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Spatial and seasonal patterns in the positive rates of total coliforms and Escherichia coli in Alberta well water were

investigated to gain insight into well water microbial contamination. Analysis was conducted in the presence of total

coliforms (77135 tests) and E. coli (77132 tests) in well water from 2004 to 2009 along with monthly estimates of

precipitation, all of which were aggregated to 13 zones across Alberta by using Voronoi tessellation. Regression

combined with autocorrelation analysis was employed to develop wave functions for data assembled in each zone.

Precipitation was found to peak in June or July in all 13 regions. The positive E. coli rate was found to peak in June, July

or August, but the positive total coliform rate peaked in August, September or October. Spatial statistical analysis

revealed a potential association of total coliforms and E. coli with precipitation in two heavily populated basins. Spatial

density analysis revealed a cluster of positive tests of total coliforms and E. coli in a narrow spatial extent in June and

July of 2005.

Notation
c mean of the function
et error at time t
m amplitude of the sine wave function
p period
t time: months
zt response at time t
ϕ initial phase

Introduction
Waterborne disease outbreaks can result from microbial
contamination of well water (Corkal et al., 2004; Raina et al.,
1999), and the Walkerton tragedy, which occurred in a small
community in Ontario in 2000, is one example of how groundwater
contamination is an ongoing concern in Canada, particularly in rural
regions that largely rely on groundwater as their primary source
of potable water. Thus, understanding the temporal and spatial
variability in groundwater contamination can assist in developing
groundwater sampling, monitoring and management programmes.

Studies exploring the factors influencing waterborne disease
outbreaks in Canada include those of Schustre et al. (2005), who
showed that heavy rainfall was associated with disease outbreaks
from drinking water, and Thomas et al. (2006), who suggested that
extreme rainfall and warmer temperatures were associated with high

rates of waterborne disease outbreaks between 1975 and 2001.
Studies on surface water quality and the seasonal effects of hydro-
climatology have demonstrated that increased overland flow and
shallow groundwater infiltration close to the surface would likely
lead to an increase in the probability of faecal contamination (Hynds
et al., 2012). Ueijo et al. (2014) found gastrointestinal illness in
children increased in weeks with more precipitation (against drier
weeks) in municipalities with untreated drinking water from a surface
source. Microbial indictors in surface waters have been shown to be
dependent on environmental factors and seasonality (Davis et al.,
2005; He et al., 2010, 2015) and will peak after heavy rain events
(Chigbu et al., 2004; Hyland et al., 2003; Mallin et al., 2001). Recent
studies further confirm these associations, with O’Dwyer et al. (2015)
using logistic regression to show that antecedent rainfall and high
intensity rain events were strongly associated with waterborne
outbreaks of Escherichia coli regionally – although neither surface or
groundwater sources were indicated.

Temporal and spatial variations in the physiochemical quality of
groundwater have been investigated in previous works (Bjerg and
Christensen, 1992; Fendorf et al., 2010), but studies in microbial
contamination in groundwater are rare. Waterborne disease
outbreaks were strongly associated with extreme precipitation in
both surface water and groundwater contamination (Curriero et al.,
2001), but the authors found a 2-month lag between precipitation
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and E. coli in groundwater. Jean et al. (2006) looked at groundwater
samples collected with rainfall data to study the associations
between rainfall rate and an enterovirus epidemic in Taiwan. Using
logistical regression, they found a statistically significant association
between rainfall rate and cases of the infection and confirmed that
the virus was present in locally used groundwater samples. Hynds et
al. (2014) conducted a review of enteric pathogen contamination in
groundwater for the periods of 1990 and 2013. Their analyses found
no significant association between precipitation and occurrence of
faecal indicators but did find an association between faecal indicator
presence and poorly constructed wells – suggesting a hydro-
climatological source of contamination into the well.

The majority of rural residents in the province of Alberta
(approximately 19%) rely largely on groundwater wells as source of
potable water (Alberta Health, 2014), with the density of domestic
wells decreasing northward in the province. While annual trends in
waterborne disease infection vary within Alberta and nationally,
incidences of waterborne E. coli infection were roughly 50% above
the national average (between 1985 and 1998) (Alberta Health,
2014). The use of groundwater is expected to intensify in Alberta;
thus, effort needs to be directed to safeguarding these resources,
which requires an understanding of the spatial and temporal
variations in groundwater quality in this region. The objective of
this paper is to examine the potential influences of precipitation on
two microbial indicators – total coliforms and E. coli – in Alberta
well water from both a spatial and a temporal (seasonal) perspective.

