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Abstract

:

Fecal contamination is a major concern for water quality management, since the fecal materials are associated with pathogens that can cause illness wherever water is used for recreational, drinking and aquaculture purposes. In order to monitor source(s) of fecal contamination in Oklahoma water systems, sterol profiles were previously examined in rural and urban samples collected from the Illinois River Basin and the Norman Wastewater Treatment Plant (WWTP), respectively. Two distinctive, qualitatively and quantitatively, sterol fingerprints were recognized. Despite the effective removal of organic material by the Norman WWTP, human-derived sterol fingerprints, characterized by a predominance of fecal stanols such as coprostanol, were still significant in the output from the plant. The source of fecal material in the Illinois River samples (rural) was defined as being characteristic of corn-feed chicken manure originating from surrounding feedlots through the principal component analysis (PCA) of the sterol distributions and carbon compound specific isotope analysis of selected sterols (CSIA, δ13C). Thiosteranes, formed during sludge treatments, were also shown to be useful tracers for monitoring sludge application in agriculture fields. The results obtained were used to provide water management authorities with qualitative insights into the source of fecal material inputs into the environment.
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1. Introduction


Freshwater is one of the fundamental natural resources for terrestrial living organisms and especially for humans. Furthermore “around 1.2 billion people, or almost one-fifth of the world’s population, live in areas of physical scarcity, and 500 million people are approaching this situation. Another 1.6 billion people, or almost one quarter of the world’s population, face economic water shortage (where countries lack the necessary infrastructure to take water from rivers and aquifers)” [1]. Under the threat of the global climate change that aggravates the disparity of freshwater distribution and the growth of the world’s population that will exponentially increase the need for freshwater, water shortage is amplified and will be more notable in the next decades [2]. Decline of water quality, one of the outcomes of intensive use of water by expanded human activities, is another factor that moves us towards water shortages and becomes a major global concern for water management. Water quality deterioration from the presence of various types of pollutants, such as organic, inorganic and microbial, could put the food chain and public safety directly at risk through waterborne diseases.



Fecal contamination is considered as one of the major threats for the degradation of water quality, since it can directly endanger human health via exposure to pathogenic viruses and protozoa associated with feces, whenever water is used for recreational, drinking and aquaculture purposes [3,4,5]. Fecal contamination also promotes algal proliferation [6] that leads to eutrophication that destabilizes the equilibrium of aquatic systems [7].



In order to assess the fecal contamination, fecal indicator bacteria (FIB), which link the observed illness and level of the bacterial indicator (e.g., Escherichia coli and enterococci), were developed and applied globally for water quality monitoring [4]. FIB sources are multiple and widespread in the environment. Wildlife, domestic pets, defective septic tanks and sewage from human wastewater are the major potential sources of fecal contamination [8]. Moreover, human-sourced fecal contamination was estimated to be more related to health risk than non-human sources [9].



The concept of microbial source tracking (MST) was recently introduced for monitoring fecal contamination [5,10]. It offers the possibility of identifying, and in some cases, of quantifying nonpoint or multiple sources of pollution. MST combines multiple approaches for source identification. They were developed based on identification of numerous feces-related microbiological (e.g., Bifidobacterium spp.), molecular (e.g., DNA fingerprints) and biochemical (e.g., sterols) markers found in drinking, recreational, groundwater and aquatic wildlife habitat [5,10]. Specific MST markers for human, different livestock and wildlife are well defined and have been confirmed [11]. MST has been successfully applied for source identification in some fecal contamination case studies [12,13,14,15].



In order to help choose the most appropriate method for source tracking, several authors have reviewed and described the performance of existing MST approaches [3,5,10,11]. According to these authors, the microbiological method is easy to perform but some specific markers are not very abundant in the environment, and microbial survival rates are also variable, altering the reliability of results. The molecular approach is rapid and easy to perform, and markers also show high specificity. Human, pig and ruminants specific markers were well investigated and widely applied in some case studies [16]. However, due to the geographical and/or environmental dependence of some specific markers and an incomplete molecular database, the effectiveness of the molecular approach could be then limited [3,10]. Nevertheless, the biochemical markers, in particular sterols, bearing a degree of specificity are also valuable for source discrimination. Sterols are a group of organic compounds that are synthesized by a large range of living organisms like plants, animals, bacteria and fungi [17,18,19] and are found in various environmental matrices such as water, soil and sediments. A significant number of recent studies has shown that sterol distributions are capable of distinguishing human and non-human sources of fecal contamination [20,21,22]. Sterol distributions within these fingerprints may also be affected by climatic and geographic factors [23,24,25].



