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Abstract A short-term study concerning the impact of weather fluctuations in Southeast
Norway on microbiological quality of irrigation water sources was performed. The weather
variations were related to a relatively dry and warm period followed by rainfall events
associated with lower air temperatures. Samples of water from a ground well, a pond and a
stream, all used for sprinkler irrigation of fruit and vegetable crops, were investigated for
contamination with faecal indicator bacteria (Escherichia coli – E. coli) and intestinal parasitic
protozoa (Cryptosporidium oocysts and Giardia cysts). Although the groundwater was not
contaminated with these microbes during either period, contamination was detected in surface
waters, with concentrations up to three times higher during the wet/cool period than during the
dry/warm period. An increase in microbial concentrations was observed immediately after the
first rainfall events. These results demonstrate that surface waters commonly used for irrigation
in Southeast Norway are vulnerable to contamination with microbes and this is related to
weather fluctuations. These outcomes are of relevance when considering the impact of
predicted climate change and contamination of agricultural water supplies.
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1 Introduction

Water overexploitation across Europe poses a threat to water resources, and problems with
water scarcity have been widely reported. Although these problems have been most acute in
southern Europe, the spatial extent and severity of water stress also affects the northern parts
(European Environment Agency 2009). The European Commission (2007) estimated that at
least 11 % of Europe’s population and 17 % of its territory have already been affected by water
scarcity. These problems are likely to be more severe in the future, with predicted increases in
the frequency and severity of droughts. In addition, frequent episodes of extreme precipitation
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have been reported. Such events, in particular short but intense rainfall, provides only a
minimal contribution to recharging of aquifers, as runoffs predominates over infiltration of
rainwater, and this may impact on the natural balance of ecosystems, human and environmen-
tal health, and agricultural productivity.

In Norway, over 90 % of water consumed is obtained from surface water, and this is highly
affected by warmer climatic conditions, with shorter periods of ice cover and longer periods
with water circulation, resulting in a reduction in the efficacy of some hygienic barriers against
pathogenic microorganisms (Tryland et al. 2011). Furthermore, extreme precipitation and
runoff will cause an increased risk of microbial pathogen contamination of water sources.
This may develop into a spiral of more infections, greater contamination, and thus further
increases in the risk of infection with waterborne diseases (Tryland et al. 2011).

These consequences are likely to affect agronomic productivity, especially in locations
where agricultural practices depend upon irrigation water. This is of both local and global
importance as 18 % of cropland globally, producing 40 % of all food, is dependent on
irrigation (Carr et al. 2004).

Most pathogenic microorganisms responsible for waterborne diseases originate from a
faecal-oral transmission route. Therefore, faecal indicator bacteria (FIB) are frequently inves-
tigated in determining the hygienic quality of water. In addition, there are a range of human
intestinal pathogens, including some with zoonotic potential, that threaten the sanitary condi-
tions of water; these include a range of bacteria, viruses and parasitic protozoa.

Within the FIB group, E. coli bacteria are the most commonly used as indicators of faecal
contamination in the natural environment of water, soils and plants (Edberg et al. 2000; Lee
et al. 2006; Haller et al. 2009; Palese et al. 2009). E. coli commonly colonises the lower
gastrointestinal tract of warm-blooded animals (mammals, including humans, and birds) and
from there, its preliminary transmission to the environment occurs via faeces, where individual
E. coli can be found at concentrations of 1×109 per gram of faecal matter (Edberg et al. 2000).
The occurrence of E. coli bacteria in the environment is thus a suitable indicator of contam-
ination with faecal matter (Paruch and Mæhlum 2012).

Cryptosporidium and Giardia are recognised as important pathogenic parasites that can be
transmitted by the waterborne route. Cryptosporidium oocysts and Giardia cysts are fairly
robust and resistant in the environment, and thus are widely present in water around the world,
causing waterborne outbreaks of infection (Karanis et al. 2007; Baldursson and Karanis 2011).
Although in Norway the potential for waterborne transmission of the protozoan parasites,
Cryptosporidium and Giardia, has been considered of minor significance, contamination of
water and food by protozoan cysts and oocysts had also been reported (Robertson and Gjerde
2001a, b). Moreover, an extensive outbreak of waterborne giardiasis occurred during 2004/
2005 in Bergen, the second largest city in Norway (Robertson et al. 2006), and this has resulted
in an increased focus on the contamination of Norwegian water sources with these parasites
(Gaut et al. 2008; Robertson et al. 2009; Tryland et al. 2011). Furthermore, there have been
various outbreaks of waterborne and foodborne cryptosporidiosis in other countries in
Scandinavia, particularly Sweden (Robertson and Chalmers 2013).

