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Abstract This study evaluates the relationship between
the climate variables temperature and precipitation and the
concentration of Escherichia coli bacteria in the Rhine,
Meuse, and Drentse Aa for the period 1985-2010. Data
from 4,679 E. coli concentration measurements spread over
a total of 13 locations in these three river systems were
used in this study. The variables water temperature, pre-
cipitation, and river discharge were correlated with E. coli
measurements. Water temperature was found to correlate
negatively, and this is in line with expectations that higher
temperature increases microorganism die-off. Precipitation
and discharge were found to correlate positively, and this is
in line with expectations that runoff from agricultural lands
brings along pathogens from manure and increases the
chance of sewer overflows. The data of the Meuse were fit
to a linear model that explained E. coli concentrations from
a time component, the climate variables and a locations
dummy variable, in order to assess the relative contribution
of the different variables. This model had an R? of 0.49,
meaning that climate variables and location can account for
nearly half of the observed variation in E. coli concentra-
tions in surface water, even when other factors, such as
land-use variables, are not taken into account. The effect of
the different climate variables was found to differ with
scale, with temperature being relatively important at a local
scale, and discharge being mainly of importance at larger
scales. From our results, we expect that climate change,
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mainly the projected increased precipitation, may increase
E. coli concentrations overall. Other waterborne pathogens
that follow similar transmission pathways as E. coli may be
similarly impacted by climate change.
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Introduction

Climate change is a recognized threat to society in many
different ways. One relatively little researched issue is the
impact that climate change could have on the spread of
waterborne infectious diseases (Patz et al. 2008; Rose et al.
2001; Schijven and de Roda Husman 2005; Semenza and
Menne 2009). The projected changes in surface tempera-
ture and more extreme precipitation patterns (Meehl et al.
2007) may affect the concentration of waterborne patho-
gens in the surface water (Rose et al. 2001) and therefore
directly influence the risk of waterborne diseases (Freeman
et al. 2009; Hunter 2003). The relationship between climate
and these concentrations has been studied for several
decades now (e.g., Blum et al. 1987), but quantitative
information remains relatively scarce.

The objective of this study is to evaluate the influence of
climate variables on the concentration levels of Esche-
richia coli for three river systems in Western Europe: the
Rhine, Meuse, and Drentse Aa. The bacterium E. coli was
selected for this study because, unlike other organisms, it
has been extensively studied and is widely used as indi-
cator organism for fecal contamination of water. Its pres-
ence may thus indicate the presence of more harmful
microorganisms (Wilkes et al. 2009). The main sources of
E. coli contamination in surface water are sewage and

@ Springer



308

L. C. Vermeulen, N. Hofstra

manure from farm animals, and also wildlife can contribute
(Bach et al. 2002; Wang et al. 1996; Wells et al. 1991; Wu
et al. 2011). Western Europe is chosen as a study area,
because of the high population density and the intensive
agricultural activity in the area, as well as the amount and
quality of data that were available.

We study the climate variables, water temperature and
precipitation. An increase in the water temperature is
expected to decrease the concentration of E. coli in the
water. Laboratory studies have shown that the die-off of
E. coli increases with rising temperature (Medema et al.
1997; Wang and Doyle 1998). This effect of temperature
could, depending on the study design, also be partly
attributed to irradiation, since studies have shown that
exposure to UV radiation in sunlight increases inactivation
rates, and water temperature is partly regulated by solar
intensity (Davies and Evison 1991). Few studies also report
growth of E. coli outside of a host organism, although
under very specific conditions and especially at higher
temperatures (Gautam et al. 2011; Vital et al. 2008; Wang
et al. 1996). E. coli growth is therefore not relevant in this
study.

Changes in precipitation patterns can influence E. coli
concentrations in various ways. Most studies find increased
E. coli concentrations associated with increased precipita-
tion (Cho et al. 2010; Ferguson et al. 1996; Hong et al.
2010; Tryland et al. 2011; Wu et al. 2011). Especially,
increased heavy precipitation events increase runoff from
the land, bringing along pathogens from manure, and
increase the chance of sewage overflows (Cho et al. 2010;
Geldreich et al. 1968; Gibson et al. 1998; Hong et al. 2010;
Kistemann et al. 2002). In addition, re-suspension of
microorganisms in stream sediment can increase during
heavy rainfall events (Cho et al. 2010; Garzio-Hadzick
et al. 2010; Stott et al. 2011). River discharge, a variable
largely dependent on precipitation (Pfister et al. 2004), has
been found to positively correlate with E. coli concentra-
tions (Schilling et al. 2009). Nichols et al. (2009) empha-
size that not only high precipitation levels but also drought
can lead to elevated pathogen concentrations. For example,
soil has a lower filtering effect in dry periods, which could
increase pathogen concentration during runoff events
(Nichols et al. 2009). Furthermore, decreased precipitation
may decrease dilution and therefore increase the concen-
tration of E. coli in dry periods (Senhorst and Zwolsman
2005).

The climate variables (temperature and precipitation)
can influence E. coli concentrations in surface waters, but
their relative contribution to changes in bacterial concen-
trations remains unclear. It is important to assess relative
influence, to eventually determine the net effect that cli-
mate change could have on E. coli in this region. Other
waterborne pathogens may be similarly impacted by
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climate change. If an increase in waterborne pathogens is
expected, this can result in an increase in the risk of
waterborne diseases.

In this study, we focus on the relationship with climate
variables solely and not on the characteristics of the sour-
ces of E. coli itself. We acknowledge that a variety of other
factors influence E. coli concentrations in surface water,
such as land-use changes and farming practices (e.g.,
timing of spreading of manure on fields) or the location of
waste water treatment facilities (Crowther et al. 2001;
Crowther et al. 2002; Kampf et al. 1997; Kay et al. 2008;
Schulz and Childers 2011).

We assess the contribution of the climate variables
temperature and precipitation to the observed variation in
E. coli concentrations using statistical modeling. Statistical
modeling enables us to assess the net effect of temperature
and precipitation on E. coli concentrations. Statistical
modeling of pathogen loads has been attempted mostly at
local scales and with varying results (Crowther et al. 2003;
Kay and Mcdonald 1983; Kay et al. 2005; Olyphant and
Whitman 2004). Different variables are taken into account
in these models; often, precipitation or discharge is inclu-
ded, some focus on temperature. Few studies use a com-
prehensive set of climate variables including precipitation,
discharge, or runoff as well as temperature in their statis-
tical models. In this study, we assess the effect of tem-
perature and precipitation on E. coli by (I) establishing the
correlation between observed climate variables and the
concentration levels of E. coli in three selected river sys-
tems and (II) estimating the relative contribution of the
different climate variables to the observed variation in
E. coli concentrations by fitting the data of the river Meuse
to a linear model. We discuss the results in the context of
climate change.