Leeming, et al. [21] pointed out that fecal sterol profiles could be specific for some warm-blooded animals based on diet and the presence of anaerobic bacteria in the gut. Sterol profiles will vary according to diet, and the major ingested sterols will vary for herbivores and carnivores as well. During the digestion process, through the help of intestinal microflora (if present), the ingested sterols are transformed into stanols with different isomeric structures and then released into the environment. However, in some warm-blooded animals, such as several avian herbivores, the intestinal microflora are not very abundant, or even absent in the gut, the ingested sterols are not significantly altered during digestion before being released. In the case of two or more organisms having similar qualitative fecal sterol distributions, the sterol concentrations may provide an additional tool to distinguish the different organisms. The quantity of produced fecal sterols can vary considerably depending on the animal sources. For instance, humans and pigs have similar fecal sterol fingerprints, but the sterol concentration is much higher in human feces than in pig feces. Nevertheless, in some receiving water, use of sterol concentration could be limited to distinguish human and pig feces due to the dilution effect. In this case, the molecular MST analysis would be more appropriate. In addition, some endogenous sterols, which are biosynthesized and discharged to the digestive tract, could also be specific to a particular host [21,26]. The combination of all the above factors is responsible for the specificity of the fecal “sterol fingerprints”, qualitatively and quantitatively, for most warm-blooded animals.



This paper aims to provide an overview on the application of sterol fingerprints as a source tracer for fecal contamination in water quality monitoring in different environmental backgrounds, such as urban and rural, within the state of Oklahoma (U.S.). In addition, it will provide water management authorities with a qualitative insight into the impact of human and non-human input of fecal material into the Oklahoma water systems.




2. Materials and Methods


2.1. Samples


Sterol fingerprints from urban and rural water samples from Oklahoma have been characterized over the past four years. Samples were collected from the Norman wastewater treatment plant (WWTP) and the Illinois River Basin (Figure 1). Samples collected included water, sediment and sludge.



The Illinois River Basin extends across the northeastern part of Oklahoma and northwestern part of Arkansas and about 54% (equivalent to 2299 km2) of the total surface area is in Oklahoma. Land-use of the Illinois River Basin is mainly distributed between forest and agricultural purposes with industrial and urban activities representing only a minor component [27]. Poultry farming is one of the major agricultural activities in the area, and poultry manure is commonly used as soil fertilizer in the surrounding crop fields [28]. In a previous study, surface sediment samples were collected from the mainstream and tributaries of the Illinois River as well as from Lake Tenkiller, located in the lower part of basin (Figure 1).



The Norman Waste Water Treatment Plant (WWTP), located in the southern part of the metropolitan area of Oklahoma City, serves a population of more than 118,000 (Figure 1). This plant utilizes a water purification procedure consisting of several clarification steps and biological treatment of the sludge. Sludge obtained after the clarification processes was successively subjected to anaerobic digestion and centrifugation. The dewatered sludge, called “cake”, is generally used for land fertilization in the surrounding area. In a previous study, sludge and water samples were collected at different treatment stages as well as from the influent to the plant.




2.2. Sample Treatments and Analysis


2.2.1. Pretreatments


Detailed sampling and pretreatment procedures are reported in previous studies [14,29]. Briefly, sediment and sludge (1 L) samples were frozen for 24 h after collection and being returned to the laboratory. Samples were then freeze-dried for at least 12 h (Freeze-dryer 5, Labconco, Kansas City, MO, USA). To improve extraction yield, dry samples, between 20 to 40 g of sediments and between 1.2 to 9.9 g of sludge, were sieved (2 mm), and the undersized particles were crushed to 250 μm.



After collection, pH of the water samples was adjusted to 1 or 2 using HCl solution (10%). Once the samples were returned to the laboratory, suspended fine particles were rapidly filtered from the water through pre-rinsed and pre-weighed glass fiber filters (Whatman GF/F, Ø = 47 mm, 0.7 μm pore size, Whatman, Maidstone, UK). Wet filters containing particles were frozen, freeze-dried, and the dry filters were weighed and stored in the freezer prior to extraction.




