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Abstract 
Understanding the dynamic change in abundance of both fecal and opportunistic waterborne pathogens in urban surface 
water under different abiotic and biotic factors helps the prediction of microbiological water quality and protection of public 
health during recreational activities, such as swimming. However, a comprehensive understanding of the interaction among 
various factors on pathogen behavior in surface water is missing. In this study, the effect of salinity, light, and temperature 
and the presence of indigenous microbiota, on the decay/persistence of Escherichia coli and Pseudomonas aeruginosa in 
Rhine River water were tested during 7 days of incubation with varying salinity (0.4, 5.4, 9.4, and 15.4 ppt), with light under 
a light/dark regime (light/dark) and without light (dark), temperature (3, 12, and 20 °C), and presence/absence of indigenous 
microbiota. The results demonstrated that light, indigenous microbiota, and temperature significantly impacted the decay 
of E. coli. Moreover, a significant (p<0.01) four-factor interactive impact of these four environmental conditions on E. coli 
decay was observed. However, for P. aeruginosa, temperature and indigenous microbiota were two determinate factors on 
the decay or growth. A significant three-factor interactive impact between indigenous microbiota, temperature, and salinity 
(p<0.01); indigenous microbiota, light, and temperature (p<0.01); and light, temperature, and salinity (p<0.05) on the decay 
of P. aeruginosa was found. Due to these interactive effects, caution should be taken when predicting decay/persistence of E. 
coli and P. aeruginosa in surface water based on a single environmental condition. In addition, the different response of E. 
coli and P. aeruginosa to the environmental conditions highlights that E. coli monitoring alone underestimates health risks 
of surface water by non-fecal opportunistic pathogens, such as P. aeruginosa.

Key points
•  Abiotic and biotic factors interactively affect decay of E. coli and P. aeruginosa
•  E.coli and P.aeruginosa behave significantly different under the given conditions
•  Only E. coli as an indicator underestimates the microbiological water quality

Keywords Fecal indicator bacteria · Opportunistic pathogen · Microbiological surface water quality · Interactive effect

Introduction

Amsterdam is the capital city of the Netherlands and is 
known for its extensive waterways in the form of canals 
connected to the Amstel River (a tributary of the Rhine 
River) which serve as transportation links and recreation 
venues that also support tourism. Especially the innercity 
canals are more often used for swimming events and water 
sports (Hintaran et al. 2018). Although the local govern-
ment favors swimming in the canals, only nine official swim-
ming locations are assigned to five lakes and four canals that 
are also monitored regularly according to European Union 
bathing water regulations (Peters et al. 2021). In contrast, 
there are over 40 other unofficial swimming sites that are 
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not monitored or regulated. Health issues have been reported 
in the past during and after several organized swimming 
events in the inner canals of Amsterdam. For example, after 
the Amsterdam City Swim in 2015, 31% of the contestants 
reported to suffer from gastroenteritis after the event (Hin-
taran et al. 2018). In addition to Amsterdam, many other 
cities worldwide are confronted with an increasing (often 
non-regulated) use of urban waters for swimming (Van Der 
Meulen et al. 2023). More insights in the cause of these 
swimming-related health problems and potential measures to 
mitigate these are, therefore, needed to protect public health 
during recreational use of urban water.

Skin complaints and gastrointestinal illness are reported 
as the most commonly identified health problems after 
swimming in open waters (Schets et al. 2008). A cause for 
the abovementioned health complaints could be the presence 
of fecal and opportunistic waterborne pathogens in the sur-
face water. Fecal pathogens, such as Norovirus, Salmonella, 
and Campylobacter, enter into surface water via discharged 
wastewater treatment plant effluent, rainwater runoff, sew-
age overflow, waterfowl, and other birds dropping, etc. (Aw 
2019). Adapted to host intestines, upon entry into the aquatic 
environment, fecal pathogens are often subjected to decay 
instead of growth because of the different environmental 
conditions (Korajkic et al. 2019b). Hence, the microbial 
water quality can be restored within a certain time (days) 
after an incident input such as a heavy rainfall event with 
the emission of fecal bacteria into the water body (Sales-
Ortells et al. 2015). Fecal indicator bacteria (FIB), such as 
intestinal enterococci and Escherichia coli, are generally 
used to indicate the level of fecal contamination of surface 
water according to the WHO and European Union bathing 
water regulations (World Health Organization 2003; E. U. 
Directive 2006). Most studies have shown that fecal patho-
gens decay in water bodies (Korajkic et al. 2019a, 2019b; 
Dean and Mitchell 2022). However, certain other waterborne 
pathogens, such as Pseudomonas aeruginosa and Vibrio 
cholerae, can persist or even grow/reproduce in the surface 
water environment (Aw 2019). Hence, these organisms may 
pollute water, after emission into the water, for much longer 
time frames. Indicator organisms for these opportunistic 
pathogens able to grow in the aquatic environment have not 
been identified and, consequently, potential health risks of 
swimming in surface water that relate to such organisms can 
be underestimated or even overlooked (Januário et al. 2019). 
For instance, between 1991 and 2007 in the Netherlands, 
there were 17 ear infection outbreaks from recreational 
swimming, of which 16 were attributed to P. aeruginosa, 
which is one of the most versatile opportunistic pathogens 
(Schets et al. 2011). Furthermore, a study showed that P. 
aeruginosa was one of the waterborne pathogens that were 
responsible for most hospitalizations and deaths in the USA 
(Collier et al. 2021).

