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Microbial pollution in natural waters can cause illness in swimmers and others who 
come into contact with the water. Coliphages, viruses that infect Escherichia coli, have 
been used for decades to assess surface water quality, but there are no clear guidelines 
as to what their acceptable concentrations should be in order to ensure that waters are 
of good enough quality for swimming. The study uses a risk-based framework to gain 
insight into the risk of illness associated with recreational exposure to coliphages from 
sewage in surface waters. We specifically explore how aging of contamination and 
temperature of the water affect simulated risk of illness and associated concentrations 
of coliphage by considering first-order decay of pathogens and coliphages in the model. 
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10 Abstract

11 Coliphages, viruses that infect Escherichia coli, have been used for decades to assess surface 

12 water quality yet there is no guideline for interpreting their concentrations. The present study 

13 uses a quantitative microbial risk assessment (QMRA) framework to derive risk-based surface 

14 water quality thresholds for somatic and F+ or male-specific coliphage. The risk-based threshold 

15 is the concentration at which the risk of gastro-intestinal illness is simulated to be 32/1000. The 

16 framework specifically investigates a simplified hazard scenario where recreational swimmers 

17 come into contact with water contaminated with untreated sewage containing coliphages and 

18 enteric pathogens. The framework considers exposure to sewage of diverse ages and thus 

19 accounts for the decay of coliphages and pathogens over time. As decay rate constants depend on 

20 temperature, the model considers the effect of temperature on the risk-based threshold. When 

21 exposure to fresh, unaged sewage contamination occurs, the risk-based water quality threshold 

22 for somatic and F+ coliphage is 60 PFU/100 ml and 30 PFU/100 mL, respectively, and 

23 temperature independent. The risk-based threshold decreases as the contamination ages because, 

24 on average, coliphage decay more quickly than norovirus, the pathogen that contributes the most 

25 to risk. The decrease in the risk-based threshold with contaminant age is equal to the difference 

26 in the first order decay rate constants of coliphage and norovirus. Since coliphage decay rate 

27 constants are larger at 25°C than at 15°C, and norovirus decay rate constants are a weak function 

28 of temperature, risk-based thresholds decrease more quickly with age at 25°C than at 15°C. For 

29 the common case where the age of contamination is unknown, the risk-based threshold for both 

30 coliphage is between ~1 PFU/100 ml and ~10 PFU/100 mL, depending on model assumptions. 

31 Future work can apply this QMRA framework for identifying risk-based thresholds for coliphage 
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32 from different hazards (treated wastewater or animal feces) or from mixtures of contamination of 

33 different ages and sources. 
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34 Introduction

35 Fecal indicator bacteria (FIB), specifically Escherichia coli and enterococci, are used to 

36 monitor surface water quality globally. FIB concentrations in surface waters correlate to risk of 

37 gastrointestinal illness (GI) of swimmers when FIB come from sewage, as evidenced by a wide-

38 range of epidemiology studies1. They are also used to assess coastal water quality within shell 

39 fisheries2,3, and to assess water quality of surface waters used as drinking water sources 4. 

40 Besides sewage, FIB can come from a variety of other sources including animal feces, 

41 and environmental reservoirs, such as sand and decaying vegetation5. When FIB come from 

42 sources other than human sewage, their concentration in surface waters may not indicate the 

43 same level of risk to a swimmer as an equivalent FIB concentration from a different source 6. 

44 Alternative indicators have been sought for decades to overcome the lack of FIB source 

45 specificity. Coliphages including somatic and male-specific or F+ coliphage represent examples 

46 of such indicators. Somatic coliphage are bacteriophage that infect E. coli through their outer 

47 membrane and F+ (or equivalently male-specific or F-specific) coliphage infect E. coli via pili 

48 appendages. Since they are viruses, they likely better mimic the environmental fate and transport 

49 of human viruses, considered the most important etiology of waterborne illness 7–10, than 

50 bacteria. USEPA may develop coliphage ambient water quality criteria for surface waters10, but 

51 no criterion has been published yet. 

52 The goal of the present study is to derive risk-based water quality thresholds for 

53 coliphage in surface waters using a modeling approach. Quantitative microbial risk assessment 

54 (QMRA) has previously be used to derive “risk-based thresholds” for alternative fecal indicators 

55 in surface waters including HF183, HumM2, and crAssphage, human feces-associated DNA 

56 markers 11–14 and a gull feces-associated DNA marker15,16. The approach uses a risk-framework 
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57 to estimate the concentration of the fecal indicator in surface waters that would result in the 

58 probability of illness (approximately 32/1000 swimmers) used by USEPA to guide development 

59 of surface water FIB criteria17. 

