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a b s t r a c t

Disinfection in swimming pools is often performed by chlorination, However, anthropo-

genic pollutants from swimmers will react with chlorine and form disinfection by-

products (DBPs). DBPs are unwanted from a health point of view, because some are irri-

tating, while others might be carcinogenic. The reduction of anthropogenic pollutants will

lead to a reduction in DBPs. This paper investigates the continual release of anthropogenic

pollutants by means of controlled sweat experiments in a pool tank during laboratory

time-series experiments (LTS experiments) and also during on-site experiments (OS ex-

periments) in a swimming pool. The sweat released during the OS and LTS experiments

was very similar. The sweat rate found was 0.1e0.2 L/m2/h at water temperatures below

29 �C and increased linearly with increasing water temperatures to 0.8 L/m2/h at 35 �C. The

continual anthropogenic pollutant release (CAPR) not only consisted of sweat, particles

(mainly skin fragments and hair) and micro-organisms, but also sebum (skin lipids) has to

be considered. The release of most components can be explained by the composition of

sweat. The average release during 30 min of exercise is 250 mg/bather non-purgeable

organic carbon (NPOC), 77.3 mg/bather total nitrogen (TN), 37.1 mg/bather urea and

10.1 mg/bather ammonium. The release of NPOC cannot be explained by the composition

of sweat and is most probably a result of sebum release. The average release of other

components was 1.31 � 109 # particles/bather (2e50 mm), 5.2 mg/bather intracellular

adenosine triphosphate (cATP) and 9.3 � 106 intact cell count/bather (iCC). The pool water

temperature was the main parameter to restrain the CAPR. This study showed that a

significant amount of the total anthropogenic pollutants release is due to unhygienic

behaviour of bathers.
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1. Introduction

Swimming is a popular activity all over the world for all age

and social classes. The provision of safe and hygienic swim-

ming water is an important health issue. Anthropogenic pol-

lutants, that are introduced into swimming pool water by

bathers, can be divided into suspended and colloidal matter,

micro-organisms, and soluble substances (Powick, 1989).

Suspended and colloidal matter include particles such as

organic and inorganic substances that float, suspend or settle

in the swimming pool water and include hair, skin cells, dust

and fibres from clothes and swimwear. Micro-organisms enter

the pool water through different routes. Micro-organisms of

non-faecal origin, like Pseudomonas spp., Staphylococcus aureus

and adenoviruses enter the pool water while being washed

from the skin or from released saliva, mucus or vomit,

whereas faecally-derivedmicro-organisms like Escherichia coli,

Cryptosporidium and enteric viruses are washed from swim-

mers bodies or enter the water when a person has an (acci-

dental) faecal release (WHO, 2006). Soluble substances can be

organic or inorganic. Soluble organic substances include urea,

creatinine, lactic acid and amino acids. Soluble inorganic

material includes ions such as ammonium, chloride, sodium,

potassium, calcium and sulphate (Kuno, 1956).

The shared use of swimming pool water by different in-

dividuals requires pool water treatment to remove pollutants

and disinfect the water to inactivate possible anthropogenic

pathogenic micro-organisms. Swimming pool water is

generally disinfected with chlorine-based products. However,

the anthropogenic pollutants, introduced in the pool water by

swimmers, react with chlorine, leading to the formation of a

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

1995; Florentin et al., 2011; Richardson et al., 2010; Zwiener

et al., 2007).

Some of these DBPs are associated with impaired respira-

tory health and possibly asthma, while others may be carci-

nogenic (Font-Ribera et al., 2010; Glauner et al., 2005; Lakind
Fig. 1 e A e Subjects were wearing a rain overall (1) connected

with a tube (4) connected just below the subjects knees (5). Suit

the elbow (7). B e Water inside suit extracted from suit legs wi

indicators (9) and heat exchanging coils (10) to the suit sleeves w

valve (11).
et al., 2010). Other DBPs are associated with potential geno-

toxic effects (Kogevinas et al., 2010), whereas 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 poten-

tial negative health risks from DBPs in pool water are reduced

(Kogevinas et al., 2010). It is expected that a reduction in the

amount of anthropogenic pollutants in the pool water will

result in reduced concentrations of DBPs and chlorine

demand.

Many papers emphasise the importance of reducing the

anthropogenic pollutants released to decrease the formation

of DBPs formed (Borgmann-Strahsen, 2003; Eichelsdörfer

et al., 1980; Hansen et al., 2013; Hery et al., 1995; Keuten

et al., 2012; Lahl et al., 1981; Lakind et al., 2010; WHO, 2006).

Although it is obvious that reduction of anthropogenic pol-

lutants will lead to reduction of DBPs, there are no recent

scientific reports or studies known to the authors, that have

demonstrated the actual effect of anthropogenic pollutant

reduction on the level of DBPs.