Methods
Study site description

This study uses data of three different river systems in the
Netherlands and Belgium: Drentse Aa, Rhine, and Meuse.
These three river systems differ in their characteristics. The
Rhine originates in the Alps and receives water both from
snowmelt and rainfall. The Meuse originates at a much
lower altitude and is a predominantly rain-fed river (Pfister
et al. 2004). The Drentse Aa is a small river lying entirely
in the north of the Netherlands and is fed by rainwater and
groundwater seepage (De Jong 2006). Within these river
systems, 13 measurement locations are situated. Nine
locations are along the Meuse, three along the Rhine, and
one in the Drentse Aa. The Meuse locations Luik, Nam-
eche, and Tailfer are located in Belgium, and the remaining
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ten locations are in the Netherlands. Figure 1 shows a map
of the study area.

As mentioned before, important sources of E. coli in
surface water are manure and sewage. Belgium and the
Netherlands are situated in a region of Western Europe
with concentrated agricultural activities. Half of the land
area of Belgium is agricultural, and in the Netherlands, this
is around two-thirds of the land area (CBS Statistics
Netherlands et al. 2011; FOD Economie 2010a). Part of
this land is used for cattle grazing, and on pastures and

Fig. 1 Map showing
measurement locations along
the Rhine, Meuse, and Drentse
Aa in the Netherlands and
Belgium. E. coli concentrations,
water temperature, and
discharge measurements were
obtained at the indicated
locations. Precipitation data
were obtained from nearby rain
gauges, on average no further
than a few kilometers away (not
shown on the map, as gauge
locations mostly overlap with
currently shown locations)
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cropland, manure is often used as fertilizer, meaning that
there are many diffuse sources of E. coli throughout the
study region. In the Netherlands, the far majority of sewage
is treated in centralized sewage treatment plants before
discharge to the surface water takes place: in 1990, around
95 %, and in 2008, 99.6 %, respectively, of household
wastewater was treated (CBS Statistics Netherlands et al.
2012; Directoraat-Generaal Water and Directoraat-Gener-
aal Milieubeheer 2010). The remaining 0.4 % is treated
with on-location facilities (Directoraat-Generaal Water and
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Directoraat-Generaal Milieubeheer 2010). Although in
some areas along the Meuse in Belgium discharge of
untreated sewage still occurs (Aquafin, personal commu-
nication, November 7, 2012), overall Belgian treatment
rates are relatively high. In 2008, 87.5 % of the Belgian
population was connected to the public sewage system and
also on-site treatment systems are used (FOD Economie
2010b). Owing to the high treatment rates in both coun-
tries, especially overflows of untreated sewage during
heavy precipitation events are a potentially important
source of E. coli in surface water in the Netherlands and
Belgium.

Data
E. coli data

Table 1 gives an overview of the data used in this study.
E. coli measurements were obtained from Waterlaborato-
rium Noord (Drentse Aa), RIWA Association of River
Waterworks, and Rijkswaterstaat Waterdienst (Rhine and
Meuse). In this study, we statistically analyzed a total of
4,679 E. coli measurements spread over the 25-year period
from 1985 to 2010, three river systems and 13 locations.
E. coli measurements are often taken once every 2 weeks,
but for some locations, data are taken with a higher or
lower frequency.

The data were collected by different laboratories of the
aforementioned organizations according to the standard-
ized methods issued by the Dutch normalization institute
NEN (providing NEN protocols), which works in the
context of international norms (such as ISO protocols). Due
to the long time period and the combination of data from
13 locations, several measurement methods for E. coli have
contributed to these data. From the start of our data in 1985
until approximately 1993, the data concern thermotolerant
bacteria from the coligroup (mostly E. coli) which were
measured using the membrane filtration method according
to NEN 6570 on Teepol agar. Around 1987, the medium
was switched to laurylsulphate agar (LSA). From approx-
imately 1993, the data concern E. coli specifically and the
direct plating method according to NEN 6261 was used.
Not all laboratories started this at exactly the same time. In
2001, NEN 6261 was switched to ISO 9308-1 rapid test,
but these follow the same protocol. In 2001, several labo-
ratories switched to ISO 9308-3, a microplate method
giving most probable number values. Also in the Belgian
part of the Meuse, ISO norms are used in water quality
measurements, reportedly ISO 9308-1 and since 2008 ISO
9308-2. We acknowledge that using data obtained by dif-
ferent laboratories and methodologies can lead to inho-
mogeneities in the dataset and consequent biased results
(Schets et al. 2002), which is especially relevant when
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performing safety checks on drinking water or surface
water used for recreation and comparing these to norms.
We have checked the data and did not observe jumps that
could indicate method changes. Based on Schets et al.
(2002), who show that results of different measurement
methods are typically in the same order of magnitude, we
conclude that peaks in E. coli concentration that are typi-
cally logs higher than average concentrations are barely
influenced by changes in measurement methods. Since we
are studying how E. coli measurements relate to climate
variables and are not looking at absolute values of E. coli
measurements per se, we have decided to still use these
data together. It is rare to have such a long period of E. coli
measurements together with climate data available; this
analysis could otherwise not have been performed.

The E. coli measurements range from 0 to 83,000 col-
ony-forming units (cfu)/100 ml. The mean of the data is
1,847 cfu/100 ml, and the median value is 410 cfu/100 ml.
The distribution of the values is strongly positively skewed,
and it was found that a log transformation of the data
provided a more normal distribution. Therefore, E. coli
data were always log transformed during this study. The
aforementioned total of 4,679 E. coli measurements
exclude zero values or values reported below the detection
limit, because surface water in an agricultural area unlikely
actually contains zero E. coli and because only approxi-
mately 1 % of the data were reported zero values or below
detection limit. Since our study does not focus on absolute
values of E. coli but on the behavior relative to climate
variables, we do not expect this to significantly impact our
study. Table 1 also shows the mean and maximum E. coli
concentrations per measurement location. The E. coli
concentrations in the Meuse, Rhine, and Drentse Aa fall
within the same range. Meuse Eijsden shows the highest
concentrations and Meuse Haringvliet Stellendam the
lowest. Eijsden is located near the border of the Nether-
lands and Belgium, approximately 20 km downstream of
the Belgium city of Luik, where the second highest mean
E. coli concentrations are observed in our dataset. Sewage
discharge in Luik may therefore be an explanation for the
elevated E. coli concentrations in this part of the river.
Haringvliet Stellendam is a measurement location near the
sluices where the Meuse enters the North Sea. Possibly,
dilution or increased sedimentation rates in this part of the
river could lead to the observed lower E. coli concentra-
tions here.

