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a b s t r a c t

Pollutants, brought into a swimming pool by bathers, will react with chlorine to form

disinfection by-products (DBPs). Some of these DBPs are found to be respiratory and ocular

irritant and might be associated with asthma, or might even be carcinogenic. As DBPs in

swimming pools are formed from bather-shed-pollutants, a reduction of these pollutants

will lead to a reduction of DBPs. Until now, however, the release of pollutants by bathers

has not been studied in detail. The study described in this paper focuses on the release of

these pollutants, further called anthropogenic pollutants. The objective was to define and

quantify the initial anthropogenic pollutants, by using a standardised shower cabin and

a standardised showering protocol in laboratory time-series experiments and on-site

experiments in swimming pools. The time-series experiments resulted in a definition of

the initial anthropogenic pollutant release: the amount of pollutants released from a person in

a standardised shower cabin during the first 60 s of showering. The data from the time-series

experiments were used to create a model of pollutant release. The model can be used to

predict the initial anthropogenic pollutant release as well as the effects of showering. On-

site experiments were performed at four different swimming pools, including one outdoor

pool. Results of these on-site showering experiments correspond with the time-series and

model outcomes. Anthropogenic pollutant release (both chemical and microbiological) in

swimming pool water can be reduced by pre-swim showering, very likely resulting in

decreased DBPs formation and chlorine demand.

ª 2012 Elsevier Ltd. All rights reserved.
1. Introduction (Powick, 1989). Suspended and colloidal compounds include
Swimmers in swimming pools introduce pollutants into the

pool water. These pollutants can be suspended and colloidal

compounds, micro-organisms, as well as soluble substances
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particles such as organic and inorganic substances that float,

suspend or settle in the swimming pool water, such as hair,

skin cells, dust and fibres from clothes and swimwear. Micro-

organisms may enter the pool water through different routes.
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Fig. 1 e Schematic diagram of the standardised shower

cabin used in laboratory and field experiments.
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Micro-organisms of non-faecal origin, like Pseudomonas spp.,

Staphylococcus aureus and adenoviruses can enter the pool

water while being washed from the skin or from released

saliva, mucus or vomit (WHO, 2006), whereas faecally-derived

micro-organisms like, Escherichia coli, Cryptosporidium and

enteric viruses may be washed from swimmers bodies or

enter the water when a person has an (accidental) faecal

release (WHO, 2006). Soluble substances can be organic or

inorganic. Soluble organic substances include urea, creati-

nine, lactic acid and amino acids. Soluble inorganic material

includes ions like ammonium, chloride, sodium, potassium,

calcium and sulphate (Kuno, 1956).

The shared use of swimming pool water by many people

requires pool water treatment to remove pollutants and

disinfect the pool water to inactivate possible human patho-

genic micro-organisms. Generally, swimming pool water is

disinfected with chlorine-based products. However, the

organic material introduced into the pool water by swimmers

reacts with the chlorine, leading to the formation of a variety

of disinfection by-products (DBPs) (Aggazzotti et al., 1995;

Richardson et al., 2010; Zwiener et al., 2007).

Some of these DBPs are associated with impaired respira-

tory health and possibly asthma while others might be carci-

nogenic (Font-Ribera et al., 2010; Glauner et al., 2005; Lakind

et al., 2010). Other DBPs are associated with having potential

genotoxic effects (Kogevinas et al., 2010), and still other DBPs

are irritating to the skin, eyes or respiratory tract

(Eichelsdörfer et al., 1975; Erdinger et al., 1998). The overall

health effects of swimming might be increasingly positive

when the potential health risks from DBPs in pool water are

reduced (Kogevinas et al., 2010).

It is assumed that a reduction in the amount of pollutants

that swimmers introduce into the pool water will result in

reduced DBPs and chlorine demand. Pollutants brought into

the pool water by swimmers are called the anthropogenic

pollutants.

Although many papers emphasise the importance of

reducing the anthropogenic pollutant release to decrease the

number of DBPs formed (Borgmann-Strahsen, 2003;

Eichelsdörfer et al., 1980; Hery et al., 1995; Lahl et al., 1981;

WHO, 2006; Zwiener et al., 2007), there are no recent scientific

reports or studies that have demonstrated the actual effect of

anthropogenic pollutant reduction on the level of DBPs

formed.

To establish whether anthropogenic pollutant reduction

strategies results in decreased DBPs formation or not, infor-

mation is required about the anthropogenic pollutant release

of unshowered swimmers and about the anthropogenic

pollutant release of swimmers who took a pre-swim shower,

a procedure that is assumed to reduce anthropogenic pollut-

ants. The limited number of published papers that address

anthropogenic pollutant release in swimming pools merely

describe bath tub and pool basin studies and do not present

data on the effect of pre-swim showering (Althaus and Pacik,

1981; Eichelsdörfer et al., 1980; Gunkel and Jessen, 1986;

VROM, 1985). In one study performed in the Netherlands in the

nineteen eighties, the shower water from pre-swim shower-

ing activities was analysed; an initial permanganate value of

720 mg KMnO4 per bather was found (Keltjens, 1987), which is

low compared to the results found in this study.
This study focuses on the anthropogenic pollutant release,

which comprises three components: initial, continuous, and

incidental anthropogenic pollutant release. The initial

anthropogenic pollutant release is introduced into the pool

water during the first minutes of body contact with the water

and consists of the residue of evaporated sweat, micro-

organisms and pollutants on the swimmer’s skin, as well as

any cosmetics on the skin.