To establish whether anthropogenic pollutant reduction

results in decreased DBP formation, information is required

about anthropogenic pollutant release. The anthropogenic

pollutants release can be divided into three parts (Keuten

et al., 2012). The first part is the initial anthropogenic

pollutant release (IAPR), defined as the amount of anthropo-

genic pollutants that are rinsed off from a subject’s body

during a 60-second shower. The second part is the continual

anthropogenic pollutants release (CAPR) during the subse-

quent swimming exercise. The CAPR is assumed to consist

mainly of sweat, micro-organisms and skin cells. The third

part is the incidental anthropogenic pollutant release which is

the result of human excreta such as urine, vomit or faecal

material entering the pool water, either accidentally or on

purpose.

CAPR was the focus for this study and it was assumed that

sweat is its main component. Several studies reporting sweat

rates for swimmers focussed on the temperature regulation
to gloves (2) and plastic bags (3). Suit water was extracted

water was re-injected with a tube (6) connected just below

th tubes (4) using circulation pumps (8), led through flow

ith tubes (6). Regular samples were taken from a sampling



Table 1 e Age and height of participants during LTS experiments.

Participant A Participant B Participant C Participant D

Gender Female Female Male Male

Age (y) 29 24 43 42

Height (m) 1.70 1.79 1.91 1.86

Weight (kg) 52.4 64.3 87.5 74.0

VO2max (L/min)a 2.5 2.6 4.2 3.4

a (Shvartz and Reibold, 1990).
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during swimming (Kounalakis et al., 2010; McMurray and

Horvath, 1979; Robinson and Somers, 1971; Taimura et al.,

1998), while other studies focussed on the water and/or

swimmers’ salt balance (Cox et al., 2002; Henkin et al., 2010;

Macaluso et al., 2011; Maughan et al., 2009; Taimura and

Sugahara, 1996), or even muscle damage during swimming

(Cade et al., 1991). Few studies have been found on anthro-

pogenic pollutant release (De Laat et al., 2011; Gunkel and

Jessen, 1986; Weng and Blatchley, 2011): one study focussed

on blood plasma urea concentration (Lemon et al., 1989), and

one study focussed on sebum (skin lipids) released during

swimming (Gardinier et al., 2009). Previous scientific publica-

tions report sweat rates of 0.08e1.62 L/h at various swimming

pool conditions (20e35 �C) and at different exercise levels

(Lemon et al., 1989; Macaluso et al., 2011; Maughan et al., 2009;

McMurray and Horvath, 1979; Nielsen et al., 1984; Robinson

and Somers, 1971). The normalised sweat release rate, calcu-

lated from the sweat rates reported in these publications, was

0.04e0.91 L/m2/h. Urea and NPOC were the two reported pa-

rameters. The released urea varied from 0.40 to 1.20 g urea/

bather (Gunkel and Jessen, 1986; Weng and Blatchley, 2011) to

11.1 g urea/bather (De Laat et al., 2011). The released NPOC

was 12.4 g NPOC/bather. In addition to CAPR, these previous

urea and NPOC results might also include initial and inci-

dental anthropogenic pollutants release. Before policies can

be developed to restrain anthropogenic pollutants release,

more information is needed on the CAPR and its main influ-

encing parameters.

Anthropogenic pollutant release can be determined

through basin-studies, and bath-tub and shower experiments.

It was expected that the CAPR was mainly determined by the
Table 2 e Subject groups, gender, pool water temperature
and level of exercise during OS experiments.

Subject groups Males Females Water
temp.

Level of exercise

First lane

swim group

16 12 28 (�C) Light or

moderate effort

Second lane

swim group

2 1 28 (�C) Light or

moderate effort

First triathlete

group

12 3 28 (�C) Vigorous

swimming

Second triathlete

group

12 1 28 (�C) Vigorous

swimming

LTS experiments

group

2 2 32 (�C) Sitting,

leisure

swimming

and aqua

spinning
pool water temperature and the level of exercise. Because the

heat-balance is an important parameter for sweat release, a

pool tank study was chosen as the experimental setup. Pre-

liminary trials showed that the dilution in a 3 m3 pool tank

was too much to observe differences with a 5-minute sam-

pling interval and it was, therefore, decided to conduct the

experiment in a water-filled suit inside the pool tank (Figs. S1

and 1) with laboratory time-series experiments (LTS experi-

ments). On-site experiments (OS experiments) were used to

validate the laboratory findings.
2. Materials and methods

2.1. Subjects

2.1.1. Subjects in LTS experiments
Four subjects joined the LTS experiments, two male and

two female. General information of the subjects is shown in

Table 1.

2.1.2. Subjects in OS experiments
The different subject groups for the OS experiments and

experiment conditions are described in Table 2.