Climate change with more frequent alternating episodes of long-lasting warm and dry
periods, and short-lasting but extreme events of precipitation will directly affect the microbial
quality of water bodies. Therefore, in order to protect human and environmental health, the
faecal contamination of water sources, especially those used for drinking water and for the
irrigation of fruits and vegetables commonly consumed as fresh produce, should be regularly
monitored (Tryland et al. 2011). For agricultural practices, this is particularly important during
the relatively dry and short growing season, when the higher water demands for irrigation last
until sufficient precipitation occurs. Currently there is little information on the effects of local
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weather conditions on the microbial quality of irrigation water in Norway. The purpose of this
short communication is therefore to briefly present results of a preliminary study investigating
the effects of weather variability on changes in concentrations of intestinal bacteria and
protozoa in waters used for seasonal irrigation in Southeast Norway.

2 Materials and Methods

2.1 Study Sites and Testing Materials

The study was conducted on water samples collected in the agricultural areas of two munic-
ipalities, Ås and Råde, located approximately 30 and 60 km south of Oslo City, respectively
(Fig. 1). Three types of waters were examined: groundwater, standing surface water and
flowing surface water, acquired from a groundwater well (3.5 m in depth), a pond and a
stream, respectively. These waters serve as raw water-supply sources for sprinkler irrigation,
which is the most common irrigation method in Southeast Norway.

Water samples from the ground well and the pond were collected on a strawberry plantation
in the municipality of Ås (Fig. 1). These two water sources have been selected because they
were commonly used in past years for the irrigation of strawberries, which were sold
seasonally on the local market.

Fig. 1 Location of the study sites in Southeast Norway
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Stream water samples were acquired in the rural district of the municipality of Råde, from a
stream named Heiabekken, which reaches the Oslo Fjord via the Kure Fjord (Fig. 1). This
stream was selected because a poultry farm, which included a breeding farm of 250 000
chickens and a layer farm of 5 000 hens, was located in the area upstream of Heiabekken
(approximately 2 km above the sampling point). Therefore, a potential impact of the farms on
stream water quality had been predicted. Water from this stream has been regularly used for the
irrigation of various vegetable crops, including potatoes, maize, carrots, parsley, beetroot,
cabbages, onions and leeks. Due to the agricultural characteristics and scattered locations of
the sampling sites, and the fact that direct pollution from human point sources was not
identified during inspection of the sampling sites, the effect of human faecal pollution on
the microbial quality of tested water was considered to be minimal.

Sampling was conducted on nine occasions (nine sampling sets, each including three
different samples of water collected from the ground well, the pond and the stream) in the
course of a 1-month period, starting at the end of May 2008. This period was chosen to
coincide with the growing season and the main agricultural activities in Southeast Norway,
which begin at around April - May; irrigation requirements are usually considerable fromMay
to July. The sampling period was therefore set in the middle of irrigation season. Interestingly,
May 2008 was very dry in comparison with previous May months of the current century, as
based on climatic data from the AgroMetBase hosted by Bioforsk – Norwegian Institute for
Agricultural and Environmental Research and obtained from two weather stations situated
close to the study sites. One weather station located in Ås was used for weather conditions at
the ground well and pond sampling sites. The other station, located in Tomb, recorded weather
conditions in the vicinity of the Heiabekken sampling site (Fig. 1). The sampling schedule in
comparison with the weather data are summarised in Fig. 2.

2.2 Identification of Microbial Water Pollution

Faecal indicator bacteria represented by E. coli, and intestinal parasitic protozoa represented by
Cryptosporidium and Giardia were selected as relevant markers of contamination of irrigation

Fig. 2 Precipitation and temperature records and the sampling schedule at the study sites
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water. All sampling sets (i.e. 27 water samples; three water samples collected nine times) were
analysed for E. coli, but only two sampling sets were analysed for Cryptosporidium and
Giardia due to the high analysis costs and the financial restrictions of the study.