60 In the first iterations of our previous work, risk-based thresholds were derived for HF183, 

61 HumM2, and a gull-feces associated marker assuming that the indicator was from sewage or 

62 feces and that the contamination was “fresh” and not aged12,16. In the second iteration of that 

63 work, we explored how the risk-based threshold for HF183 changes as the contamination ages, 

64 and determined what the risk-based threshold would be if the age of contamination was unknown 

65 (which is typically the case)11. We found that the risk-based threshold decreases as the 

66 contamination ages. The second iteration required information on the decay rate constants for all 

67 reference pathogens used in the QMRA as well as for HF183. Based on a systematic review and 

68 meta-analysis of those decay rate constants, we constructed distributions of the rate constants for 

69 use in the QMRA Monte-Carlo simulations. Although the meta-analysis indicated that the rate 

70 constants were a function of temperature, we did not consider their temperature dependence in 

71 that analysis. 

72 The present study extends our previous work in several ways. First, we explicitly 

73 consider the effect of temperature on the QMRA-derived risk-based thresholds. Second, we 

74 extend the approach to deduce the risk-based threshold for somatic and male-specific F+ 

75 coliphage from sewage of different ages. The extension of the approach to coliphage is possible 

76 given a recent systematic review and meta-analysis of mammalian virus and coliphage decay rate 

77 constants in surface waters18 as well as a recent systematic review of their concentrations in 

78 untreated sewage19. The work described herein is guided by the following research question: 

79 What is the risk-based threshold for coliphages in cold versus warm water? We assume that the 
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80 source of the coliphages is raw sewage, and we consider the possibility that the contamination is 

81 aged a known amount of time, and the case where it is potentially aged, but the age is unknown. 

82

83 Methods

84 QMRA: Exposure to untreated, raw sewage of known age. A static QMRA was used to 

85 estimate gastrointestinal illness risk from swimming in surface waters with varying 

86 concentrations of coliphage from untreated sewage of different ages using R (Version 1.1.463).. 

87 The influence of immunity and secondary transmission was not considered in the models20. 

88 Swimmer exposure to microbially-contaminated waters may also lead to other symptoms 

89 including respiratory illness and skin rash5,21 that are not considered in the model. In the QMRA, 

90 somatic coliphage or F+ coliphage serves as an index for the amount of sewage present in 

91 surface water. Methods generally mirror those used by Boehm et al.12 who investigated risk-

92 based thresholds for HF183 for recreational exposure to sewage of diverse ages. The QMRA 

93 considers the cumulative risk from exposure to reference pathogens adenovirus (not considered 

94 by Boehm et al. 12), norovirus, Giardia, Cryptosporidium, E. coli O157:H7, Campylobacter, and 

95 Salmonella as recommended by USEPA and used extensively in bathing water QMRAs6,22–24.  

96 The technique uses 10,000 Monte Carlo simulations to randomly draw model parameters from 

97 their respective distributions for each model scenario. 

98 The indicator (somatic coliphage or F+ coliphage) concentration (Cmeas) in surface water 

99 serves as an input to the model and varies between 10-3 and 103 PFU/100 ml in 0.2 order of 

100 magnitude increments. The upper end of the range was chosen to be less than the concentrations 

101 of the indicators in sewage (Table 1). The lower ends were chosen to be at or below a typical 

102 lower measurement limit given common methods used for the indicator detection. The age of the 
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103 contamination (the time it has spent in surface water after being released from an untreated, raw 

104 sewage source) is    serves as a model input and varies between 0 (unaged) and 15 days (d) in 

105 0.5 d increments. A total of 961 Cmeas- combinations (31 distinct ages and 31 distinct indicator 

106 concentrations) were modeled for each of the 2 coliphages at the 2 temperatures for a total of 

107 3844 combinations of Cmeas-. 

108 After Cmeas and  are specified as model inputs, the concentration of ith reference 

109 pathogen in surface waters (Ci_surface) is modeled as follows: 

110 (1)𝐶𝑖_𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
 𝐶𝑚𝑒𝑎𝑠𝐶𝑖_𝑠𝑒𝑤𝑎𝑔𝑒

𝐶𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟_𝑠𝑒𝑤𝑎𝑔𝑒
𝑒∆𝑘𝜏

111 where k = kindicator - ki, and Ci_sewage and Cindicator_sewage are, respectively, the ith reference 

112 pathogen and indicator concentrations in sewage, and ki and kindicator are their first order decay 

113 rate constants. In words, equation 1 illustrates that in order to infer the concentration of pathogen 

114 i in surface waters given the measured concentration of an indicator,  one must know the relative 

115 decay rate constants of the pathogen and indicator, the age of contamination, and the 

116 concentration of indicator and pathogen in the contamination source (in this case sewage). In 

117 equation 1, Ci_sewage and Cindicator_sewage are described by distributions (Table 1), assumed to be 

118 independent, that were obtained from the literature and have been used in previous QMRA 

119 studies15,25. 

120 First order decay rate constants of allochthonous microorganisms in surface waters are 

121 generally a function of water temperature11,18. We considered two temperatures, 15°C and 25°C. 

