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a b s t r a c t 

Natural swimming ponds (NSPs) are artificially created bodies of water intended for human recreation, 

characterised by the substitution of chemical disinfection with natural biological processes for water pu- 

rification. NSPs are growing in popularity, however little is known regarding the public health risks. A 

screening level risk assessment was undertaken as an initial step in assessing the first Canadian public 

NSP located in Edmonton, Alberta. Risk of enteric pathogens originating from pool bathers was assessed 

under normal conditions and following accidental faecal release events. The performance of the natural 

treatment train for health protection was quantified with and without the addition of UV disinfection of 

naturally-treated water, and compared to the US EPA benchmark to provide a reference point to consider 

acceptability. Estimated levels of pathogen contamination of the pond were dependant upon the discrete 

number of shedders present, which in turn depended upon the prevalence of infection in the population. 

Overall performance of the natural disinfection system was dependant upon the filtration rate of the nat- 

ural treatment system or turnover time. Addition of UV disinfection reduced the uncertainty around the 

removal efficacy, and mitigated the impact of larger shedding events, however the impact of UV disin- 

fection on the natural treatment biome is unknown. Further information is needed on the performance 

of natural barriers for pathogen removal, and therefore challenge studies are recommended. Given the 

identified risks, the pool is posted that there is risk from accidental faecal releases, as in any natural wa- 

ter body with swimmers. Screening level risk assessment was a valuable first step in understanding the 

processes driving the system and in identifying important data gaps. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Natural swimming ponds (NSPs) are artificially created bodies 

f water intended for human recreation, characterised by the sub- 

titution of chemical disinfection with natural biological processes 

or water purification. The first NSP in recent times was built in 

ustria in the early 1980s, and by 2010 more than 20,0 0 0 NSPs 

ad been constructed of which a hundred were open to the public 

 Littlewood 2005 ) cited in ( Casanovas-Massana and Blanch 2013 ). 

espite the growing popularity of these natural systems, little is 

nown regarding the adequacy of the natural processes for enteric 

athogen removal to provide adequate water quality for swimmers. 

lso, it is well known by health authorities that most recreational 

isease is not identified in normal health surveillance programs 
∗ Corresponding author. 

E-mail address: s.petterson@waterandhealth.com.au (S. Petterson). 

a

b

o

ttps://doi.org/10.1016/j.watres.2020.116501 

043-1354/© 2020 Elsevier Ltd. All rights reserved. 
 Fewtrell and Kay 2015 ), hence the majority go unreported even 

hough there may be significant impacts on society including lost 

ork days ( Dwight et al., 2005 ). In general, the chlorine-resistant 

arasitic protozoan, Cryptosporidium hominis is the leading cause 

f gastroenteritis in swimming pools, and results from faecal ac- 

idents/releases ( Suppes et al., 2016 ) referred to in this paper as 

ather shedding. Human faeces may contain pathogens and is a 

nown pathway of infection in recreational water environments 

 Chalmers 2012 ; Dale et al., 2010 ; Graciaa et al., 2018 ; Pond 2005 ).

ence, in a natural pool, without chemical disinfectant residual, 

xpected bather shedding of pathogens will go untreated until the 

ool water is passed through sufficient ‘natural’ barriers, with hu- 

an enteric viruses the most numerous and infectious of these en- 

eric pathogens ( Ashbolt 2015 ). 

While the social and health benefits associated with recre- 

tional water environments are well recognized, various out- 

reaks have been associated with microbiological contamination 

f recreational waters in natural ponds and lakes ( Blostein 1991 ; 

https://doi.org/10.1016/j.watres.2020.116501
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116501&domain=pdf
mailto:s.petterson@waterandhealth.com.au
https://doi.org/10.1016/j.watres.2020.116501
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aunio et al., 1999 ; Sinclair et al., 2009 ) and inadequately dis- 

nfected swimming pools ( Barna and Kádár 2012 ; Sinclair et al., 

009 ). Hence, the efficacy and reliability of disinfection treatments 

natural or artificial) is central to maintaining the microbial safety 

f recreational waters. 

The design and operation of the first Canadian NSP in Ed- 

onton was the focus of this microbial risk assessment. The 

SP treatment system designed by Polyplan Kreikenbaum Group 

MBH (www.polyplan-umwelt.de) was part of a municipal pool 

pgrade. As part of the planning process, potential faecal pathogen 

isks were evaluated, using a Quantitative Microbial Risk Assess- 

ent (QMRA) framework. It is recommended to undertake QMRA 

t increasing levels of detail referred to as a tiered approach 

 WHO 2016 ), beginning simply and only increasing complexity as 

eeded. This paper documents the first Screening Level Risk As- 

essment of pathogen risk undertaken of a NSP. The objective of 

he screening level assessment, was to characterize the system in 

 very simplistic way, based on average flow rates (within a simple 

ox flow model) and using available literature data assess factors 

riving illness risks from accidental ingestion of enteric viruses, 

acteria and parasitic protozoa, and to identify future data collec- 

ion needs for the purpose of quantify risks adequately to support 

ealth protection. 