2.2.1 Tests of Water Pollution with E. coli

Laboratory analyses of E. coli bacteria in all water samples collected were performed at
Bioforsk, Soil and Environment Division in Ås. E. coli concentrations were examined using
the Colilert 18/Quanti-Tray®2000 Method (IDEXX Laboratories Incorporated, Westbrook,
Maine, USA). The scientific background of this method has been described elsewhere in
greater detail (Paruch 2011).

Initial examination of the first set of water samples revealed that the tests for E. coli in the
groundwater and the pond could be conducted on undiluted samples while the water samples
taken from the stream required 10-fold dilution prior to examination. The E. coli tests were
performed in accordance with a four-step procedure, described as follows: 1) Sample/reagent
mixture - the undiluted and/or diluted (with sterile distilled water as a standard procedure
recommended by the Colilert method) samples at a total volume of 100 ml were mixed with
the Colilert 18 reagent in a 100 ml autoclaved glass bottle (DURAN®) and shaken until the
regent was completely dissolved; 2) Tray sealing - the prepared mixtures were poured into the
Quanti-Tray®2000s and sealed in an IDEXX Quanti-Tray Sealer; 3) Incubation - the sealed
trays were incubated at 37 °C for 18 h (according to the manufacturer’s and supplier’s
instructions); 4) E. coli detection - all wells on each tray with yellow colour and fluorescence
(under UV light of 6 Wand 365 nm) were counted as positive for E. coli. After this procedure,
the numbers of positive wells were generated by the Most Probable Number (MPN) technique
using an MPN Generator Program Ver. 3.2 (IDEXX Laboratories Incorporated, Westbrook,
Maine, USA). The final results were reported in terms of E. coli concentration in
100 ml of the tested water and expressed as MPN/100 ml with a detection limit of <1
MPN/100 ml.

2.2.2 Tests of Water Pollution with Cryptosporidium and Giardia

Analyses of pathogenic intestinal protozoa were conducted by the Parasitology Laboratory at
the Norwegian School of Veterinary Science in Oslo. The analytical procedure applied for
detection of Cryptosporidium oocysts and Giardia cysts in the water samples has been
described elsewhere in greater detail (Robertson and Gjerde 2001a). In brief, the analyses
were conducted as follows: 1) Membrane filtration of sample (total volume of each tested/
filtered sample was 10 l); 2) Elution of material from the membrane filter; 3) Concentration of
the eluted material by centrifugation; 4) Isolation of parasites from the concentrated eluted
material by immunomagnetic separation; 5) Staining of the sample concentrate with mono-
clonal antibodies against Cryptosporidium oocysts and Giardia cysts labelled with a fluores-
cent label (AquaGlo, Waterborne Inc., New Orleans, USA) and DAPI, followed by examina-
tion by fluorescence microscopy, with differential interference contrast optics used for confir-
mation of identity.

3 Results and Discussion

At the study sites, May 2008 was the driest month of the entire 2008 growing season (data not
shown), and was the driest May of the century to date. During this relatively dry period,
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isolated rainfall events occurred on the first 2 days of May in Ås and Tomb and then irregularly
within 10 days during the second half of the month (Fig. 2).

While the total month sum of precipitation in Ås was 30 mm, in Tomb only 22.4 mm of
precipitation was recorded. The maximum total daily rainfall was 12.4 mm, and occurred in
Tomb (Fig. 2). The dry and warm period (with air temperatures reaching 20.8 and 20.5 °C in
Ås and Tomb, respectively) lasted over 2 weeks. In June 2008, a 2-week period of quite
intensive rainfall associated with lower air temperatures occurred (Fig. 2).

The dry period during the growing season resulted in a high demand for irrigation, and all
crops, in particular strawberries, were intensively irrigated. The weather conditions affected
not only the quantity, but also the microbiological quality, of the water used. Although neither
FIB nor intestinal protozoa were detected in water samples collected from the ground well,
faecal contamination was detected in all surface water samples. This is unsurprising as it is
widely accepted that surface water bodies are more vulnerable to contamination than ground-
water reservoirs due to the lack of natural soil protection (Kistemann et al. 2002; Tryland et al.
2011).