The continuous anthropogenic pollutant release is

continuously produced during swimming activities and it is

assumed that it mainly consists of sweat and skin cells.

The incidental anthropogenic pollutant release is the result

of human excreta such as urine, vomit or faecal material

entering the pool water, either accidentally or on purpose, like

most urine and some faecal releases.

Anthropogenic pollutant release can be determined

through basin-studies, bath tub experiments and shower

experiments. Since the anthropogenic pollutant release into

the pool water is reduced by pre-swim showering, shower

experiments were performed to determine the level of

anthropogenic pollutant release. The objective of this study

was to define and quantify the initial anthropogenic pollutant

release, by using a standardised shower cabin and a stand-

ardised showering protocol in laboratory time-series experi-

ments and on-site experiments in swimming pools.
2. Material and methods

2.1. Standardised shower cabin

To determine the initial anthropogenic pollutant release,

standardised shower experiments were performed, both in

a laboratory setting and on-site at swimming pools. In both

settings, a specially constructed shower cabin was used

(Fig. 1). This shower cabin (Hellebrekers Technieken,
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Nunspeet, the Netherlands) consisted of a polypropylene

shower base with a footprint of 0.7 � 0.7 m and a height of

0.2 m, and an aluminium framework for supporting a shower

curtain and a shower nozzle. The shower base had a drain

fitted with a screw plug. The top mounted standard shower

nozzle (Raindance AIR 180 mm, Hansgrohe) was installed at

a height of 2.1 m from the shower base and produced a rain

shower to simulate a rain wash/rinse, instead of a jet wash

from a jet shower. The water flow through the shower nozzle

was monitored with a flow indicator (DFM 350 150e1,500 L/h,

ASV Stübbe).

2.2. Shower water

The water used for showering was standard Dutch drinking

water which is distributed by drinking water companies in

the Netherlands without a chlorine residue (Anonymous,

2001), resulting in the absence of DBPs in the water. The

cold and hot tap water used during the shower experiments

was mixed using a thermostatic valve, ensuring a constant

water temperature, fluctuating �0.5 �C from the fixed set

point. The set-point for the water temperature varied

between 36.5 and 40.5 �C during both the time-series and on-

site experiments.

2.3. Pre-shower procedure

Before using the standardised shower cabin for an experi-

ment, the shower hose, shower nozzle, rinsing hose and

sampling scoop were thermally disinfected (5 min, 70 �C).
Before a participant entered the shower cabin, in the labora-

tory aswell as at the pool sites, the shower cabinwas prepared

according to a standard procedure. This procedure consisted

of draining the cabin by tilting it towards the drain until only

a few drops of water came out, followed by rinsing with

shower water using a hose, after which the cabin was drained

again. This rinsing step was repeated once. Next, the shower

base of the shower cabin, the lowest 0.30 m of the shower

curtain, the sampling scoop and the window squeegee were

disinfected. This disinfection was done by spraying a 70%

alcohol solution onto the surfaces and leaving it to disinfect

for 2 min, after which the alcohol was removed by three

rinsing and draining steps. After draining, most of the

remainingwater dropletswere removed from the shower base

using the window squeegee. Multiple rinsings and removal of

the last water droplets were necessary to avoid interference to

total organic carbon (TOC) analyses from the disinfection

alcohol.

2.4. Time-series experiments in the laboratory

2.4.1. Selection of participants
Participants were randomly selected from staff and students

at Delft University of Technology. All participants took part in

the experiment after performing their normal hygiene

procedures at home, and did not take an extra shower before

joining the experiment. The participants wore normal swim

wear andwere barefoot. To avoid introduction of dust and dirt

from laboratory floors, participants wore slippers before

entering the shower cabin.
2.4.2. Shower procedure
After a participant entered the shower cabin and stood in the

middle of the shower base, directly under the shower nozzle,

the shower curtain was closed and placed inside the shower

base. The water flow was activated by one of the researchers.

Some participants were asked to rub their skin intensely

during showering, while others were asked to stand still.

Whether participants rubbed or not was included in the

questionnaire. Total showering time was 2 min, set by the

researchers. During one of the experiments, shower time was

extended to 5 min to study the effect of prolonged showering.

2.4.3. Sampling procedure
The standardised shower cabin was set on a slight slope (2%)

towards the shower base drain to avoid water build-up in the

shower base during the experiments. All shower water was

collected in sample bottles, without spillage. The sample

volume of the first 10 samples was approximately 500 mL,

whereas the sample volume of subsequent samples was

approximately 1 L. The sample volumes were not exact as

a result of rapid sampling during the experiment. Exact

sample volumes were determined after sampling by weighing

the sample bottles. The sampling of the 500 mL volumes took

approximately 6 s per sample. To allow rapid sampling,

switching to subsequent sample bottles and to avoid spillage,

a hose with a valve attached to the shower base was used to

collect the samples. The valve was closed briefly while

switching to the next sample bottle. The short time interval

between the first 10 samples allowed detection of rapid

changes in pollutants released during the first minute of

showering. The last sample volumes were larger to extend the

sampling period, without taking extra samples. Per partici-

pant, 18e20 water samples were taken. All samples were

placed in cold storage (3e5 �C) immediately after sampling.