. Materials and methods 

The NSP is part of a redevelopment of a public pool at Borden 

ark, Edmonton, Canada (https://www.edmonton.ca/activities_ 

arks_recreation/borden-park-outdoor-pool.aspx). The design con- 

ists of a large rectangular main pool, a shallow children’s pool 

referred to as kiddie pool), and an area of floor nozzles designed 

or children’s water play. The water flow is connected between all 

ools (see Fig. 1 ) via the pump well (B1) and is directed to ex-

ernal filtration units (Neptune filter, Hydrobotanic and submerse 

lters) for purification. The public pool is fenced from wildlife, and 

ed by potable water from the mains drinking water supply, there- 

ore the significant only source of faecal contamination considered 

n the assessment was from bathers. 

The first step in any QMRA is to undertake a problem for- 

ulation, defining clearly the purpose and scope of the assess- 

ent ( WHO 2016 ). To address each class of microbial pathogen 

viral, bacterial, parasitic protozoan) for the first tier in the QMRA 

rocess, the following reference pathogens were selected to rep- 
Fig. 1. QMRA approach for quantifying the requ

2 
esent each microbial group: Norovirus, Campylobacter jejuni and 

ryptosporidium hominis ; with Norovirus and C. jejuni representing 

ome of the most prevalent pathogenic enteric viruses and bacte- 

ia reported in Edmonton sewage ( Banting et al., 2016 ; Qiu et al.,

015 ) and known to infect recreational swimmers ( Guy et al., 

018 ); C. hominis was selected as oocysts are known to be far 

ore resistant to environmental decay processes than Giardia cysts 

 Hamilton et al., 2018 ). Risk to adults and children were consid- 

red separately and compared with the gastrointestinal benchmark 

f the U.S. EPA for freshwaters of 35 cases of gastroenteritis per 

0 0 0 swimming events ( EPA. 2012 ). Exposure scenarios included in 

he risk assessment were for unintentional shedding during normal 

peration (nominal load = 252 adults and 17 children; high bather 

oad estimated as 1.5 times the nominal value = 378 adults and 26 

hildren) and larger faecal release events. 

First the magnitude of pathogen contamination due to unin- 

entional bather shedding was estimated; and the level of treat- 

ent required in order to achieve the benchmark risk was quanti- 

ed. The capacity of the designed filtration system for treating the 

athogen load at the benchmark risk level was then assessed, in- 

luding the system response to larger pathogen release incidents. 

he overall objective of the assessment was to assess the adequacy 

f the proposed treatment system for managing pathogen risks to 

athers, and to identify future research needs to better character- 

ze safety. 

.1. Magnitude of pathogen contamination due to unintentional 

ather shedding 

Enteric pathogens are transmitted by the faecal-oral route, and 

herefore the presence of pathogens in the water column is caused 

y shedding of faecal material by swimmers. In this model, the 

athogen loading under typical operating conditions was estimated 

s N · f s · c rp where N is the discrete number of people visiting 

he facility per day infected with a reference pathogen, f s is the 

mount of faecal material (grams) shed per person per day, and 

 rp is the concentration of reference pathogens in the faeces of in- 

ected individuals (organisms.g -1 ). 

Number of people shedding: Only infected people excrete 

athogens. The point prevalence of each of the reference pathogens 

as estimated in order to model the expected number of ex- 

reters present at the pool by day. The point prevalence was 

stimated from the reported number of cases by week for the 
ired pathogen reduction to achieve safety. 
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Table 1 

Input values for estimating the point prevalence for reference pathogen shedding. 

Campylobacter Norovirus Cryptosporidium 

Reported cases by week ∗ 40 20 15 

Under reporting factor 27.2 ( Thomas et al., 2013 ) 288 ( Tam et al., 2012 ) 48.5 ( Thomas et al., 2013 ) 

Mean duration of excretion (days) 21 ( Havelaar et al., 2009 ) 28.5 ( Tu et al., 2008 ) 30 ( Stehr-Green et al., 1987 ) 

Asymptomatic infection rate 0.8 ( Black et al., 1988 ) 0.3 ( Teunis et al., 2008 ) 0.3 ( USEPA 2006 ) 

Calculated Point Prevalence (%) 0.39 0.80 0.11 

∗ A conservative value for the summer season from Alberta Health Services (Dr Lilly Pang pers comm). 
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rovince of Alberta, Canada for each pathogen using the formula: 

oint pre v alence = 

R ·U ·D 
7 ·N·( 1 −A ) 

where R is the reported number of 

ases per week, U is the underreporting factor, D is the dura- 

ion of excretion (days), N is the population of Alberta (420 0,0 0 0)

nd A is the asymptomatic infection rate. A summary of inputs is 

ncluded in Table 1 . While Campylobacterosis is a reportable ill- 

ess in Alberta, Cryptosporidiosis and norovirus infections are not, 

nd therefore data regarding the identified number of cases is not 

vailable for analysis. The selection of a conservative (on the high 

nd of the realistic range) weekly rate of reporting was made via 

iscussions with Alberta Health Services. 

The number of visitors shedding (shedders) reference 

athogens on any given day will be a discrete number. Given 

he number of visitors ( n ), and the point prevalence ( pp ) of shed-

ing in the general population the discrete number of shedders 

n any given day was modelled using a binomial distribution with 

arameters n and pp . A sample of the number of shedders was 

enerated using Monte Carlo simulation (10, 0 0 0 iterations). 

