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In the Netherlands, rainwater becomes more and more popular as an economic and
environmentally sustainable water source for splash parks, however, the associated public
health risk and underlying risk factors are unknown. Since splash parks have been asso-
ciated with outbreaks of infectious diseases, a quantitative microbial risk assessment was
performed using Legionella pneumophila as a target pathogen to quantify the risk of infec-
tion for exposure due to inhalation and Campylobacter jejuni for ingestion. Data for L.
pneumophila and C. jejuni concentrations in rainfall generated surface runoff from streets
were extracted from literature. Data for exposure were obtained by observing 604 people at
splash parks, of whom 259 were children. Exposure volumes were estimated using data
from literature to determine the volume of exposure through inhalation at 0.394 uL/min
(95% Cl-range 0.0446—1.27 pL/min), hand-to-mouth contact at 22.6 pL/min, (95% ClI-range
2.02—81.0 uL/min), ingestion of water droplets at 94.4 pL/min (95% CI-range 5.1—279 uL/
min) and ingestion of mouthfuls of water at 21.5-10° pL/min (95% Cl-range 1.17 -10°
—67.0-10° uL/min). The corresponding risk of infection for the mean exposure duration of
3.5 min was 9.3-107° (95% Cl-range 0—2.4-10~*) for inhalation of L. pneumophila and 3.6-10~2
(95% Cl-range 0—5.3-107") for ingestion of C. jejuni. This study provided a methodology to
quantify exposure volumes using observations on site. We estimated that using rainwater
as source water for splash parks may pose a health risk, however, further detailed
quantitative microbial analysis is required to confirm this finding. Furthermore we give
insight into the effect of water quality standards, which may limit infection risks from
exposure at splash parks.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Splash parks are often located in shopping areas or play
grounds. They are popular features that encourage many
children to play with water. Splash parks use water that is
typically stored in an underground reservoir or surge cham-
ber and is sprayed into the air; after it hits the ground, it
flows back to the reservoir through floor drains. Although
almost all splash parks incorporate some form of disinfec-
tion, many show poor water quality through poor design or
poor maintenance (Kebabjian, 2003). Thus, splash parks have
been associated with outbreaks of infectious diseases,
including Legionella (Hlady et al., 1993; Palmore et al., 2009;
Haupt et al., 2012; Correia et al., 2001), Cryptosporidium and
Giardia (Eisenstein et al., 2008; Anonymous, 2000, 1999),
Shigella (Fleming et al., 2000; Bancroft et al., 2010), Salmonella
(Andién Campos, 1995; Molinero et al., 1998; Usera et al,,
1995), Leptospira (Cacciapuoti et al., 1987), and noroviruses
(Hoebe et al., 2004).

People may be exposed to waterborne pathogens in splash
park through inhalation, ingestion and dermal contact. Inha-
lation of aerosols causes deposition of water in the respiratory
tract (Heyder et al., 1986) and may cause allergic reactions
(Douwes et al., 2003). If pathogens are present in water of
splash parks, inhalation may cause infectious diseases such
as pneumonia due to Legionella pneumophila (Fields et al., 2002).
Ingestion of water, whether intended (by swallowing mouth-
fuls of water) or unintended (through getting water droplets in
the mouth or through hand-to-mouth contact) can cause
gastroenteritis though infection with enteric pathogens such
as norovirus, rotavirus, Campylobacter, Giardia or Cryptospo-
ridium, and may cause other severe illnesses such as hemo-
lytic uremic syndrome (Keene et al., 1994) or Gullain-Barré
syndrome (McCarthy and Giesecke, 2001). Finally, dermal
contact (skin and mucous membranes of nose, ears and eyes
in contact with the water) can result in infections such as
wound infections due to Aeromonas hydrophila (Semel and
Trenholme, 1990), otitis externa due to Pseudomonas aerugi-
nosa (Van Asperen et al., 1995), or conjunctivitis due to ade-
noviruses (Crabtree et al., 1997).

Quantitative microbial risk assessment (QMRA) is a tool to
quantify health risks and to get insight into measures that can
prevent outbreaks (World Health Organization, 2011). A QMRA
requires information on the concentration of pathogens in the
matrix, the fate and behavior of pathogens, the volume of
water to which people were exposed, and the dose—response
relation for the pathogen.