Control samples were taken daily, before and after the

experiments, according to the same protocol, without any

participant in the shower cabin.
2.5. On-site experiments at swimming pools

2.5.1. Sites
For the on-site experiments, the standardised shower cabin

was placed in the shower area at four public swimming pools

(A through D in the NetherlandsSwimming pool D was an

outdoor pool, however, the shower cabin was placed inside

because outdoor showers only provided cold water. During all

experiments, the shower cabin was connected to the pool’s

automated shower system. To avoid contamination from

nearby pool showers, the shower curtain was securely taped

to the outside of the shower base, while hanging inside, as

shown in Fig. 1.

2.5.2. Selection of participants
The on-site experiments were not previously announced, so

visitors at the selected pools had no knowledge of what was

going to happen in advance. At the entry, pool visitors were

randomly asked to participate and use the shower cabin

before they started swimming, according to instructions

given. The aim was to include an equal number of men and
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women and of adults and children. All participants were

enrolled anonymously and were given a code number that

identified both the water samples and the questionnaire

relating to this specific participant. During the outdoor

experiment in Hengelo, some participants were enrolled after

they had been swimming.

2.5.3. Shower procedure
For each participant, the shower cabin was prepared accord-

ing to the pre-shower procedure (see Section 2.3), after which

the shower base was closed with the drain plug. All partici-

pants followed their normal routine: some entered the shower

area barefoot whereas others wore slippers. However, all

participants entered the shower cabin barefoot. After

a participant entered the shower cabin and stood in the

middle of the shower base, directly under the shower nozzle,

the shower curtain was closed and the bottom of the curtain

was placed inside the shower base. Some participants were

asked to rub their skin intensely during showering, while

others were asked to stand still. Whether participants rubbed

or not was included in the questionnaire. The water flow was

subsequently started by one of the researchers and it stopped

automatically after the programmed shower time had

elapsed. Shower time was different at all four locations due to

location-specific set points.

2.5.4. Sample procedure
Immediately after each participant left the shower cabin, the

water collected in the shower base was mixed by turn move-

ments of the sampling scoop for a few seconds. Samples (1 L)

were taken using the sampling scoop, and subsequently

marked with a unique serial number, and promptly stored in

a cooler with ice packs. Samples were transported to a labo-

ratory within 24 h of sampling. Control samples were taken at

each location at the start and end of each day according to the

same procedures, but with no participant in the shower cabin.

2.6. Questionnaire

After showering, all participants, both in laboratory experi-

ments and in field studies, were asked to fill out a question-

naire. The questionnaire was comprised of four parts. Part I

contained questions about gender, age, weight, hair length,

and wearing underwear underneath swim wear. Part II con-

tained questions related to personal hygiene, such as how

many hours since last shower or last hair wash, and recent

physical activity or exercise since last shower. Part III

comprised questions related to the use of cosmetics, e.g.

make-up, hair products, body or suntan lotion, deodorant and

perfume. In Part IV participants were questioned about their

general health and specific, possibly water-related, health

issues such as skin conditions, gastroenteritis and ear condi-

tions. Questions about age, weight, hair length, hours since

last shower, and hours since last hair wash required numer-

ical answers, whereas wide boxes were provided for the other

questions. The answer for a participants weight or hair length

was estimated if recent measurement data was not available.

Each questionnaire was marked with the unique sample

serial number, and the date and time of the participant’s

experiment.
2.7. Analytical methods

Samples were analysed for chemical and microbiological

parameters. In order to find the best set of parameters to

describe the anthropogenic pollutant release, a wide range of

parameters was examined. These parameters included TOC,

dissolved organic carbon (DOC), total nitrogen (TN), dissolved

nitrogen (DN), intracellular Adenosinetriphosphate (cATP),

permanganate value, urea, Kjehldal-N, chloride, UV254,

temperature, turbidity, particle count, total plate counts, E.

coli, enterococci and staphylococci. The permanganate value

is often used in swimming pools as a measure of organic

components. As permanganate is a strong oxidiser, the level

will be 3e4 times higher than the TOC level. The parameters

that were found relevant to describe the anthropogenic

pollutant release were: TOC, TN, cATP, UV254, temperature,

turbidity and particle count, and the microbiological param-

eters E. coli, intestinal enterococci and staphylococci. We will

only describe the methods used to determine these

parameters.
TOC was determined according to NEN-EN 1484 (NEN,

1997) using a Shimadzu TOC-Vcph analyser. After acidifying

and purging, the samples were injected into the combustion

chamber at 680 �C to oxidise all carbon into CO2, which was

subsequently detected by using infrared spectrometry.

Samples with high particle concentration were analysed with

a stirring rod in the analysing vial, ensuring a homogeneous

sample at the time of analysis. TOC results are presented as

mg C per litre. TN was determined according to NEN-EN

12260 (NEN, 2003) using a Shimadzu TNM-1 analyser con-

nected to the Shimadzu TOC-Vcph analyser. The samples

were injected into the combustion chamber at 720 �C where

nitrogen compounds were converted to nitric oxide and

subsequently exposed to ozone to induce emission of light

which was detected by a chemiluminescent detector. Results

are presented as mg N per litre. Determination of cATP was

based on bioluminescence. Water samples were filtered

through a glass fibre filter, 0.7 Micron to concentrate all cATP.