Extensive research has been conducted on the decay/
persistence behavior of mainly fecal pathogens in surface 
water at different abiotic and biotic conditions (Noble et al. 
2004; Jenkins et al. 2011; Scoullos et al. 2019; Korajkic 
et al. 2019b). Among the abiotic factors, sunlight, tempera-
ture, and salinity have emerged as crucial determinants for 
decay/persistence (Sinton et al. 1994; Whitman et al. 2004; 
Ibrahim et al. 2019; Dean and Mitchell 2022). Sunlight, par-
ticularly its UV component, inhibits bacterial survival by 
damaging DNA through mutations and generating photo-
oxidative radicals (Nelson et al. 2018). Since UV is fully 
absorbed by a 40-cm water column, depth of the water body 
is also of importance (He et al. 2016). At temperature lower 
than 10–15°C, it has been observed that inactivation of 
both FIB and pathogenic fecal pathogens is lower than at 
higher temperatures (>15°C) (Sinton et al. 1994; Atlas and 
Bartha 1998; Sokolova et al. 2012; Korajkic et al. 2019b). 
In Amsterdam, the urban waters have generally a depth of 
more than 1.5 m, and temperatures fluctuate between close 
to 0 (winter) and 25 °C (summer) (Van Der Meulen et al. 
2023). Salinity is also a factor since the Amsterdam canal 
network ends in main waterways connected to the open sea 
via ship-locks. Research shows that higher salinity causes 
higher inactivation for FIB (Liang et al. 2017; Korajkic et al. 
2018). Additionally, the survival or growth of fecal and non-
fecal waterborne pathogenic bacteria is also influenced by 
various biotic processes, including predation by flagellated 
and ciliated protozoa and competition for nutrients with 
other bacteria (Korajkic et al. 2019b). For instance, preda-
tion alone has shown to cause up to 90% of both fecal and 
indigenous bacterial mortality (Rodríguez-Zaragoza 1994; 
Menon et al. 2003).

Previous studies investigated the effect of different envi-
ronmental conditions on the decay/persistence of FIB and 
other waterborne pathogens. For example, sunlight expo-
sure has been identified as a primary individual inhibitor 
of FIB survival compared to temperature, predation, and 
salinities in different studies (Nelson et al. 2018; Ibrahim 
et al. 2019; Dean and Mitchell 2022). For E. coli, the decay 
could be explained by competition with or even predation by 
the indigenous microbiota (49.2%) versus salinity (40.1%) 
as tested in outdoor fresh versus marine water mesocosms 
(Korajkic et al. 2013). The same research group, however, 
concluded from additional experiments in mesocosms that 
salinity appeared to be the most influential factor affecting 
the decay rate of FIB (Korajkic et al. 2019a). The lack of 
studies on opportunistic waterborne pathogens like P. aer-
uginosa makes it difficult to determine the persistence of 
these bacteria in surface water under different environmental 
conditions. Studies have been published showing that the 
growth of P. aeruginosa was temperature dependent and 
that P. aeruginosa was able to grow at 15°C with increasing 
growth rate and biofilm formation at higher temperatures 
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(30°C) (Schets et al. 2020; Van Der Wielen et al. 2023). 
In addition to temperature dependence, P. aeruginosa was 
reported to survive in salinity levels that ranges from 0 to 
7 ppt in artificial marine water regardless of temperature 
changes (Khan et al. 2010). Moreover, P. aeruginosa was 
reported to be more resistant to UV exposure than other 
bacteria (Mena and Gerba 2009; Wnlfe 1990).

Only a few studies investigated the potential interac-
tive effects of environmental conditions on the persistence 
of waterborne pathogens and FIB in surface water (Liang 
et al. 2017; Dean and Mitchell 2022). These studies only 
investigated the interactive effects of two different environ-
mental conditions and the results suggested that interactive 
effects can occur, but whether more than two conditions 
exhibits interactive effects as well remains unknown. The 
main objective of our research is to study the influence of 
individual and combined abiotic (temperature, salinity, and 
sunlight) and biotic (indigenous microbiota) environmental 
conditions on the decay/persistence of E. coli and P. aerugi-
nosa in Rhine River water that feeds the urban Amsterdam 
water system. In addition, a comparison of the behavior of 
these two bacteria was conducted to determine whether E. 
coli is a reliable indicator organism for the fate of opportun-
istic waterborne pathogens.

Materials and methods

Inoculum and Rhine River water

Rhine River water

Ten L Rhine River water was taken near the city Wagenin-
gen in the Netherlands. River water was sampled 10–20 cm 
below the surface of the river and immediately transported to 
the laboratory at 4°C. The river water samples taken between 
October 2021 and February 2022 were used for studying 
decay of E. coli. The river water samples for the experi-
ments with P. aeruginosa were taken during May 2022 to 
August 2022. After transportation to the laboratory, all water 
samples were stored at 4°C and used within 48 h. The tem-
perature of the sampled river water was measured in the field 
by a temperature meter. The electrical conductivity (EC), 
pH, ammonium  (NH4

+-N), and chemical oxygen demand 
(COD) of the river water samples were tested after the water 
had been transported to the laboratory (Table S1, Table S2).

Inoculum preparation

E. coli DSM1103 and P. aeruginosa DSM939 were both 
obtained from DSMZ-German Collection of Microorgan-
isms and Cell Cultures GmbH (Braunschweig, Germany). 
E. coli DSM1103 was selected as the fecal indicator bacteria 

in this study as it has been widely studied in environmental-
related researchers and it can be easily grown in the labora-
tory. P. aeruginosa DSM939 was chosen as it is one of the 
standard strains stored in available culture collection and 
it was isolated from a water source which minimized the 
influence of matrix on the behavior of bacteria in this study. 
Frozen dried pure cultures of E. coli or P. aeruginosa were 
rehydrated with 1 mL tryptic soy broth (NutriSelect® Basic 
of Merck KGaA 22092, Darmstadt, Germany), streaked 
onto tryptic soy agar plates (15g agar in 1000mL tryptic 
soy broth), and incubated overnight at 37°C. One separate 
colony of E. coli or P. aeruginosa was then loop-inoculated 
into 300 mL M9 medium diluted 5 times from the 5× M9 
Minimal Salts (M9956 of Sigma-Aldrich, Merck, Germany; 
pH 6.6–7.0) with 10 mg/L glucose in 500-mL serum bottle. 
Each culture was incubated at 35°C and a growth curve was 
made (Figure S2a and S2b). At the start of the stationary 
phase, bacteria were collected by centrifuging at the suspen-
sion for 10 min at 9000×g, washed three times with sterile 
0.9% saline, and resuspended in 2.5 mL 0.9% saline water 
(9 g NaCl in 1L MilliQ water, sterile). This solution was 
stored at 4°C and used for inoculation for the decay experi-
ments next day.

Experimental setup

Sterile serum bottles (500mL) were used as experimental 
microcosms, inoculated with E. coli or P. aeruginosa and 
exposed to a mixture of different abiotic factors (light expo-
sure, temperature, and salinity) and a biotic factor (indig-
enous microbiota) as shown in Table 1.