2.2.2. Extraction and Fractionation


Organic matter extraction procedures were described in previous papers by Biache and Philp [14]. Briefly, each solid sample (including sludge, sediment and filters) was extracted by sonication using methanol (MeOH), then a mixture of methanol-dichloromethane (v:v, 1:1) and dichloromethane (DCM), and the extracts were combined in one glass flask. For the filtered water, extraction of the organic matter was performed using solid phase extraction (SPE). Water was filtered through a pre-rinsed and pre-conditioned C18 embedded SPE disk (Supelco, Bellefonte, PA, USA), and the organic matter retained on the disk was recovered using a mixture of DCM-MeOH (v:v, 1:1). The extracts were separated into aliphatic, aromatic and polar fractions using liquid chromatography. Detailed separation procedures were previously described in Biache and Philp [14] and Biache, et al. [29].





2.3. Sterol Quantification and Compound Specific Isotope Analysis (CSIA)


The polar fractions containing the sterols were analyzed using gas chromatography (Agilent Technologies GC-7890A) coupled with mass spectrometry (Agilent Technologies 5975C XL MSD with triple-axis detector). Sterols were quantified using internal standards (cholestanol-d6), and the GC-MS was pre-calibrated using a mixture of 7 different sterols (coprostanol, epicoprostanol, cholesterol, stigmasterol, β-sitosterol, sitostanol, stigmastanol). The sterol mixture was injected at 6 different concentrations ranging from 1 to 100 μg/mL. Carbon isotope analysis (CSIA) of selected sterols was performed by using gas chromatography (Agilent Technologies 7890A GC) coupled with isotope ratio mass spectrometry (Thermo Finnigan MAT 253). Analytical conditions were given in Biache and Philp [14] and Biache, et al. [29].




2.4. Statistical Analysis


Sterols distributions were subjected to statistical analysis using principal component analysis (PCA) performed with XLSTAT software (Addinsoft 2012, Addinsoft, New York, NY, USA) using a covariance matrix.



PCA is a descriptive multivariate method based on a geometric model. In environmental sciences, it has been widely used to analyze the natural association between samples in a complex data set. The identified associations are able to highlight the presence of natural or anthropogenic influence for example, by showing participation of individual variables (e.g., chemicals) in several influential factors [30,31]. In this study, the PCA was performed by using 27 individuals (27 potential sources of fecal contamination, including animal feces and urban runoff [14,21]) and 13 variables {the relative proportion of 13 sterols (reported in Table 1) found in different “pure” fecal sources}. The samples collected and processed in this study, such as Illinois River basin samples, were analyzed as supplementary data in the PCA in order to illustrate similarity with potential fecal sources.





3. Results and Discussion


According to the sample types (water, sediment, or sludge), sterol concentrations were expressed in μg/L and in μg/g of dry weight (d.w.) for aqueous samples (water and sludge) and solids (sediments and dewatered sludge), respectively. Since the grain-size distribution could significantly affect the sterol concentrations from the sediments [32], concentrations of the total sterols in sediments were normalized to the total organic carbon, denoted as μg/mg of TOC. Urban samples from the Norman WWTP showed significantly higher amounts of sterols than rural samples from the Illinois River Basin, and the two sites showed distinctive sterol profiles.



3.1. The Norman WWTP


Total sterol concentrations in the Norman WWTP samples ranged from 194 μg/L and 1625 μg/L for water and 12,724 μg/L and 74,099 μg/L for sludge. The difference in concentrations between the water and sludge could be explained by the hydrophobic nature of sterols. Due to their hydrophobic property, discharged sterols tend to associate with particulates and are progressively removed from the water during clarification that leads to a higher concentration of sterols in the sludge. The highest sterol concentration occurred in the primary sludge at 74,099 μg/L, where the solid material as well as domestic vegetable oil and grease accumulate. After undergoing anaerobic digestion, a large amount of organic matter was degraded and/or consumed by the anaerobic bacteria, and the concentration of total sterols was 5117 μg/g in the dewatered sludge of the Norman WWTP (Table 2).



Sterols were encountered in lower concentrations in the water than in the sludge. The influent and the primary effluent of the Norman WWTP exhibited similar sterol concentrations, namely 1615 μg/L and 1580 μg/L, respectively (Table 2). After undergoing the biological treatment and final clarification, the concentration of the total sterols was reduced by a factor of 8 and was 194 μg/L in the final effluent.