2.2. Experimental set-up: tank, shower and suit

To determine CAPR, standardised experiments were per-

formed in a laboratory setting in a specially constructed pool

tank (Fig. S1). The water in the pool tank was circulated and

heated with electric heaters and controlled to maintain a

constant water temperature. A standardised shower cabin

(Keuten et al., 2012) was used for showering before and after

the experiment. During the experiment, the subjects wore a

polyester rain overall with a polyurethane coating (M Wear

5400Warona) (Fig. 1A). The suit was prepared for recirculation

by connecting tubes to subjects’ arms and legs (Fig. 1B). The

subjects’ feet were wrapped in plastic bags and connected to

the trouser legs of the rain overall. To prevent the plastic feet

bags from damage, diving shoes were worn over them. The

subjects wore lab gloves connected to the sleeves of the rain

overall. The zipper of the rain overall was closed with water-

proof tape. The neck part of the suit was closed but not sealed,

for easy passage of the four tubes. Because the suit had a good

fit at the neck, it was assumed that the evaporation of water

and volatile components during the experiment was negli-

gible. The suit water was recirculated inside the suit to ensure

proper mixing and to control the water temperature. The suit

water was circulated with two pumps at a rate of 150 L/h each



Fig. 2 e Normalised sweat release during LTS experiments

after 30 min of exercise at 60-70 %VO2max at different

temperatures.

Table 3 e Average fractions of weight loss during 30 min of LTS and OS experiments.

Parameter LTS exp. OS experiments

Sitting Leisure swim Aqua spin Lane swim Vigorous swim

VO2 (L/min) 2.1a 0.3b 1.3b 2.5b 2.1b 3.3b

Water temperature (�C) 25e30e35 32 32 32 28 28

Pa (mm Hg) 17 37 34 34 30 30

% BSA submerged 77% 94% 94% 52% 94% 94%

Total weight loss (g) 279 7 58 349 133 337

Ingested water (g)c 0 0 3.1 0 3.2 3.2

Skin hydration (g)d 2.1 1.8 1.8 1.0 1.9 2.0

Substrate oxidation (g)e 13.9 1.3 6.9 16.9 19.2 38.1

Respiratory water (g)f 44.1 1.4 6.3 9.7 16.3 25.4

Data points (subjects) 12 (4)g 12 (4)g 12 (4)g 12 (4)g 3 (3) 13 (13)

a (Ainsworth et al., 1993, 2000; Shvartz and Reibold, 1990).
b Calculated from actual heart rate.
c (Suppes et al., 2013).
d (Scheuplein and Blank, 1971).
e (Maughan et al., 2007).
f (Mitchell et al., 1972).
g The same 4 subjects.
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and entered at the arms and left at the legs (Fig. 1A). Heat

exchanging coils, made from copper piping and situated in the

pool tank, were used to ensure a constant water temperature

of the suit water (Fig. 1B).

2.3. Tank, shower and suit water

Thewater used for the pool tank, the pre-swim shower and for

filling the suit was standard Dutch drinking water (tap water)

which is distributed without a chlorine residual (Anonymous,

2001). The water used for the pre-swim shower was addi-

tionally pasteurised (70 �C during �5 min) to inactivate all

micro-organisms. Cold and hot tap water was used for the

shower and was mixed using a thermostatic valve to ensure a

constant water temperature of 37 � 0.5 �C. The suit was filled

with 25e30 L preheated tap water, using the heat exchanging

coils from the suit circulation. A volumetric water metre

(Sensus 620C, QN1.5) was used to measure the amount of tap

water added to the suit.

2.4. Equipment preparation

The suit was rinsed with tap water. The suit recirculation loop

was disinfected by recirculating a 10eppm chlorine solution

for 10 min. After disinfection, the recirculation loop was

thoroughly rinsed with tap water and drained. The shower

cabin was thermally disinfected with tap water at 70 �C for

�5 min, rinsed with shower water and drained. Between the

pre-shower and the after-shower, the shower cabin was

rinsed with shower water and drained. The pool tank was

filled with approximately 3 m3 of water. The pool tank water

was recirculated and heated at the selected temperature (25,

30 or 35 �C).

2.5. Pool site during OS experiments

The OS experiments were performed in an indoor swimming

pool ‘Het Sterrenbad’ inWassenaar, The Netherlands. General
pool characteristics, pool water quality and environmental

conditions are shown in Table S1. The experiments were

performed in different pool basins with temperatures of 28, 32

and 34 �C.
2.6. Experimental procedures

2.6.1. LTS experiments
Each subject had a pre-swim shower (60 s) to remove all initial

anthropogenic pollutants. After the pre-swim shower, the

subjects dried themselves with a clean dry towel and their

before-weight was determined (�5 g) on a scale (JBS loadcell,

fabr. BWT, Boxtel, The Netherlands). Subsequently, the sub-

jects were dressed in the suit, as described in Section 2.1 and

shown in Fig. 1A. They entered the pool tank and the filling of

the suit was started. After approximately 5 min, the suit

recirculation was started. During the first 15 min, the subjects

rested in the tank. During the subsequent 30min, the subjects

performed an exercise on a submerged cross-trainer, an Aqua

Nordic Walker (Kodin, Gundelsheim, Germany). The energy

consumption during the exercise was similar in all LTS
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experiments andwas estimated at 60-70%VO2max with the use

of the Compendium of Physical Activities (Ainsworth et al.,

1993, 2000). Each subject did the experiment at three

different temperatures (25, 30 and 35 �C � 0.5 �C) and they

were each asked not to drink during the experiment. During

the experiment, sampleswere taken from the suit water every

5 min, starting simultaneously with the filling of the suit. The

volume of all samples was determined by weighing, assuming

a density of 1,000 g/L. After the experiment, all suit water was

removed and collected to complete a mass balance as a check

for leakages. After emptying the suit, the subjects had an

after-shower, followed by drying with a clean dry towel and

stepping on a scale to measure their after-weight.