The sterile serum bottles contained 300 mL Rhine River 
water. Half of the bottles had unfiltered river Rhine River 
water containing indigenous microbiota and the other half 
had Rhine River water that was first filtered over a 0.45-
μm sterile membrane filter (Whatman, Cytiva, Germany) 
and subsequently over a 0.2-μm membrane filter (Whatman, 
Cytiva, Germany) to remove the indigenous microbiota. Part 
of the bottles were incubated under dark conditions by cov-
ering them with aluminum foil, and the other part of the bot-
tles were exposed to a light/dark regime (daily regime of 7 h 
exposure to 30 μmol  m−2  s−1 using a Xenon lamp followed 

Table 1  Environmental conditions given in this study

*Represent conditions only for P. aeruginosa but not for E. coli

Salinity Light Temperature Indigenous 
microbiota

0.4ppt Yes No 3, 12, 20°C Yes No
5.4ppt Yes No 3, 12, 20°C Yes No
9.4ppt Yes No 3, 12, 20°C Yes No
15.4ppt* Yes* No* 3, 12, 20°C* Yes* No*
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by 17 h darkness) in a climate chamber. The spectrum of the 
Xenon lamp was previously described (Wagner et al. 2020). 
For E. coli, the water in one third of the bottles received 
1.5 g sea salts (S9883 from Merck, Darmstadt, Germany) 
(resulting in a salinity of 5.4 ppt), another one third 2.7 g sea 
salts (resulting a salinity of 9.4 ppt), and the last one third 
did not receive extra sea salts (salinity of 0.4 ppt, the initial 
salinity of the Rhine River water). For P. aeruginosa, these 
three salinities, together with a salinity of 15.4 ppt (obtained 
by adding 4.5 g sea salts to the Rhine River water), were 
tested. Bottles were incubated at 3, 12, or 20°C for 7 days in 
a climate chamber, except the bottles with P. aeruginosa that 
were incubated at 12°C in the dark. Those were incubated 
for 38 days, to determine the persistence of P. aeruginosa 
over a longer time span. This setup resulted in 72 bottles for 
E. coli and 96 bottles for P. aeruginosa.

E. coli was added to the 72 bottles to obtain a final con-
centration of 1×106 CFU·mL−1 and P. aeruginosa was added 
to the other 96 bottles to obtain the same final concentration. 
One milliliter of water was sampled from each bottle using 
a sterile syringe with sterile needle on days 0, 1, 2, 4, and 
7. Ten times dilution series of the samples were made with 
sterile 0.9% saline water and immediately filtered through 
a sterile 0.45-μm membrane (Whatman, Cytiva, Germany) 
and placed on a selective agar media for enumeration of E. 
coli or P. aeruginosa. The plates has been carefully checked 
to make sure no air bubbles existed between the membrane 
and the agar media. If the number of colony-forming units 
(CFU) for E. coli or P. aeruginosa from a bottle was below 
the detection limit before day 7, samples from that bottle 
were no longer taken.

Analysis methods

Physicochemical parameters

Conductivity and pH were measured with a multi-digital 
meter (HACH HQ440d, Germany).  NH4

+-N and COD 
were analyzed with HACH Lange GMBH kits and meas-
ured with the DR 3900 spectrophotometer (HACH LCK 304 
and LCK1414, Germany) (Table S1, Table S2) (Saha et al. 
2020). The electrical conductivity of fresh Rhine River water 
samples was then calculated into salinity by a standard curve 
(Figure S1). These calculations demonstrated that the Rhine 
River water samples had an average salinity of 0.4 ± 0.1 ppt.

Microbiological parameters

E. coli was enumerated on modified Membrane-Ther-
motolerant Escherichia coli (mTEC) agar media (Merck, 
Germany) following the USEPA Method 1603 (USEPA 
2014). Two appropriate dilutions were immediately filtered 
in duplicate on a 0.45-μm membrane (Whatman, Cytiva, 

Germany) and the membrane was subsequently incubated 
on top of the mTEC agar. All plates were incubated at 35°C 
± 0.5°C for 2 ± 0.5 h and transferred to Whirl-Pak bags 
(Merck, Darmstadt, Germany) that were then submerged in 
a 44.5°C ± 0.2°C water bath for 22 ± 2 h. After incubation, 
the CFU of E. coli were determined by counting the E. coli 
typical purple colonies.

P. aeruginosa was counted on Pseudomonas CN agar 
(Merck, Darmstadt, Germany) using the membrane filtration 
method according to ISO 16266. Two appropriate dilutions 
were filtered over a 0.45-μm membrane and the membrane 
was subsequently placed on Pseudomonas CN agar. All the 
plates were then incubated at 36 °C for 44 h. After incuba-
tion, the plates were exposed to 360-nm UV light (Merck, 
Darmstadt, Germany) and the fluorescent colonies were 
counted, as these are typical for P. aeruginosa.

No E. coli and P. aeruginosa colonies grew on the plates 
with the corresponding selective agar media when 1 mL 
of Rhine River water sample was tested. No colonies of E. 
coli or P. aeruginosa were obtained when 0.2-μm filtered 
Rhine River water was tested with the corresponding selec-
tive agar media. In addition, heterotrophic plate counts on 
tryptic soy agar were below 2 CFU·mL−1 in 0.2-μm filtered 
Rhine River water.

Data analysis

The log-based first-order exponential decay “Chick–Wat-
son” model (Chick 1908) (Eq. (1)) was used to describe the 
decay/growth of E. coli and P. aeruginosa in all microcosms. 
To calculate the decay rate, a linear regression between the 
logarithm of Ct/C0 values and the incubation time points 
was performed. The slope of this linear regression line was 
used to express the decay rate. If the limit of detection was 
reached before day 7, further time points were not taken into 
consideration.

 where t is the time (day), Ct is the concentration of patho-
gens at time t, C0 is the initial concentration of pathogen at 
time 0, and k  (day−1) is the first-order decay rate constant.