122 These two temperatures represent water temperatures typical of a cooler and warmer recreational 

123 water like those in central California, and Hawai’i, respectively. Previous work compiled surface 

124 water decay rate constants of the indicators and pathogens used in this study for surface as well 

125 as the experimental conditions, including temperatures, at which the rate constants were 
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126 derived11,18. We derived distributions for the rate constants needed in equation 1 (kindicator and ki) 

127 for temperatures of 15°C and 25°C using the methods outlined in the next section and then 

128 kindicator and ki values in surface water were randomly drawn from their respective distributions. 

129 In deriving equation 1, it is assumed that the advection and dispersion of indicator and reference 

130 pathogens are identical, and any non-conservative behavior of targets is adequately captured by 

131 first order kinetics. 

132 During each model run, it was ensured that F = Cmeasexp(kindicator )/Cindicator_sewage (the 

133 volume fraction of sewage present in the water) did not exceed 1 and if it did, then new model 

134 parameters were drawn from their respective distributions 15. If F≥1 for more than 10% of the 

135 Monte Carlo draws for a particular Cmeas- combination, the combination was deemed unlikely. 

136 Practically, this implies that if the source of the indicator is sewage, and the indicator decays 

137 over time, there is a time at which a measurement of a relatively high concentration of indicator 

138 is unlikely. The relationship between Cmeas and  defining this boundary is presented.  

139 It is assumed that the volume (V) of water ingested by a swimmer per swimming event 

140 follows the log10-normal distribution with a mean of 1.20 and standard deviation of 0.68; units of 

141 V are ml 26. The mean and standard deviation were derived using the percentile values reported 

142 by Deflorio-Barker et al. 26 for all swimmers (including children), and assuming the data are log-

143 normally distributed to relate the percentiles to the standard deviation using a table of Z values. 

144 The dose of pathogen i, µi, is given by Ci_surfaceV. The dose was used as input to the reference 

145 pathogen dose-response functions (Table 1) to determine the probability of infection (Pinf_i). The 

146 probability of illness (Pill_i) was calculated by multiplying the probability of infection by the 

147 probability of illness given infection Pill|inf_i (Table 1). Pill|inf_i was randomly drawn from a 

148 uniform distribution for each model iteration except for the case of Campylobacter which used a 
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149 dose-dependent formula (Table 1). The cumulative risk of illness from exposure to all reference 

150 pathogens (Pill) is given by Pill 1 (1 Pill _ i )
i

 . It was assumed that infection and illness for each 

151 pathogen is independent.

152 10,000 iterations were obtained for each Cmeas- combination. For some Cmeas- 

153 combinations, more than 10,000 draws were needed as in some cases, F was greater than 1 and 

154 the model parameters were redrawn, but the total number of draws was not allowed to exceed 

155 15,000. The median, interquartile range, and 10th and 90th percentiles of Pill for each Cmeas- 

156 combination were calculated from the respective 10,000 iterations. Pill was compared to the value 

157 32/1000 which is equal to the risk threshold published by USEPA for bathing water for a single 

158 swimming event17. 

159

160 Temperature-specific rate constant distributions. Compiled k values for the reference 

161 pathogens and indicators were obtained from two previous systemic reviews11,12 along with the 

162 temperatures at which the experiments were conducted and the analytical method used to 

163 enumerate the target organisms (these data are all available as supplemental information in the 

164 cited papers). Norovirus decay rate constants were reported in both papers; the compilation from 

165 Boehm et al. 18 are used herein. Norovirus decay rate constants are estimated from all data 

166 available for viruses in the species Norwalk virus, which includes murine and human norovirus 

167 18. In this work, we only considered the temperature dependence of k, and not dependences on 

168 other experimental factors (such as sunlight and salinity) for the purpose of characterizing the 

169 plausible values of k. We first modeled log10-k as a function of temperature (continuous variable) 

170 and analytical enumeration method (categorical variable) using the linear model or (lm)function 

171 in R. If the analytical enumeration method was not statistically significant in the model (p>0.05), 
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172 then a reduced model was created that only considered temperature as an independent variable. 

173 Using the linear model coefficients and intercepts, we used the ‘predict.lm’ to predict the 

174 estimated mean and standard deviation of log10-k for the indicators and all reference pathogens 

175 for temperatures of 15°C and 25°C as measured using culture methods. Note that since norovirus 

176 k values were modeled with all Norwalk virus species k values including those of cultivatable 

177 murine norovirus18, an estimate for norovirus k measured by culture methods is possible.  If k 

178 was not a function of temperature according to the linear model (p>0.05), then the estimated 

179 mean and standard deviation of the entire compiled dataset of k values was used to represent k at 

180 both temperatures. 