Because harvested rainwater has been widely regarded as a
sustainable source for water (re)use in urban areas and for
recreational purposes, it is often used as a source water of
splash parks (De Man et al., 2014b). Pathogens may be present
in rainwater dependent on weather conditions such as rainfall
intensity and temperature (Schets et al., 2010; Kaushik et al.,
2012). Furthermore, the atmospheric deposition of airborne
microorganisms (Evans et al., 2006), the (rooftop) runoff of
fecal depositions of birds and other mammals (Ahmed et al.,
2012; Fewtrell and Kay, 2007), and the growth or decay of
micro-organisms in collected rainwater may influence the
presence of pathogens in rainwater (Ahmed et al, 2014).

Pathogens may also be introduced into water of splash parks
by people, dogs, birds and other animals upon contact with
the water (Hoebe et al., 2004).

To be able to quantify the public health risk of splash parks
that use rainwater as their source water, an exposure
assessment was performed using field observations. The
generated exposure data were used to determine exposure
volumes and infection risks for inhalation and ingestion by a
QMRA approach. The QMRA was performed with Monte Carlo
simulations to provide a range of uncertainties in infection
risks.

2. Methods
2.1. Hazard identification

People are exposed to the water of urban splash parks through
ingestion, inhalation and dermal contact. To estimate the
public health risks, these exposure routes were used to choose
model organisms that (I) were pathogens of concern in situ-
ations where people were exposed to water, (II) were present
in rainwater and (III) showed a dose—response relation. Based
on these criteria, L. pneumophila was chosen to model inhala-
tion and Campylobacter jejuni for ingestion. These pathogens
were preferred above other pathogens such as Giardia, Cryp-
tosporidium or Salmonella because L. pneumophila and C. jejuni
may be present in high concentrations in rainwater, combined
with a high pathogenicity and environmental survival, thus
posing a potential health risk. For dermal contact, no dos-
e—response relationship is available and therefore this expo-
sure route could not be considered.

Legionella spp. are found in a wide range of water envi-
ronments and can proliferate at temperatures above 25 °C
(World Health Organization, 2011). Legionella was assumed not
to proliferate in the water of splash parks because the water
temperature is generally below 25 °C in the Netherlands
(Zuurman, personal communication). Data on Legionella con-
centrations in splash parks are lacking, and therefore we
assumed that its concentration was equal to concentrations
found in rainwater samples on roads. Reservoirs of splash
parks were filled with such rainwater runoff at several loca-
tions in the Netherlands (Zuurman, personal communica-
tion). L. pneumophila was found in rainwater by several studies
using PCR (Ahmed et al., 2008, 2010) and data about cultured L.
pneumophila in rainwater on roads were previously reported by
Sakamoto et al. (2009) and recently by Van Heijnsbergen et al.
(submitted for publication) who used the method described by
Schalk et al. (2012). Counts and tested volumes of these data
were used to fit a gamma distribution for the concentration of
L. pneumophila in water of splash parks using the method of
Schijven et al. (2011).

Campylobacter is an enteric pathogen that occurs in a vari-
ety of environments, such as food and water (World Health
Organization, 2011). The presence of C. jejuni in rainwater
was confirmed by several studies (Fewtrell and Kay, 2007) and
also by using PCR (Ahmed et al., 2010). A study by De Man et al.
(2014a) showed that culturable C. jejuni was present in rainfall
generated overland flow; these data were used to fit a gamma
distribution for the concentration of C. jejuni in water of splash
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parks. C. jejuni may also contaminate the source water of
splash parks through the activities of people, birds and other
animals while a water feature is in operation. Because there is
no information about such contaminations, these were not
included as part of the current study.

Almost all splash parks incorporated some form of disin-
fection. Nevertheless, many splash parks exhibited poor
water quality resulting from poor design and/or poor main-
tenance (Kebabjian, 2003). Furthermore, as De Man et al
(20144a,b,c) showed, disinfection of rainwater at splash parks
is ineffective in reducing pathogen concentrations. Therefore
disinfection was not included in this study.