All statistical analyses were done with the calculated 
first-order decay rates using IBM SPSS Statistics (version 
28.0.0.0). Based on the outcome of the Levene’s test of 
equality of error variances, decay rates at different tempera-
tures or different salinities were analyzed using a one-way 
ANOVA with Bonferroni post hoc test or a Kruskal-Wallis 
H test with a Bonferroni post hoc test. Differences in decay 
rates between light/dark versus dark regime or between pres-
ence and absence of indigenous microbiota were analyzed 
using a one-way ANOVA. The interactive impact between 
multiple conditions on the decay of E. coli or P. aeruginosa 

(1)log10
Ct

/

C0
= −kt
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was examined by performing a four-way ANOVA. Finally, a 
Student t-test was performed with the decay rates of E. coli 
and P. aeruginosa under all given conditions to investigate 
whether the behavior of these two bacteria were significantly 
different from each other.

Results

Decay of E. coli in Rhine River water at different 
conditions

The decay of E. coli in filtered water was found to be less 
pronounced at the lowest temperature of 3°C compared to 
the highest temperature of 20°C, at all tested salinities under 
dark conditions (Fig. 1). Consequently, at 3°C under dark 
conditions, the first-order decay rates were the lowest among 
the three temperatures tested (Table 2), and this difference 
was also statistically significant (p<0.05, Table S5). How-
ever, this is not the case under light/dark regime where the 
fastest decay has been observed at 3°C and the slowest decay 
at 12°C with all salinities (Fig. 1).

Fig. 1  Log10 (Ct/C0) of E. coli in filtered and unfiltered Rhine River 
water that were incubated at various salinity and temperature levels 
under a dark or light/dark regime. Data are averages from duplicate 

bottles (n=2); error bars represent standard deviations. The upper 
dashed line indicates Ct=C0; the bottom dashed line indicates the 
detection limit in our study

Table 2  Log10-based decay rates of E. coli in Rhine River water incu-
bated for 7 days at different environmental conditions in microcosms. 
Data are averages from duplicate bottles (n=2); errors (±) represent 
standard deviations

Log10-based decay rate E. coli  (d-1)

3°C- Dark 3°C- Light/Dark
Filtered Unfiltered Filtered Unfiltered

0.4 ppt 0.04 ± 0.01 0.36 ± 0.03 1.26 ± 0.03 0.58 ± 0.00
5.4 ppt 0.05 ± 0.01 0.41 ± 0.01 1.25 ± 0.02 0.46 ± 0.01
9.4 ppt 0.06 ± 0.04 0.35 ± 0.00 1.16 ± 0.05 0.50 ± 0.09

12°C- Dark 12°C- Light/Dark
Filtered Unfiltered Filtered Unfiltered

0.4 ppt 0.25 ± 0.05 0.43 ± 0.00 0.31 ± 0.00 0.72 ± 0.05
5.4 ppt 0.13 ± 0.02 0.36 ± 0.07 0.15 ± 0.01 0.72 ± 0.01
9.4 ppt 0.22 ± 0.03 0.33 ± 0.03 0.18 ± 0.03 0.70 ± 0.04

20°C- Dark 20°C- Light/Dark
Filtered Unfiltered Filtered Unfiltered

0.4 ppt 0.22 ± 0.03 0.71 ± 0.01 0.72 ± 0.00 1.73 ± 0.00
5.4 ppt 0.24 ± 0.05 0.48 ± 0.02 0.68 ± 0.01 1.46 ± 0.00
9.4 ppt 0.22 ± 0.05 0.52 ± 0.00 0.65 ± 0.01 1.27 ± 0.00
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Enhanced decay of E. coli in filtered water was observed 
under a light/dark regime compared to dark conditions at 
3 and 20°C (Fig. 1), resulting in significant (p<0.05) dif-
ferences in decay rates between light/dark and dark regime 
(Table 2, Table S8). Remarkably, no significant difference 
was found between the dark and light/dark regime at 12°C 
(p>0.05) (Table 2, Table S8).

Salinity had no significant (p>0.05) effect on the decay 
of E. coli except at 12°C under light/dark regime, where the 
decay rates of E. coli were significantly lower (p<0.05) in 
filtered water with salinities of 5.4 and 9.4 ppt compared to 
0.4 ppt (Table 2, Table S10). In summary, the abiotic factors 
temperature and light/dark regime had a higher influence on 
the decay of E. coli in filtered Rhine River water than the 
salinity.

The presence of the indigenous microbiota in the Rhine 
River water microcosms had either a diminishing or enhanc-
ing effect on the decay of E. coli under the different tem-
peratures and light conditions studied (Fig. 1). Comparing 
the results in unfiltered to filtered Rhine River water, an 
enhanced decay of E. coli was observed for almost all con-
ditions studied, with E. coli incubated at 3°C under a light/
dark regime being the exception (Table 2). At this condition, 
the decay rates were around two times lower in unfiltered 
water than in filtered water irrespective of the water salinity 
(Table 2), and which was statistically significant (p<0.05, 
Table S7). Noticeably, the enhanced effect of the indigenous 
microbiota on decay of E. coli was most pronounced under 
light/dark regime incubated at 20°C (Fig. 1). In addition, the 
highest decay rate for E. coli (1.73  day−1) was observed in 
unfiltered water with a salinity of 0.4 ppt incubated under a 
light/dark regime at 20°C (Table 2). Furthermore, at 20°C 
under both the dark and light/dark regime, the decay rate 
of E. coli in unfiltered Rhine River water was significantly 
(p<0.05) lower at a salinity of 5.4 or 9.4ppt than at 0.4ppt 
(Table 2, Table S10).

The E. coli decay caused by the abiotic factors differed 
in three ways between filtered (i.e., absence of indigenous 
microbiota) and unfiltered (i.e., presence of indigenous 
microbiota) Rhine River water. First, the decay of E. coli 
was faster at 20°C than at 3 and 12°C in unfiltered water at 
all salinities under dark conditions (Fig. 1). The correspond-
ing decay rates at 20°C were significantly (p<0.05) higher 
than at 12°C, whereas such temperature effect was not found 
in absence of the indigenous microbiota (i.e., filtered water) 
(Table 2, Table S5). Second, the decay rates in unfiltered 
water at nearly all salinities and temperatures (excluding 
9.4ppt at 3°C) were significantly (p<0.05) higher under the 
light/dark regime than in the dark (Table 2, Table S8). This 
light/dark versus dark effect is similar, but more pronounced 
in unfiltered compared to filtered water at 12 and 20°C 
whereas it is more obvious in filtered than unfiltered at 3°C 
(Fig. 1, Table 2). Third, a difference in the decay of E. coli 

in unfiltered water with different salinities was only observed 
at 20°C at dark conditions or under a light/dark regime. This 
is in contrast to the results from the filtered water samples, 
where the difference of E. coli decay between salinities was 
only observed at 12°C under a light/dark regime (Fig. 1). In 
summary, the results from the experiments with unfiltered 
(i.e., presence of indigenous microbiota) water samples indi-
cated that temperature and light exposure were important 
abiotic factors affecting the decay rate of E. coli, and that 
the presence of the indigenous microbiota strongly enhanced 
the decay at temperatures above 12°C.