Despite the significant differences in sterol concentrations before and after treatments, all of the water, or all of the sludge, samples showed similar sterol distributions, but the water and sludge samples themselves were different (Figure 2). Water samples, including the activated sludge (high water content), were characterized by a predominance of cholesterol, coprostanol and sitosterol, representing more than 70% of the total sterols (Figure 2a). All of the sludge samples, excluding the activated sludge, exhibited high proportions of coprostanol, epicoprostanol, and 24-ethylcoprostanol, representing about 60% of the total sterols (Figure 2b).



Cholesterol is one of the vital components in the cell membranes of vertebrate organisms and some marine algae species [17,18]. It is also found, to a lesser extent, in some vascular plants [19]. Coprostanol is formed from the hydrogenation of cholesterol in the gut facilitated by reducing bacteria. It is found as one of the major sterols in the feces of numerous warm-blooded animals. The presence of high proportions of cholesterol and coprostanol are typical of omnivore feces signatures, such as human and porcine. Moreover, McCalley, et al. [33] pointed out that the conversion of cholesterol to coprostanol could also occur during sludge digestion, and a higher proportion of coprostanol relative to cholesterol would be found in digested sludge. This is consistent with that was observed in the Norman WWTP samples, where only the digested sludge showed higher amounts of coprostanol associated with relatively low amounts of cholesterol. During the wastewater treatment, concentrations of coprostanol and cholesterol were reduced from 385 μg/L and 547 μg/L in the influent to 25 μg/L and 42 μg/L, respectively, in the final effluent. Concentrations of coprostanol and cholesterol were still relatively high in the final dewatered sludge, i.e., 1489 μg/g and 313 μg/g, respectively (Table 2).



Epicoprostanol, an isomer of coprostanol, is another biodegradation product of cholesterol. It was found below the detection limit in all of the water samples but represented one of the major sterols in sludge samples. The differences in concentration between the water and sludge samples could be explained by the lipophilic property of epicoprostanol. However, according to McCalley, et al. [33], conversion of epicoprostanol does not occur extensively during intestinal digestion but is more effective under the sludge digestion process, due to the enforced and prolonged bacterial activity in the digestion tank. Epicoprostanol could be formed either by the dehydrogenation of cholesterol via coprostanone as an intermediate, or by epimerization of coprostanol during sludge digestion. Therefore, it has been proposed that epicoprostanol is more useful for distinguishing between contamination from treated and untreated waste. Consequently, in the Norman WWTP samples, the occurrence of epicoprostanol (below detection limit in water but high amounts in the sludge) is a result of the sludge treatment rather than human feces input.



β-Sitosterol is essentially synthesized by vascular plants and represents the major sterol in plant material. In the Norman WWTP water samples, it was present in relatively high proportions and represented about 20% of the total sterols. High proportions of β-sitosterol in urban wastewater could originate from domestic food products (cooking oil or vegetables), and/or from the washout of urban vegetation. Concentrations of β-sitosterol in water decreased after the wastewater treatment and were reduced by a factor of 7 compared to the influent.



24-Ethylcoprostanol, an anaerobic degradation product of β-sitosterol, represents one of the major sterols in the digested sludge but showed much lower concentrations in the water samples (Table 2). It is known as the major fecal sterol of ruminants, such as cow and sheep, but could also be present in relatively high concentrations in human feces, just slightly lower than coprostanol [21]. During the wastewater processes, about 88% of 24-ethylcoprostanol was removed from the water.



Besides the regular sterols, sulfur-containing steroids, like thiosteranes, were also identified in many of these samples. Two thiosteranes, cholestane-3β-thiol and 24-ethylcholestane-3β-thiol, were quantified in low concentrations in the final sludge products of the Norman WWTP (Table 2). A good correlation between the concentration of cholestane-3β-thiol and coprostanone was observed, which suggested the thiosteranes were possibly formed from stanones, such as coprostanone, in the presence of H2S and HS− during anaerobic reduction process and are ultimately found in digested sludge. Due to the stability of these compounds under anoxic and suboxic conditions, it is proposed that these thiosteranes could be used as novel tracers for the environmental input of sewage products or land application of sewage sludge.




3.2. The Illinois River Basin


Because of their hydrophobic properties, sterols tend to associate with particulates in water and deposit on the surface of sediment layer. In the Illinois River Basin, only the uppermost surface sediment (of about 0.5 cm) was sampled; the results obtained from sediment were considered as comparable to those obtained from water.