Faecal shedding: Unintentional shedding of faecal material by 

athers is widely documented ( Elmir et al., 2009 ; Elmir et al., 

0 07 ; Gerba 20 0 0 ). The amount of faeces shed per person is highly

ncertain and was estimated relying on measurements from the 

iterature of faecal indicator concentrations in bathing waters. De- 

ails of this analysis is included in supplementary material. Given 

he uncertainty in shedding mass, a reference distribution to de- 

cribe the variability in faecal excretion was implemented in the 

odel. A reference distribution is recommended to explicitly rep- 

esent a plausible range, when there is a lack of data to fully de- 

cribe a distribution ( WHO 2016 ). We chose a triangular distribu- 

ion (a distribution often used as a rough modelling tool where the 

ange and most likely value within that range can be estimated 

 Vose, 2008 )) for faecal excretion with a mode equal to 0.6 and

ower and upper bounds of 0.06 and 6 gs. 

Pathogen shedding density: Reported concentrations of 

athogens in the faeces (shedding density) is variable. The shed- 

ing density appears to vary between individuals, and over the 

ourse of an infection. Bambic et al. (2011) reviewed the published 

ata and reported the following relevant to our chosen reference 

athogens: a median Campylobacter concentration of 10 7 CFU.g -1 , 

anging 10 1 –10 8 ; for Norovirus the median was 10 8 copies.g -1 , and 

 range of 10 4 –10 10 ; and for Cryptosporidium the median was 10 5 
Table 2 

Summary of QMRA inputs for evaluating required Log 10 reduction. 

Adults 

Volume of water (unintentionally) ingested 10 mL ( Dufour et al., 2017 ) 

Campylobacter 

Dose-response model: Exact Beta-Poisson 

Parameters 

α= 0.024; β= 0.011 

( Teunis et al., 2005 ) 

Probability of illness given infection P ill 0.2 ( Black et al., 1988 ) 

Risk Benchmark 35 illnesses per 1000 swimmi

Critical dose (mean number of pathogens) 

Adults (children) 

29.4 (7.7) 

3 
ocysts.g -1 , ranging 10 3 –10 6 . The range limits and medians were 

sed to define triangular distributions for the shedding density of 

ach reference pathogen. 

Using a model constructed in Mathematica® (Wolfram Inter- 

ational, version 11.1) a Monte Caro simulation (10, 0 0 0 random 

amples) was undertaken to obtain a random sample of the con- 

entration of each reference pathogen in the main pool and the 

iddie pool, assuming complete mixing. The sensitivity of the esti- 

ated concentration to each of the model input variables (number 

f shedders, pathogen density in faeces and magnitude of faecal 

hedding by bathers) was evaluating using the Spearman Rank Cor- 

elation Coefficient to compare each of the input random samples 

ith the generated concentration sample. 

.2. Assessment of treatment requirements (QMRA) 

Quantitative microbial risk assessment (QMRA) was used to as- 

ess the amount of treatment required in order to achieve the 

.S. EPA benchmark risk. Using the approach illustrated in Fig. 2 

nd the sample of pathogen concentrations from unintentional 

ather shedding, the required Log 10 reduction was estimated. A 

andom sample representing the variability in the treatment re- 

uirements was generated using the pathogen concentration sam- 

les described in the previous section. A summary of the model 

nput assumptions is included in Table 2 . 

.3. Pathogen reduction capacity of designed natural treatment 

ystem 

A simple box model was applied, assuming complete mixing 

ithin each component of the model over each time step, to eval- 

ate the overall pathogen reduction capacity of the treatment sys- 

em. Given the flow paths represented in Fig. 1 and the standard 

nd maximum flow rates included in Table 3 , together with the as- 

umed Log 10 removal capacity of each of the barriers, the change 

n pathogen concentration over time was estimated. 

Five removal barriers were considered in the scoping of the 

MRA: a wetland system consisting of zooplankton filtering, a 

ydro-botanic filter and submerse sand/root filter; a commercial 

esigned Neptune TM surface spray gravel media filter; and UV dis- 

nfection ( Fig. 1 ). However, there is very limited published data on 
Children 

38 mL ( Dufour et al., 2017 ) 

Norovirus Cryptosporidium 

α= 0.0044; β= 0.0022 

( Messner et al., 2014 ) 

α= 0.115; β= 0.176 

( Teunis et al., 2002 ) 

0.7 ( Teunis et al., 2008 ) 0.7 ( USEPA 2006 ) 

ng events 

7.8 (2.1) 13.4 (3.5) 
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Fig. 2. Simplified water flow chart to provide the basis for the Screening Level QMRA model. 

Table 3 

Volume, visitor numbers and flow rates to be incorporated into the QMRA model. 

Nominal number of visitors der day ∗

Volume of Pool (Main Pool) (m 

3 ) Approx. 885 m ³ 252 

Volume of Pool (Kiddie Pool) (m 

3 ) Approx. 60 m ³ 17 

Standard rate Maximum rate 

(m 

3 .hour -1 ) (m 

3 .hour -1 ) 

Flow from main pool to B1 80 120 

Flow from kiddy pool to B1 15 22 

Flow from floor nozzles to B1 5 NA 

Flow from B1 to main pool via Neptune Filter 80 120 

Flow from B1 to floor nozzles via Neptune Filter 5 NA 

Flow from B1 to kiddie pool via hydro botanic plant 7.5 11 

Flow from B1 to kiddie pool via submerse substrate filter 7.5 11 

∗ Based on 3.5 m 

3 per swimmer per visitor per day ( Landscaping and Landscape Development Research Society 2011 ). 