We checked whether significant trends over time could
be observed in the datasets of the different locations. The
E. coli time series of some locations showed a slight
general increase, some a general decrease. Possible
explanations for reduced E. coli concentrations over time
include the building of waste water treatment plants and
removal of sewer overflows during the period covered by
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Table 1 Overview of data used in this study

Location Timespan N E. coli T water Precipitation Discharge Longitude Latitude Mean E. coli ~ Maximum
E. coli measurements concentration  E. coli
measurements (cfu/100 ml) concentration

(cfu/100 ml)

Meuse

Belfeld 1988-2000 321 X 6.11 51.32 1,351 19,500

Brakel 1987-1990, 303 -8 5.05 51.80 188 12,000

1996-2010
Eijsden 1987-2009 410 X X X 5.70 50.78 7,566 83,000
Haringvliet 1986-2010 498 2 4.06 51.83 49 2,400
Stellendam

Heel 2002-2010 99 X X = 5.93 51.19 548 6,900

Keizersveer  1985-2010 578 X X X 4.90 51.72 639 18,000

Luik 1991-2001 271 X X X 5.57 50.63 3,499 16,400

Nameche 1991-2001 271 X X X 5.00 50.47 2,725 18,800

Tailfer 1985-1992, 438 X X X 4.88 50.39 2,198 27,000

2003-2009

Rhine

Lobith 1985-2007 541 X X 6.09 51.86 3,109 30,000

Nieuwegein ~ 1987-2010 579 - 5.11 52.02 415 4,300

Nieuwersluis  2001-2010 92 -8 5.00 52.20 585 8,400

Drentse Aa

De Punt 1995-2010 278 X X X 6.61 53.12 1,043 25,000

In the first column, the different locations in the three different river systems which were studied are given. The second column shows from
which years E. coli data were available for these locations. The third column shows how many E. coli measurements in total were available for a
specific location. The following three columns show whether for a given location, data of the climate variables water temperature, precipitation,
and discharge were used in this study. x Data were used, — data were not available. The next columns show the latitude and longitude
coordinates of the locations where E. coli, water temperature, and discharge data come from. Precipitation observations are taken from
meteorological stations nearby. The last two columns show the mean and maximum observed E. coli concentration at a certain measurement

location

? Discharge data not meaningful (measurement location is side channel or sluice)

the data series. In general, water treatment levels have
increased during the period of study (Directoraat-Generaal
Water and Directoraat-Generaal Milieubeheer 2010; FOD
Economie 2010b). Reasons for increased average E. coli
concentrations could be climatic changes, as well as
changes in land use or farming practices, such as increased
use of land for agriculture and spreading of more manure
during the period covered by the data series (Crowther
et al. 2002; Kampf et al. 1997) or an increased urbanization
and population density (Mallin et al. 2000). In most of our
measurement locations, E. coli concentrations were highest
during the winter months (December—February). However,
the differences between seasons were not always
significant.

Climate data

The climate data that we use are water temperature, pre-
cipitation at nearby rain gauges, and discharge. Water
temperature and discharge measurements were provided by
the same organizations and for the same locations as the

E. coli measurements (see above and Fig. 1). Precipitation
data for the Netherlands were obtained from the European
Climate Assessment & Dataset (ECA&D) (Klein Tank
et al. 2002). Belgian precipitation observations were pro-
vided by the Royal Meteorological Institute (RMI) of
Belgium. Rain gauges were selected as close as possible to
E. coli measurement locations, on average no further than a
few kilometers away. The water temperature measure-
ments, like the E. coli measurements, are often taken once
every 2 weeks, but for some locations, data from periods
with more or less intensive measurement frequencies are
available. Precipitation and discharge data are mostly daily
data.

Discharge is used in addition to precipitation, because it
is affected by precipitation changes in the entire upstream
area of the river basin and could be seen as a more long-
distance precipitation effect, dependent on cumulative
rainfall in the upstream catchment. Taking only discharge
and excluding precipitation, as was done in a similar study
by Schilling et al. (2009), means that the effect of precip-
itation events and runoff events at a time of low discharge
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can be missed, as Schilling et al. (2009) also recognized in
their discussion. Therefore, we include both variables in
this study.

Water temperature, unlike air temperature, was found to
follow a bimodal distribution. This can be explained by
various factors including meltwater and groundwater
seepage and has been reported in the literature (Senhorst
and Zwolsman 2005; Smith 1968). Precipitation follows a
gamma distribution. Discharge was found to be log nor-
mally distributed and is therefore, like E. coli, always log
transformed in this study. For 8 of the 13 locations, the
datasets are complete for all variables. For the others, the
data are not fully complete, mainly due to the lack of
discharge measurements of some locations that are on side
channels instead of along the actual river, making dis-
charge measurements here not meaningful for this study
(see Table 1).

We checked whether significant trends over time could
be observed in the datasets of the different locations. Water
temperature generally increased during 1985-2010 (sig-
nificant in 5 out of 13 locations), but this represents only a
small part of the observed variation in data (R* values
<0.01). A positive trend in water temperature is in line
with the observed warming that has taken place in Europe
over the past few decades, as reported by the IPCC and the
Dutch RMI (KNMI 2011b; Solomon et al. 2007). Simi-
larly, observed trends in precipitation and discharge only
explained a small part of the observed variation (R* values
<0.01). Precipitation shows a positive trend (significant in
5 out of 13 locations), which is in line with the general
findings of the Dutch RMI, reporting an increase in pre-
cipitation in the Netherlands over the past century (KNMI
2011a). According to Tu et al. (2004), discharge trends in
the Meuse have shown an increase in winter and a decrease
during summer with no significant long-term change in
annual discharge. In this study, we found a negative dis-
charge trend in the Meuse (significant for 5 out of 6
locations), and the Rhine and Drentse Aa both show a
positive trend in discharge; however, for the Rhine, this
result was not significant. For the Rhine, a positive trend
would be in line with findings reported by the International
Commission for the Hydrology of the Rhine basin (CHR)
(Belz 2010). Increasing discharges in the Drentse Aa have
also been reported in the literature (De Jong 2006).