Subsequently the cATP was extracted from the filter with

a trisodiumphosphate solution (UltraLyte 7), and collected in

a 12 mL cuvette. The extracted cATP was diluted with

Ultralute (ATP dilution buffer), added to a luciferine/lucif-

erase complex to induce the emission of light and then

placed directly into a Luminometer (Kikkoman C-110) to

measure the generated light signal (Relative Light Units, RLU).

The concentration of cATP was calculated from the RLU

values using a conversion factor determined from calibration

measurements. Results are presented as pg cATP per milli-

litre. For UV adsorption, the water samples were placed in

a lab analyser (spectrolyser A-2100-485p0t00-sNO, mf. Scan)

which measured UV adsorption at 254 nm. Highly concen-

trated samples were diluted with demineralised water.

Results are presented as Abs/m. Turbidity was determined

according to ISO 7027 (ISO, 1999) using a Hach 2100p turbidity

analyser. Results are presented as FNU. Particle count

distribution was determined with a Pacific scientific particle

counter using a syringe operated sampler Hiac Royco Model

3000 with a sensor Hiac HRCD-400 HC (2e400 mm) and sizing

counter Hiac Royco Model 9064. Results are presented as the

total number of particles per millilitre in the size range
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2e50 mm. Highly concentrated samples were diluted with

demineralised water.

Water samples for microbiological analyses were taken

during the field experiments at pools C and D according to ISO

19458 (ISO, 2006), cooled in ice boxes, transported to the

laboratory, and analysed within 24 h after sampling. Water

sample volumes of 100, 10 and 1mlwere analysed in duplicate

for E. coli and intestinal enterococci using the membrane

filtration methods described in ISO 9308-1 (rapid test) (ISO,

2000a) and ISO 7899-2 (ISO, 2000b), respectively.

Coagulase-positive staphylococci were enumerated by

using a membrane filtration method based on ISO 6888-1 (ISO,

1999). In brief, sample volumes of 1, 0.1 and 0.01 ml were

filtered through Tuffryn membrane filters (Gelman, HT-450-

66223) which were placed face-down on Baird Parker agar

plates (prepared according to ISO 6888-1) and subsequently

incubated for 24 � 2 h at 36 � 2 �C. After incubation,

membrane filters were lifted off the agar plates after marking

their position, and typical black or grey colonies that were

surrounded by a clear zone in the agar were enumerated.
2.8. Statistical analyses

The results of the time-series experiments were used to

compose a model for the pollutants released by swimmers.

The results from the on-site experiments were not included in

the model because they provide cumulative release results,

instead of time-series. Both the analytical data and the

questionnaire data were used in this model. The effects of the

variables and their interactions were analysed by means of

linear model fitting using the statistical package R (version

2.13.0). By means of stepwise model selection by Akaike’s

Information Criterion (AIC) with k, the multiple of the number

of degrees of freedom used for the penalty in AIC set to 3.84,

the best model describing the data was selected. A k value of

3.84 corresponds to the Chi-square value with 95% confidence

and one degree of freedom. All used variables and interactions

were statistically significant. Between person variation

(random effects) was tested bymeans of comparing likelihood

values of the linear model with that of a mixed linear effect

model using an exact likelihood ratio test (exactLRT in R). The

between person variation was found to be very small and

insignificant and did not affect the values of the fixed effects.

The best model selected in R was transferred to Mathe-

matica 8.0.1.0 (Wolfram Inc, Champaign, Illinois), where it was

implemented in a function for abstracting the linear equa-

tions for combinations of values of the categorical variables.

This empirical model was integrated in Mathematica to esti-

mate the release of TOC, TN and cATP within chosen time-

frames, including so-calledmean and single prediction bands.

In the case of TN and cATP, the zero concentrations were not
Table 1 e General and hygienic information on participants in

Age (year) Hair length (cm)

Average 31 16.4

Range 23e39 3e40
included in the analyses. The box plots are created using

predicted means and 95% prediction intervals.
3. Results and discussion

3.1. Time-series experiments

In the time-series experiments, shower data of ten partici-

pants (5 men, 5 women) was collected. The general charac-

teristics of these participants are shown in Table 1.

For all participants, the decrease in released TOC was

almost linear on a logarithmic vertical scale (Fig. 2). The

parameters UV-254 and turbidity showed a similar reduction,

whereas the release of TN and cATP declined more rapidly,

and the release of particles seemed to level off at a constant

release-rate as shown in Fig. 3, which displays the results for

participant A as an example. For all other participants, these

parameters show similar trends, with exception of the steep

drop of cATP after 2 min, which only occurred for

participant A.