Table 4 

Best estimate of Log 10 removal for treatment barriers within the NSP system (parameters describing a triangular distribution mode [min, max]). 

Best estimate of elimination capacity (log 10 reduction) 

(with plausible ranges applied in Monte Carlo simulation) 

Bacteria Viruses Protozoa 

Zooplankton filtering 0 0 0 

Neptune Filter 2 (1, 3) 1 (0.5, 2.5) 1.5 (0.2 ,3) 

Submerse substrate Filter 1 (0, 2) 0.5 (0, 2) 1 (0.2, 2.5) 

Hydro-botanic plant 1 (0, 2) 0.5 (0, 2)) 1 (0.2, 2.5) 

UV (25 MJ.cm 

-2 ) 5 2.6 3 

t
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he performance of these NSP barriers ( Bruns and Pepper, 2019 ), so 

n combination with related literature estimates we provided rea- 

onable point estimate and plausible ranges in Log 10 removals for 

ach barrier to be applied within the Screening level QMRA model 

 Table 4 ). As such, triangular distributions (defined by mode [min 

nd max]) were selected to describe the variability and uncertainty 

ssociated with the Log 10 removals. 

Zooplankton filtering: Zooplankton grazing is proposed to 

rovide important in-situ disinfection in NSPs ( Bruns and Pep- 

ler, 2019 ), yet requires careful consideration as to how well it may 

e expected to perform as a barrier for protection of human health. 

tudies have shown that free-living environmental protozoa can 
4 
ngest human enteric bacteria and protozoan pathogens including 

ryptosporidium oocysts ( Agasild and Nõges 2005 ; Connelly et al., 

0 07 ; Stott et al., 20 03 ; Trout et al., 20 02 ). Yet very little is known

egarding the rate that zooplankton can clear (oo)cysts from the 

urrounding water, however rates of 22–24 mL ·grazer -1 ·day -1 and 

5–19 mL ·grazer -1 ·day -1 for Cryptosporidium oocysts and Giardia 

ysts respectively have been reported ( Connelly et al., 2007 ). The 

ltration capacity of zooplankton reported by ( Eydeler and Spieker 

010 ) cited in ( Bruns and Peppler 2019 ) ranged from 8.5 to 64.8

L ·grazer -1 ·day -1 for Rotatoria, Copepoda and Cladocera protozoa. 

he more pressing issue relates to the poorly documented fate 

f ingested pathogens within zooplankton and their faecal pel- 



S. Petterson, Q. Li and N. Ashbolt Water Research 188 (2021) 116501 

Fig. 3. Frequency histogram of the number of shedders from Monte Carlo sample (10,0 0 0 iterations) for the main pool given a) nominal number of visitors and b) peak 

number of visitors. 
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ets. Rather than inactivate and digest all ingested pathogens, there 

s growing evidence that pathogens may be concentrated within 

ooplankton, where they may be protected from external environ- 

ental stressors ultimately favoring their survival ( Bichai et al., 

010 ; Bichai et al., 2014 ; Bichai et al., 2008 ; Folkins et al., 2020 ;

ang et al., 2011 ). So, while faecal pellets may accumulate within 

ediments and on plant surfaces, and unknown fraction may stay 

uspended or be resuspended. For these reasons, zooplankton fil- 

ering was not included as a barrier for pathogen removal within 

his screening-level assessment of the NSP system. 

Hydro-botanic and Submerse filter: Two parallel filters were 

roposed in the design of the NSP including: 1. Hydro-botanic filter 

ith a bed thickness of 2.00 m and a design retention time of 6–

 h; and 2. Submerse filter with a bed thickness of 2.00 m; and a

esign retention time of 4–5 h. 

While these two filters operate in parallel, regarding their likely 

emoval efficiency they are considered here together due to the 

imilarity of mechanisms. Mechanisms of pathogen removal within 

hese filters include adsorption to soil and filter substratum, preda- 
5 
ion (noting issues identified for zooplankton filtering above), sed- 

mentation, physical filtering of larger organisms and inactivation 

ue to environmental exposure (pH, temperature, sunlight [only 

or the hydro-botanic filter]). Both filters have been estimated to 

chieve 10% reduction of E. coli ( Bruns and Peppler 2019 ). 