The interactive effects of the four different factors (salin-
ity, temperature, light, indigenous microbiota) on E. coli 
decay were further statistically quantified by a four-way 
ANOVA analysis (p < 0.05, Table S3). The results from 
this ANOVA analysis demonstrated that the four tested fac-
tors showed interactive influences on E. coli decay in Rhine 
River water. This means that salinity, temperature, light, and 
presence/absence of the indigenous microbiota influence 
each other in such a manner that the decay rate is differ-
ent than what would be expected if looking at only a single 
environmental condition.

Decay of P. aeruginosa in Rhine River water 
at different conditions

In filtered water under dark conditions, P. aeruginosa per-
sists better at higher temperatures (12 and 20°C) than at the 
lower temperature (3°C) (Fig. 2). An average decay rate of 
0.01  day−1 was found for all salinity levels at 12°C (Table 3). 
In contrast, the decay rates for P. aeruginosa decreased from 
0.28±0.07 to 0.03±0.02  day−1 with increasing salinity at 
3°C and were significantly higher than decay rates at 12°C 
with salinities lower than 15.4 ppt (p<0.05, Table 3, Table 
S6, Table S10). This decay trend of P.aeruginosa in filtered 
water caused by temperature remained similar but more 
obvious under light/dark regime (Fig. 2).

The influence of light/dark versus dark regime on sur-
vival of P. aeruginosa in filtered water differed between 
3°C and 12/20°C. At 3°C, the decay rates were significantly 
(p<0.05) higher under the light/dark regime compared to the 
dark regime for all salinity levels (Table S8). However, at 
12 and 20°C, decay rates were lower in filtered water under 
the light/dark regime than under the dark regime, but these 
differences were statistically significant only in some water 
salinity levels (p<0.05) (Fig. 2, Table 3, Table S8). Further-
more, negative decay rates (suggesting growth of P. aerugi-
nosa) were observed in filtered water under the light/dark 
regime at 20°C with all four salinities and at 12°C with the 
salinities of 5.4, 9.4, and 15.4 ppt, whereas negative decay 
rates were only observed under dark conditions at 20°C with 
salinities of 9.4 and 15.4ppt (Table 3).
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Salinity had no clear impact on the decay of P. aerugi-
nosa in filtered water under both dark and light/dark regime 
(Fig. 2). Decay rates of P. aeruginosa at salinities above 5.4 
ppt were only significantly lower (p<0.05) than decay rates 
of salinities below 5.4 ppt in filtered water under a light/
dark regime at 3°C and under dark condition at 3 and 20°C 
(Table 3). An additional long-term experiment to assess 
persistence at 12 °C under dark conditions showed that salt 
concentrations of 5.4, 9.4, and 15.4 ppt resulted in stable P. 
aeruginosa numbers, whereas a salinity of 0.4 ppt resulted in 
decay of P. aeruginosa and the decay rates of P. aeruginosa 
at 0.4 ppt was significantly different from the decay rates at 
5.4, 9.4, and 15.4 ppt (p<0.01, Fig. 3, Table S10). In sum-
mary, as observed for E. coli, the abiotic factors temperature 
and light/dark regime had a higher influence on the decay of 
P. aeruginosa in filtered Rhine River water than the salinity.

The decay of P. aeruginosa is also influenced by the 
presence of indigenous microbiota, but this effect was not 
consistent over the incubation temperatures applied. The 
decay of P. aeruginosa at 3°C was lower in unfiltered than 
in filtered water and, correspondingly, the decay rates were 

significantly (p<0.05) lower in unfiltered than in filtered 
water at 3°C under dark conditions at all salinity levels 
(Fig. 2, Table 3, Table S7). However, at 12°C and 20°C, 
the decay of P. aeruginosa was higher in unfiltered water 
compared to filtered water (Fig. 2). Correspondingly, the 
decay rates of P. aeruginosa in unfiltered water under dark 
conditions with various salinity levels were all significantly 
(p<0.05) higher than in filtered water under the same condi-
tions (Table 3, Table S7).

Next to the observation that decay of P. aeruginosa in 
unfiltered water under dark conditions was higher at 12 and 
20°C than at 3°C, decay rates were also significantly (p<0.05) 
higher in unfiltered water at 12°C than at 20°C under dark con-
ditions at all salinity levels (Table 3, Table S6). Under a light/
dark regime, P. aeruginosa decay at 20°C in unfiltered water 
was comparable or slightly higher than that at 12°C, which in 
turn showed a significantly (p<0.05) higher decay than at 3°C 
at all salinities (Table 3, Table S6). An important difference 
in decay of P. aeruginosa in unfiltered water between light/
dark and dark regime was found at 20°C, where the decay 
rates under the light/dark regime were significantly higher 

Fig. 2  Log10 (Ct/C0) of P. aeruginosa in filtered and unfiltered Rhine 
River water that were incubated at various salinity and temperature 
levels under a dark or a light/dark regime. Data are averages from 

duplicate bottles (n=2); error bars represent standard deviations. The 
upper dashed line indicates Ct=C0; the bottom dashed line indicates 
the detection limit in our study
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(p<0.05) than under the dark regime (Fig. 2, Table 3, Table 
S8). Interestingly, in unfiltered water at 12 and 20 °C, a higher 
salinity reduced the decay of P. aeruginosa compared to lower 
salinities, which was not observed for filtered water (Fig. 2). 
This effect is especially obvious at 12°C where, under dark 
conditions, significant (p<0.05) lower decay rates in unfiltered 
water with salinities above 5.4ppt were observed compared to 
unfiltered water with a salinity of 0.4ppt (Table 3, Table S10). 