In comparison to the urban samples, described above, samples from Illinois River Basin contained much lower concentrations of sterols varying between 1 and 7 μg/g d.w. sed. or 0.35 and 1.20 μg/mg of TOC. The Tenkiller Lake sample showed an exception, with sterol concentrations up to 37.98 μg/g d.w. sed. or 3.22 μg/mg of TOC. All of the Illinois River Basin samples showed similar sterol distributions (Figure 2c). β-Sitosterol was the major sterol with proportions varying between 32% and 53%. Cholesterol and campesterol were found as the second and third most abundant sterols, and their relative proportions varied between 15% and 28% and 10% and 21%, respectively. As previously mentioned, these sterols are synthesized by a large range of living organisms (including plants and animals), and are ubiquitous in the environment. Their occurrence in the Illinois River samples does not reveal any specific information on their source. Other sterols, in particular fecal stanols, like coprostanol, epicoprostanol and 24-ethylcoprostanol, which contain specific source information, were found in relatively low concentrations in the studied samples. However, high amounts of phytosterols (β-sitosterol and campesterol) and cholesterol in parallel with low amounts of the fecal stanols in the Illinois River samples do not necessarily indicate the absence of fecal contamination. As pointed out by Leeming, et al. [21], low amounts, or the absence, of intestinal microflora in the gut of several warm-blooded animals may result in low amounts of ingested sterols being transformed into stanols during the digestion process. The non-transformed sterols are discharged and found as the major sterols in these animal feces, whereas the fecal stanols are found as minor compounds. Related animals having low amounts of intestinal microflora are dogs and several avian herbivores like chicken [34,35].



In an attempt to refine the source of contamination, principal component analysis was performed on the sterol distributions of the Illinois River Basin samples and several ”pure” feces samples, such as pig, human, domestic pets, WWTP water, cow, chicken, horse. The latter were considered as potential sources of contamination in the study area. Statistical analysis was performed using the sterol distribution of different pure fecal sources. Different groups were discriminated based on the proportion of cholesterol (87%, F1 axis) and of β-sitosterol plus coprostanol (55% + 28%, F2 axis). Each group corresponds, a posteriori, to specific group of animals having similar diets and the ability to convert sterols into stanols (Figure 3). Indeed, herbivores, like cows, buffalo, sheep, horse, comprise the first group, and their feces are characterized by high proportions of C29-sterols and C29-stanols. The second herbivore group, comprising by avian herbivore such as chicken, swan, and rosella, differs from the others by the presence of a high proportion of C29-sterols and low amounts of C29-stanols. Several carnivore avian species (including magpie and seagull), as well as dogs, constituted the third group. The latter group showed higher proportion of C27-sterols and lower proportion of C29-sterols. Other omnivores, such as humans and pigs, differed from the others by having a relatively high proportion of C27-stanols and C29-stanols. The Illinois River samples showed similar fecal sterol distributions to those of the avian herbivore group. This similarity indicates a potential contribution from the fecal material of swan, rosella and chicken into the Illinois River Basin. However, due to the low amount of fecal stanols and the ability of stanol formation during the incorporation of sterols into the sediments [36], interpretation of PCA results should be undertaken with caution.



In order to confirm the interpretation obtained from PCA, compound specific isotope analysis (CSIA) was performed on several selected sterols, in particular phytosterols. CSIA applied to phytosterols is based on the differences in carbon isotope signatures between C3 and C4 plants [37]. Indeed, during plant photosynthesis, atmospheric 12C carbon dioxide is preferentially incorporated by plants, leading to the formation of sterols that are isotopically lighter than atmospheric carbon dioxide [38]. This fractionation is more important for C3 than C4 plants, due to the two different photosynthetic pathways employed by these plants, which is the Calvin cycle for C3 plants and the C4-dicarboxylic acid pathway for C4 plants. Therefore, C3 plants are generally more depleted in 13C (ranges −33‰–−22‰) than C4 plants (around −20‰–−10‰) [39,40,41]. Among the current terrestrial vegetation, C3 plants dominate and represent 85% of plant species including all trees and most temperate and cold species. C4 plants comprise a minority of terrestrial plant species, less than 4%, and are mostly concentrated in the tropical and subtropical areas [42]. The most common C4 plant species are corn, sorghum, millet and sugarcane. Hence, determination of the δ13C values of selected phytosterols is a reliable tool to discriminate between livestock feedlot sources (i.e., cattle) and wild animals (i.e., deer) as sources of fecal pollution, since in the former, the animals are mainly fed with corn (C4 plants) whereas the latter consume mainly grass (C3 plants).