2.2. Exposure assessment

Exposure volumes (uL/min) were quantified for inhalation and
for ingestion. The volume of ingestion due to hand-to-mouth-
contact with wet hands per minute (Quy) was calculated
using:

Qum = h x A x fum (1)

where h represented the film thickness of water on hands
(mm), A the skin-surface area of the hand that touched the
mouth (mm? and fy the frequency of hand-to- mouth con-
tact (n per min). The volume of ingestion of droplets of water
in the mouth (Qp) was determined using:

Qv =Vp xfp 2

where Vp represented the volume of water droplets (uL) and fp
the frequency of splashing water droplets in someone mouth
(n per min). The volume of ingestion due to drinking mouth-
fuls of water per minute (Q,,) was determined using:

Qu = Vum X fu ®3)

where Vy, represented the volume of a mouthful of water (uL)
and fy the frequency that people take a mouthful of water (n
per min). The inhaled volume of water per minute during the
visit of the splash park was determined using:

Q = IR x VIWS 4)

where IR represented the inhalation rate of air (m®/min) and
VIWS the fraction of inhalable water spray (uL. water/m?>air).

Values of model parameters were considered to be uncer-
tain, therefore an uncertainty analysis was carried out
through Monte Carlo simulations. Model parameters were
explained by various types of distributions. To determine the
volume distributions according to Equations (1)—(4), from each
of these distributions, 10° values were randomly drawn using
Mathematica version 9.0 (Wolfram Research).

Film thickness of water on hands, h [mm]. The film
thickness of liquids on skin was represented by the amount
of material that remains on the skin after contact with a
liquid. A value for h was estimated in an experiment by U.S.
EPA (2011) as the amount of liquid retained on the skin (g/
mm?) divided by the density of the liquid (g/mm?®) used. This
showed a range of 2.34 x 1072 to 1.97 x 10~2 mm for retention
of water on the skin after initial contact with water. The
uncertainty of h was considered to be uniformly distributed
within this range.

Skin-surface area of the hand that was mouthed, A
[mm?]. Most frequently, a finger or a part of a finger is
mouthed by children (U.S. EPA, 2011). The average surface
area of child’s finger is reported to be 2000 mm? (U.S. EPA,
2011). Therefore, the uncertainty of A was assumed to be
uniformly distributed between 100 and 2000 mm? of a hand
for children (U.S. EPA, 2011).

The frequency of hand-to-mouth contact fyy [min™}].
Freeman et al. (2001) gathered hand-to-mouth frequency data
of 102 children. Boys were observed to have hand- to-mouth
contact of 1.7 (0—5.6) times per hour, girls 2.3 (0—6.2) times
per hour. Because data on the variability of hand-to-mouth
contact for boys and girls and its uncertainty have not been
reported and were unavailable upon request, we assumed the
uncertainty of fi could be described by a Gamma Distribu-
tion. The gamma («,8) distribution models the time required
for « events to occur, given that the events occur randomly in
a Poisson process with a mean time between events of 8 (Vose,
2008). Therefore, the uncertainty of fiy was assumed to be
gamma distributed with « = 2 and 8 = 0.5.

Volume of a droplet, V, [uL]. Children who make each other
wet cause droplets of water to be ingested by themselves or
other children. These water droplets were assumed to be
spherical and to have a diameter that varied between 1 and
10 mm, to reflect the range in inhalable droplet sizes. The
volume of a water droplet was determined by 4/3nr?, thus the
volume of water of one droplet varied between 0.5 pL and
524 uL, for which a uniform distribution was assumed in
absence of data on a more specific distribution.

Frequency of getting droplets of water in the mouth fp
[min~Y]. The frequency of getting a splash of water in the
mouth was determined using onsite observations. The num-
ber of times that an individual received a splash of water in
their face was counted, assuming that per moment of
splashing one droplet was ingested by that person. Using the
total duration of exposure of a person, a gamma distribution
was fitted for the frequency of getting droplets of water in the
mouth as described previously in this paragraph.

Volume of a mouthful of water Vy; [uL]. The volume of a
mouthful of water V), was estimated by Schets, Schijven et al.
(2011). The mean volume of a mouthful of water for a child
was described by a Gamma distribution with « = 4.72 and
B8 = 5300 and used as such in this study.