181

182 QMRA: Exposure to untreated sewage of unknown age. The age of sewage in the surface 

183 water is usually unknown and furthermore, surface water contamination may represent a mixture 

184 of contamination of diverse ages. We repeated the QMRA for a scenario where the indicator is 

185 measured in surface waters but the contamination age is unknown. Cmeas was specified as a 

186 model input at the same values used above.  was drawn from a uniform distribution ranging 

187 from 0 to a maximum realistic value (max) given the specified Cmeas (derived in results section 

188 and related to the F described previously). An alternative relationship between max and Cmeas that 

189 relates the two through the median concentration of coliphage in raw sewage and their median 

190 decay rate constant is also used to investigate the sensitivity of the result to this relationship. All 

191 other QMRA methods were the same as those above. 10,000 iterations were run for each Cmeas to 

192 obtain distributions of Pill. 

193
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194 Effect of decay rate constant on risk-based threshold. We investigated how the decay rate 

195 constant of an arbitrary indicator (kindicator) affects the risk-based threshold of the indicator as a 

196 function of  using a simplified QMRA. The QMRA followed the methods outlined above 

197 except kindicator was varied as a constant in log10 increments of 0.05 from a minimum of 

198 log10kindicator = -1.2 to a maximum of 0.3 where kindicator has units d-1. For each value of kindicator, 

199 simulations were run for  = 0 to 7 d in 0.5 day increments, and Cmeas (the concentration of the 

200 indicator) was varied between 10-3 and 103 per 100 ml in 0.5 log10 unit increments. We used 

201 Cindicator_sewage  of F+ coliphage for the simulations. 1000 iterations were run for each combination 

202 of kindicator, Cmeas, and . The slope of the line fit to natural log (ln)-transformed risk-based 

203 threshold versus  and median k for each kindicator value were compiled to investigate the 

204 relationship between those parameters. 

205

206 Results

207 Log10k distributions. Log10-transformed surface water k (log10k) values for norovirus, 

208 adenovirus, Salmonella, Campylobacter, E. coli O157:H7, Giardia, Cryptosporidium, somatic 

209 coliphage and F+ coliphage were modeled as a function of temperature and analytical 

210 enumeration method using the ‘lm’ function in R. Analytical enumeration method was not a 

211 statistically significant variable in the models for norovirus, adenovirus, Salmonella, or 

212 Cryptosporidium, so reduced models only considered the effect of temperature. Decay 

213 experiments for E. coli O157:H7, somatic coliphage, and Giardia were all completed using a 

214 single analytical method (culture methods), so temperature alone was considered as an 

215 independent variable in those models. Temperature was a significant variable in all the log10k 
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216 models. Using ‘predict.lm’ we predicted the estimated mean and standard deviation of log10k 

217 values for the different organisms at temperature of 15°C and 25°C (Table 2). 

218

219 max and Cmeas|max. Assuming the indicator source is raw sewage, there is an upper limit on the 

220 age of the indicator that is a function of its measured concentration in the environment Cmeas. 

221 This may also be conceptualized as the maximum possible measured concentration Cmeas|max 

222 given .  max was determined for each tested Cmeas as the maximum tested  at which F < 1 in 

223 90% or more of the simulations. A linear regression between log10Cmeas|max and max yielded a 

224 best fit equation with slope m1 and intercept b1 describing their relationship (R2>0.99 for each 

225 indicator at each tested temperature) (Table 3). The linear equation can be rearranged to yield an 

226 empirical relationship between max and log10Cmeas|max: 

227 max = 1/m1 [log10Cmeas|max – b1] (2)

228 An alternative approach to estimating max given Cmeas is to consider conceptually a 

229 limiting case where a surface water is 100% raw sewage. At  Cmeas|max can be best 

230 approximated as the median indicator concentration in sewage (Table 1). As time progresses, 

231 Cmeas|max decreases exponentially according with a first order rate constant best approximated by 

232 the indicator’s median k value. In this scenario, 

233 max = 1/m2 [log10Cmeas|max – b2] (3)

234 where b2 is the log10-transformed median concentration of the indicator in raw sewage, and m2 is 

235 -kmed*log10e where kmed is the median of the indicator decay rate constant in surface waters 

236 (Table 2). 

237
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238 Simulated illness as a function of coliphage concentrations and . Pill  increases as the 

239 measured concentration of coliphage of a fixed age increases in ambient waters (Figure 1). 

240 Illness from exposure to norovirus contributes the most to Pill (Figure 2 illustrates this for 

241 somatic coliphage at 15°C, other indicator-temperature scenarios are not shown, but results are 

242 the same). The risk-based threshold for both somatic and F+ coliphage decrease as a function of 

243  for T=15°C and 25°C (Figure 3), due to the fact that coliphage k is higher, on average, than 

244 norovirus k. 

245 At T = 15°C, the risk-based threshold for somatic coliphage decreases from 60 PFU/100 

246 ml at =0 to less than 0.1 PFU/100 ml at  ~ 14 days, and continues to decrease to 0.06 PFU/100 

247 ml at =15 d.  The risk-based threshold for F+ coliphage decreases from 30 PFU/100 ml at =0 

248 to less than 0.1 PFU/100 ml at ~12 days; it continues to decrease to 0.02 PFU/100 mL at  =15 

249 d.