Methods

Sample collection and assay
The Alberta Provincial Laboratory for Public Health (ProvLab) is a
government agency tasked with providing laboratory services for
medical diagnostic and environmental monitoring functions. In
conjunction with environmental monitoring, the laboratory performs
a variety of tests that assess the quality of surface water and
groundwater for the province. Samples of well water are collected
by private well owners and shipped on ice to ProvLab for assay
voluntarily. The sample undergoes testing within 24 h of the time of
collection; otherwise, the sample is discarded.

The assay of total coliforms and E. coli in the database was
performed according to standard procedure (APHA, 1992). This
procedure is the commercial Colilert defined substrate method
(Idexx Laboratories) that may be used for presence/absence (P/A) or
quantification testing with Quanti-Tray or Quanti-Tray/2000. This
approach differs from traditional media, which provide a nutrient-
rich environment that also supports the growth of non-target
organisms and, consequently, could lead to false positives. When
used for P/A testing, the procedure performs two P/A tests
simultaneously on each sample, one for total coliforms and one for
E. coli, noting that an E. coli positive must also result in a positive
for total coliforms. All test results are kept on file electronically for
approximately 7 years in the agency’s Laboratory Information
System (LIS).

Database construction
Total coliform and E. coli data for private (and semi-private) well
water were extracted from the LIS database for the period of April
2004–March 2009. This resulted in a total of 77 135 tests for total
coliforms and 77132 tests for E. coli. Monthly precipitation records
were obtained from the Adjusted Historical Canadian Climate Data
set provided by Environment Canada. These data were available up
to August 2007 (Environment Canada, 2015). Thirteen rain gauge
stations that have a complete record of monthly precipitation for
the period were found in the study area, and their locations are
presented in Figure 1. This paper used Geographic Resources
Analysis Support System (Grass) to perform qualitative analysis and
some of the quantitative analysis described in the next sections.
It was used to create raster maps for data management, spatial
modelling and visualisation of the data (Neteler and Mitasova,
2008) by using its animation tool. A Voronoi diagram (Bailey and
Gatrell, 1995) was employed to divide the study region into
Thiessen polygons based on proximity to a specific point (the rain
gauge location) by using a Euclidean distance. The data were then
grouped into subsets based on the Thiessen polygons for further
analysis. Thiessen polygons for each of the 13 rain gauge stations
used are also shown in Figure 1. In each polygon (zone), four
monthly time series data sets, (a) precipitation, (b) number of tests,
(c) positive total coliform rate and (d) positive E. coli rate, were
assembled. The positive total coliform rate was calculated by
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Figure 1. Rain gauges used and Thiessen polygons generated using
Voronoi diagram
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dividing the number of positive tests by the total number of tests.
The positive E. coli rate was calculated in the same manner. Spatial
data analysis was conducted through a variety of methods and
temporal variability; specifically, seasonal periodicity was
determined using signal processing methods and is described in the
following sections.

Spatial data analysis
Visualisation of continuous representations
of contamination
First, analysis by visualising two or more raster maps
simultaneously and consequently their potential associations were
determined with Grass. A sequence of raster grids was created using
the second-order inverse distance-weighted (IDW) interpolation
method (Bailey and Gatrell, 1995; Neteler and Mitasova, 2008) for
precipitation. Note that each raster map was created using data at
a specified time period, thus providing some information on the
temporal variations as well.

Density analysis
To investigate the spatial variation in the variables of interest, a
simple and intuitive density analysis in Grass based on quadrats
(Bailey and Gatrell, 1995) was conducted. The density analysis
divides a rectangle enclosing the province of Alberta into square
cells or quadrats. The procedure produces a raster grid in which
the value of each cell is the ratio of the number of specimens that
tested positive to the total number of specimens tested. Separate
rasters were created for total coliforms and E. coli at resolutions of
10, 20 and 40 km. Some cells contained no value because no tests

were performed in the cells. In addition, some cells had such a
small number of specimens that the rate could not be estimated
accurately.

Cluster analysis
This paper applied two cluster analysis approaches to identify
quantitatively the critical region(s) of the variables of interest. The
first approach is the contingency table method, which partitions
the data and uses the p-value to determine the significance of the
partition. This approach requires a presumptive decision on how to
partition the data. In addition, in the case of relatively low statistical
significance, there is an increased likelihood of the appearance of
false clusters if the data are divided repeatedly and the tests are
performed many times. The second approach is to use the scan
statistical approach within a free software package, SaTScan
(Kulldorff, 2009). The scan statistic approach, which is to cluster
randomly positioned points, does not need presumptive decision to
partition data. SaTScan searches the clusters by the exhaustive
enumeration of all partitioning schemes spatially based on predefined
geometries and selects the most promising clusters by using a
likelihood ratio test. Once a promising partitioning scheme has been
found, Monte Carlo simulation is used to determine the significance
of the cluster. SaTScan provides several probability models, such as
the Bernoulli model, the exponential model and the normal model,
when searching for clusters. The Bernoulli model (Kulldorff, 1997)
was chosen as the most appropriate for this study, as positive test
results constitute cases and negative results are controls. Two options
exist for the geometry of clusters: circles and ellipses. The ellipse
geometry, which was selected for the analysis, is a superset of the