Statistical analysis

The data were analyzed using the statistical software
package R. First, standard Pearson product-moment cor-
relation analyses between E. coli concentrations and water
temperature and discharge, and Spearman’s rank correla-
tion analysis between E. coli concentrations and precipi-
tation were performed. Spearman’s rank correlation, which
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does not require the variables to be normally distributed,
was used for correlation analysis between E. coli concen-
trations and precipitation, because precipitation data are
gamma distributed. We studied the precipitation data
required, because the expectation was that using precipi-
tation data from the same day as E. coli would not be
meaningful as precipitation needs some time to percolate
through the system. A sensitivity analysis was performed
in which summation of precipitation of different sets of
days was tested. We use precipitation summed over three
days, because it provided best correlations. Slight varia-
tions were observed among the different locations, pre-
sumably due to local landscape conditions. Summing
precipitation with similar results has been done in other
studies (Nichols et al. 2009; Schulz and Childers 2011;
Tryland et al. 2011).

We study the observed variation in E. coli concentration
levels in surface water further by fitting the Meuse data to a
linear regression model, combining the different variables
and locations together. This is done to assess the relative
contributions of the climate variables to the observed var-
iation in E. coli concentration. We focus on assessing the
relationship of E. coli with climate variables only, allowing
for local differences (e.g., in land use, location of sewage
treatment plants, etcetera) by including a locations dummy
variable (index h).

The model has the following form:

log(Y) = By + Byt + BT+ Psp + Pylog(D) + Bsy,
+ ¢

Y = E. coli concentration in cfu/100 ml, f§; are constants,
t = time in days (counting from start of measurements),
T = water temperature in °C, p = precipitation summed
over 3 days in 0.1 mm, D = discharge in m*/s, 1 = index
for location, ¢ = residual error.

For six locations along the Meuse, information was
available on all variables and these were therefore included
in the model. These locations were Meuse Belfeld, Meuse
Eijsden, Meuse Keizersveer, Meuse Luik, Meuse Nam-
eche, and Meuse Tailfer. The Rhine and Drentse Aa were
left out, as it was felt that not enough complete datasets
were available for these river systems to make a mean-
ingful analysis. As independent variables, we have taken
time, temperature, precipitation, and discharge. Time was
included in order to account for long-term trends that do
not originate from a relation with climate variables, but for
example from a general increase in sewage treatment rates
over time. Locations were included as dummy variable.

After running the model with the complete dataset, we
studied the effect of leaving the temperature data out of the
model and the effect of incorporating all first-order inter-
actions in the model. Analysis of variance (ANOVA) was
performed to assess the relative contribution of different
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model components to explain the observed variation. The
model was also run for all locations individually. In that
case, the index / is no longer included in the model. The
coefficient of determination (R?), adjusted for degrees of
freedom, determines how well the models explain the
observed variation in E. coli concentrations. All statistical
tests were assessed for significance at the 95 % confidence
level (p < 0.05).

One might expect to find autocorrelation in the Meuse
data, meaning that the measurements are dependent on
each other in space or time. However, since our measure-
ments are usually taken no more often than once every
2 weeks and water flows through the river Meuse from start
to finish in approximately 4 days during average discharge
conditions (Rijkswaterstaat, personal communication), we
believe temporal autocorrelation is not an issue. Spatial
autocorrelation, meaning that measurements at subsequent
locations in a river are depending on each other, could not
be conclusively shown nor excluded from our data, because
similar processes operate at the different measurement
locations (e.g., similar climate variation is present at the
different locations). In any case, even if present, spatial
autocorrelation should not influence model goodness of fit,
and considering the large amount of data points in this
study, also model significance should not be largely
impacted.

Results
Correlations

To assess the effect of the separate climate variables on the
E. coli concentration, each of the variables water temper-
ature, precipitation, and discharge was correlated with the
corresponding E. coli concentration measurements for all
locations separately. Note that correlation itself does not
prove a cause—effect relationship. Table 2 gives an over-
view of the results. Figure 2 graphically shows the corre-
lations for the Ilocations Meuse Luik and Meuse
Keizersveer, as examples of what the results look like for a
location with significant correlations (Keizersveer) and
without significant correlations (Luik). We find for all but
two locations significant negative correlations between
E. coli and water temperature. For all but one location,
E. coli significantly correlates positively with precipitation,
and for six out of eight locations, also a significant positive
correlation is found between E. coli and discharge.

Model

To assess the effect of the climate variables combined on
the E. coli concentration, we fit the Meuse data to the linear

regression model explained in “Statistical analysis” sec-
tion. Running the model gave an adjusted R* of 0.49 and
all independent variables contributed significantly (p <
0.001). The model parameter estimates are given in
Table 3. Location Meuse Belfeld is taken as reference level
for the dummy variable, which is why it has value 0.
Performing an ANOVA indicated that temperature has a
relatively minor contribution to the explained variance in
the model. Therefore, we next tried to run this model with
only time, precipitation, discharge, and locations as vari-
ables. This lead to a model with an adjusted R? of 0.48, a
result surprisingly close to the 0.49 of the complete model.
We expected that temperature would be more influential,
since the correlation analysis in “Correlations” section has
shown that significant correlations between E. coli con-
centrations and temperature exist at almost all locations.
The effect of temperature on E. coli die-off rates is also
confirmed in the literature, as described earlier in “Intro-
duction” section.

If the model is run for all locations separately, adjusted
R? values between 0.04 and 0.57 are found. The model
estimates from these runs can be found in the Appendix. A
schematic summary of the model estimates is given in
Table 4. ANOVA of these runs showed great variability
among locations as to which variables significantly con-
tribute to explaining the observed variation in E. coli
concentrations at the different locations. For example,
temperature is a significant variable in four of the six
locations individually, yet leaving it out altogether in the
complete model does not make a great difference, as
described above.

Running the model including all first-order interactions
improved the adjusted R? to 0.55 but it was felt that this
improvement did not weigh up to the added complexities
interactions bring to the model, since overfitting of our data
may occur. An ANOVA showed that interactions play a
relatively minor role in explaining the observed variation.