Previously, Chikaraishi, et al. [43] defined the δ13C variation ranges of several selected phytosterols in C3 and C4 plants. By comparison with the data published by the authors, the phytosterols detected in the Illinois River Basin samples showed intermediate isotopic values between C3 and C4 plants. As the land in the Illinois River Basin is mainly covered by C3 plants, in which the δ13C is more depleted than C4 plants, the shift towards heavier δ13C values measured in Illinois samples should refer to the C4 plant contribution. As C4 plants were not cultivated in the study area, but corn is widely used as feed in the poultry farms, the shift towards heavier δ13C in Illinois River Basin samples was most likely the result of chicken manure input from surrounding chicken farms.




3.3. Sterol Fingerprint as Source of Fecal Contamination Indicator


The decrease in concentration and the change in distribution of the sterols, in particular coprostanol, cholesterol, epicoprostanol and thiosteranes, from input to output of the Norman WWTP indicate the effective removal of the fecal material at the Norman WWTP. However, human fecal signature could still be clearly recognized in the final products (including effluent and dewatered sludge), which is characterized by a predominance of coprostanol. As the final effluent is directly discharged into the Oklahoma river system after the plant, and the final sludge is generally used for agriculture field application, the sterol fingerprints obtained from the output of the WWTP can provide qualitative insights on the impacts of urban sewage on the regional environmental quality. Moreover, use of a combined approach of sterol fingerprint and the carbon CSIA also provides a powerful tool for source tracking in some non-point source pollution sites, such as the Illinois River Basin.



In addition to sterol concentrations and distributions, several sterol ratios were also useful for source discrimination. Examples given in Table 3 were previously determined to discriminate human feces contamination and were applicable to different sample matrices like water, sediment and/or sludge. Ratio calculations were performed, based on the results obtained by Biache, et al. [29], on the Norman WWTP samples. The results (ratios R1 to R7 reported in Table 3) confirmed that human feces contamination was dominant in the Norman WWTP samples, including the final effluent and dewatered sludge.



Sterol ratios could also be used to distinguish different animal feces, such as pig, cow, chicken, horse and deer from a cross-polluted water or sediment from rural sites. For instance, sitostanol/coprostanol was used by Derrien, et al. [48] to discriminate cow (1.5–3.3) and pig (0.2–1.0) feces. Coprostanol/(Coprostanol + 24-ethylcoprostanol) × 100 permits differentiation between human (>73), herbivore (<38) feces and mixtures of the same (38–73) [45,49]. The ratio of (coprostanol+epicoprostanol)/cholesterol was used by Standley, et al. [22] to discriminate human (<0.01) and cattle/horse/deer (>0.1) feces. Compared to CSIA, which provides relevant results but involves the use of highly precise and costly measurement by isotope ratio mass spectrometer (IRMS), calculation of sterol ratios is cheaper, faster, and can provide a rapid and relatively reliable preliminary interpretation on the source of fecal contamination.



Fecal material input to the environment is permanent, although the presence of fecal material does not necessarily have to be related to contamination. For a better environmental quality assessment, it is also necessary to associate the FIB interpretation, from which the presence and level of fecal contamination can be determined. Theoretically, for a known fecal source, the quantity of fecal sterols in water should reflect the quantity of fecal material released into the water. Hence, the sterol concentration could also be potentially used to indicate fecal contamination. Numerous studies have demonstrated a potential correlation between sterol fingerprints and FIBs [25,49,50,51,52,53]. For example, it has been shown that coprostanol concentrations of 60 and 400 ng/L seem to correspond to the defined primary and secondary contact limits for thermo-tolerant coliforms and entercococci [49,51]. However, Isobe, et al. [52] also pointed out that this correlation, in particular between coprostanol concentrations and E. coli density, could be affected by seasonal and geographic variation effects. Indeed, in the current environment, FIBs and molecular MST markers could degrade at different rates due to their differential fate and transport [54], and the half-life of coprostanol under aerobic conditions is <10 days [55]; therefore, a reliable correlation between coprostanol (or other fecal stanols) and FIBs should be expected under limited conditions such as the feces being fresh or recently released. The relationship between FIBs and sterol fingerprints seems very complex and need to be more thoroughly investigated in further monitoring programs.