250 The decrease in coliphage risk-based threshold values with  is greater at T = 25 °C 

251 compared to T = 15°C. At 25°C for somatic coliphage, between 0 and 4 d, the thresholds 

252 decrease from 60 to 0.03 PFU/100 ml. For F+ coliphage, the thresholds decrease from 30 to 

253 0.0006 PFU/100 ml between 0 and 6 d. Threshold values are not reported for somatic and F+ 

254 coliphages beyond the times mentioned in this paragraph as the threshold values become greater 

255 than Cmeas|max meaning they are unrealistic. 

256 The differences in the trends between the risk-based thresholds and  at the two 

257 temperatures are due to the differing effects of temperature on the coliphages and norovirus k, 

258 norovirus k has a weaker temperature dependence than both coliphage k (Table 2). For somatic 

259 coliphage, median k (ksomatic_coliphage- knoro) across all simulations is 0.5 d-1 at 15°C and 1.6 d-1 at 

260 25°C. For F+ coliphage, median k (kF+coliphage- knoro) across all simulations is 0.5 d-1 at 15°C and 

Page 14 of 36Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

261 1.8 d-1 at 25°C. The slope of the line describing the relationship between ln-transform risk-based 

262 thresholds and  nearly match those of k (Figure 4). 

263 To further explore the relationship between k and the slope describing the change in the 

264 risk-based threshold with , we carried out the QMRA simulations while varying kindicator 

265 systematically as a constant. The results of those simulations support the finding that the change 

266 in the ln-transformed risk-based threshold with the age of contamination is equal to k (Figure 

267 4). 

268

269 Risk-based threshold of coliphage for contamination of unknown age. For most 

270 contamination scenarios, the age of the contamination is unknown. In fact, contamination likely 

271 represents a mixture of contamination of diverse ages, so assignment of a single age may be 

272 unrealistic. We repeated the QMRA but instead of specifying , we defined  as a random 

273 variable described by a uniform distribution bounded by 0 as a minimum value and max as a 

274 maximum value. Recall max represents the maximum possible age of contamination given Cmeas 

275 as described by equation 2 or 3. 

276 Median Pill as a function of Cmeas the two coliphages when the age of contamination is 

277 unknown is shown in Figure 5. Log10-transformed median Pill is approximately linear with 

278 log10Cmeas until Cmeas is relatively high. We therefore fit a line to the region that was linear and 

279 which clearly encompassed the point where the 32/1000 risk line intercepts the curve, and then 

280 used that best fit line to calculate risk-based thresholds for the indicators when the age of 

281 contamination is unknown. Assuming equation 2 describes the relationship between Cmeas|max and 

282 max, risk-based threshold is 14 PFU/100 ml for somatic coliphage and 3 PFU/100 ml for F+ 

283 coliphage regardless of temperature. If equation 3 is instead used to describe the relationship 
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284 between Cmeas|max and max, then the risk-based threshold is 1 PFU/100 ml for somatic coliphage 

285 and 0.5 PFU/100 ml for F+ coliphage regardless of temperature.

286

287 Discussion

288 This study presents risk-based water quality thresholds for coliphage in surface waters 

289 assuming the source of contamination is raw sewage. When contamination is unaged and 

290 unaffected by first-order decay processes, then the risk-based thresholds for somatic and F+  

291 coliphage are 60 and 30 PFU/100 ml, respectively. The threshold for somatic coliphage is higher 

292 as its concentration in sewage tends to be higher than that of F+ coliphage in sewage19. The 

293 threshold decreases with the age of contamination exponentially; that is, there is a linear 

294 relationship between ln-transformed threshold and . The slope of that line is equal to the median 

295 kindicator – knoro. This is because norovirus contributes the most to the total risk in the simulations. 

296 If other dose-response curves are used for the QMRA pathogens or different distributions are 

297 used for the concentrations of the pathogens in sewage, then this relationship may not hold. 

298 After a certain amount of aging in surface waters, the thresholds decrease to 

299 concentrations that are lower than most standard assay detection limits. For example, if one liter 

300 of water is assayed for coliphage, the lowest detectable concentration is 0.1 PFU/100 mL (or 1 

301 PFU/L). Depending on the water temperature and the type of coliphage, the risk-based threshold 

302 decreased below 0.1 PFU/100 ml when the contamination is aged between 3.5 and 14 days old. 

303 For the common scenario where the age of contamination is unknown, the risk-based threshold 

304 for both coliphage is also relatively low – between ~1 and 10 PFU/100 mL at both temperatures. 

305 Together, these results suggest that when raw sewage is the source of contamination, even low 
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306 concentrations of coliphage near the detection limit of standard assays may indicate a meaningful 

307 health risk (near 32/1000). 

308 These QMRA-derived thresholds are consistent with results of several epidemiology 

309 studies that investigated the relationship between swimmer health and coliphage concentration . 