To summarize, the indigenous microbiota is an important 
determinant factor on either decay or growth of P. aeruginosa 
in Rhine River water. The abiotic factor temperature is also 
an important factor that determines P. aeruginosa decay in 
the presence of an indigenous microbiota. Furthermore, the 
influence of salinity on the decay of P. aeruginosa in unfiltered 
water is more important than the light/dark regime, but less 
important than temperature.

The interactive effect of the four different environmental 
conditions on P. aeruginosa decay in Rhine River water was 
also determined with a four-way ANOVA and showed that 
the four-way interactive effect was not significant (p>0.05). 
However, the three-way interactions between indigenous 
microbiota, light, and temperature; indigenous microbiota, 
temperature, and salinity; or light, temperature, and salinity 
all had a significant interactive effect on P. aeruginosa decay in 
Rhine River water (p<0.05, Table S4). However, the three-way 
interactions between indigenous microbiota, light, and salinity 
did not have a significant interactive effect on P. aeruginosa 
decay (p>0.05).

E. coli versus P. aeruginosa decay

A comparison of the decay rates for E. coli with the decay 
rates for P. aeruginosa indicates significantly (p<0.05) higher 
decay rates for E. coli than P. aeruginosa under most environ-
mental conditions (Table S9). A more detailed description on 
the influence of environmental conditions on the difference in 
the decay rates between the two bacteria showed that signifi-
cant (p<0.05) higher decay rates for E. coli than P. aeruginosa 
were observed for filtered water under most of the different 
environmental conditions (Tables 2 and 3). The only exception 
was filtered water incubated at 3°C in the dark where P. aer-
uginosa decayed significantly (p<0.05) faster than E. coli. At 
all other conditions in filtered water, the decay rates for E. coli 
were 10 to 33 times higher compared to the decay rates for P. 
aeruginosa. In unfiltered water, the most significant difference 
in decay rates between E. coli and P. aeruginosa was observed 
at 3°C with decay rates of E. coli being 12 to 69 times higher 
than decay rates for P. aeruginosa, irrespective of salinity or 
light. Thus, the fecal indicator bacterium E. coli decayed in 
general much faster in Rhine River water when exposed to 
combined environmental conditions than the opportunistic 
pathogen P. aeruginosa.

Discussion

Key conditions that determine the fate of E. coli 
in surface water

Our study showed that light exposure had a strong effect 
on the decay rate of E. coli in Rhine River water (Table 2, 

Table 3  Log10-based decay rates of P. aeruginosa in Rhine River 
water incubated for 7 days under different environmental conditions 
in microcosms. Data are averages from duplicate bottles (n=2); errors 
(±) represent standard deviations

Log10-based decay rate P. aeruginosa  (day−1)

3°C—dark 3°C—light/dark
Filtered Unfiltered Filtered Unfiltered

0.4ppt 0.28±0.07 0.05±0.01 0.62±0.00 −0.04±0.02
5.4ppt 0.25±0.06 0.03±0.04 0.63±0.00 −0.04±0.01
9.4ppt 0.12±0.01 −0.01±0.01 0.51±0.00 −0.01±0.01
15.4ppt 0.03±0.02 −0.02±0.01 0.44±0.05 −0.03±0.00

12°C—dark 12°C—light/dark
Filtered Unfiltered Filtered Unfiltered

0.4ppt 0.01±0.00 0.42±0.01 0.02±0.03 0.48±0.01
5.4ppt 0.01±0.01 0.35±0.01 −0.05±0.00 0.35±0.01
9.4ppt 0.01±0.00 0.31±0.01 −0.08±0.00 0.26±0.04
15.4ppt 0.02±0.00 0.23±0.01 −0.05±0.00 0.17±0.02

20°C—dark 20°C—light/dark
Filtered Unfiltered Filtered Unfiltered

0.4ppt 0.09±0.02 0.24±0.00 −0.07±0.01 0.51±0.07
5.4ppt 0.13±0.03 0.21±0.04 −0.11±0.01 0.44±0.02
9.4ppt −0.04±0.00 0.20±0.01 −0.10±0.00 0.44±0.04
15.4ppt −0.04±0.01 0.23±0.01 −0.14±0.01 0.30±0.09

Fig. 3  Log10  (Ct/C0) of P. aeruginosa in filtered river water with vari-
ous salinity levels at 12°C during 38 days under dark conditions. Data 
are averages from duplicate bottles (n=2); error bars represent stand-
ard deviations
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Table 3). Light exposure as a dominant environmental con-
dition on the decay of fecal pathogens in river water has 
been reported in other studies as well (Korajkic et al. 2014; 
Bailey et al. 2019; Dean and Mitchell 2022), but these 
studies only focused on two conditions (light and indig-
enous microbiota or light and temperature). Nelson et al. 
(2018) showed that light exposure inactivates E. coli by an 
exogenous mechanism during which a small part of UV-B 
and visible light are absorbed by chromophores, resulting 
in the production of photo-produced reactive intermediates 
which damage and kill the bacterial cells (Nelson et al. 
2018). Further studies showed that the light intensity and 
exposure time are important factors that determine the 
lethal effect of light exposure on E. coli, whereas the sus-
pended solids concentration in the water can diminish the 
lethal effect of light exposure as a result of light absorb-
ance (Scoullos et al. 2019; Korajkic et al. 2019b).

The presence of indigenous microbiota or higher tem-
peratures enhanced the decay of E. coli in Rhine River 
water as well. These results are consistent with previous 
observations that also showed prolonged persistence of E. 
coli at lower temperature (4°C or 8°C) in sterilized river 
water compared to higher temperatures (20, 25, and 37°C) 
(Wang and Doyle 1998; Ibrahim et al. 2019). In addition, 
the detrimental effect of the indigenous microbiota on 
enteric bacteria in water has also been observed before 
and is important for ecosystem balance (Korajkic et al. 
2019b). Successfully competing for nutrients by the indig-
enous bacteria, exogenous enzyme activity and grazing 
by protozoa were shown to be influential factors for decay 
of E. coli in river and lake water (Gurijala and Alexander 
1990; Bogosian et al. 1996; Jenkins et al. 2011; Wanjugi 
et al. 2016). For instance, Wanjugi et al. (2016) reported 
that predation by protozoa contributed 40% and competi-
tion 25% to the decay of E. coli in surface water (Wanjugi 
et al. 2016). In addition, we observed no clear influence of 
salinity on decay of E. coli, which was in contrast to Liang 
et al. (2017) who found that a higher salinity increased the 
decay of E. coli in artificial river water in the absence of 
indigenous microbiota (Liang et al. 2017). This apparent 
discrepancy could have been caused by the use of real river 
water in our study compared to artificial river water in the 
study of Liang et al. (2017).