Frequency of taking a mouthful of water fy [min~"]. The
frequency of taking a mouthful of water was also determined
using observations on site. The number of times that a person
leans over a fountain to take a mouthful of water was counted
assuming that each time, one mouthful was ingested. Using
the total duration of exposure of a person, a gamma distri-
bution for the frequency of taking a mouthful of water was
fitted as described previously.

Inhalation Rate, IR [m*/min]. The inhalation rate (IR) is
dependent on the intensity of people’s activity. IR for chil-
dren varied between 1.01-10"2 m%*min for light activities
and 6.24-1072 m%min for high intensity activities. For
adults, it varied between 1.03-102? and 7.77-10 2 m>/min
(U.S. EPA, 2011).

Volume of inhalable water spray, VIWS [uL water/m? air].
The fraction of inhalable water spray (VIWS) per m® was
extracted from a study of De Man et al. (2014b). The


http://dx.doi.org/10.1016/j.watres.2014.02.010
http://dx.doi.org/10.1016/j.watres.2014.02.010

WATER RESEARCH 54 (2014) 254—261 257

Table 1 — Results of observations: number of people observed per category of exposure.

Having wet hands  Having wet face

Drinking mouthfuls of water

Being present within 2 m of water spray

Children 198 65
Adults 192 31

8 257
2 347

concentration of inhalable endotoxin in air near splash parks
varied from 7.2 to 19 endotoxin units (EU)/m?, while the con-
centration of endotoxins in water varied from 9 to 2799 EU/mL.
That study showed a significant linear relation between the
EU in water and air (R? = 0.645). The volume of inhalable
aerosols per cubic meter (VIWS) was estimated by maximum
likelihood using beta regression (Espinheira et al., 2008, 2004).
The parameters « and g for a Beta («, ) distribution were re-
parameterized with a mean dilution factor u and a precision
parameter ¢ according to « = ug and 8 = (1 — u)¢. The values
for 1 and ¢ were estimated by maximum likelihood. The un-
certainty distribution for u was obtained by Markov Chain
Monte Carlo sampling from the likelihood function with the
Metropolis-Héstings algorithm (Gilks et al., 1996).

Field observations to collect quantitative data on the
behavior of splash park visitors were performed at two splash
parks in urban centers on five days in June 2010 from 12:00AM
until 4:00PM. During these observations, distinction was made
between the different routes of exposure: 1) having wet hands,
2) having a wet face, 3) drinking mouthfuls of water and, 4)
being present within 2 m of the water spray. Field observa-
tions were used to quantify several exposure model parame-
ters (see Table 2).

Exposure through ingestion was mainly the case for chil-
dren who interacted with water. Therefore, exposure through
ingestion was only calculated for children. This choice was
also made because there was a lack of information for model
parameters A, fuyv, fo and fy for adults. Exposure through
inhalation was calculated for children as well as for adults,
because adults were exposed through inhalation while
chaperoning their children.

2.3. Dose response

The dose D of exposure to the model organisms L. pneumophila
and C. jejuni was calculated by multiplication of the

concentration distribution C (numbers of pathogens per liter)
and total exposure volume V (liter). The distribution for V for
ingestion was calculated by:

VIngestion = (QHM + QD + QM)t (5)

where t was the duration of exposure according to the field
observations and Quy, Qp and Qy were summed when rele-
vant according to the observed routes of exposure during the
field observations.

The risk of infection for inhalation due to exposure to
Legionella was analyzed using the exponential dose—response
relation

Pinr=1-— e’T'D (6)

where r represents an infectivity of 0.06 (Armstrong and Haas,
2007). The risk of infection for ingestion due to exposure to
Campylobacter was analyzed using the hypergeometric dos-
e—response relation

Pine(D; o, 8) = 1—1F1 (o, 0 + 8, D) 7)

where ;F; was a Kummer confluent hypergeometric function
and « and B represented the beta distributed dose response
parameters for Campylobacter. In the case of C. jejuni, the
values for parameters « and g were 0.024 and 0.011, respec-
tively (Teunis et al., 2005).