2.6.2. OS experiments in a swimming pool
Continual anthropogenic pollutant release (CAPR) was deter-

mined on-site byweighing the subjects on a scale (JBS loadcell,

fabr. BWT, �5 g) before and after their swimming activity and

bymeasuring their height. After full submersion in poolwater,

subjects dried themselves with a clean dry towel before the

weights were determined. They were asked not to drink dur-

ing the experiment. The initial weight was also used to

calculate the subjects’ body surface area.

The subjects from the LTS experiments also participated

in OS experiments. During the OS experiments, the CAPR for

the four subjects was determined in a 32 �C pool, at three

different exercise levels: 30 min at rest, 30 min of leisure

swimming and 30 min of aqua spinning. The resistance of

the aqua spin bike (Waterfly, Regalbuto Italy) could be

adjusted using rotatable perpendicular paddles on the crank

axle that lead to water displacement. This resistance was set

to the maximum.

2.7. Analytical methods

Samples were analysed for chemical and microbiological pa-

rameters. A wide range of parameters was examined to

describe the CAPR. These parameters included non-purgeable

organic carbon (NPOC), total nitrogen (TN), intracellular

adenosine triphosphate (cATP), ammonium, urea, phosphate,

nitrate, ultraviolet spectrophotometry, particle distribution,

total and intact cells. The parameters that were found most

relevant to describe the anthropogenic pollutant release were

NPOC, TN, urea, ammonium, cATP, particle distribution, and

intact cell count (iCC). A short description of themethods used

to determine the relevant parameters shown in section 3 of

the supplementary data.

Each subject’s heart rate was measured by counting the

pulse.

2.8. Calculations used in this study

The level of exercise during the exercises was estimated using

the Compendium of Physical Activities (Ainsworth et al., 1993,

2000). To estimate the individual energy consumption (VO2),

the level of exercise was multiplied by the individual VO2max.

The individual VO2max was determined from fitness norms for

males and females (Shvartz and Reibold, 1990). The average

energy consumption (VO2) during the different experiments is

shown in Table 3.
The sweat release was calculated from the body mass loss,

corrected for substrate oxidation and respiratory water loss,

unless noted otherwise (Maughan et al., 2007). Other param-

eters like ingested fluid, skin hydration and urine and faecal

losses were found to be smaller than 5 g and therefore not

included, unless noted otherwise. This resulted in a simplified

equation:

Sweat release ¼ DMb �Mso �Mrw (1)

where:

DMb ¼ body mass loss ¼ before-weight e after-weight

Mso ¼ mass substrate oxidation

Mrw ¼ respiratory water loss

The body mass loss was determined on a scale and pre-

sented as kg weight loss. During the oxidation of substrates,

O2 and substrates are consumed and CO2 and water are pro-

duced. Substrate oxidation is primarily determined by the

exercise intensity, the aerobic fitness of the individual, the

preceding exercise and diet regimen (Maughan et al., 2007).

The production of CO2 depends on the type of substrate that is

used. At a high level of exercise, carbohydrates will be used as

substrate; at a low level of exercise, fat will also be used.

During the LTS experiments, estimated at 60-70%VO2max

(Ainsworth et al., 1993, 2000) carbohydrates contribute to

67e75% in the energy consumption (Maughan et al., 2007).

The respiratory water was calculated according to Mitchell

et al. (1972):

Mrw ¼ 0:019� VO2 � ð44� PaÞ (2)

where:

VO2 ¼ oxygen uptake in L/min

Pa ¼ ambient water vapour pressure in mm Hg

Table 3 shows the calculated weight loss of the different

fractions during 30 min of LTS and OS experiments.

For a comparison between different subjects, all sweat

release results are given as normalised sweat release per body

surface area in L/m2/h. An approximation of the body surface

area of the subjects was determined using Mosteller’s

empirical equation (1987):

BSA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

W �H
p

=6 (3)

Where:

BSA ¼ body surface area (m2)

W ¼ body weight (kg)

H ¼ body height (m)
2.9. Excluded data

The calculated sweat release for subject B during the 25 �C LTS

experiment resulted in a negative normalised sweat release.

Although it was not clear what caused this negative result,

negative sweating is not possible, and the weight data of this

experiment was therefore excluded from this paper. The



Fig. 3 e Normalised sweat release in scientific literature at exercise levels >60%VO2max.
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analytical data of the water quality parameters of this exper-

iment were not excluded.

During some trial experiments, some subjects also had a

negative weight loss. These negative values could have been

caused by drinking during the experiment, skin hydration or

inaccurate wetting procedures at the start of the experiment,

resulting in a too low before-weight. All subjects with negative

weight loss were excluded from this study, 24 subjects in total.