An important finding from our study is the interactive 
effect of the different conditions on E. coli decay in Rhine 
River water. For instance, a significantly higher E. coli 
decay effect of the indigenous microbiota at 3 and 20 °C 
than at 12°C under dark conditions was observed. At a 
light/dark regime, however, E. coli decay decreased when 
the indigenous microbiota was present at 3°C. Higher 
water temperatures have been reported to increase grazer’s 
activities of the microbiota and this phenomenon has been 
suggested to be responsible for the increased decay of E. 

coli at higher temperatures compared to lower tempera-
tures (Barcina et al. 1986). Korajkic et al. (2014) showed a 
dominant influence from ambient sunlight exposure on the 
decay of E. coli in surface water during 120-h experiments 
(Korajkic et al. 2014). The sunlight exposure, however, 
also resulted in a lack of observable impact by indigenous 
microbiota in that study, because the light exposure dam-
aged cells of the indigenous microbiota as well. In con-
trast, others did not observe a significant interactive effect 
from sunlight exposure and indigenous microbiota on E. 
coli decay in both marine and freshwater, which might 
relate to the constant temperature (20.7 °C ± 2.2 in fresh 
water, 21.0 °C ± 2.0 in marine water) used in that study 
(Korajkic et al. 2019a). In line with our observations, 
others also found the effectiveness of insolation with the 
same light intensities on die-off of the FIB appeared to 
be seasonal which indicates a light/temperature interac-
tion (Noble et al. 2004; Jenkins et al. 2011). The observa-
tion that the effect of an indigenous microbiota was less 
pronounced at higher salinity could be due to the inacti-
vation of the indigenous predators like protozoa as has 
been reported by several researchers before (Okabe and 
Shimazu 2007; Schulz and Childers 2011).

Most studies have only investigated the influence of a sin-
gle factor or two factors, including the interactive impact, on 
the decay of E. coli (Gurijala and Alexander 1990; Noble 
et al. 2004; Jenkins et al. 2011; Korajkic et al. 2014; Korajkic 
et al. 2019a; Barcina et al. 1986). Nevertheless, we showed a 
significant four-way interactive effect of light, temperature, 
indigenous microbiota, and salinity on the decay of E. coli 
in Rhine River water, which demonstrates the importance of 
higher-level interactions than only two environmental condi-
tions. Due to the complex state of four-dimensional effects, it 
remains difficult to explain the exact nature of the interactive 
effects between light, temperature, indigenous microbiota, and 
salinity on the decay of E. coli in Rhine River water. Still, it 
demonstrates the importance of considering combined envi-
ronmental conditions when studying the decay of E. coli in 
water and predicting its persistence after incidental sewer over-
flow discharges.

Key conditions that determine the fate of P. 
aeruginosa in surface water

Temperature and the indigenous microbiota had a high 
impact on the fate of P. aeruginosa in Rhine River water 
in terms of decay or growth in this study. P. aeruginosa 
decayed faster at 3°C compared to 12 and 20°C in the 
absence of indigenous microbiota, indicating the capability 
of P. aeruginosa to survive at higher temperatures. Previous 
studies showed that the growth of P. aeruginosa depends 
on the water temperature, and that the temperature range 
for P. aeruginosa growth is broad (from 5 to 42 °C) (Van 
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Asperen et al. 1995; Whitacre 2009; Bomo et al. 2011; Van 
Der Wielen et al. 2023). Furthermore, it was observed that 
elevated water temperatures from 15 to 30°C stimulate the 
growth of P. aeruginosa in drinking water biofilms (Van 
Der Wielen et al. 2023). However, in the present study, it 
was observed that the indigenous microbiota in Rhine River 
water was a more important factor responsible for decay of 
P. aeruginosa at 12 and 20°C compared to 3°C. Higher tem-
peratures result in a higher overall microbial activity, includ-
ing the activity of predators such as protozoa and competing 
bacteria in water samples (Medema et al. 1997; Ahmed et al. 
2021), resulting in higher predation/competition at 12 and 
20 than 3°C. However, a possible protection of indigenous 
microbiota on P. aeruginosa at 3°C is difficult to explain.

The presence of light intensified both the decay and 
growth of P. aeruginosa in Rhine River water in this study. 
As has been mentioned in the “Key conditions that deter-
mine the fate of E. coli in surface water” section, the light 
wavelength range investigated in the present study included 
UV, and UV exposure is a well-known disinfectant method 
that inactivates bacteria by destroying the DNA in bacterial 
cells (Nelson et al. 2018). Especially at low temperatures 
(3°C) in the absence of indigenous microbiota, light had an 
enhanced effect on the decay of P. aeruginosa. However, in 
the absence of indigenous microbiota but with higher tem-
peratures (12 and 20°C), the light/dark regime enhanced the 
growth of P. aeruginosa.

The results from our study showed a trend of lower decay 
or even slight growth of P. aeruginosa at higher salinities 
compared to the lowest salinity (0.4ppt) in both the absence 
and presence of indigenous microbiota. P. aeruginosa has 
been widely isolated from marine water and some of the 
isolates were regarded as originating from fresh water or 
sewage (A Mates 1992; Khan et al. 2010; Mohammed et al. 
2012; Januário et al. 2019), which demonstrates that P. aer-
uginosa can adapt to survive and possibly grow in water 
with higher salinities. In addition, Khan et al. (2010) showed 
the ability of P. aeruginosa to grow over a wide range of 
NaCl concentrations among which the marine strains sur-
vived better in higher than in lower salinities (Khan et al. 
2010). Moreover, the indigenous microbiota in the Rhine 
River water might have been partly inactivated at the higher 
salinities, causing less decay or competition with P. aerugi-
nosa, as has been observed for targeted pathogenic bacteria 
(Schulz and Childers 2011; Liang et al. 2017). This strong 
survival of P. aeruginosa over a wide range of salinity levels 
is also part of the reason why we tested an additional higher 
salinity of 15.4ppt to study the persistence of P. aeruginosa 
in urban surface water with higher salinities.