Based on the results of the time-series experiments, the

initial anthropogenic pollutant release was defined as: the

amount of pollutants released from a person in a standardised

shower cabin during the first 60 s of showering. The 60-s

timeframe was chosen because most of the pollutants are

released within this period, as shown in Fig. 4, but also

because of its practical usability. The pollutants rinsed off

during these 60 s can be described as easily removable

pollutants. Although prolonged showering does remove an

additional amount of pollutants, this amount should not be

addressed as initial anthropogenic pollutant release. Fig. 3

shows that the release of the pollutants levelled off after

30e60 s to amore or less constant level. It is assumed that this

constant release is caused by sweat production during the

shower experiment. As the shower temperature was close to

human body temperature and high humidity inside the

shower inhibits evaporation, which is the natural human

cooling mechanism, prolonged showering at these conditions

tends to increase the body temperature. Subsequently, an

increase in body temperature will lead to an increase in sweat

production (Kuno, 1956). The amount of pollutants related to

sweat production caused by environmental conditions or

physical exercise is addressed as the continuous anthropo-

genic pollutant release. The average initial anthropogenic

pollutant release measured during the time-series experi-

ments for TOC, TN, cATP and particle counts are, respectively,

211 mg TOC/person, 46 mg TN/person, 1.6 mg cATP/person,

and 155 � 103 particles/person.

All parameters measured during the time-series experi-

ments are correlated (r > 0.05) (Table 2). The highest Pearson
laboratory time-series experiments.

Water temperature (�C) Time since last shower (h)

37.3 39.4

36.5e40.5 3e72



1

10

100

1000

0:00 0:30 1:00 1:30 2:00 2:30 3:00

Sa
m

pl
e 

T
O

C
 c

on
ce

nt
ra

ti
on

  (
m

g/
L

)

time (m:ss)

× male participant • female participant

A     B    C    D    E     F     G    H     I

Fig. 2 e Sample TOC concentration corrected for control

TOC values in laboratory time-series experiments; each

line displays the results of one individual participant.

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0:30 1:00 1:30 2:00 2:30

C
um

ul
at

iv
e 

re
m

ov
al

 (%
)

time (mm:ss)

TOC release TN release cATP release

Fig. 4 e Cumulative plot of initial anthropogenic pollutant

release during first minutes of showering.

wat e r r e s e a r c h 4 6 ( 2 0 1 2 ) 3 6 8 2e3 6 9 2 3687
correlation coefficient (r > 0.8) was found between TOC, TN,

and turbidity. The parameters TOC, TN and cATP were

combined with the results of the questionnaires to constitute

a model that describes the initial release of TOC, TN and cATP

during showering. Each of the three models represents

a typical part of the anthropogenic pollutant release. The

organic compounds are represented by the TOC-model, the N-

compounds are represented by the TN-model and the micro-

biological release is represented by the cATP-model. The

initial anthropogenic pollutant release models give actual

concentrations after ‘t’ minutes of showering.

The model that described TOC release is as follows:

lnðTOCÞ ¼ c0 þ a0$aþ h0$hþ T0$Tþ g0$gþ s0$sþ r0$rþ e0$e

þ ðc1 þ h1$hþ T1$Tþ s1$sþ r1$rþ e1$eÞ$
ffiffi
t

p
(1)

Where:

TOC¼TOC release of an unshowered person in a standardised

shower cabin (mg TOC/min)

a ¼ age (year)

h ¼ hair length (cm)

T ¼ water temperature (�C)
g ¼ gender factor (female; g ¼ 1/male; g ¼ 0)

s ¼ hours since last shower (hour)

r ¼ rubbing factor (yes; r ¼ 0/no; r ¼ 1)

e ¼ recent exercise factor (yes; e ¼ 0/no; e ¼ 1)

t ¼ shower time (minutes) with a maximum of 1 min
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c0, a0, h0, T0, g0, s0, r0, e0, c1, h1, T1, s1, r1 and e1 are TOC release

specific constants.

The TOC-model has an r2 of 0.97.

The model that describes the TN release is as follows:

lnðTNÞ ¼ c0 þ a0$aþ h0$hþ T0$Tþ g0$gþ s0$sþ r0$rþ e0$eþ�
c1 þ h1$hþ g1$gþ s1$sþ r1$rþ e1$e

�
$

ffiffi
t

p
ð2Þ

Where:

TN ¼ initial TN release of an unshowered person in

a standardised shower cabin (mg TN/min)

c0, a0, h0, T0, g0, s0, r0, e0, c1, h1, g1, s1, r1 and e1 are TN release

specific constants.

Compared to the TOC-model, the TN-model seems to lack

a temperature-shower time related release, instead, in the

TN-model there is a gender-shower time related release. The

TN-model has an r2 of 0.96.

The model that describes the cATP release is as follows:

lnðcATPÞ¼ c0þa0$aþh0$hþT0$Tþg0$gþs0$sþr0$rþe0$eþ�
c1þa1$aþh1$hþT1$Tþg1$gþs1$sþr1$rþe1$e

�
$

ffiffi
t

p
ð3Þ

Where:

cATP ¼ initial cATP release of a person in a standardised

shower cabin (pg cATP/min)

c0, a0, h0, T0, g0, s0, r0, e0, c1, a1, h1, T1, g1, s1, r1 and e1 are cATP

release specific constants.

Compared to the TOC-model, the cATP-model has an age-

shower time and gender-shower time related release. The

cATP-model has an r2 of 0.95.