Within a group of elderly swimmers there were three

subjects that had a weight loss >450 g. It was assumed that

besides sweating also some incidental urine release occurred.

These three subjects were therefore excluded from this study.
3. Results

3.1. Sweat release rate

During the LTS experiments, CAPR data from four subjects

(two men, two women) were collected. The sweat release rate

was calculated from the total weight loss (Table 3). The

amount of ingested water, skin hydration, substrate oxidation

and respiratory water is also shown in Table 3. All subjects

had an increased sweat release at increasing experiment

temperatures (Fig. 2). Starting at 25 �C, the average sweat
Fig. 4 e Individual normalised sweat release during OS expe
release of 0.1 L/m2 increased to 0.22 L/m2 and 0.46 L/m2 at 5

and 10 �C temperature increase, respectively. One subject did

a resting experiment at a temperature of 35 �C, resulting in a

normalised sweat release of 0.02 L/m2/h (Fig. 2).

Similar sweat releases are reported in literature, see Fig. 3.

To calculate the normalised sweat release from the Robinson

and Somers’ data, the body surface area for the Olympic and

World Champion medal winners was estimated at 2.0 m2.

Except for the subjects in this study, all subjects in literature

were well-trained swimmers. Although the level of exercise

was not the same for all experiments, the level was described

as>60%VO2max. The subjects in the Macaluso experiment had

a high level of exercise, estimated at 90%VO2max which

resulted in higher normalised sweat releases (Macaluso et al.,

2011).

The time-series subjects also participated in the OS ex-

periments at different levels of exercise. Fig. 4 shows an

increasing sweat release at increasing levels of exercise in a

pool with a constant water temperature (32 �C). The sweat

release was low (<0.1 L/m2/h) at an exercise level <40%

VO2max and it increased linearly to 0.37 L/m2/h at increasing

exercise rates >40%VO2max. During aqua spinning, the sub-

jects were only partially submerged due to the limited pool

depth. The level of submersion for all experiments is shown in

Table 3.
riments in 32 �C pool water at different exercise levels.



Fig. 5 e Normalised sweat release for OS experiments in a

28 �C competition pool with triathletes (diamond markers)

and lane swimmers (square markers). The subject with the

openmarker admitted ingestion of an unknown amount of

pool water during the experiment.
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DuringOS experiments, two groups of lane swimmers did a

moderate lap swimming exercise in a 28 �C competition pool.

The first exercise, estimated at 60-70%VO2max (Ainsworth

et al., 1993, 2000), had an average normalised sweat release

of 0.12 L/m2/h, not corrected for substrate oxidation and res-

piratory water. The second lane swim group, with ameasured

level of exercise by taking their pulse, had an average nor-

malised sweat release of 0.18 L/m2/h, corrected for substrate

oxidation and respiratory water (Fig. 5).

During other OS experiments in a 28 �C competition pool,

two groups of triathletes performed a heavy exercise. During

the first experiment, estimated at 70e90% VO2max (Ainsworth

et al., 1993, 2000), the normalised sweat release was deter-

mined at 0.04e0.39 L/m2/h (including correction for ingested

water, substrate oxidation and respiratory water). For the

second triathlete group, with a measured level of exercise by

taking their pulse, the normalised sweat release was deter-

mined at 0.07e0.83 L/m2/h, including correction for ingested

water, substrate oxidation and respiratory water (Fig. 5). The

actual VO2 was calculated from the maximum heart rate

percentage and the estimated VO2max (Shvartz and Reibold,

1990).

3.2. Continual anthropogenic pollutant composition

During the LTS experiments, four subjects (two females and

twomales) were studied in water-proof suits to determine the
Table 4 e Release of anthropogenic pollutants during
30 min of exercise for each of 4 subjects at 3 different
water temperatures during LTS experiments.

Parameter Range Average St. deviation n

NPOC (mg) 30e503 250 91.6 12

TN (mg) 44e161 77.3 31.5 12

Urea (mg) 14e76 37.1 16.7 11

NH4 (mg) 4.5e17 10.1 4.1 11

Particles

2e50 mm (�109#)

0.22e2.3 1.31 0.61 12

cATP (mg) 1.17e20.6 5.24 5.17 12

Intact cell

count (�106#)

1.02e21.9 9.30 6.48 12
anthropogenic pollutants composition at each three different

water temperatures (25e30e35 �C). The level of exercise was

similar during all experiments. Descriptive parameters of the

anthropogenic pollutants released during 30 min of exercise

are shown in Table 4. The chemical components (NPOC, TN,

urea and ammonium) showed a more-or-less steady release

over time (Fig. 6). The release of the particle-related compo-

nents (particle count, cATP and iCC) dropped over time (Fig. 7).

There was a clear difference in the release of chemical

anthropogenic pollutants at 25 �C compared to 35 �C, both
during exercise and rest (Fig. 8). At 35 �C during rest the release

was 20e40% of that at 25 �C during exercise while at 35 �C
during exercise the release was 170% of that at 25 �C for NPOC,

TN and urea. The release of ammonium decreased at higher

temperatures (Fig. 8). There was no clear relation between the

release of particle-related components and different temper-

atures (Fig. 8).