In conclusion, a strong interactive effect between the 
indigenous microbiota and temperature on decay of P. aer-
uginosa was observed and light/dark regime and salinity 
further intensified the survival trend of P. aeruginosa. This 

is consistent with the ANOVA results that showed several 
significant three-way interactive effects. As with E. coli, 
these results stress the need to investigate the effect of mul-
tiple environmental conditions on waterborne pathogens to 
reliably predict the fate of these pathogens in water sources.

Comparison between E. coli and P. aeruginosa 
persistence in river Rhine water

The present study shows that E. coli decays significantly 
faster than P. aeruginosa under most of the conditions inves-
tigated in Rhine River water (Figure S3). These findings 
are in contrast to a previous study where a significant but 
weak positive correlation (R2=0.473) between E. coli and 
P. aeruginosa numbers was observed in river water down-
stream of a wastewater treatment plant effluent (Januário 
et al. 2019). However, that study only investigated the occur-
rence of these two bacteria at a specific location in a spe-
cific season, which will result in relatively constant envi-
ronmental conditions. This low variation in environmental 
condition might explain the apparent discrepancy between 
their and our study. In the present study, water samples were 
taken at different seasons for the decay experiments with E. 
coli and P. aeruginosa, which could have resulted in differ-
ent indigenous microbiota community structure. Previous 
studies have demonstrated differences in the bacterial com-
munity composition between summer and winter in a river 
(Kaevska et al. 2016), whereas the protozoan community 
structure in the water was stable over the seasons (Jiang et al. 
2007). The precise influence of the community structure of 
the indigenous microbiota was, however, beyond the scope 
of our study. The results from our study showed in general 
a difference in decay between E. coli and P. aeruginosa, 
but under some conditions similar decay were observed for 
both bacteria (Tables 2 and 3). More importantly, the general 
faster decay of E. coli than P. aeruginosa in Rhine River 
water under different conditions, as observed in our study, 
indicates that solely relying on FIB, such as E. coli, for 
microbiological water quality monitoring of bathing water 
could pose a possible public health threat, since opportun-
istic pathogens as P. aeruginosa behave differently than E. 
coli in surface water. Especially, the prolonged persistence 
in winter and the significantly lower decay in summer of P. 
aeruginosa compared to E. coli indicates the relevance of 
monitoring the opportunistic pathogen P. aeruginosa besides 
FIB in surface water used for recreational activities. Oth-
ers have also suggested to include P. aeruginosa in bathing 
water quality monitoring and also advocated to implement 
regulations for non-fecal contamination (Mariño et al. 1994; 
Mohammed et al. 2012).

Another key finding from our study is that the four 
investigated conditions (temperature, salinity, light, indige-
nous microbiota) showed a significant four-way interactive 
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effect on the decay of E. coli and three-way interactive 
effect on decay of P. aeruginosa. This finding indicates 
that E. coli and P. aeruginosa do not only behave differ-
ently to single environmental conditions, but that also the 
interactive effect of environmental conditions affect E. coli 
and P. aeruginosa in a different way. This finding stresses 
again the importance of applying combined environmental 
conditions to reliably determine the fate of E. coli and P. 
aeruginosa in surface waters.

The impact of the decay of E. coli and P. aeruginosa 
on the quality of swimming water in Amsterdam

The variation in light/dark conditions, salinity (0.4, 5.4, 
and 9.4ppt), temperature (3, 12, and 20 °C), and absence/
presence of indigenous microbiota in the present study 
was based on the conditions that can be observed in the 
urban surface water system in Amsterdam throughout the 
year (Van Der Meulen et al. 2023). As such, the results of 
this study can be used to predict the behavior of these two 
bacteria during periods of low (winter) and high swim-
ming activity (summer) in Amsterdam. Both E. coli and P. 
aeruginosa showed the highest persistence in winter (with 
indigenous microbiota, 3°C, and light/dark) and the fast-
est decay in summer (with indigenous microbiota, 20°C, 
and light/dark). This indicates a higher risk of exposure to 
these pathogens for swimmers when swimming activities 
are low. The actual decay of E. coli and P. aeruginosa in 
Rhine River water in the summer could even be higher 
than observed in our study. Both the sunlight intensity 
and exposure time are higher in the summer period in the 
Netherlands compared to the light intensity applied in 
the present study. Other studies have shown that higher 
light intensity in summer significantly increases the decay 
of E. coli (Scoullos et al. 2019). Although the microbial 
risk for swimming/recreation in the urban water system 
of Amsterdam might be lower in summer compared to 
winter, a considerable risk might still occur at specific 
moments in the summer. Heavy rainfalls in the summer, 
which occur more frequently due to climate change, cause 
sewage overflow into surface waters, resulting in relative 
high numbers of waterborne pathogens, as was the case 
in the Amsterdam City Swim in 2015 mentioned in the 
“Introduction” section (Hintaran et al. 2018). The lower 
decay rate for P. aeruginosa compared to E. coli under 
typical summer conditions indicates that only measuring 
E. coli as an indicator microorganisms for pathogen con-
tamination after such rainfall events is insufficient, since 
it underestimates the presence and decay of opportunistic 
pathogens, such as P. aeruginosa.

Another aspect in the Amsterdam urban water system 
is that the salinity of surface water is expected to increase 
due to saltwater intrusion and longer periods of drought 

(Delsman et al. 2018). Therefore, since the present study 
shows that higher salinities aid the persistence of both E. 
coli and P. aeruginosa, the risk of health issues as a result 
of coming in contact with both fecal and opportunistic 
pathogens through recreational activities in Amsterdam 
surface waters might increase in the future. Furthermore, 
it is important to stress that the surface water quality 
differs throughout the city’s waterways in Amsterdam. 
For instance, the salinity can differ between 1 and 9 ppt 
depending on the location in the Amsterdam urban water 
system (Zoutgehalte - Rijkswaterstaat Waterinfo 2023). 
This could result in a longer persistence of E. coli and 
P. aeruginosa in the water at distinct location in the city 
which demonstrates the importance of a widespread mon-
itoring network for the microbial water quality at loca-
tions commonly used for recreational activities, such as 
swimming.
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