2.4. Risk characterization

The risk of infection for inhalation and ingestion was calcu-
lated as a function of the duration of exposure. Given the large
range of possible concentrations of L. pneumophila and C. jejuni,
a scenario analysis was performed for five scenarios with
different concentrations, from 1-10* cfu/L water. Subse-
quently a sensitivity analysis was carried out to determine the
effect of the model parameters on the risk of infection. It was

Table 2 — Model parameters used in the exposure assessment.

Parameter

Value or distribution of values

Source

IR, Inhalation Rate (m>/min)
Children
Adults
VIWS, Volume of inhalable water spray, (uL/m?

Uniform [1.11-1072, 4.36-10 7]
Uniform [1.03-1072, 7.77-1077]
Average: 10.8

(U.S. EPA, 2011)

(De Man et al., 2014b)

95% Confidence Interval: 1.76—36.3

h, Film Thickness of water on hands, (mm)
A, Surface area of the hand that is mouthed, ( mm?)
fam, Frequency of hand-to-mouth contact, (n/min)
fp, Frequency of getting water droplets in

the mouth (n/min)
Vp, Volume of a droplet (uL)
Vy, Volume of a mouthful of water (uL)

fwm, Frequency of taking a mouthful of water (n/min)

Uniform [1.97-1072, 2.34-107?]
Uniform [100,2000]

Gamma [2,0.5]

Gamma [2.1,0.17]

Uniform [0.5,524]
Gamma [4.72,5300]

Gamma [1.2,0.76]

(U.S. EPA, 2011)

(U.S. EPA, 2011)
(Freeman et al., 2001)
Field observations

Estimate

(Schets, Schijven and de
Roda Husman, 2011)
Field observations
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assumed that the model parameters were independent. The
effect of the value of a model parameter was calculated by
varying a model parameter (within its range of uncertainty),
including the uncertainties of the other parameters.

3. Results

A QMRA was performed to calculate the risk of infection
inherent to exposure to splash parks using rainwater as their
source. To quantify the risk of infection, L. pneumophila and C.
jejuni were selected as target pathogens. The concentration of L.
pneumophila in rainwater was described by a Gamma distribu-
tion with r = 0.045 and A = 26,000 with an average concentration
of L. pneumophila of 1200 cfu/l. The concentration of C. jejuni in
rainwater was described by a Gamma distribution with r =0.76
and 2 = 330, the average concentration of C. jejuni was 250 cfu/l.

Exposure was investigated during outdoor temperatures
between 20 and 23°. Six hundred and four people were
observed, of whom 259 were children estimated to be below 13
years old. Significant differences (p < 0.05) in behavior (i.e. in
exposure) were observed between people younger and older
than 13 years (Table 1). The mean duration of a visit at an
interactive water fountain was 3.5 min (range 1-120 min). No
significant differences (p > 0.05) were observed between the
duration of a visit for people younger and older than 13 years.
Observations on site were used to quantify the frequency that
droplets of water reached children’s mouths (fp), these data
(N =12 children) were fitted to a gamma distribution, resulting
in parameters r = 2.1 and 1 = 0.17. Also, the frequency with
which people take a mouthful of water (fy) was quantified
(N =8children) and fitted to a gamma distribution, resultingin
r=1.2 and 2 = 0.76 (Table 1).

The estimated mean volume of inhalation of water aero-
sols for children was 0.394 pL/min, (95% Cl-range
0.0446—1.27 pL/min) and for adults 0.489 pL/min (95% CI-
range 0.0494—1.55 pL/min). The estimated mean volume of
ingestion due to hand-to-mouth-contact with wet hands for
children was 22.6 pL/min, (95% CI-range 2.02—81.0 puL/min).
The estimated mean volume of ingestion of water droplets
that splash into children’s mouths was 94.4 puL/min (95% CI-
range 5.1-279 pl/min) and the mean volume of ingestion
through drinking mouthfuls of water amounted 21.5-10° pL/
min (95% Cl-range 1.17-10°-67-10% uL/min) for children.