4. Conclusions


Sterol fingerprints have been show to be an efficient tool for tracking sources of contamination in urban and rural areas of Oklahoma. Based on changes of sterol fingerprints, the removal efficiency of sterols by the wastewater treatment was evident. A qualitative insight, referring to sterol concentration and distribution in the final products of plant (effluent and dewatered sludge), into the release of urban sewage into the environment after the Norman WWTP was also given. The use of a combined approach of sterol fingerprints and compound specific isotopic ratios of several selected sterols allowed the determination of contamination sources in non-point pollution sites such as the Illinois River Basin. However, the performance of sterol fingerprints still needs to be improved, especially the use of sterol profiles, as an indicator of fecal contamination. The success of the application of sterol fingerprint in source tracking promotes our current monitoring project, which aims to trace the fecal contamination in different Oklahoma Watersheds through a one-year survey period. By tracing the sterol fingerprint variations, it should also be possible to monitor the changes of fecal contamination sources throughout seasons, special weather events (e.g., rainfall, drought) and changes in land-uses.
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Figure 1. Map of the study area and sampling sites. (Left) The Norman WWTP, located in the center of Oklahoma; (Right) the Illinois River Basin, across the northeast of Oklahoma and northwest of Arkansas (Adapted from Biache and Philp [14]). 
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Figure 2. Sterol distribution of (a) the Norman WWTP water plus high water content, and (b) sludge samples, and of (c) the Illinois River samples. “ILR”: Illinois River. 
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Figure 3. Plot of the principal component analysis of the Illinois River sediments with some feces samples (Adapted from Biache and Philp [14]). 
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Table 1. Trivial and systematic names of the quantified sterols, their carbon number, molecular mass of their silylated counterparts (M.W.), the m/z and standard used for quantification.
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Trivial Name

	
Systematic Name

	
Number of Carbon

	
M.W.

	
m/z for Quantification and Identification

	
Standard Used for Quantification






	
Cholestane-d6

	
Cholestane-2.2.3.3.4.4-d6

	
27

	
378

	
223; 363; 115; 378

	
Cholestane-d6




	
Coprostanol

	
5β-cholestan-3β-ol

	
27

	
460

	
370; 355; 75; 215; 95; 207

	
Coprostanol




	
Epi-coprostanol

	
5β-cholestan-3α-ol

	
27

	
460

	
370; 215; 75; 355; 257

	
Epicoprostanol




	
Cholesterol-d6

	
Cholesterol-2.2.3.4.4.6-d6

	
27

	
464

	
333; 374; 131; 359; 73; 464

	
Cholesterol-d6




	
Cholesterol

	
Cholest-5-en-3β-ol

	
27

	
458

	
129; 329; 368; 353; 458

	
Cholesterol




	
Cholestanol

	
5α-cholestan-3β-ol

	
27

	
460

	
215; 75; 445; 355; 460; 405

	
Cholestanol




	
Campesterol

	
24-methylcholest-5-en-3β-ol

	
28

	
472

	
129; 95; 82; 69; 343; 204; 109; 472

	
β-Sitosterol




	
Campestanol

	
24-methyl-5α-cholestan-3β-ol

	
28

	
474

	
215; 75; 459; 369; 474; 305

	
Sitostanol




	
Stigmasterol

	
24-ethylcholesta-5,22(E)-dien-3β-ol

	
29

	
484

	
129; 83; 484; 255; 394

	
Stigmasterol




	
Stigmastanol

	
24-ethyl-5α-cholesta-5,22(E)-dien-3β-ol

	
29

	
486

	
257; 75; 55; 486; 353; 345

	
Sitostanol




	
β-Sitosterol

	
24-ethylcholest-5-en-3β-ol

	
29

	
486

	
129; 357; 396; 73; 381; 486

	
β-Sitosterol




	
Sitostanol

	
24-ethyl-5α-cholestan-3β-ol

	
29

	
488

	
215; 75; 473; 383; 488; 305

	
Sitostanol




	
24-Ethylcoprostanol

	
24-ethyl-5β-cholestan-3β-ol

	
29

	
488

	
398; 383; 215; 75; 257

	
Epicoprostanol




	
/

	
5α-cholestane-3β-thiol

	
27

	
404

	
249; 250; 389; 404

	
Coprostanol




	
/

	
24-ethyl-5α-cholestane-3β-thiol

	
30

	
432

	
249; 250; 417; 432

	
Coprostanol
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Table 2. Steroid concentrations in the Norman WWTP samples (Reprinted from Biache, et al. [29]).
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Compounds

	
Incoming Water (µg/L)

	
Primary Effluent (µg/L)

	
Effluent (µg/L)

	
Digested Sludge from Primary Clarification (µg/L)

	
Activated Sludge (µg/L)

	
Sludge from Final Clarification (µg/L)

	
Cake (µg/g)






	
Coprostanol

	
385

	
376

	
25

	
23,533

	
2594

	
7734

	
1489




	
Epicholestanol a

	
10

	
<L.D.