310 Colford et al.26 and Wade et al.28 showed detection of F+ coliphage at low levels may be 

311 associated with increased gastrointestinal illness in swimmers, consistent with the results 

312 presented herein. Wiedenmann et al.27 found “no observed adverse effects” on swimmer health 

313 when somatic coliphages were at concentrations less than ~10 PFU/100 mL at a freshwater 

314 beach in Germany, which is close to the simulated risk-based threshold in this study when 

315 sewage is unaged. A statistically unsubstantiated relationship with low levels of somatic 

316 coliphage and swimmer health was presented by Abdelzaher et al.29

317 Overall, the risk-based thresholds are lower than those previously identified for HF183 

318 and HumM2, which are human-associated DNA markers of fecal contamination used for 

319 assessing surface water quality. Those thresholds were on the order of 103 to 104 gene copies per 

320 100 ml13. The differences are mostly attributable to the fact that concentrations of the human 

321 markers in sewage are higher than concentrations of coliphage in sewage19,28,29. 

322 Temperature had a noticeable effect on the coliphage risk-based thresholds with the 

323 thresholds being lower, for a specific age, at 25°C compared to 15°C, sometimes orders of 

324 magnitude lower. This is because the difference in first order decay rate constants between 

325 norovirus and coliphage are greater for waters at 25°C than 15°C. The small differences in their 

326 decay rates at 15°C results in the risk-based threshold decreasing slightly with  (0.5 ln units per 

327 day) whereas the decrease is ~1.7 ln units per day at 25°C. These changes in the risk-based 

328 threshold with  are equal to median k across the simulations used to deduce the thresholds. 
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329 When the age of contamination is unknown, however, there is no difference between the 

330 risk-based thresholds of the coliphage across temperatures. This is because when contamination 

331 is unknown, the model considers all possible ages given the measured concentration of coliphage 

332 in surface water. This added variability in the model output is greater than that introduced by 

333 considering the effect of temperature on k. To illustrate the sensitivity of the risk-based threshold 

334 for unknown aged contamination to the relationship between Cmeas|max and max, we considered 

335 two possible relationships between Cmeas|max and max. One relationship is relatively conservative 

336 in that it assumes relatively low concentrations of the indicator in sewage and relatively large 

337 decay rate constants, while the other uses best estimates of the two variables by using their 

338 medians. The risk-based threshold when contamination age is unknown changes by an order of 

339 magnitude depending on which relationship is used. 

340 The “unknown age” scenario considered here calculates the risk of illness for all possible 

341 contamination ages given Cmeas and then identifies their median and uses that to identify the risk-

342 based threshold. As such, it might also conceptually represent a scenario where there is a mixture 

343 of contamination with equal proportions of all possible ages. Future work should consider the 

344 risk-based threshold for mixtures of contamination of diverse ages, but not in equal proportions 

345 to determine if there is some limiting case that may be useful for identifying an actionable risk-

346 based water quality threshold for management of surface waters. An additional consideration is 

347 that the maximum age of contamination may be constrained by the residence time of water at a 

348 particular recreational site. For example, the residence time of water in a small bay might be at 

349 most three days. In this case, a simulation could be run where max is not allowed to exceed 3 

350 days to calculate a more refined estimate of the risk-based threshold when the age of 

351 contamination is unknown. 
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352 What does it mean when the risk-based threshold for a contamination of a particular age is 

353 higher than Cmeas|max? Figure 3 shows that this occurs for T=25°C when Cmeas|max goes as  

354 according to equation 2. In a previous study11, we observed that this occurred for the HF183 

355 human-associated fecal marker risk-based threshold after ~3 days, and we interpreted it to mean 

356 that there was not a risk of illness greater than 30/1000 after ~3 days. After some reflection, this 

357 interpretation is flawed. Rather, when the risk-based threshold of an indicator is higher than its 

358 Cmeas|max, it means that the indicator decays more quickly than the risk of illness as the 

359 contamination ages. If this occurs too soon (when  is small and less than the residence time of 

360 water in a recreational water body, for example), then the indicator may not be suitable for 

361 assessing risk. A challenge is determining the best approximation for representing the 

362 relationship between Cmeas|max  and max.

363 The results of this study provide a number of insights into the attributes of a good 

364 indicator for gastrointestinal illness risk in recreational waters. Some of these insights are not 

365 novel, as the perfect indicator for fecal contamination has been described in the literature for 

366 decades30. First, the indicator needs to be in sufficiently high concentrations in sewage such that 

367 once released into surface waters it persists at detectable levels for days to weeks. Second, 

368 ideally the indicator would have the same decay rate constant as the pathogen that is contributing 

369 the most to risk. In this case, k would be equal to 0, and the risk-based threshold would be the 

370 same regardless of contamination age, eliminating uncertainties associated with choosing a 

371 threshold for use as a risk-management tool. An obvious indicator would be norovirus itself. 

372 Third, assuming the indicator is not norovirus, k of the indicator should not be much larger than 

373 k or the risk-based threshold for the indicator will be larger than the maximum expected 
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374 concentration of the indicator in surface water at small ages. Conceptually, k and k control 

375 where the lines in Figure 3 panels intersect. 