Limited data is available in the literature specifically for hydro- 

otanic and submerse filters however a range of removal perfor- 

ances for microorganisms have been reported for wastewater 

ystems using subsurface wetlands, rock filters and reed beds (re- 

iewed by Verbyla (2015) ). Bacterial reductions are in the range 

f 1.25 – 2.5 Log 10 ; viruses 0.5 to 2 Log 10 and parasitic proto- 

oa between 0.4 and 3 Log 10 ( Adhikari et al., 2013 ; Bastos et al.,

010 ; Garcia et al., 2010 ; Gerba et al., 1999 ; Jackson and Jackson

0 08 ; Karim et al., 20 04 ; Reinoso et al., 20 08 ; Stevik et al., 20 04 ;

idales-Contreras et al., 2012 ; Vidales et al., 2003 ; Vymazal 2005 ); 

owever noting that a key driver of removal is often the retention 

ime within the filter, and retention times in these studies were 

ypically in the order of days rather than hours proposed for the 

SP. While the design only assumes 10% removal for each of these 
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Fig. 4. Frequency histogram of the number of shedders from Monte Carlo sample (10,0 0 0 iterations) for the kiddie pool given a) nominal number of visitors and b) peak 

number of visitors. 
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lters, it seems reasonable to assume that at least 1 Log 10 would 

e achieved for bacteria and protozoa, with a lower value of 0.5 

og 10 for viruses. 

Neptune filter: The Neptune filter system has a gravel medium 

epth of 2.00 to 2.20 m; and a retention time of 20 min was as-

umed by designers to have a higher E. coli removal efficacy of 90% 

n comparison to the hydro-botanic and submerse filters. Challenge 

tudies with coliphage (assumed to be a reasonable human enteric 

irus surrogate to mimic their) on similar filters has shown be- 

ween 95 and 99% reduction ( Bruns and Peppler 2019 ). 

UV disinfection: UV disinfection is considered as an option in 

he design of the treatment system. The most extensive meta- 

nalysis review of data relating to pathogen sensitivity to UV 

as is by Hijnen et al. ( Hijnen et al., 2006 ). Inactivation of ref-

rence pathogens can be estimated from the models reported 

n this review for the expected UV doses at the NSP system 

f 25 MJ.cm 

-2 and 40 MJ.cm 

-2 . For bacteria and protozoa, esti- 

ated reductions were similar between reference pathogens of 

he same group (i.e. E. coli O157:H7 was similar to Campylobacter ; 
6 
nd Cryptosporidium was similar to Giardia ), however for viruses, 

here was a strong difference between Adenoviruses compared to 

ther enteric virus types ( Ye et al., 2018 ). While the values for 

orovirus inactivation are based on the calicivirus surrogate data 

rom Hijnen et al. (2006) , it is noted that if human adenovirus re- 

ults were used, the Log 10 would be 0.5, rather than 2.6. 

Given a starting level of contamination of 500 Campylobacter 

er L; 10 0 0 0 Norovirus per L and 10 Cryptosporidium oocysts per L;

he flow path model was run to estimate the decrease in concen- 

ration over time, and the subsequent Log 10 reduction in the main 

ool and the kiddie pool, at 1 min time steps for 24 h. The model

as run with and without the proposed UV disinfection units. 

Given the importance of system water turnover time through 

reatment on the overall estimated pathogen reduction, estimated 

og 10 reductions were evaluated for turnover periods of 1, 2, 

, 6 and 8 h. Noting that current design turnover of the main 

ool was specified at 11 and 7.4 h for standard and maximum 

ow rates respectively; and in the kiddie pool, 4 and 2.7 h 

espectively. 
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Fig. 5. Modelled concentration of reference pathogens, and Log 10 reduction required to achieve benchmark risk (35 illnesses per 10 0 0) for the main pool. 
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.5. Event scenarios 

In addition to regular contamination, the response of the sys- 

em to a larger scale faecal release event was investigated. The flow 

odel was applied to assess the response to an accidental release 

y an ill swimmer. The fate of a large pathogen release (faeces or 

omitus) 10 10 Campylobacter ; 10 12 Norovirus and 10 8 Cryptosporid- 

um oocysts occurring in either the main pool, kiddie pool or at the 

oor nozzles was modelled in all three locations over 24 h. 

. Results 

.1. Normal operation: estimated distribution of pathogen 

ontamination 

The Monte Carlo sample of the number of shedders visit- 

ng the pool per day is illustrated for the main pool and the 

iddie pool in Figs. 3 & 4 , respectively. The number of shed- 
7 
ers was driven by the estimated point prevalence of each ref- 

rence pathogen in the population ( Table 1 ), with the assump- 

ion of random variation following the binomial distribution used. 

ith the highest point prevalence of Norovirus, 0.8%, resulted 

n the highest estimated number of shedders, reaching up to 

ine at high visitor loads. The lowest point prevalence reference 

athogen used ( Cryptosporidium , at 0.11%) led to a high likeli- 

ood of zero shedders. The resulting distribution of estimated 

athogen concentration in the main pool and kiddie pool; together 

ith the required Log 10 reduction to achieve the benchmark risk 

evel is summarised in Table 5 ; and illustrated in Figs. 5 and 

 . The highest loading and removal requirements were for en- 

eric viruses, ranging up to 4.5 Log 10 . The risk from Cryptosporid- 

um (under baseline shedding conditions) was estimated to be 

xtremely low. The sensitivity of the estimated pathogen load- 

ngs to the model input variables is illustrated with the Spearman 

ank Correlation coefficient in Fig. 7 . When prevalence was low, 

he estimated concentration was primarily driven by the number 
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Fig. 6. Modelled concentration of reference pathogens, and Log 10 reduction required to achieve benchmark risk for the kiddie pool. 
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f shedders present in the pool. As the prevalence of infection 

ncreased (for example from Cryptosporidium to Norovirus ), and 

ence the likelihood of one or more shedders increased, the mod- 

lled concentration was then driven by the pathogen density in 

aeces. 