Although the release of most chemical anthropogenic

pollutants increased at higher temperatures, the increase was

much lower compared to the sweat release during exercise at

elevated water temperatures. The sweat release increased 2.3

and 4.6 times at 5 and 10 �C temperature increase, respec-

tively, while the pollutants release increased by a factor 1.1 to

1.7 (Fig. 2).
4. Discussion

This experiment was designed to be a static (in position)

submerged exercise. Some of the conditions during the test

were equal to swimming and somewere not. For heat transfer

during submerged exercise, important aspects are: the water

temperature, the hydraulics, the type of exercise (which

muscles are used), the level of exercise and the level of sub-

mersion. The water temperature was equal to swimming

conditions and the water temperature in the suit was

controlled and frequently measured. The hydraulics were not

equal to swimming conditions, but the flow inside the suitwas

turbulent which is important for an optimal heat transfer.

Most probably the heat transfer from the skin to thewaterwas

similar to swimming because the direction of the flow near

the skin is not important for heat transfer and the water

temperature in the suit was kept at a constant level. The type

of muscles used was not similar to swimming. The level of

exercise was chosen to be similar to swimming. And the level

of submersion was limited due to the limitations of the suite

and was therefore also not exactly the same as during

swimming. However, the level of submersion was estimated

(Table 3) and the results were calculated and presented as

sweat released per surface area submerged skin.

4.1. Sweat rate

It was assumed that sweat is the main contributor to the

CAPR. Heat production from the physical exercise was

assumed to be the same during all LTS experiments, while the

cooling efficiency of the water differed at the three tempera-

ture settings. As the cooling efficiency of the pool water was

reduced at higher temperatures, the sweat release was

increased (Fig. 2). Being submerged, the cooling mechanism



Fig. 6 e Average release of anthropogenic pollutants during

all LTS experiments (genders and temperature levels

combined).
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from evaporating sweat appeared to be not effective, except

for the unsubmerged body parts, in this case the head. A

growing increase of sweat release is a logical result of the

ineffective sweat mechanisms during submerged physical

exercise in heated pool water (Kuno, 1956).

The sweat release shown in Fig. 3 can be explained by the

sweat mechanism which is triggered by an increase of a sub-

ject’s core temperature (Kuno, 1956; McMurray and Horvath,

1979; Robinson and Somers, 1971). The body temperature is

the net result of the difference between heat production and

heat loss. Colder water enhances heat loss and thus blunts the

increase in body core temperature. At a pool water tempera-

ture of 23 �C, and a medium exercise level, the sweat release

will be low and it will not increase at water temperatures

slightly higher than 23 �C due to the high cooling efficiency of

the water. If the pool water temperature rises, there will be a

temperature threshold at which the muscular heat production

and pool water cooling are in equilibrium. Above this

threshold, the subject’s core temperature will rise at

increasing water temperatures (Nadel, 1979). The type of swim

clothing and % body fat also influences the sweat release

because insulation from swim wear or body fat will interfere

with the heat exchange between the pool water and the

human body (McMurray and Horvath, 1979). A high percentage

of body fat and insulated full-body swim wear will reduce the

threshold and increase sweat release at lower water
Fig. 7 e Average microbiological and particle release of all

LTS experiments (genders and temperature levels

combined).
temperatures. The threshold is a function of the level of ex-

ercise and the pool water temperature. Due to training, a

swimmer’s threshold may become lower (Ichinose et al., 2009)

and the sweat rate above the threshold may increase (Nadel,

1979). Fig. 3 shows the influence of pool water temperature.

At pool water temperatures below 29 �C combined with a

�60%VO2max exercise level, the sweat release is more or less

stable at 0.10e0.20 L/m2/h. At pool water temperatures above

29 �C, there is a linear increase in the normalised sweat release

to 0.45e0.80 L/m2/h at 35 �C. Fig. 5 shows the influence of

exercise level. The sweat release is 0.1e0.2 L/m2/h at an ex-

ercise level <70%VO2max and it increases at increasing exercise

levels to 0.83 L/m2/h (Fig. 5).

Most swimming pool activities in recreational pool water

(�30 �C) will remain �60%VO2max and most activities in

competition pool water (�29 �C) will be � 70%VO2max (Table

S2). The low-sweating threshold is shown in Figs. 3e5. The

sweat rate is 0.1e0.2 L/m2/h at water temperatures<29 �C and

<70%VO2max level of exercise and increases linearly with

increasingwater temperatures and exercise level to 0.8 L/m2/h

at 35 �C and >60e70%VO2max level of exercise (Figs. 3e5).

Sweat release in swimming pools cannot be avoided. To

reduce the sweat release to a minimum, it is recommended

that pool operators maintain a low pool water temperature in

pools with high exercise levels, preferably �27 �C for compe-

tition pools. It is also recommended to avoid a high level of

exercise activities in pools with elevated water temperatures

(�30 �C).