376 We conducted an extensive sensitivity analysis for a nearly identical QMRA model in a 

377 previous publication11 so such an analysis is not presented herein. The QMRA model was 

378 reported to be most sensitivity to Cnoro_sewage, Cindicator_sewage, knoro, V, kindicator, and . It is 

379 important to note that there are other published dose-response curves for norovirus31, 

380 Campylobacter32, Salmonella33, and Cryptosporidium34 that we did not consider in the present 

381 paper. The choice of dose-response curves used in the present study mirror those used in projects 

382 that harmonize QMRA predictions with swimmer epidemiology study findings22,35. However, as 

383 exposure to norovirus contributed the most to total risk in this study, we repeated the QMRA 

384 replacing the norovirus dose-response model in Table 1 with a weighted version of the two 

385 available norovirus dose-response curves following the approach used by others15,22 (see 

386 supporting information). Using the weighted norovirus dose-response functions gives slightly 

387 higher risk-based thresholds for known  (2 times higher) and unknown  (2-6 times higher) 

388 (Figure S1 and Tables S1 and S2). While exposure to norovirus commonly dominates QMRAs in 

389 recreational water, estimates of infectious norovirus concentrations and decay in environmental 

390 waters are highly uncertain due to the lack of a human norovirus culture system that can be used 

391 for testing environmental media. A recent study showed swimmers exposed  to marine 

392 recreational waters were infected with norovirus supporting the importance of this recreational 

393 exposure for norovirus transmission36. Norovirus is self-limiting and not a reportable illness in 

394 the United States, so it is difficult to assess its contribution to waterborne illness using public 

395 health data. The QMRA considered pathogens using an approach that has been applied 

396 successfully in other bathing water risk studies. However, there are other pathogens that may 
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397 contribute to risk that were not considered including enteroviruses and Shigella. The QMRA 

398 used the best available information at the time of model implementation, but can be updated to 

399 reflect new findings on pathogen and indicator distributions, dose-response curves, and exposure 

400 assessments. This QMRA considered a specific hazard, water contaminated with untreated 

401 sewage, and thus the results should be cautiously extended to other hazards such as swimming in 

402 water contaminated by coliphage from a mixture of diverse sources such as treated wastewater 

403 effluent and animal feces. 
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Table 1. Untreated sewage concentrations for reference enteric pathogens and coliphage, and dose-response relations, and Pill|inf for 
reference enteric pathogens. Unit (refs) is the concentration in sewage, µ is the dose, Pinf is probability of infection, Pill|inf  is probability 
of becoming ill after infection. Note that units of pathogens is per liter and for coliphage is per ml to reflect the units used in the 
literature for these parameters. CFU is colony forming unit, MPN is most probable number, copy refers to gene copy number, IU is 
infectious unit, and PFU is plaque forming unit. 1F1 is the hypergeometric function. When specified, Pill|inf are represented by a range 
of parameters, as indicated, drawn from a uniform distribution. Pill|inf for Campylobacter is dose-dependent with r = 2.44 x 108 and  = 
3.63 x 10-9. References (Refs) for Pinf and Pill|inf are provided in the last column. References for sewage concentration range are 
provided adjacent to the unit. # The two values separated by a comma are the minimum and maximum of the log10-uniform 
distribution. ^ The two values separated by a comma are the mean and standard deviation of a log10-normal distribution. * Lower 
range is not detected and -1 is used as a lower bound. NA means not applicable. The coliphage distributions reflect those numbers 
reported by Nappier et al.19 from North America, accounting for geographic variability.

Organism/Target Ci_sewage Unit (refs) Pinf Pill|inf (distribution) Refs
Salmonella spp. [0.5,5]# CFU/L 37,38 1-(1+ µ/2884)-0.3126 0.17-0.4 (uniform) 39–41

Campylobacter [2.9,4.6] # MPN/L42 1- 1-1F1(0.024,0.024+0.011,-µ) 1-(1+µ)-r 43

E. coli O157:H7 [-1,3.3] #,* CFU/L 44 1-(1+ µ/48.8)-0.248 0.2-0.6 (uniform) 45–48

Cryptosporidium [-0.52, 3.7] # oocysts/L49–531 - exp(-0.09 µ) 0.3-0.7(uniform)  54