.2. Pathogen removal capacity of the treatment system 

The estimated decrease in average pathogen concentration over 

ime, and subsequent Log 10 reduction in the main swimming 

ool is illustrated for Norovirus in Fig. 8 ( Campylobacter and Cryp- 
8 
osporidium are illustrated in Figures S.2 and S.3). The lower 2.5% 

nd upper 97.5% quantiles of the Monte Carlo simulation are illus- 

rated with dashed lines around the solid median line. In all cases, 

he maximum Log 10 reduction that could be achieved over a 24 h 

eriod in the main pool, both with and without the application of 

V disinfection, was around 1 Log 10 . In each case the achievable 

og 10 reduction was limited by the flow rate through the external 

ltration/treatment system. The dashed lines (95% quantile inter- 

al of the Monte Carlo sample) represent the influence that the 

ncertainty in assumed pathogen removal performance by treat- 
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Fig. 7. Spearman rank correlation coefficient for model input samples versus estimated pathogen concentration under nominal and peak visitor numbers. 
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ent had on the overall estimated reduction in pathogen concen- 

ration, and hence the achieved Log 10 reduction. This uncertainty 

as highest for viruses, since a low reduction was assumed across 

reatment barriers, and the plausible range included in the stochas- 

ic analysis was broad. However, the addition of UV disinfection 

liminated the impact of this uncertainty on estimated pathogen 

eduction in all cases, clearly demonstrating the limiting factor of 

ystem return flow rate and pool water dilution. For the Kiddie 

ool, a higher overall Log reduction could be achieved within the 
10 

9 
iddie pool, in comparison to the main pool, due to the decrease 

n turnover time (4 h in comparison to 11 h for the main pool) 

or the system flow rates (illustrated in Figures S.4,S.5 and S.6) The 

aximum achievable reduction in concentration with UV disinfec- 

ion was more than 3.5 Log 10 for all pathogens (with the maximum 

ow rate) over 24 h. 

The relationship between turnover time and achievable Log 10 

eduction for each reference pathogen is illustrated in Fig. 9 . Re- 

ucing the turnover time increases the achievable Log reduction. 
10 
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Table 5 

Summary quantiles of Monte Carlo sample of estimated pathogen concentration and required pathogen removal to achieve benchmark ∗ under routine bathing condi- 

tions. 

Estimated Reference Required Log 10 reduction to achieve safety ∗

Pathogen concentration (org. L-1 ) Adults Children 

Percentile Percentile Percentile 

50 95 99 50 95 99 50 95 99 

MAIN POOL 

Campylobacter 

Nominal bathers 0.031 71 230 0 0.34 0.87 0 0.91 1.5 

Peak bathers 0.23 92 290 0 0.51 1.0 0 1.1 1.6 

Norovirus 

Nominal bathers 58 7400 29,000 0.9 3.0 3.5 1.5 3.6 4.1 

Peak bathers 120 12,000 42,000 1.2 3.2 3.7 1.8 3.7 4.3 

Cryptosporidium 

Nominal bathers 0 0.41 1.5 0 0 0 0 0 0 

Peak bathers 0 0.58 1.8 0 0 0 0 0 0 

KIDDIE POOL 

Campylobacter 

Nominal bathers 0 0.30 320 0 0 1.6 

Peak bathers 0 9.4 450 0 0.14 1.8 

Norovirus 

Nominal bathers 0 2400 38,000 0 3.0 4.3 

Peak bathers 0 4500 60,000 0 3.5 4.5 

Cryptosporidium 

Nominal bathers 0 0 1.2 0 0 0 

Peak bathers 0 0 2.8 0 0 0 

∗ benchmark of 35 illnesses per 10 0 0 swimming events, relying on assumptions described in the text. 

Fig. 8. Median (solid lines) and 95% quantile interval (dashed lines) of norovirus concentration and Log 10 reduction in main pool over time with a) Neptune, submerse and 

hydro botanic filters and b) with filters and UV disinfection assuming standard flow rate (black lines) and maximum flow rate (grey lines). Green lines indicate benchmark 

targets. 

10 
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Fig. 9. Log 10 reduction versus time for turnover times from 1 to 8 h for: a) Neptune, submerse and hydro botanic filters and b) Neptune, submerse and hydro botanic filters 

with UV disinfection. 
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evertheless, achieving greater than 3 Log 10 reduction in concen- 

ration over 8 h, regardless of treatment barriers, would require an 

ourly turnover time. 3.3 Event analysis 

Aside from the unintentional faecal wash-off assumed by nor- 

al bathing, accidental faecal releases (AFR) or vomitus releases 

an and do occur in public swimming pools. This situation was 

odelled as an event that could occur in one of three locations: 

he main pool, the kiddie pool or the floor nozzles ( Fig. 2 ). The full

esults for event analysis are included in the Supplementary Ma- 

erial. Highest risks and hence greatest removal performance was 

equired for Norovirus , followed by Campylobacter . Even under the 

odelled event scenarios, the risks from Cryptosporidium were cal- 

ulated to be low. When the release occurred within the kiddie 

ool or the main pool, the recovery of the system was slow within 

hat pool. UV disinfection did not improve this recovery period. 

evertheless, UV disinfection reduced or prevented the risks being 

arried across the entire system. For example for Norovirus risks 

ollowing an event in the kiddie pool (Figure S.8), UV disinfection 

educed the peak reduction requirements in the main pool from 
t

11 
ver 4 Log 10 to below 2 Log 10 , and the risk at the floor nozzles

as reduced from requiring around 5 Log 10 to just over 2 Log 10 . 

or Campylobacter , for a pathogen release in the main pool (Event 

), the inclusion of UV disinfection totally mitigated the risk in the 

iddie pool or at the floor nozzle (Figure S.13). 