The concentrations of E. coli in surface waters decreased continuously during the dry/warm
period but increased immediately following the rainfall events (Figs. 3 and 4). This phenom-
enon has been previously reported (Kistemann et al. 2002; Whitman et al. 2008; Rijal et al.
2009; Tryland et al. 2011). Kleinheinz et al. (2009) found that an increase in bacterial
concentrations in water is associated with almost all storms with rainfall greater than 6 mm.
In addition, the first precipitation event following the dry season may cause transport of FIB
into water bodies, and the number of bacteria is influenced by precipitation events up to
1 week prior to sampling, although recent rainfall (up to 3 days) tends to exhibit the strongest
relationship with bacteria numbers (Patz et al. 2008; Tryland et al. 2011). These findings
associate well with the results obtained in this study, as the numbers of E. coli began to
increase immediately after the rainfall following the dry/warm period and an increase was
observed after precipitation greater than 6 mm (Figs. 3 and 4). Thereafter, the E. coli
concentrations in both the stream and the pond rose continuously with the rainfall events.

Fig. 3 Changes in microbial concentrations in the water samples collected from the stream Heiabekken
throughout the weather fluctuations; the dry/warm and wet/cool periods
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The maximum concentrations of E. coli recorded in the stream and pond during the wet/cool
period were approximately two and three times higher, respectively, than the minimum
concentrations recorded in the dry/warm period, respectively (Figs. 3 and 4).

The results of this study cannot be directly compared with the hygienic parameters defined
in the earlier Norwegian classification of water suitable for irrigation (SFT 1997), as these
parameters refer to coliforms and thermotolerant coliform bacteria (TCB). These indicators can
originate from the environment, and thus do not necessarily indicate faecal contamination
(Paruch and Mæhlum 2012). However, an indirect comparison can be made as E. coli is a
subgroup of TCB, and thus, from the theoretical point of view, concentrations of E. coli shall
not exceed concentrations of TCB (Paruch and Mæhlum 2012).

According to the hygienic parameters used in the Norwegian classification, fruits and
vegetables that are eaten raw without peeling should not be irrigated with water containing
more than 2 TCB/100 ml (SFT 1997). This number was exceeded by minimal concentrations
of E. coli in both irrigation water sources at the study sites (Figs. 3 and 4). In particular, the
stream water was highly contaminated with E. coli, which exceeded more than 100 times the
limit for TCB (Fig. 3). Alternatively, it is permitted that fruits and vegetables are irrigated with
water containing up to 20 TCB/100 ml, but irrigation must be completed 2 weeks before
harvesting (SFT 1997). Even with this alternative, the stream water contained E. coli concen-
trations more than 10 times higher than the limit for TCB, and therefore could not be classified
as being suitable for irrigation water.

Although the presence of FIB indicates recent faecal contamination, the bacteria may also
survive in soil sediments, sand and filter materials (Patz et al. 2008; Whitman et al. 2008;
Paruch 2011), be re-suspended during precipitation events and flushed with subsequent runoff
directly into water bodies. Therefore, diffuse pollution from agricultural runoff may also be
considered to represent faecal contamination of surface waters. As reported by Sargeant et al.
(2004), animals such as cattle contribute not only to direct faecal water pollution (droppings of
excreta), but also to indirect contamination by facilitating the transmission of E. coli, as cattle
movements raise bacteria surviving in the soil to the surface enabling their runoff. Although

Fig. 4 Changes in microbial concentrations in the water samples collected from the pond on the strawberry
plantation throughout the weather fluctuations; the dry/warm and wet/cool periods
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rainfall is the main vehicle transporting FIB into water bodies, it has also been reported that
E. coli can remain viable in aerosols, and thus wind can also disperse bacteria, causing
contamination of surface waters (Sargeant et al. 2004).

Similarly, Cryptosporidium oocysts and Giardia cysts can be re-suspended from soil and
sediments (where they may survive for months) and transported for long distances after rainfall
events (Kistemann et al. 2002; Tryland et al. 2011). These parasitic protozoa were not detected
in water samples collected at the study sites during the dry/warm period, but the analyses of
samples collected after rainfall revealed contamination with both Cryptosporidium oocysts and
Giardia cysts (Figs. 3 and 4).