	
9

	
1872

	
<L.D.

	
1503

	
129




	
Epicoprostanol b

	
<L.D.

	
<L.D.

	
<L.D.

	
12,485

	
581

	
6272

	
813




	
Coprostanone c

	
<L.D.

	
<L.D.

	
<L.D.

	
369

	
0

	
246

	
87




	
Cholesterol

	
547

	
545

	
42

	
5797

	
3074

	
2896

	
313




	
Cholestanol

	
40

	
43

	
11

	
348

	
806

	
3859

	
430




	
5β-stigmastanol d

	
17

	
<L.D.

	
5

	
1317

	
214

	
620

	
95




	
24-ethylcoprostanol

	
140

	
140

	
17

	
9226

	
1183

	
3695

	
601




	
Campesterol

	
82

	
81

	
15

	
1760

	
681

	
894

	
102




	
24-ethylepicoprostanol e

	
<L.D.

	
<L.D.

	
7

	
2755

	
231

	
1161

	
178




	
Campestanol

	
55

	
55

	
10

	
4820

	
382

	
1815

	
271




	
Stigmasterol

	
24

	
23

	
8

	
875

	
412

	
517

	
54




	
Stigmastanol f

	
<L.D.

	
<L.D.

	
<L.D.

	
406

	
103

	
314

	
27




	
β-Sitosterol

	
292

	
293

	
38

	
5953

	
2062

	
3227

	
364




	
Sitostanol

	
23

	
25

	
8

	
2582

	
400

	
1648

	
165




	
Sum steroids

	
1615

	
1580

	
194

	
74,099

	
12,724

	
36,401

	
5117




	
5α-cholestane-3β-thiol g

	
<L.D.

	
<L.D.

	
<L.D.

	
181

	
<L.D.

	
138

	
18




	
24-ethyl-5α-cholestane-3β-thiol h

	
<L.D.

	
<L.D.

	
<L.D.

	
61

	
<L.D.

	
46

	
6








L.D.: Limit of Detection. Limit of detection for a 50 µg/L; b 50 µg/L; c 50 µg/L; d/e/f/g 50 µg/L; h 50 µg/L.
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Table 3. Example of sterol ratios for identifying human fecal contamination and calculated ratios of Norman WWTP samples.
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Ratio

	
Sterol Ratios

	
Incoming Water

	
Digested Sludge from Primary Clarification

	
Primary Effluent

	
Activated Sludge

	
Sludge from Final Clarification

	
Effluent

	
Cake

	
Reference






	
R1

	
Cpr/(Cpr + Chnl)

	
0.9

	
1.0

	
0.9

	
0.8

	
0.7

	
0.7

	
0.8

	
[20]




	
R2

	
(Cpr + Epi)/(Cpr + Epi + Chnl)

	
/

	
1.0

	
/

	
0.8

	
0.8

	
/

	
0.8

	
[44]




	
R3

	
Cpr/Chtl

	
0.7

	
4.1

	
0.7

	
0.8

	
2.7

	
0.6

	
4.8

	
[23]




	
R4

	
Cpr/Chnl

	
9.6

	
67.6

	
8.7

	
3.2

	
2.0

	
2.3

	
3.5

	
[45]




	
R5

	
Cpr/(Chnl + Chtl)

	
0.7

	
3.8

	
0.6

	
0.7

	
1.1

	
0.5

	
2.0

	
[46]




	
R6

	
Cprn/Cpr

	
/

	
0.0

	
/

	
0.0

	
0.0

	
/

	
0.1

	
[20]




	
R7

	
Cpr/Epi

	
/

	
1.9

	
/

	
4.5

	
1.2

	
/

	
1.8

	
[47]








Human fecal contamination, if R1, R2 > 0.7, R3, R4 > 0.5, R5 > 0.2, R6 < 0.6, R7 > 1.5. Cpr: coprostanol; Chnl: Cholestanol; Epi: epicoprostanol; Chtl: cholesterol; Cprn: coprostanone.
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