. Discussion 

It is well established that the prime source of pathogen risks in 

rtificial swimming pools are the swimmers, who unintentionally 

r accidentally (due to illness) shed pathogens into the water col- 

mn. Hence, we estimated the likely level of pathogen contamina- 

ion of the Edmonton natural swimming pool under normal oper- 

tion and during potential event situations to explore how events 

nd which pathogen groups may drive risk. Therefore, risks were 

ummed on a Log scale and the combined risk of illness was driven 

y the highest risk group (enteric viruses). 

The approach applied for normal operation was based on the 

umber of visitors to the pool and relied on assumptions regarding 

he incidence of infection in Alberta, and estimates of faecal and 
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athogen shedding from the literature. The estimated concentra- 

ion was variable and uncertain, given the extreme ranges of val- 

es reported in the literature (for example shedding of noroviruses 

as estimated to range from 10 1 to 10 7 copies.g -1 ). Nevertheless, 

ome important observations are made. Firstly, given that not all 

ndividuals are expected to shed pathogens, only those who are 

nfected with low prevalence pathogens, so the chance of no shed- 

ers present was relatively high. For our simulations under nom- 

nal visitor loading, there was more than 75% chance that no one 

ould be shedding Cryptosporidium on any given day. These results 

ighlight that the enteric pathogen risks can be transient and vari- 

ble dependant upon the number of shedders present. 

Furthermore, our prevalence calculations were likely to be an 

verestimate given that we assumed that all people would be 

qually likely to attend the pool, regardless of their health status or 

hether they were recovering from an infection. It is unlikely that 

n individual who was actively ill, would desire to attend the NSP, 

et asymptomatic carriers would. In the absence of quantitative es- 

imates on this, and recognizing that asymptomatic and extended 

hedding of pathogens (over weeks post illness) has been widely 

eported in the literature, it seemed wise to be cautious with the 

revalence estimates and include all cases. It is important to note 

hat the variability in the number of shedders is a critical driver of 

he pathogen risk, and additional attention may be needed during 

eriods of known higher community infection rates (e.g. during an 

utbreak). This points to the importance of public education pro- 

rams that encourage those who are or who have been unwell, to 

void swimming (as signposted at the Edmonton NSP). A message 

erhaps made easier given the COVID-19 pandemic. 

When shedders were present and engaged in water activities 

he pathogen concentration and hence treatment requirements to 

aintain safety of other swimmers was estimated. Risk from Cryp- 

osporidium were consistently low in the calculations, however a 

eduction of up to 2 Log 10 and 4 Log 10 were estimated to be re-

uired within the main pool for Campylobacter and Norovirus re- 

pectively. Similar values applied to the kiddie pool when shed- 

ers were present. These values were calculated for complete mix- 

ng, and hence do not account for variability (e.g. clumping) in the 

athogen concentration within the pool itself at any given time. 

roximity to an infected shedder may substantially increase the 

omentary risks. While this is potentially concerning, it is the case 

ith all recreational swimming activities where one is in close 

roximity to others in waters with no residual disinfectant; what 

s referred to as the voluntary risk by individuals made aware of 

his risk when bathing with other people. 

It was considered relevant to evaluate how well the proposed 

esigned system could performs at various likely daily pathogen 

oads over each 8 or 12 h periods of use. This was assessed in the

implest way using a box flow model with Log 10 reductions ap- 

lied for each treatment barrier. All the simulations presented in 

his study show that the key limitation to removal performance of 

he system was the flow rate through the external treatment bar- 

iers. The maximum that could be achieved in a 24 h period in the 

ain pool with normal flow rates, regardless of treatment perfor- 

ance, was around 1 Log 10 for all pathogens. 

The Alberta Health swimming pool standards (Alberta 

ealth 2014 ) stipulate that a traditional chlorinated swimming 

ool constructed after November 2006 must have a turnover time 

f four hours. While the turnover time for a recirculating water 

pray park is lower at two hours, the standards also state that if 

 a wading pool or recirculating water spray park is connected to a 

wimming pool, the turnover time for the swimming pool shall apply 

o the wading pool or water spray park ’. Under the assumptions of 

he presented model, a four hour turnover time would achieve less 

han 1 Log 10 reduction for all reference pathogens. Recently the 

rovincial agency undertaking recreational water quality testing 
12 
ProvLab) moved to qPCR testing for Enterococcus spp. to indicate 

otential faecal contamination along with molecular testing for a 

uman faecal marker (HF183) to detect faecal loadings, which are 

sed on a daily basis at the Edmonton NSP to inform management. 