The estimated infection risk due to inhalation of L. pneu-
mophila for a child was 9.3-10° (95% Cl-range 0—2 . 4-10" % and
for adults 1.1-107* (95% Cl-range 0—82.8-10"% for the mean
exposure duration of 3.5 min (Fig. 1). The estimated risk of
infection due to ingestion of Campylobacter was 1.3-1072 (95%
Cl-range 0-5.3-107%) for ingestion due to hand-to-mouth
contact with wet hands, 4.5-1072 (95% CI-range 0—1.9-107%)
for ingestion of water droplets in the mouth and 4.7-10~* (95%
Cl-range 2.3:1072-7.1-10"") for ingestion of mouthfuls of
water. Based on the observational data, the estimated mean
total risk of infection for children after ingestion of Campylo-
bacter amounted to 3.6-10 2 (95% CI-range 0—5.3-10 %) for the
mean exposure duration of 3.5 min.

The sensitivity analysis showed that the risk of infection
was most affected by the volume of inhalable water spray
VIWS and the volume of a water droplet Vp, and least affected

Risk of infection

0,1

0,01

0,001

2 4 6 8 10 12 14
Duration of exposure (min)

Fig. 1 — Risk of infection (mean and 95% percentile) for
ingestion of mouthfuls of water P;,¢ i, ingestion of water
droplets P;,¢ p, ingestion due to hand-to-mouth contact
Pinf um and inhalation P;,¢ ; for mean concentrations of C.
jejuni and L. pneumophila in rainwater that is used as
source water for splash parks. (95th percentiles were
shown by dotted lines).

by the volume of a mouthful of water V,, and the film thick-
ness of water on hands h (Fig. 2). Fig. 3 shows the results of the
scenario-analyses, here the risks of infection are presented for
different concentrations of pathogens in the water of splash
parks. It demonstrates that concentrations of L. pneumophila
and C.jejuni of less than 10 cfu/l (which is equal to absence in
100 ml) would lead to a decrease in the risk of infection for
both L. pneumophila and C. jejuni.

4, Discussion
4.1. Hazard Identification

This study estimated the public health risk of splash parks
that use rainwater as their source water. L. pneumophila and C.

IR | |
VIws | |

Fim I |
Fp |
Vo | |

Via [ L
Fi [ ]

0.3 0.6 04 'o.lzl ' 00 o.lzl 04 0.6 0.3
Log10[Pine(y)/Pinel

Fig. 2 — Sensitivity of Pi,s by varying a model parameter
within its range of uncertainty.
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Risk of infection for inhalation (L. pneumophila)

10

104 cfu/l

103
10° cfu/I

10° 102 cfu/l

10! cfu/l

107

Duration of exposure (min)

10l ggo01
4 6 8 10 12 14 ’

Risk of infection for ingestion (C. jejuni)

[any

104 cfu/l

103 cfu/l
0,1

102 cfu/I
0,01
107 cfu/l

0,001 10° cfu/l

0 2 4 6 8 10 12 Y
Duration of exposure (min)

Fig. 3 — Risk of infection for inhalation and ingestion for different scenarios with respect to concentrations of pathogens in
water as a function of the duration of exposure to water of a splash park.

jejuni have been chosen to determine the risk of infection for
inhalation and ingestion at splash parks. The target pathogen
L. pneumophila that is used to quantify health risks after
inhalation, can grow and become more virulent at water
temperatures above 25 °C. The growth of Legionella was not
incorporated into our model, because water temperatures
above 25 °C require prolonged outside temperatures of
30—35 °C (Zuurman, personal communication), which is un-
common in The Netherlands. Under optimal conditions, the
concentration of L. pneumophila may double in 8 h (Cooling
Tower Institute, 1990) and increase 3 to 4 orders of magni-
tude in 48—72 h (Holden et al., 1984). This is in contrast to C.
jejuni which will not multiply at temperatures between 25 and
30 °C (Jones, 2001). Besides the investigated model parameter
C. jejuni, other pathogens at splash parks may also cause
gastro-intestinal diseases. For instance, norovirus may be
introduced in water of splash parks by people who interact
with the water (Hoebe et al., 2004) or bird and other animals
may introduce pathogens like Giardia and Cryptosporidium
(Eisenstein et al., 2008). Given the poor water quality at splash
parks (De Man et al., 2014b; De Man et al., 2014a,b,c), together
with the increase of water temperature on warm days also
gives rise to risks of non-fecal pathogens such as A. hydrophila
and P. aeruginosa. While risks posed by these pathogens
deserve evaluation, the necessary dose—response data is
currently lacking. And health risk from contact exposure
cannot be assessed.