Discussion
Correlations

A negative correlation of E. coli with water temperature
agrees with findings from other studies that E. coli survives
longer in water with lower temperatures (Medema et al.
1997; Wang and Doyle 1998). The observed positive cor-
relations of E. coli concentration with both precipitation
and discharge are also observed in other studies (e.g.,
Schilling et al. 2009; Tryland et al. 2011; Wu et al. 2011).
This can be attributed to a combination of factors according
to previous studies: increased runoff from farm pastures
bringing along pathogens from manure, re-suspension of

@ Springer



314

L. C. Vermeulen, N. Hofstra

Table 2 Overview of correlations between E. coli and climate variables in the different datasets

Locations r value correlation log E. coli— N

water temperature

r value correlation log N
E. coli—precipitation

r value correlation log N
E. coli—log discharge

Meuse Belfeld —0.36% 228 0.47* 321  0.68* 111
Meuse Brakel 0.14* 299 0.33* 303 - -
Meuse Eijsden —0.27* 392 0.13* 257  0.38* 410
Meuse —0.26* 410 0.19* 498 - -
Haringyvlietstellendam
Meuse Heel —0.39* 96 0.32% 9 - -
Meuse Keizersveer —0.42%* 480 0.36* 578 0.53*% 565
Meuse Luik 0.02 270 0.09 271  0.08 268
Meuse Nameche —0.19* 195 0.30%* 271 0.23% 266
Meuse Tailfer —0.36* 432 0.18* 438  0.38* 436
Rhine Lobith —0.19* 389 0.24%* 541 0.00 541
Rhine Nieuwegein —0.20* 575 0.23% 578 — -
Rhine Nieuwersluis —0.38%* 91 0.26* 90 - -
Drentse Aa —-0.17* 249 0.31* 278  0.30* 270

The left column shows the locations, the r value columns show the r value of the correlation of E. coli measurements with measurements of a
specific climate variable, the N columns show how many E. coli measurements and how many corresponding climatic measurements were used
to compute the correlation. Standard Pearson’s product-moment correlation was used for correlating E. coli with water temperature and
discharge, and for precipitation, Spearman’s rank correlation was used. E. coli data and discharge data were log transformed. Precipitation data
were summed over 3 days previous to the dates of the E. coli measurement. Values indicated with * are significant at p < 0.05. A ndash (-)

indicates discharge data were not available for this location
* Significant at p < 0.05

E. coli (log cfu/100 ml)
[3+] w -9

E. coli (log cfu/100 ml)

0 5 10 15 20 25 30 [i] 200
Water temperature (*C)

Fig. 2 Examples of correlation of log E. coli concentration with
water temperature, precipitation, and log discharge, shown for the
locations Meuse Luik (top row) and Meuse Keizersveer (bottom row).
Precipitation is taken summed over 3 days, as explained in

pathogens in sediments, and sewage overflows during
especially heavy rainfall events (Cho et al. 2010; Garzio-
Hadzick et al. 2010; Gibson et al. 1998; Hong et al. 2010;
Senhorst and Zwolsman 2005), as was discussed in the
introduction. The relationship with discharge may be
attributable to similar mechanisms as the effect of
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“Statistical analysis” section. The E. coli measurements at Meuse
Luik do not correlate significantly with the climate variables, the
E. coli measurements at Meuse Keizersveer do

precipitation, but taking into account E. coli sources from
the upstream part of the basin. Since only positive corre-
lations between precipitation and E. coli were found, we
have not observed the possible enhancing effect of dry
periods on E. coli concentrations as described by Nichols
et al. (2009).
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Table 3 B; estimates of the model log(Y;) = fo + fit + T +
Bap + Balog(D) + Bs + &

f; estimate

Bo 2.38

Time (f;) —3.28 x 107%
Temperature (f3,) —1.18 x 107
Precipitation (f3) 778 x 107
Log(discharge) (f4) 3.64 x 1079
Location Meuse Belfeld (fs 1) 0

Location Meuse Eijsden (fs) 1.44
Location Meuse Keizersveer (fs3) 0.56
Location Meuse Luik (fs 4) 2.08
Location Meuse Nameche (fs s) 2.44
Location Meuse Tailfer (fs¢) 2.80

This model takes into account all three climate variables temperature,
precipitation (cumulative over 3 days previous to the date of the
E. coli measurement), and discharge. Furthermore, a time component
is included and the different measurement locations are taken into
account as a dummy variable. The estimates for the latter (fis,) are
relative to the reference location, in this case the Meuse Belfeld. The
Ps., values do not affect the slope of the graph, only the intercept

Model performance

Our linear regression model shows that only taking into
account climate variables and a locations factor can account
for almost half of the observed variation in E. coli concen-
trations in the Meuse (R> = 0.49, see “Model” section).
When looking at comparable statistical modeling efforts in the
literature, a great variety in R* values is reported. The variation
depends on which variables were added, the amount of data
used, and which organism is looked at, among others.
Examples include land-use-based models of fecal indicators
of Kay et al. (2005) with reported R” values of 0.49—0.68 for 40
sub-catchments of the river Ribble drainage basin in the
United Kingdom, and the model of Olyphant and Whitman
(2004) that includes hydrological, meteorological, and water
quality parameters for E. coli contamination of a lake beach in

Chicago, accounting for 71 % of the observed variation in log
E. coli concentrations (R* = 0.71).

Our model performs worse than the listed models.
However, these studies include more variables, such as
hydrological or land-use variables, in their linear regression
models. Furthermore, these models mostly concern loca-
tions that are close together (e.g., on one beach), likely
improving model fit. Further specifying the model for local
landscape and land-use conditions, seasonality, singling out
of extreme precipitation events, and low flow conditions
could possibly improve results. However, lack of sufficient
data density prevented us from doing so in this study.

Climate projections and E. coli in surface water

According to the climate change scenarios developed by
the Dutch RMI (KNMI), overall the air temperature in the
Netherlands is expected to rise (Van den Hurk et al. 2006).
Air temperature and water temperature correlate quite well,
although the relationship is not linear, especially at both
low and high temperatures (Mohseni and Stefan 1999). We
found negative correlations between water temperature and
E. coli concentrations, so we would expect this aspect of
climate change to decrease E. coli concentrations in surface
water. However, since leaving out temperature from the
model altogether did not reduce the model goodness of fit
strongly, as was discussed in “Model” section, the mag-
nitude of this effect is questionable. The issue of scale
(local vs. multiple river systems) also plays a role here,
since for some individual locations, temperature appeared
to be a more important determinant of E. coli concentra-
tions than at the full model scale. From our study, it is
difficult to draw conclusions on this matter, more detailed
research into including appropriate processes at different
modeling scales is required, as is for example indicated in a
paper by Oliver et al. (2009).