The model parameter estimates are not reported in this

manuscript because they can only be used within the

parameter ranges of the ten participants in the time-series

experiments. Since the parameter ranges are small for some

parameters, usage of the model outside this parameter range

can lead to obscure results. These models can be used to gain

a better understanding of the parameters influencing the

initial bathing load. The age range of the participants within

the time-series experiments was rather narrow (23e39).

Within this range, the younger participants had a higher TOC

release and a lower cATP release. There was no clear expla-

nation for this age effect. Hair length has a double influence on

TOC release. First, persons with longer hair tend to have

a higher TOC release and, secondly, having longer hair seems

to decrease the release (or removal) of TOC during a shower.

Long hair seems to act like a buffer where TOC is stored and
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slowly released. Other parameters with a double influence on

TOC release are: hours since last shower, rubbing, and exer-

cise. Females tend to have a slower TN release, but this could

also be caused by other parameters like hair length. The

release of cATP tend to slow down when the shower

temperature decreases. The initial anthropogenic pollutant

release (TOC, TN and cATP) is higher for persons who did not

have a recent shower, or had a recent exercise, or were

rubbing while showering. The release-rate of TOC tends to

slow down at longer times since last showering, and the

release-rate tends to increase when rubbing while showering

and when exercise was recent. Males tend to release slightly

more TOC than females. Fig. 5 shows both the results of the

time-series experiments and the model results for TOC, using

Formula (1). Although the measurements during the time-

series experiments reflect a 3 min period, the model can be

used to predict the initial anthropogenic pollutant release

during the first 2 min of showering.

As the previously described models are based on a small

group of participants within the time-series experiments,

a simplified model was made for general use. This general

model can be used to predict the initial TOC release for

unshowered pool visitors during the first minute of shower-

ing. In this general TOC-model, the only variable parameter is

the shower time. The general TOC-model is described as:

lnðTOCÞ ¼ 6:516� 1:949$
ffiffi
t

p
(4)

The general TOC-model has an r2 of 0.81 compared to the

results of the time-series experiments.

The general model for TN release is described as:

lnðTNÞ ¼ 5:128� 2:514$
ffiffi
t

p
(5)

The general TN-model has an r2 of 0.59 compared to the

results of the time-series experiments.

The general model for cATP release is described as:

lnðcATPÞ ¼ 8:234� 3:029$
ffiffi
t

p
(6)

The general TN-model has an r2 of 0.33 compared to the

results of the time-series experiments.

These models show that the initial anthropogenic

pollutant release can be calculated from a combination of

general and hygienic information. In order to calculate the

initial TOC release, for example during the first 30 s of show-

ering, the following integral must be solved:

Z0:5

t¼0

e6:516�1:949$
ffiffi
t

p
(7)

For 15, 30 and 60 s, the calculated TOC load equals 95, 149

and 217 mg per bather, respectively. The initial TN and cATP

load can be calculated correspondingly. For 15, 30 and 60 s, the

calculated TN load equals 36, 47 and 57 mg per bather,

respectively. And for cATP, the calculated load equals 1.1, 1.4

and 1.7 mg per bather for 15, 30 and 60 s, respectively.

The model can be used to predict the average initial

anthropogenic pollutant release for persons who do or do not

take a pre-swim shower. General response variables like age,

gender and shower temperature give information about initial

anthropogenic pollutant release of different age and gender
groups visiting a swimming pool. While hygienic response

variables like hair length, hours since last shower, rubbing

and recent exercise give information about personal initial

anthropogenic pollutant release, this information can be used

to advise pool operators and pool visitors about the effect of

their shower behaviour on pool water.

First of all, it is important that all pool visitors have

a shower before entering the pool basin, a so-called pre-swim

shower. It is important that people rub their body during this

pre-swim shower to remove pollutants more rapidly. The

average duration of a pre-swim shower should be 60 s ormore,

but no less, as demonstrated in this study. Depending on

a person’s hygiene status, the pre-swim shower must be

longer, e.g. when pool visitors have long hair (>10 cm), had

recently exercised (without subsequent shower), or did not

have a recent home shower (>24 h). The pre-swim shower

may be shorter when pool visitors have short hair (<3 cm), are

wearing a swimming cap, or had a recent home shower (<8 h).

Although the appliance of a shower protocol based on the

previously described guidelines is an important first step to

inform pool visitors about their personal influence on the pool

water quality showering protocols alonemight not be enough.

The aquatic staff also needs to be aware of the necessity of

pre-swim showering. And finally, supportive policies (e.g.,

maintaining clean, well-stock bathroom facilities that not

only encourage showering but toileting as well) should be

established, implemented, and enforced.

3.2. On-site experiments

At the three indoor pools, 106 persons participated in the

study (58men, 42women, 6women and their babies), whereas

27 persons participated in the study at the Hengelo outdoor

pool (15 men, 12 women). Some general and hygienic partic-

ipant information is shown in Table 3.

The shower time at the four swimming pools differed due

to different shower time set-points; it was either 15, 30 or 60 s.

Therefore, anthropogenic pollutant releases obtained from

the on-site experiments as well as those obtained from the

laboratory time-series experiments are displayed for these

different time intervals (Figs. 6e8). Although the results were

more scattered during the on-site experiments, there is a good

correlation between the laboratory and on-site anthropogenic

pollutant releases. The scatter during the on-site experiments

was most probably caused by diversity within the large group

of participants. For TOC, the model is a good predictor of the

initial anthropogenic pollutant release. Although for TN and

cATP the model is a little less accurate, based on r2, it is still

a very useful tool (Figs. 6e8).

