a significant variation in the DOM constituents in events. The DOM ranged between 2.19 and 7.8 mg/L with an average of 4.4 mg/L in wet weather events and 7.73 mg/L during dry weather conditions. The first dry weather sample taken on 7 March 2011 (grab sample) had the highest DOC concentration. It was assumed that stagnation in the flow caused high DOC in the drain. During the dry weather period, the humic fraction level was almost two times higher compared to the wet weather period. In wet weather events, the humic fractions were in the range of 643 to 6243 mg/L with an average of 2639 mg/L. From a contribution ratio perspective, the humic fraction was 54% in the dry weather period, whereas it ranged between 29 and 45% in wet weather events.




3.3. Relationship between DOM, Its Fractions and Microbes


A relationship between E. coli, Enterococcus spp. and DOM and its constituents was calculated using a power decay curve    (  y = a +   bx   − c    )    where a, b and c are constants (Figure 4). The plot shows a decrease in organic concentration, which favoured an increase in microbe numbers for both species with a non-linear trend. It is known that the fate of microorganisms in soil is governed by attachment or release from hydrological substrates and interactions. Pringle and Fletcher [46] found that a variety of macromolecules inhibited the attachment of bacteria to polystyrene when macromolecules were present in the suspension during the attachment period. Bales, et al. [47] showed that a higher soil organic carbon content retarded virus transport. Another study by Bales, Li, Maguire, Yahya and Gerba [12] showed that hydrophobic organic matter could delay virus transport in a column study.



The correlation coefficients calculated from non-linear regression (power curve) between E. coli and DOC, hydrophobic organic carbon (HOC, calculated as DOC minus CDOC)), chromatographic dissolved organic carbon (CDOC) and humic fractions are shown below in Table 1. This analysis shows that the hydrophobic fraction may have less influence on the mobility of E. coli and Enterococcus spp. compared to the hydrophilic fraction. As the hydrophobic fraction is less polar, it mainly interacts with microbes via adsorption [48,49,50]. Among the hydrophilic fractions, humic substances showed a negative correlation, indicating that their presence may disfavour FIB transport. The relationship between E. coli and Enterococcus spp. and DOC is plotted below.




3.4. Relationship between Metal Ions and Microbes


It has been mentioned in the literature that microbes exhibit a biphasic response to a number of metals in soil and water [51,52,53]. According to these studies, at lower concentrations, many metals stimulate the growth of microbes, but at higher concentrations, the growth is inhibited. Recent work has shown that microbial attachment to mineral surfaces may enhance metals solubility in aqueous environments by mobilising sorbed impurities from surface sites.



The plot in Figure 5 of the concentration of microbes against trivalent metal ions (Al3+ and Fe3+) shows a good positive correlation between the metal ions and FIB numbers (p value = 0.01 to 0.0007). The outcome reflected that a higher trivalent metal concentration could provide enough opportunity to microbes with metal ions, and thus could enhance the adherence of microbes to metals. This outcome is supported by several past studies and a number of possible explanations are proposed. We mentioned earlier that organic matter and microbes are negatively charged. The negative charge in the organic matter is by phenolic and carboxylic groups. In our study, we observed a zeta potential (electric potential between the surface of the particles in the suspending liquid) of stormwater of around −27 to −17 mV. The higher value (−27 mV) was observed when there was a low metal ion concentration in the samples. We also observed that when the metal ion concentration increased in the samples, the zeta potential of stormwater dropped (shifted towards zero). The downward trend of the zeta potential showed that NOM charge neutralisation occurred by increased metals in the runoff water. This means that a high concentration of metal ions present in stormwater (after NOM charge neutralisation) may have attracted negatively charged microbes and hence helped to increase the microbe concentration in the runoff. An experiment conducted by Elzinga, et al. [54] found that a long contact time between metal ions and microbes could help to adhere microbes on the metal ion particles. Liu, et al. [55] further says that the close contact between microbes and metal oxides facilitates electron flow between metal oxides and microbial cells and promote the adhesion. A positive role of bacterial transport by metal concentration has also been observed by Jewett, et al. [56]. They state that a higher ionic strength compresses the electric double layer and reduces electrostatic repulsion between like-charged particles at a given separation. Other investigators have observed similar changes in cell penetration as a function of metal ion concentration [8,57]. A study by Yee, et al. [58] suggested that the microbes and mineral ratio are important in the adsorption of microbes into metal particles. They say that the higher the ratio, the higher the adhesion.




3.5. Relationship between Flow Rate and Microbes


Total rainfall volume and rainfall intensity are important factors in the release of pathogens from faecal matter and the subsequent mobilisation into surface and ground water. Several publications have linked the incidence of rainfall and waterborne diseases around the world. Stumpf, Piehler, Thompson and Noble [29] demonstrated a very good relationship between E. coli and Enterococci spp. with stormwater runoff and hydrograph patterns in creek water in North Carolina. Cho, et al. [59] showed meteorological effects on the level of faecal indicator bacteria in Guanju Creek in South Korea, an urban stream. Figure 6 shows the relationship between FIB and flow rate, which we observed in the present study. The result suggested that the transfer of microbes from grassland soil to water could be associated with hydrological energy. Higher energy precipitation might have enabled the physical movement of microbes and their hosts, creating a rapid transfer. These observations and interpretations are in agreement with other studies that reported an increase in FIB with an increase in rainfall by several fold [29,60].





4. Conclusions


Stormwater samples collected from a medium-density residential urban catchment in South East Queensland were analysed for faecal indicator bacteria (FIB) and their transport in relation with environmental variables such as dissolved organic carbon (DOC), metals and flow rate for twelve storm events. The result showed that the E. coli and Enterococcus spp. numbers varied between 102 and 104/100 mL during the dry and wet periods. The DOC in the stormwater samples was in the range of 2.2–7.7 mg/L, in which the hydrophilic fraction constituted the highest mass fraction (60–80%). A relationship between E. coli, Enterococcus spp. and DOM and its constituents showed a non-linear power decay trend. Further detailed analysis showed that within the hydrophilic fraction, the humic substances resisted the FIB transport more than the other organics. The lower heavy metal concentration did not dictate the transport of FIB, whereas at a higher concentration, it showed a linear relationship. The role of environmental variables in the motility of microorganisms in stormwater runoff is still unknown because the interactions and adhesion/repulsion of microbes with metal ions and natural organic matter are complex. Further research in this area may provide valuable tools to conduct risk assessment and better inform future management strategies on harvesting and reuse.
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Figure 1. Queensland, Australia map and sampling site (adopted from Google Maps). 
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Figure 2. E. coli and Enterococcus spp. numbers in stormwater samples. S1 is dry weather sample and S2–S13 are wet weather samples collected between March 2011 to April 2012. 
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Figure 3. LC-OCD chromatogram of stormwater samples using organic carbon detector. 
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Figure 4. Relationship between E. coli (a), Enterococcus spp. (b) and dissolved organic carbon in stormwater. 
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Figure 5. Relationship between metal ions and E. coli (a,b) and Enterococci spp. (c,d). 
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Figure 6. Relationship between flow rate and E. coli (a) and Enterococcos (b) (the black dots represent dry weather flow data). 
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Table 1. Relationship between dissolved organic matter and its fractions with faecal indicator bacteria (FIB) using the coefficient of determination (R2) of a curve fitted with a power equation as described in the text.
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	DOC
	HOC
	CDOC
	Humic Acid





	E. coli
	0.34
	–
	0.35
	0.46 (p = 0.0300)



	Enterococcus spp.
	0.36
	–
	0.46
	0.39 (p = 0.0007)
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