According to the KNMI climate scenarios, the amount
of precipitation is for all scenarios expected to increase in

Table 4 This figure schematically gives an overview of the model estimates of the different model runs of the 6 locations individually

Meuse Meuse Meuse Meuse | Meuse Meuse

Belfeld Eijsden Keizersveer | Luik Nameche | Tailfer
(Intercept) + + + + + +
Time - - - + + +
Precipitation + + + + + +
Temperature - - - + - -
log10(Discharge) + + + + + +
Adjusted R? 0.57 0.15 0.44 0.04 0.11 0.17

A + is denoted when the sign for that variable in the model is positive, a — when it is negative. The boxes in gray show significant results
(p < 0.05 when performing analysis of variance on model run), white boxes are not significant. The bottom row gives the R? values of the

respective runs
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winter and for some scenarios in summer as well. Summer
precipitation is expected to decrease in several other
scenarios. The amount of precipitation on a wet day, so
the intensity of rainfall events, is expected to increase for
both winter and summer in all scenarios (Van den Hurk
et al. 2006). Research on the impact of climate change on
the flow conditions of the Rhine indicates that due to
increased winter precipitation and snowmelt, winter dis-
charges will increase. Summer discharge will likely
decrease due to the reduced snow storage and increased
evaporation (Middelkoop et al. 2001). Due to climatic
change, the water source of the Rhine is expected to shift
from a combination of rain and snowmelt toward a mainly
rain-fed regime (Pfister et al. 2004). For the Meuse, no
changes have been observed for average annual discharge
levels; however, it is thought that peak flow occurrence as
well as low flow occurrence will increase due to climatic
factors (Tu et al. 2004). We have found that E. coli
concentrations increase with higher precipitation and
discharge. Therefore, climate change may be expected to
have an increasing effect on E. coli concentrations in
Western European surface waters. This study took pre-
cipitation cumulative over 3 days and looked at the
complete range of precipitation values, not specifically at
dry periods or heavy precipitation events. It would be
interesting to go more into detail in this topic in future
research, especially in light of climate change which
could increase both the occurrence of dry periods and the
occurrence of heavy precipitation events.

From E. coli concentrations to risk of disease

Escherichia coli concentrations do not directly represent
risk of disease, since it is merely an indicator of fecal
pollution. However, an increase in E. coli concentration
may indicate an increase in pathogens in the surface water.
Risk of waterborne disease depends on a number of factors
additional to the concentration of the organism in the
water. These include parameters specific for different
pathogen types, such as survival and reproductive capacity
in the environment, but also societal factors, such as water
usage and human behavior in recreation and consumption,
among others (Bosch 1998; Schijven and de Roda Husman
2005). Via quantitative microbial risk assessment (QMRA)
estimations can be made to risk of disease, this requires
data (or assumptions) about the concentration of pathogens
in river water (Van Lieverloo et al. 2007). Our study
indicates an increase in E. coli concentration due to climate
change, which could lead to an increased risk of disease. A
relationship between climate change and increased risk of
disease is indicated in the literature, in the field of water-
borne diseases as well as other types of health risks (e.g.,
Campbell-Lendrum and Woodruff 2006; Harvell et al.
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2002; Nichols et al. 2009). Data on pathogen concentra-
tions is much more sparse than E. coli data. We therefore
believe that a challenge for further research lies in quan-
tifying and modeling the link between E. coli concentra-
tions in surface water and risk of infection with waterborne
pathogens, in light of climate change.

Conclusions

Based on our analysis of 4,679 E. coli samples, water
temperature, discharge and precipitation data of a total of
13 locations along three different river systems in the
Netherlands and Belgium, the Rhine, Meuse, and Drentse
Aa, spread over the period 1985-2010, we conclude the
following:

e Water temperature was found to correlate negatively
with E. coli concentrations.

e Both precipitation summed over 3 days and river
discharge were found to correlate positively with
E. coli concentrations.

e Combining the Meuse data of E. coli, water tempera-
ture, precipitation and discharge into a linear model
together with a time component and a locations dummy
variable gave a fit with R? of 0.49, meaning that climate
variables and location can account for a substantial part
of observed variation in E. coli concentrations in
surface water, even when other factors such land-use
variables are not taken into account. Other models,
incorporating more variables, have reported higher R*
values.

e The effect of the different climate variables appears to
differ with model scale, with temperature being rela-
tively important for some individual measurement
locations, but less so when the data of different
measurement locations are combined.

e From our results, we expect that climate change, mainly
the projected increased precipitation, may increase
E. coli concentrations in Western European surface
waters. Waterborne pathogens that follow similar
transmission pathways as E. coli may be similarly
impacted by climate change.
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Appendix Table 5 continued
f; estimate
See Table 5.
Temperature —1.79E — 02*
Logl0 (discharge) 2.53E — 01*

Table 5 Coefficient estimates of model runs of individual locations

P estimate
Meuse Belfeld®
(Intercept) 0.940522
Time —0.00742%*
Precipitation 0.002695*
Temperature —0.00462
Logl0 (discharge) 0.849424*
p: estimate
Meuse Eijsdenb
(Intercept) 3.27E + 00*
Time —8.42E — 05
Precipitation 1.39E — 04
Temperature —1.51E — 02*
Logl0 (discharge) 2.87E — 01*
p; estimate
Meuse Keizersveer®
(Intercept) 1.717185%*
Time —0.0016*
Precipitation 0.001997*
Temperature —0.02509*
Logl0 (discharge) 0.536864*
p; estimate
Meuse Luik®
(Intercept) 2.944871*
Time 0.001363*
Precipitation 0.00031
Temperature 0.003317
Logl10 (discharge) 0.068034
P estimate
Meuse Nameche®
(Intercept) 3.104699*
Time 0.002421%*
Precipitation 0.000856
Temperature —0.01647*
Logl0 (discharge) 0.012741
f; estimate
Meuse Tailﬁerf
(Intercept) 2.75E + 00*
Time 8.15E — 05
Precipitation 6.49E — 04*

* Significant at p < 0.05 in analysis of variance
2 Adjusted R* = 0.57
® Adjusted R* = 0.15
¢ Adjusted R* = 0.44
4 Adjusted R* = 0.04
° Adjusted R* = 0.11
T Adjusted R* = 0.17

References

Bach SJ, McAllister TA, Veira DM, Gannon VPJ, Holley RA (2002)
Transmission and control of Escherichia coli O157:H7—a
review. Can J Anim Sci 82:475-490

Belz JU (2010) The discharge regime of the Rhine and its tributaries
in the 20th century—analysis, changes, trends. In: CHR
ICftHotRb (ed). International Commission for the Hydrology
of the Rhine basin (CHR)

Blum D, Huttly SR, Okoro JI, Akujobi C, Kirkwood BR, Feachem
RG (1987) The bacteriological quality of traditional water
sources in north-eastern Imo State, Nigeria. Epidemiol Infect
99:429-437

Bosch A (1998) Human enteric viruses in the water environment: a
minireview. Int Microbiol 1:191-196