Giardia [0.51,4.2] # cysts/L 51,55 1 - exp(-0.0199 µ) 0.2-0.7 (uniform)  33,56

norovirus [4.0,1.1] ^ copy/L57 1- 1F1 (0.04, 0.04+ 0.055, -µ) 0.3-0.8 (uniform) 58

adenovirus [1.75,3.84] # IU/L25,59,60 1- 1F1 (5.11, 5.11+ 2.8, -µ) 0.5 (uniform) 61

somatic coliphage [3.0, 1.3]^ PFU/ml19 NA NA
F+ coliphage [2.8, 1.0]^ PFU/ml19 NA NA
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Temperature = 15°C Temperature = 25°C
Organism/ mean SD mean SD
Indicator log10-k log10-k log10-k log10-k
norovirus -1.22 0.13 -0.80 0.18
adenovirus -1.45 0.14 -0.57 0.23
Salmonella -0.22 0.059 -0.039 0.082
Campylobacter 0.27 0.12 0.63 0.25
E. coli O157:H7 -0.43 0.038 -0.28 0.061
Giardia -1.14 0.21 -2.04 0.29
Cryptosporidium -1.45 0.14 -0.57 0.23
somatic coliphage -0.26 0.11 0.34 0.18
F+ coliphage -0.24 0.06 0.31 0.084

Table 2. Normal distributions of log10-transformed k for the organisms and indicators used in the 
QMRA. Mean and standard deviation (SD) are provided. Units of k before they were log10-
transformed are d-1.
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Indicator T (°C) b1 m1 b2 m2
Somatic 
coliphage

15 3.25 -0.27 5 -0.239

Somatic 
coliphage

25 3.30 -1.30 5 -0.950

F+ coliphage 15 3.35 -0.254 4.8 -0.250
F+ coliphage 25 3.42 -0.98 4.8 -0.887

Table 3. Slope and intercept for the following linear relationship: log10Cmeas|max = m*max + b. 
This line describes the relationship between the maximum plausible concentration of the 
indicator in surface waters as a function of contamination age and assumes that the water is 
100% raw sewage by volume. The units of Cmeas|max are PFU/100 mL and the units of max are 
days. b1 and m1 were derived empirically by determining when more than 10% of the random 
Monte Carlo draws for a specified  and Cmeas required that the volume fraction of sewage be 
greater than 1.  b2 and m2 represent median values as described in the methods section. 
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Figure 1. Simulated probability of illness for a subset of the modeled concentrations of somatic 
(Som) and F+ coliphage in surface waters (Cmeas). The box and whiskers illustrate the median of 
the 10,000 simulations (horizontal line through the middle of the box), the 25th and 75th 
percentiles of the simulations (bottom and top of the box, respectively) and the 10th and 90th 
percentiles (top and bottom of the whiskers). The results for 3 different ages are shown for both 
temperatures. Results are not shown for Cmeas if at the specified , 10,000 iterations with F<1 
could not be obtained from 15,000 random draws (see methods); a * is shown where that occurs. 
The horizontal line shows Pill  = 32 /1000.  
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Figure 2. The median probability of illness from exposure to each considered pathogen given 
Cmeas for somatic coliphage at T=15°C for a subset of ages considered. “sum” refers to the 
cumulative risk. noro, adeno, campy, salm, O157, crypto, and giardia refer to the probability of 
illness attributable to exposure to norovirus, adenovirus, Campylobacter, Salmonella, E. coli 
O157:H7, Cryptosporidium, and Giardia, respectively. Results are not shown for Cmeas that are 
unrealistic given the age of contamination  (where F≥1 for too many of the Monte Carlo draws, 
as explained in the caption of Figure 1 and in the text). Results for Campylobacter are not shown 
for =10 d because the probability of illness is essentially 0 and cannot be easily displayed on a 
plot with a log-transformed y-axis. 
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Figure 3. Risk-based thresholds of coliphage as a function of the age  of contamination for 
waters at 15°C and 25°C (filled circle markers). The risk-based threshold is the concentration of 
indicator at which the median simulated risk is 32/1000. The lines represent Cmeas|max as a 
function of  when b1 and m1 are used (Cmax1, solid lines) and when b2 and m2 are used (Cmax2, 
dashed lines) as presented in Table 3. The risk-based threshold is not calculated when it exceeds 
the Cmax1, but it can be readily estimated by extending the linear line to greater . Somatic is 
somatic coliphage (black), F+ is male specific F+ coliphage (blue). The grey shaded area of the 
plots shows concentrations lower than 0.1 PFU/100 ml (or 1 PFU/liter) which is generally a 
lowest detectable concentration of standard coliphage enumeration assays.  
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Figure 4. The slope of the line (“slope”) relating the change in the natural-log (ln) transformed 
risk-based threshold as a function of  versus k (median of kindicator-knoro). The black markers 
illustrate simulated values obtained by systematically changing kindicator across a range of values. 
The colored markers show results from the QMRA simulations presented in Figure 3). The 
colored circles with larger k are the results at 25°C while the ones with smaller k are results at 
15°C. The solid line shows the 1:1 line. 
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Figure 5. Median simulated log10-transformed Pill as a function of coliphage concentration in 
surface waters when the age of contamination is unknown and  is allowed to vary according to a 
uniform distribution defined by 0 and max. max is determined from one of the two relationships 
presented in Table 3 where Cmax1 uses b1 and m1, and Cmax2 uses b2 and m2
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A quantitative microbial risk assessment framework is used to derive risk-based surface water 
quality thresholds for coliphages.  
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