Given that the full-scale efficiency of the external filtration sys- 

em is limited by turnover time, lack of knowledge regarding the 

mpact of zooplankton grazing on viable pathogen numbers in the 

ater column is a critical data gap in assessing the safety of the 

ystem. Several studies have highlighted that pathogens are in- 

ernalized by zooplankton in freshwater systems ( Burnet et al., 

017 ; Connelly et al., 2007 ; Hahn and Höfle 2001 ). The question

owever remains as to whether internalization leads to perma- 

ent removal/inactivation of the pathogen, or whether pathogens 

re actually protected and their survival enhanced by internaliza- 

ion ( Bichai et al., 2014 ; Bichai et al., 2008 ; Neogi et al., 2014 ).

herefore, not only is an approach for quantifying the internaliza- 

ion rate of pathogens by zooplankton under full scale conditions 

eeded, but also an understanding of the ultimate fate of internal- 

zed pathogens and what health risk they may pose to bathers. 

In addition, other internal inactivation processes including pre- 

ation (considering now the entire microbiome/biofilm rather than 

ooplankton alone) and sunlight disinfection may be important 

ealth protection mechanisms. Unfortunately, the role of the natu- 

al microbiome in inactivation of pathogens is poorly understood, 

nd at this stage not quantifiable. Investigation of the microbial in- 

ctivation within the site-specific water matrix of the NSP would 

e of great value. 

While data does exist on sunlight inactivation of pathogens 

n fresh water ( Bolton et al., 2010 ; Dahl et al., 2017 ; Davies-

olley et al., 1999 ; Fujioka and Yoneyama 2002 ; Mendez- 

ermida et al., 2005 ; Silverman et al., 2015 ; Sinton et al., 2007 ;

inton et al., 2002 ), the relevance of these data to the NSP situa- 

ion is uncertain. Sunlight is expected to be effective at the very 

urface, however the extent that solar radiation can penetrate the 

ater column is variable and likely to be affected by site specific 

ater quality and resuspension of particulates due to bather ac- 

ivities. In-situ measurement of solar radiation during pool opera- 

ion, at appropriate depths, would facilitate incorporation of sun- 

ight disinfection kinetics from literature values. 

To improve the safety of the system, UV disinfection was a 

esign suggestion for the pool water return lines. However, the 

nclusion of UV had limited benefit on overall performance dur- 

ng normal operation, but could reduce the spread of infectious 

athogens between pools following a faecal accident. The UV disin- 

ection units are considered to be particularly valuable on the out- 

ow of the floor nozzles, given the higher likelihood of faecal con- 

amination by children in this zone, and the need to protect the 

arger pools from this contamination. The Log 10 reduction value 

ssumed for viruses was based on calicivirus results reviewed by 

ijnen et al. (2006) representative for human noroviruses (2.6 

og 10 ), but not as conservative as expected from some human ade- 

ovirus (0.5 Log 10 ). Hence the protection provided by UV disinfec- 

ion may be less for some human enteric viruses than shown by 

hese preliminary modelling results for Norovirus . 

The predicted performance of the UV units was based on a 

eview of published laboratory studies for a range of different 

athogens ( Hijnen et al., 2006 ).There are two important limita- 

ions linked with using this laboratory data. Firstly, the perfor- 

ance of UV disinfection in natural waters will be suppressed by 

he variable organic content of the water. Validation of the UV 

nits would be required to ensure that the required effective UV 

ose is achieved using an approach similar to that recommended 

or drinking water treatment ( USEPA 2006b ) Secondly, the impact 

f UV disinfection on the natural biome of the water column and 

ence the natural elimination efficiency of the overall system is 

oorly understood. Disrupting the natural biome through UV disin- 



S. Petterson, Q. Li and N. Ashbolt Water Research 188 (2021) 116501 

f

t

i

5

f

t

fl

l

t

D

c

i

S

f

R

A  

A  

A

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

B  

C

C

C  

D  

D  

D  

D  

D  

E  

 

E  

 

E

E

F  

F  

F

G  

G  

G  

G  

 

G  

H  

H  

H  

H  

H

ection must be undertaken with caution. Overall, in situ challenge 

esting trials are recommended once the system is operational to 

nvestigate the impact of the UV disinfection on microbial survival. 

. Conclusions 

A Screening Level Risk Assessment is a valuable starting point 

or assessing waterborne risks from enteric pathogens, and to iden- 

ify risk drivers and research needs. Even with the simplistic box 

ow model applied to the NSP described, the following important 

essons regarding the likely performance of the system were iden- 

ified: 

• Enteric pathogen risks associated with natural swimming pools 

depend upon how many swimmers are infected. Modelling 

pathogen concentration needs to account for the likelihood of 

one or more shedders being present; 
• The overall performance of the filtration system was driven by 

the system water turnover time, and using the 11 and 4 h de- 

signed turnover time would achieve less than 1 Log 10 reduction 

for all reference pathogens evaluated; 
• Natural disinfection mechanisms for NSP are poorly understood, 

making reliance upon them for health protection in public 

pools challenging. Specific data is needed to better describe the 

fate of pathogens in natural waters; and 

• Performance of natural filtration barriers in the NSP environ- 

ment are poorly understood and challenge studies of in situ 

systems are recommended to reduce uncertainties in the cur- 

rent study. 
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