4.2. Exposure Assessment

The present study quantified exposure volumes through
inhalation and ingestion, by providing insight into volumes of
exposure due to inhalation, hand-to-mouth contact, splash of
droplets in someone’s mouth and drinking of water. The
observational component of the study yielded important data
that was previously missing. The methodology used in this
study can be used to inform QMRA in other situations where
people are exposed to water in the studied ways.

The exposure assessment for ingestion was not performed
for adults, because information was missing for several model
parameters (A, Fum, Fp, Fum). Based on the uncertain assump-
tion that exposure volumes of ingestion of adults were equal
to children and using the data of the field observations (i.e.

55% of the people got wet hands and 9% got water droplets in
their mouths) gives an exposure volume of 20 uL/min. This
exposure volume was approximately one order of magnitude
lower than the volume of exposure of children (707 pL/min),
which supports the conclusion that children were more at risk
at splash parks than adults.

In our study, we quantified infection risk as a function of
exposure. The importance of exposure is endorsed by the
study of Hoebe et al. (2004), who reported that the attack rate
for gastrointestinal illnesses was higher for children who
interacted for a longer duration with a splash park. This
assumption is also supported by the outbreak of Legionellosis
at the 1999 West Frisian Flower Show in The Netherlands,
where a relation was found between the duration of exposure
and the concentration of antibodies in titers of exposed in-
dividuals (Den Boer et al., 2002). It should be noted that the
average exposure duration of 3.5 min reported in this study
was short because these observations took place in an urban
environment. At playgrounds and other recreational water
parks, the exposure duration may increase to 0.5 h or possibly
up to 2 h (Hoebe et al., 2004), which would increase the
ingested or inhaled dose of pathogens and therefore the sub-
sequent health risk. According to our model, the risk of
infection would increase to 2.3-10~* for ingestion of C. jejuni
and 2.8-1072 for inhalation of L. pneumophila for an exposure
duration of 2 h.

4.3. Risk assessment

A standard for exposure to enteric pathogens by consumption
of unboiled tap water in set by the Dutch Ministry of Infra-
structure and Environment, stating that less than one infection
per 10,000 persons per year should occur. Relating this stan-
dard to the current study results showed exceedence for C.
jejuni and L. pneumophila (for the latter one, in case of exposure
of adults and for exposures of children longer than 5 min). The
risk of infection for ingestion of water of a splash park also
exceeded the value of 0.001 pppy, which was recommended as
an infection risk benchmark for the reuse of rooftop-harvested
rainwater (Lim and Jiang, 2013). Furthermore, the estimated
risk of infection exceeded the value of 0.01, being at the
threshold at which epidemiologic studies can identify health
risks (Wade et al., 2006; Ashbolt et al., 2010).
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Thus, the present study shows that exposure to splash
parks may pose a public health risk. This, together with the fact
that outbreaks were associated with malfunctioning of disin-
fection systems (Kebabjian, 2003; Hoebe et al., 2004) indicates
that legislation is required to minimize health risks. Water
quality standards, we believe, can provide a tool for operators
to monitor water quality and to make interventions when
necessary. The scenario analyses (Fig. 3) provides information
about the estimated effect of a reduction of C. jejuni or L. pneu-
mophila (i.e. the effect of water quality standards) on the risk of
infection determined for splash parks that use rainwater as
their source water. Concentrations of L. pneumophila and
C.jejuni of less than 10 cfu/l (which is equal to absence in 100 ml)
would lead to a decrease in the risk of infection of 10—100 times
for C. jejuni and L. pneumophila, respectively.

5. Conclusion

This study showed that exposure to splash parks that use
rainwater as their source water can cause an infection risk.
While at this moment, splash parks do not have to meet any
criteria for water quality and/or design, this study should give
rise to debates concerning the need for such guidelines. The
scenario analyses gives information about infection risks for
specific concentrations of pathogens in their source water. This
information is valuable in terms of the insight it provides into
the effect of water quality standards on public health. Further-
more, this study uses a new methodology making it possible to
quantify exposure volumes using onsite observations, a meth-
odology both practical and useful when assessing quantitative
microbial risk wherever people are exposed to water.
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