4.2. Continual anthropogenic pollutants

The water temperature showed a strong influence on the

release of some anthropogenic pollutants as well as the

level of exercise (Fig. 8). The release of chemical compo-

nents (NPOC, TN and urea) is increased by a factor 1.7 at

10 �C temperature increase and it is increased by a factor

5e7 if resting is compared with the LTS exercise. If all

anthropogenic pollutants from the LTS experiments origi-

nate from sweat, the sweat composition could be calculated

by dividing the amount of anthropogenic pollutants by the

corresponding sweat release. In Table 5, this sweat

composition for the chemical components is compared with

sweat compositions from other studies. For ammonium,

urea and TN, the calculated sweat concentrations were

within the same range as the results from previous studies.

It is therefore very likely that sweat was the main source for

the measured TN, urea and ammonium. The release of

ammonium at elevated temperatures during the LTS

experiment was different compared to the release of TN and

urea (Fig. 8). It is not clear why ammonium was reduced at

higher temperatures while TN and urea increased. This

could be due to the fact that ammonium is a volatile

component and the experiment was done during an exer-

cise in a suit, where the suit water was constantly circu-

lating and evaporation of ammonium may have occurred,

especially at elevated temperatures that reduce the solubi-

lity of ammonium.

For NPOC, the results in Table 5 were not comparable with

previous studies on sweat composition. Very little informa-

tion has been published on the NPOC content of sweat



Fig. 8 e Release of anthropogenic pollutants during LTS

experiments compared to the release at 25 �C.

Table 6 e eTotal anthropogenic pollutants released
during a 30-minute swimming pool visit at 60e70%
VO2max for bather that did not have a pre-swim shower.

Parameter Anthropogenic pollutants released

Initiala,b Continual Incidentalc Total

NPOC (mg) 217 250 192 659

TN (mg) 57 77.3 70 204

cATP (mg) 1.7 5.24 n.a. 6.94d

Particles

2e50 mm (�109#)

0.15 1.31 n.a. 14.6d

n.a.; not available data.
a (Keuten et al., 2012).
b (Keuten et al., 2014).
c Based on a 30 mL urine release per bather (Gunkel and Jessen,

1986).
d Incidental fraction not included.
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because sweat samples from human skin are easily

contaminated with skin lipids, thereby disturbing the NPOC

measurement (Kuno, 1956). The calculated NPOC value from

reported sweat components is much lower than the

maximum value found in this study (Table 5). The release of

sebum (skin lipids) is an explanation for the elevated NPOC

concentrations, because sebum mainly contains carbon-

strains (Downing et al., 1983). The sebum on human skin is

washed off during swimming at a rate of 0.24 mg/m2/h

(Gardinier et al., 2009). When the skin surface is defatted,

fresh sebum is rapidly secreted from the sebum reservoir in

an attempt to restore the surface lipid film. This sebum will

not stay on the skin surface, but will be released into the

water. Secretion from the sebum reservoir appears at a

greater rate than sebum is actually being produced by the

sebaceous glands (Downing et al., 1983). The average sus-

tainable sebum secretion rate is 0.27 mg/m2/h in healthy

subjects and can be 0.84 mg/m2/h for subjects with acne

(Harris et al., 1983).

It can be concluded that most TN compounds originated

from sweat and it is likely that most NPOC compounds origi-

nated from sebum.

Although the LTS experiments only focussed on a 30 min

exercise period, the release of sweat will most probably

continue at prolonged exercise periods. It is therefore

assumed that the chemical related CAPR will also continue

after 30 min of exercise at a similar rate.
Table 5 e Reported sweat composition compared to the
results of LTS experiments in this study.

Publication Concentrations (mg/L sweat)

NPOC TN Urea Ammonia

(Craig et al., 2010) 655 105

(Stefaniak and

Harvey, 2006)

965a 493a 601 102

(Eichelsdörfer

et al., 1975)

992 1447 220

(Kuno, 1956) 170e1960 456 30e100

(Mosher, 1933) 240e1120 40e200

This study 444e4402 119e1281 80e445 20e184

a Calculated from the sweat composition without vitamins and

ionic components.
The particle-related anthropogenic pollutants (iCC, cATP

and PC) seemed to be less temperature related, but there was

an influence from the level of exercise (Fig. 8). During exercise,

the microbiological components (iCC and cATP) fluctuated at

different temperatures; this might be due to individual (hy-

gienic) differences. This also explains the large variance

within the microbiological data (Table 4). Although the

average data show a temperature influence on the particle

release (Fig. 8), the individual data show that the temperature

influence was not consistent during all LTS experiments

(Figure S8).

While the chemical components of CAPR were more-or-

less constantly released over time, the release of the micro-

biological components (cATP and iCC) dropped over time. This

can be explained by the fact that chemical components orig-

inate from sweat and sebum glands and are constantly pro-

duced by the human skin, while the microbiological

components are attached to the human skin or hair. It is

nevertheless assumed that the release of microbiological

components will continue after 30 min of exercise, but at a

reduced rate.