Campbell-Lendrum D, Woodruff R (2006) Comparative risk assess-
ment of the burden of disease from climate change. Environ
Health Perspect 114:1935-1941

CBS Statistics Netherlands, PBL Netherlands Environmental Assess-
ment Agency, Wageningen UR (2011) Kaart bodemgebruik van
Nederland, 2008 (indicator 0061, versie 08, 9 Dec 2011). 2012.
CBS, Den Haag; Planbureau voor de Leefomgeving, Den Haag/
Bilthoven en Wageningen UR, Wageningen

CBS Statistics Netherlands, PBL Netherlands Environmental Assess-
ment Agency, Wageningen UR (2012) Capaciteit van afvalwa-
terzuiveringsinstallaties, 1980-2010 (indicator 0044, versie 13,
27 Augustus 2012). CBS, Den Haag; Planbureau voor de
Leefomgeving, Den Haag/Bilthoven en Wageningen UR,
Wageningen

Cho KH, Cha SM, Kang J-H, Lee SW, Park Y, Kim J-W et al (2010)
Meteorological effects on the levels of fecal indicator bacteria in
an urban stream: a modeling approach. Water Res 44:2189-2202

Crowther J, Kay D, Wyer MD (2001) Relationships between
microbial water quality and environmental conditions in coastal
recreational waters: the Fylde coast, UK. Water Res
35:4029-4038

Crowther J, Kay D, Wyer MD (2002) Faecal-indicator concentrations
in waters draining lowland pastoral catchments in the UK:
relationships with land use and farming practices. Water Res
36:1725-1734

Crowther J, Wyer MD, Bradford M, Kay D, Francis CA, Knisel WG
(2003) Modelling faecal indicator concentrations in large rural
catchments using land use and topographic data. J Appl Micro-
biol 94:962-973

Davies CM, Evison LM (1991) Sunlight and the survival of enteric
bacteria in natural waters. J Appl Microbiol 70:265-274

@ Springer



318

L. C. Vermeulen, N. Hofstra

De Jong B (2006) Klimaatverandering en de Drentsche Aa: Verken-
ning effect op afvoer en bestrijdingsmiddelen. KWR Watercycle
Research Institute, Nieuwegein

Directoraat-Generaal Water, Directoraat-Generaal Milieubeheer
(2010) Inzameling, transport en behandeling van afvalwater in
Nederland, situatie per 31 december 2008. Ministerie van
Verkeer en Waterstaat, Directoraat-Generaal Water

FOD Economie (2010a) Bodemgebruik Belgi¢ 2009. Algemene
Directie Statistick en Economische Informatie, volgens de
definities van OESO/Eurostat 2012

FOD Economie (2010b) Vervuiling en Zuivering. Algemene Directie
Statistieck en Economische Informatie, volgens administratieve
gegevens of volgens de Volks- en Woningtelling 2012

Ferguson CM, Coote BG, Ashbolt NJ, Stevenson IM (1996)
Relationships between indicators, pathogens and water quality
in an estuarine system. Water Res 30:2045-2054

Freeman JT, Anderson DJ, Sexton DJ (2009) Seasonal peaks in
Escherichia coli infections: possible explanations and implica-
tions. Clin Microbiol Infect 15:951-953

Garzio-Hadzick A, Shelton DR, Hill RL, Pachepsky YA, Guber AK,
Rowland R (2010) Survival of manure-borne E. coli in
streambed sediment: effects of temperature and sediment
properties. Water Res 44:2753-2762

Gautam R, Bani-Yaghoub M, Neill WH, Dopfer D, Kaspar C, Ivanek
R (2011) Modeling the effect of seasonal variation in ambient
temperature on the transmission dynamics of a pathogen with a
free-living stage: example of Escherichia coli O157:H7 in a
dairy herd. Prev Veterinary Med 102:10-21

Geldreich EE, Best LC, Kenner BA, Vandonse DJ (1968) Bacteri-
ological aspects of stormwater pollution. J] Water Pollut Control
Fed 40:1861

Gibson CJ, Stadterman KL, States S, Sykora J (1998) Combined
sewer overflows: a source of Cryptosporidium and Giardia?
Water Sci Technol 38:67-72

Harvell CD, Mitchell CE, Ward JR, Altizer S, Dobson AP, Ostfeld RS
et al (2002) Climate warming and disease risks for terrestrial and
marine biota. Science 296:2158-2162

Hong H, Qiu J, Liang Y (2010) Environmental factors influencing the
distribution of total and fecal coliform bacteria in six water
storage reservoirs in the Pearl River delta region, China.
J Environ Sci 22:663-668

Hunter P (2003) Climate change and waterborne and vector—borne
disease. J Appl Microbiol 94:37-46

Kampf R, Schreijer M, Toet S, Verhoeven JTA (1997) Van effluent
tot bruikbaar oppervlaktewater NVA symposium: Biologisch
gereinigd effluent; grondstof of eindproduct

Kay D, Mcdonald A (1983) Predicting coliform concentrations in
upland impoundments—design and calibration of a multivariate
model. Appl Environ Microbiol 46:611-618

Kay D, Wyer M, Crowther J, Stapleton C, Bradford M, McDonald A
et al (2005) Predicting faecal indicator fluxes using digital land
use data in the UK’s sentinel water framework directive
catchment: the Ribble study. Water Res 39:3967-3981

Kay D, Crowther J, Stapleton CM, Wyer MD, Fewtrell L, Anthony S
et al (2008) Faecal indicator organism concentrations and catch-
ment export coefficients in the UK. Water Res 42:2649-2661

Kistemann T, Classen T, Koch C, Dangendorf F, Fischeder R, Gebel J
et al (2002) Microbial load of drinking water reservoir tributaries
during extreme rainfall and runoff. Appl Environ Microbiol
68:2188-2197

Klein Tank AMG, Wijngaard JB, Kénnen GP, Bohm R, Demarée G,
Gocheva A et al (2002) Daily dataset of 20th-century surface air
temperature and precipitation series for the European climate
assessment. Int J Climatol 22:1441-1453

KNMI (2011a) Waargenomen veranderingen in neerslag 2011. KNMI
(Royal Netherlands Meteorological Institute), De Bilt

@ Springer

KNMI (2011b) Waargenomen veranderingen in temperatuur 2011.
KNMI (Royal Netherlands Meteorological Institute), De Bilt

Mallin MA, Williams KE, Esham EC, Lowe RP (2000) Effect of
human development on bacteriological water quality in coastal
watersheds. Ecol Appl 10:1047-1056