The experiments by Keltjens were the only experiments

found in scientific literature that focussed on the effect of

showering and anthropogenic pollutant release. Keltjens used

a shower experiment as well as a bath tub experiment and

showed that showering has a significant influence on

anthropogenic pollutant release reduction. During a 15 min

bath tub experiment, the release of KMnO4 consuming

substances was reduced over 60% by pre-swim showering

(Keltjens, 1987).

Anthropogenic pollutant releases for male and female

participants were only slightly different. These results



Table 2 e Pearson correlation coefficient (r) between
parameters in laboratory time-series experiments.

TOC TN cATP Turbidity UV-254 Particle
count

TOC 1 0.958 0.386 0.838 0.226 0.544

TN 0.958 1 0.445 0.798 0.316 0.433

cATP 0.386 0.445 1 0.355 0.316 0.083

Turbidity 0.838 0.798 0.355 1 0.682 0.750

UV-254 0.226 0.316 0.316 0.682 1 0.004
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Fig. 5 e Experimental data (markers) and model results

(lines) for TOC in laboratory time-series experiments; each

line displays the results of one individual participant.
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on-site experiments, and general model predictions for

initial TOC released per person in different time frames.
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on-site experiments, and general model predictions for
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confirm previous results by Keltjens (1987), Althaus and Pacik

(1981) and Gunkel and Jessen (1986). However, the actual

values found in these studies cannot be used for comparison

with the present results because (most parts of) these studies

were performed in other swimming pool environments (hot

tubs and saunas) than the present study and focussed on

different parameters (KMnO4, Kjeldahl-N). Nevertheless,

Keltjens (1987) was the only one that previously demonstrated

that showering had a significant influence on anthropogenic

pollutant release reduction. During a 15 min bath tub experi-

ment, the release of KMnO4 consuming substances was

reduced over 60% by pre-swim showering.

Weng and Blatchley (2011) estimated the release of urea

during a national swimming competition to be 0.56e1.20 g

urea/person. This urea release corresponds with a TN release

of 260e560 mg TN/person. Assuming that most of the

competitors in the Weng and Blatchley study did not have

a pre-swim shower, which seems common practise for

competitive swimmers (personal observation), the initial TN

release found in the current study (70 mg TN/person) is
Table 3 e General and hygienic information on
participants during on-site experiments.

Age Hair
length

Water
temperature

Hours since
last shower

Indoor

pools

Average 44 y 7.8 cm 37 �C 18.5 h

Range 4e84 y 2e30 cm 36.5e38 �C 2e65.5 h

Outdoor

pool

Average 27 y 16.7 cm 37.5 �C 6.4 h

Range 9e64 y 2e60 cm n.a. 0.1e28 h
12.5e27% of the total TN release reported by Weng and

Blatchley. This suggests that it is important to advise

competitive swimmers to have a pre-swim shower to reduce

the chemical and biological anthropogenic pollutant release.

The importance of hygienic parameters like ‘hours since

last shower’, or ‘recent physical activity’ was shown during

the laboratory time-series experiments. In the on-site exper-

iments, hygienic parameters in general also had a significant
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Table 4 e Influence of hygienic parameters on initial anthropogenic pollutants released in 30 s during on-site experiments.

TOC (mg/bather) TN (mg/bather) cATP (ng/bather) Particle count (#/bather)

Last shower <12 h 252 66 538 3.8 � 107

Last shower >12 h 327 84 887 6.3 � 107

Recent activity none or light 355 91 340 9.7 � 105

Recent activity medium or high 387 102 292 1.3 � 106
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effect on anthropogenic pollutant release as shown in Table 4.

However, on the level of individuals, this effect was less clear,

mostly because the amount of washable pollutants people

carry is determined by multiple factors. To determine which

general and hygienic characteristics determine and/or influ-

ence anthropogenic pollutant release, a larger database with

experimental and questionnaire results is needed.

During the outdoor pool experiment, some participants

joined the experiment before swimming, while others had

been swimming before they joined. The release of pollutants

of swimmers that did not swim before showering was similar

to the release found for participants during the indoor pool

experiments (Fig. 9). The release of pollutants for those who

had a swim before showering was again on a comparable

level, suggesting that even if swimmers had been swimming

in the outdoor pool, the amount of pollutants was regenerated

over a short timeframe (0.5e1.5 h). The continuous generation

of pollutants is most probably the result of a combination of

the use of body- and suntan lotion and outdoor pool envi-

ronmental conditions such as grass and sand, but also the

tropical temperature (34 �C) on that particular day, resulting in

increased sweat production. The hygienic parameters from

the questionnaires show a rather few ‘hours since last

shower’ for these participants which is most likely due to the

tropical weather conditions during the period preceding and

including the experiment. Although there was an increased

use of body and suntan lotion compared to the indoor pool

experiments, assumable also because of the weather, persons

using body or suntan lotion did not have an increased

anthropogenic pollutant release. Although assumed other-

wise before preparing the experiments, it is now assumed that

the influence of body and suntan lotion on the release of

anthropogenic pollutants is correlated to a time factor. The

use of body and suntan lotion might slow down the release-

rate of anthropogenic pollutants because the thin film of

lotion on the skin is prohibiting the release.
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experiments for released TOC and TN.
On the other hand, the lotion itselfwill also be released into