Faecal contamination was assumed to be of animal origin, and for the stream study site
(Heiabekken), the contribution of the poultry farm (located upstream) was assumed to be
important. The lowest and highest concentrations of E. coli in this stream (Fig. 3) were 30- and
17-times higher, respectively, than the corresponding concentrations in the standing surface
water (the pond near Ås) (Fig. 4). Furthermore, the parasitic protozoa predominated in
Heiabekken, where three Giardia cysts (the number might have been even higher as many
cyst like objects were detected, which could have been deformed/partially decayed Giardia
cysts) and one Cryptosporidium oocyst were detected in comparison to one cyst and no
oocysts detected in the pond (Figs. 3 and 4). Although both parasites are most commonly
associated with animals such as cattle and sheep, some species of Cryptosporidium can occur
in chickens (Soltane et al. 2007; Government of Canada 2009; Nakamura et al. 2009) and may
also be transported to the water source via wild aquatic birds. Gulls, geese and ducks, which
lead both terrestrial and aquatic lifestyles, transmit these parasites over great distances and
different locations (Ziegler et al. 2007; Tsiodras et al. 2008; Majewska et al. 2009; Plutzer and
Tomor 2009; Lasek-Nesselquist et al. 2010). Such birds, in particular gulls, had been observed
at the study sites on every occasion of sampling. Bird droppings were commonly found around
the sites, thus they can also be expected in surface waters. Alternative sources of contamination
potentially containing these parasites could not be identified.

The FIB characterized by E. coli was examined using the Colilert system which does not
require any confirmation steps and demonstrates the highest accuracy in the detection of E. coli
in comparison to other standard methods used (Paruch 2011). Regarding the examination of
parasitic protozoa, the analytical method results in considerable losses, such that the actual
contamination of the water was probably higher than that described in these results. Therefore,
a scientifically valid assessment of microbial risk associated with irrigation water could not
have been performed. In future studies, we would recommend that molecular methods are also
employed, not only as an alternative detection method, but also to determine the species and
subtype of parasites detected and thus determine not only their public health significance (not
all species of Cryptosporidium and Giardia are infectious to humans), but also where they
have probably originated.

4 Conclusions

This preliminary research study revealed that extreme weather alternations influenced the
microbial quality of water used for agricultural irrigation in Southeast Norway. The quality
was expressed in terms of concentrations of E. coli, Cryptosporidium oocysts and Giardia
cysts. Although these microbes were not detected in groundwater (naturally protected by soil
mass), they were present in surface water samples collected from a stream and a pond. The
presumed origin of these microbes in the surface waters was animal faecal contamination;
samples of stream water revealed E. coli concentrations up to 30 times higher than in water

122 A.M. Paruch et al.



samples collected from the pond, and this may be related to the poultry farm located upstream
of the sampling site.

During the dry/warm period, concentrations of E. coli were lower and contamination with
Cryptosporidium oocysts and Giardia cysts was not detected in the surface waters tested.
Nevertheless, even during this period, the quality of these waters was still not acceptable for
irrigation of fruits and vegetables, which are eaten raw without peeling according to the
Norwegian classification of water suitable for irrigation. E. coli concentrations increased
directly after the first rainfall events and the longer the wet/cool period, the higher were the
concentrations of E. coli detected. Rainfall for almost 2-weeks increased E. coli numbers by
100 and 200 % in the stream and the pond, respectively. During this wet/cool period,
Cryptosporidium oocysts and Giardia cysts were also detected in the water samples.

These extreme variations in E. coli concentrations and the detection of Cryptosporidium
oocysts and Giardia cysts demonstrates that surface water sources are vulnerable to weather
variations in Southeast Norway. As the groundwater tested was not affected by the weather
variations and was of good microbial quality throughout the study period, this could be
suggested as a source for irrigation water for vegetables and fruits in these locations.

Climate change appears to be inevitable and more extreme precipitation is predicated and
thus greater abrupt runoff will occur; thus, our data suggest that greater emphasis must be
placed on the quality of irrigation water, and local/national guidelines need to be developed.
Further studies that expand upon this preliminary research are required to address the impact of
frequent weather fluctuations, along with the larger picture of climate change, on the microbial
safety of irrigation water and thus on human and environmental health.
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