Medema GJ, Bahar M, Schets FM (1997) Survival of cryptospo-
ridium parvum, Escherichia coli, faecal enterococci and
clostridium perfringens in river water: influence of temperature
and autochthonous microorganisms. Water Sci Technol
35:249-252

Meehl GA, Stocker TF, Collings WD, Friedlingstein P, Gaye AT,
Gregory JM et al (2007) Global climate projections. In: Solomon
S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB et al
(eds) Climate change 2007: the physical science basis. Contri-
bution of working group I to the fourth assessment report of the
intergovernmental panel on climate change. Cambridge Univer-
sity Press, Cambridge

Middelkoop H, Daamen K, Gellens D, Grabs W, Kwadijk JCJ, Lang
H et al (2001) Impact of climate change on hydrological regimes
and water resources management in the Rhine basin. Clim Chang
49:105-128

Mohseni O, Stefan HG (1999) Stream temperature/air temperature
relationship: a physical interpretation. J Hydrol 218:128-141

Nichols G, Lane C, Asgari N, Verlander NQ, Charlett A (2009)
Rainfall and outbreaks of drinking water related disease and in
England and Wales. J] Water Health 7:1-8

Oliver DM, Heathwaite AL, Fish RD, Chadwick DR, Hodgson CJ,
Winter M et al (2009) Scale appropriate modelling of diffuse
microbial pollution from agriculture. Prog Phys Geogr
33:358-377

Olyphant GA, Whitman RL (2004) Elements of a predictive model
for determining beach closures on a real time basis: the case of
63rd Street Beach Chicago. Environ Monit Assess 98:175-190

Patz JA, Olson SH, Uejio CK, Gibbs HK (2008) Disease emergence
from global climate and land use change. Med Clin N Am
92:1473

Pfister L, Kwadijk J, Musy A, Bronstert A, Hoffmann L (2004)
Climate change, land use change and runoff prediction in the
Rhine-Meuse basins. River Res Appl 20:229-241

Rose JB, Epstein PR, Lipp EK, Sherman BH, Bernard SM, Patz JA
(2001) Climate variability and change in the United States:
potential impacts on water- and food-borne diseases caused by
microbiologic agents. Environ Health Perspect 109:211-221

Schets FM, Nobel PJ, Strating S, Mooijman KA, Engels GB, Brouwer
A (2002) EU drinking water directive reference methods for
enumeration of total coliforms and Escherichia coli compared
with alternative methods. Lett Appl Microbiol 34:227-231

Schijven JF, de Roda Husman AM (2005) Effect of climate changes
on waterborne disease in The Netherlands. Water Sci Technol
51:79-87

Schilling KE, Zhang YK, Hill DR, Jones CS, Wolter CF (2009)
Temporal variations of Escherichia coli concentrations in a large
Midwestern river. J Hydrol 365:79-85

Schulz CJ, Childers GW (2011) Estimating changes in river faecal
coliform loading using nonparametric multiplicative regression.
J Water Health 9:117-127

Semenza JC, Menne B (2009) Climate change and infectious diseases
in Europe. Lancet Infect Dis 9:365-375

Senhorst HA, Zwolsman JJ (2005) Climate change and effects on
water quality: a first impression. Water Sci Technol 51:53-59

Smith K (1968) Some thermal characteristics of two rivers in the
pennine area of Northern England. J Hydrol 6:405-416

Solomon S, Qin D, Manning M, Chen Z, Marquis AKB et al (2007)
Climate change 2007: contribution of working group I to the
fourth assessment report of the intergovernmental panel on
climate change. IPCC, Cambridge



Influence of climate variables

319

Stott R, Davies-Colley R, Nagels J, Donnison A, Ross C, Muirhead R
(2011) Differential behaviour of Escherichia coli and Campylo-
bacter spp. in a stream draining dairy pasture. J] Water Health
9:59-69

Tryland I, Robertson L, Blankenberg AGB, Lindholm M, Rohrlack T,
Liltved H (2011) Impact of rainfall on microbial contamination
of surface water. Int J Clim Chang Strateg Manag 3:361-373

Tu M, Hall MJ, de Laat PIM, de Wit MJM (2004) Detection of long-
term changes in precipitation and discharge in the Meuse basin.
In: International conference of GIS and remote sensing in
hydrology, water resources and environment (ICGRSHWE).
IAHS Publication 289 Three Gorges Dam, China, 2003,
pp 169-177

Van den Hurk B, Klein Tank A, Lenderink G, Van Ulden A, Van
Oldenborgh GJ, Katsman C, et al (2006) KNMI climate change
scenarios 2006 for the Netherlands. KNMI Scientific Report WR
2006-01. KNMI, De Bilt

Van Lieverloo JHM, Blokker EJM, Medema G (2007) Quantitative
microbial risk assessment of distributed drinking water using
faecal indicator incidence and concentrations. J Water Health
5:131-149

Vital M, Hammes F, Egli T (2008) Escherichia coli O157 can grow in
natural freshwater at low carbon concentrations. Environ
Microbiol 10:2387-2396

Wang G, Doyle MP (1998) Survival of enterohemorrhagic Esche-
richia coli 0157:H7 in water. J Food Prot® 61:662-667

Wang G, Zhao T, Doyle MP (1996) Fate of enterohemorrhagic
Escherichia coli O157:H7 in bovine feces. Appl Environ
Microbiol 62:2567-2570

Wells JG, Shipman LD, Greene KD, Sowers EG, Green JH, Cameron
DN et al (1991) Isolation of Escherichia coli serotype O157-H7
and other shiga-like-toxin-producing Escherichia coli from
dairy-cattle. J Clin Microbiol 29:985-989

Wilkes G, Edge T, Gannon V, Jokinen C, Lyautey E, Medeiros D et al
(2009) Seasonal relationships among indicator bacteria, patho-
genic bacteria, Cryptosporidium oocysts, Giardia cysts, and
hydrological indices for surface waters within an agricultural
landscape. Water Res 43:2209-2223

Wu J, Rees P, Dorner S (2011) Variability of E. coli density and
sources in an urban watershed. J] Water Health 9:94-106

@ Springer



	Influence of climate variables on the concentration of Escherichia coli in the Rhine, Meuse, and Drentse Aa during 1985--2010
	Abstract
	Introduction
	Methods
	Study site description
	Data
	E. coli data
	Climate data

	Statistical analysis

	Results
	Correlations
	Model

	Discussion
	Correlations
	Model performance
	Climate projections and E. coli in surface water
	From E. coli concentrations to risk of disease

	Conclusions
	Acknowledgments
	Appendix
	References