The release of particles dropped earlier in time compared

to the microbiological components. Besides micro-organisms,

the particles released by bathers also contain skin cells, hair,

textile fibres, dust/sand and other particles attached to the
Fig. 9 e Fractions of initial, continual and incidental

anthropogenic pollutants release at different temperatures

during LTS experiments at 60-70 %VO2max.
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human skin. The individual graphs show that the release of

2e50 mmparticles becamemore-or-less negligible after 30min

of exercise (Figure S8).

Although the water temperature had an influence on the

anthropogenic pollutants released from bathers (Fig. 8), indi-

vidual differences and duration of the exercise had a more

dominant influence (Figure S2eS8). Nevertheless, the pool

water temperature was the only parameter that can be

controlled by pool operators and is, therefore, the main

parameter to restrain the CAPR.

A study with more subjects is needed to investigate the

effects of temperature and exercise on the CAPR. During

future LTS experiments, the level of exercise should be closely

monitored by measuring VO2 and the water temperature and

the level of exercise can easily be varied.

Other publications did not report what part of the reported

anthropogenic pollutant releases is related to the CAPR. There

is no information on whether subjects in these studies had a

pre-swim shower or, if they did, what the duration of the

shower was. And it is also not clear what part of the reported

data is due to incidental anthropogenic pollutants released.

The existing literature data, therefore, cannot be used for

comparison with this study.

Combining the results from this study with a previous

study on the IAPR (Keuten et al., 2012), the overall picture of

anthropogenic pollutants released by bathers becomes

clearer. Table 6 shows the NPOC, TN and cATP for the initial,

continual and incidental pollutants released. At this exercise

level, the CAPR for NPOC and TN, equalled 37% of the total

anthropogenic pollutant release. The remaining part of the

total anthropogenic pollutant release, 63%, is a result of un-

hygienic behaviour, meaning not having a pre-swim shower,

31%, and not using a toilet “when nature calls”, 32% (Fig. 9).

While the continual release of NPOC and TN was reduced at

lower exercise levels and lower water temperatures, at the

same time the remaining unhygienic portion of the anthro-

pogenic pollutants released increased from 55% at high tem-

peratures to 68% at low temperatures for NPOC and TN (Fig. 9).

Reduction of the unhygienic part of the released anthropo-

genic pollutants has the potential to reduce the DBP formation

by 55% in 35 �C water and 68% in 25 �C water, both at high

exercise levels. The reduction potential is assumed to be>68%

for recreational and leisure pools.

Although the level of exercise in competition pools is

similar to the level of exercise investigated in this study, the

level of exercise in other pool types (recreational pools, ther-

apeutic pools, toddler pools, whirlpools etc.) is not expected to

exceed the 60% VO2max level. It is assumed that the CAPR will

be smaller at lower exercise levels. A smaller portion of the

continual pollutants means a larger share of the unhygienic

pollutants in these pool types. It is therefore important to

investigate the CAPR at these conditions in future studies.
5. Conclusions

LTS experiments with controlled exercise conditions (level

of exercise and water temperature) showed to be a good way

to determine the CAPR. The CAPR consisted of sweat,

sebum, particles and micro-organisms. By weight, sweat is
the main component of CAPR. The net weight loss caused by

a submerged exercise was strongly related to the water

temperature and the level of exercise. At low water tem-

peratures (<29 �C), the cooling effect of the water was large,

and only a vigorous level of exercise induced a sizable CAPR.

The sweat rate was 0.1e0.2 L/m2/h at water temperatures

below 29 �C and increased linearly with increasing water

temperatures to 0.8 L/m2/h at 35 �C. The sweat rates found

in this study were comparable to the results from recent

scientific publications.

Although water temperature and level of exercise had

important roles in anthropogenic release, the duration of the

swim visit is, logically, themain parameter determining CAPR.

Nevertheless, the pool water temperature is the only param-

eter that can be controlled by pool operators and is therefore

the main parameter to restrain the CAPR.

Chemical pollutants were continuously released during a

swim visit, while the release of particles seemed to become

negligible after 30 min of swimming. The release of most

components could be explained with the reported composi-

tion of sweat. The average releases during 30 min of exercise

for the different components are 77.3 mg/bather TN, 37.1 mg/

bather urea and 10.1 mg/bather ammonium. The release of

NPOC could not be explained by the composition of sweat and

was, most probably, a result of sebum release and was

determined at 250 mg/bather NPOC. The release of particles

(2e50 mm) was measured at an average of 1.31 � 109 particles/

bather. And, the average release of cATP and iCC was

measured at 5.2 mg cATP/bather and 9.3 � 106 intact cells/

bather.

The CAPR is a significant part of the total anthropogenic

pollutants released and therefore also plays a role in the

production of DBPs. At a 60e70%maximumexercise level, 37%

of the total released pollutants were released as CAPR. This

means that 63% of the total released pollutants are due to

unhygienic behaviour such as no pre-swim shower and no use

of toilets “when nature calls”. At lower exercise levels, the

percentage unhygienic release is expected to be even larger. It

is recommended that future studies focus on the CAPR at

lower exercise levels.
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