the pool water increasing the anthropogenic pollutants. It is

assumed that both processes neutralise each other during the

short timeframe of a pre-swim shower. It is likely, however,

that general use of body- and suntan lotion will increase the

anthropogenic pollutant release, even after a short pre-swim

shower. This study at an outdoor pool clearly shows the

importance of showering, even if a bather has been swim-

ming. The availability of a warm-water shower near the pool

entrance is important. The outdoor pool used for the experi-

ment was not equipped with outdoor warm-water showers.

Although there were a few outdoor cold-water showers, these

showers were mostly used to clean hands and feet. This

situation is similar at many Dutch outdoor swimming pools.

As indoor swimming pools are carefully designed and the

showers are placed in the route between the changing rooms

and the pool basin, outdoor pools seem to lack this careful

design aspect. In addition to the shower recommendations

mentioned earlier in this paper, outdoor pool visitors should

shower before entering (or re-entering) the pool.

Microbiological data were collected for 25 participants at

indoor pool C and for 8 participants at outdoor pool D. For all

these participants, higher numbers of staphylococci (range

1.0 � 104e2.2 � 109 per 100 ml shower water) than of E. coli

(range 2.5 � 101e1.9 � 106 per 100 ml of shower water) and

intestinal enterococci (range 1.7 � 101e7.0 � 105 per 100 ml of

showerwater) were detected in the showerwater (Fig. 10). The

higher number of staphylococci in the shower water suggests

that pre-swim showering as it was done in these experiments

is more effective in removing possible skin pathogens than it

is in removing possible faecal pathogens, which is easily

explained by the fact that the shower procedure was of short

duration and swimmers were wearing their full swimwear.

Diapered children, and those learning toileting skills might

have shedmore enterococci into the shower water, but where

not used as participants in this study for practical reasons.

Less toileting skilled bathers should be advised to clean the
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anal and perianal area as part of their pre-swim shower. The

presence of private showers will make them feel more

comfortable to do so.

Four of the 8 participants at pool D had been swimming

before showering in the standardised shower cabin. The

number of E. coli and the number of staphylococci that were

washed from the bodies of these participants was higher than

the numbers washed from the bodies of the participants that

had not been swimming before taking part in the shower

experiment. Since the number of participants in this part of

the study is very low, it is not possible to draw solid conclu-

sions from these findings. For some participants, the number

of micro-organisms washed from their bodies was much

higher than for others, however, these results did not corre-

spond to any of the information provided in the question-

naires about personal hygiene.

During the on-site experiment at pool A, four participants

were asked to wear a swimming cap while showering in the

standardised shower cabin. The TOC and TN valuesmeasured

for these participants were respectively 19% and 70% lower

than the valuesmeasured for the other participants who were

not wearing swimming caps. Although wearing a swimming

cap is not mandatory in Dutch pools, it does reduce the

anthropogenic pollutant release.

This research clearly shows the importance of pre-swim

showering. The initial anthropogenic pollutant release was

defined to showhow some swimmers’ pollutants can easily be

removed with a pre-swim shower. The removal efficiency is

a function of different parameters. The duration of the shower

has the largest influence on the removal of pollutants. Most

pollutants are removed within a 60-s shower. Although pro-

longed showering does remove some additional pollutants, it

is at a low rate. All pollutants, both chemical and microbial,

removed from swimmers during a pre-swim shower will not

end up in the swimming pool. Once introduced into the

swimming pool water, pollutants will be highly diluted and

hard to remove with water treatment. Dissolved pollutants

will also react with disinfectants like chlorine, resulting in the

formation of DBPs. As a result, pre-swim showering will very

likely reduce the level of DBPs in a chlorinated swimming

pool, and also reduce the chlorine demand. The results of this

study can be used to point out the importance of pre-swim

showering to swimmers and may be used in future models

describing the amount of DBPs formed in swimming pools.
4. Conclusions

Shower experiments, both in laboratory and in field studies,

showed that the amount of pollutants that is washed from the

human body rapidly declines during the first minutes of

showering. Since the decline is most profound during the first

60 s, we defined the amount of pollutants released in a stand-

ardised shower cabin during 60 s of showering as the initial

anthropogenic pollutant release. The initial anthropogenic

pollutant releasemeasured in thefieldstudieswascomparable

to the initial anthropogenic pollutant release found in labora-

tory experiments, suggesting that the laboratory experiments

are a good proxy for field studies. Anthropogenic pollutant

release is best described by the parameters TOC, TN and cATP.
The model to describe anthropogenic pollutant release

composed in this study yielded calculated values for anthro-

pogenicpollutant release thatmatchedexperimental datavery

well, indicating that the model can be used to predict initial

anthropogenic pollutant release when experimental data are

lacking. Pre-swim showering is an important tool to reduce

both chemical and microbiological pollutants introduced into

swimming poolwater by swimmerswhichmost likely reduces

DBPs formation and chlorine demand.
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