(a) (b)

420 mm

30 mm

Figure 2. E. coli positive results in (a) June of 2005 and (b) July of
2005 shown as filled circles over interpolated rainfall. The irregular
enclosed polygon in the lower left is the Paskapoo aquifer
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Figure 3. Density of E. coli rate based on (a) 10-, (b) 20- and (c) 40-
km quadrats
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circle and requires longer run times as ellipses of varying proportions
and orientations are considered in addition to circles.

In addition, the Wilcoxon rank-sum test, which is non-parametric
statistical test, was employed to detect if significant difference in
medians of two data sets exists. All the statistical analyses were
conducted at the significance level of 5%.

Analysis for seasonal periodicity
A variety of methods exist for the spectral analysis of periodic
data. Many of these methods were developed for the field of
signal processing (Smith, 1997) and are often not appropriate for
the applications of the type in this paper. Thus, for this work,
the simplest function – a single sine wave function given by
Equation 1, was fit to the observed data

zt ¼ msin
2π

p
t þ ϕ

� �
þ cþ et

1:

where zt is response at time t, t is time (in months), m is the
amplitude of the sine wave function, p is the period, ϕ is the initial
phase, c is the mean of the function and et is the error at time t.
Autocorrelation (Box and Jenkins, 1976) is used to determine p of
the sine wave function. Once p is determined, a combination of trial
and error and regression analysis is used to determine ϕ, m and c.
Here, ϕ is the product of π/6 and one of 12 possible values (from 0
through 11) corresponding to each of the 12 months. The value of ϕ
is determined by evaluating all 12 possible functions. The ϕ that
yields the best performance, is selected. The values of the remaining
two parameters, m and c, are determined through least-squares
regression. The performance of the regression models is evaluated
using the coefficient of determination (R2), and the p-value is
calculated from the F test. The best-fit model has the highest R2 and
the lowest p-value.

In the development of sine wave functions to simulate the four time
series, autocorrelation analysis was performed and a correlogram,
which is a scatter plot of the sample autocorrelations against the time

Figure 4. E. coli cluster from June and July 2005 and river basins.
The dark grey area is the suspected cluster region, the lower grey
polygon is the Bow River Basin and the upper grey polygon is the
Red Deer River Basin
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lags, for each data set in each zone was created to determine the value
of p. In the analysis, autocorrelations were calculated from a 1-month
time lag up to a 30-month time lag. The same approach was used to
determine the other parameters, including m, c and ϕ in Equation 1,
for each time series in each zone. An example of a correlogram for
the number of tests in the Carway zone is illustrated in Figure S1.
The development of the sine wave function for the number of tests at
the Carway zone is available in the Supplementary Material and the
best-fit equation that results for this zone.

Results

Spatial associations between microbial indictors
and precipitation
The animation in Grass was used to investigate the number of
positive tests of both total coliforms and E. coli in relation to
precipitation on a monthly basis. Based on the availability of
precipitation data, the data from April 2004 to August 2007 inclusive
were used in the analyses. Quadrat cells with a test count of six or
less were discarded to avoid random errors resulting from small
sample sizes. A separate animation was created for each month,
including the point locations of any well that tested positive for total
coliforms or, alternatively, positive for E. coli. The point data for
each month and an outline map of Alberta including relevant
physical features were overlaid on the corresponding IDW raster grid
for interpolated precipitation. Figure 2 shows the point locations of
wells that tested positive for E. coli during the months of June and
July 2005, the Paskapoo aquifer formation in the lower left of the
province (Grasby et al., 2008) and the interpolated precipitation.

By observing visually the overlaid raster maps for every month over
the study time period, the number of positive tests for total coliforms
and E. coli and precipitation amount were consistently higher in the
summer months than in the winter months for all years. The numbers
of positive tests for total coliforms and E. coli both appeared
randomly distributed over the study area, in general, with little
evidence of spatial clustering; however, the positive tests appeared
concentrated in a crescent-shaped region extending from the southern
edge of the Paskapoo Formation in June and July of 2005. The
region of the suspected cluster falls within the Red Deer River and
Bow River basins in a narrow band falling between elevations of
1000 and 1300m above mean sea level. However, a region of high
rainfall observed upstream of the crescent-shaped region in the
month of June 2005 (Figure 2) was not seen in July of 2005.

Density analysis of microbial indicators
Density analyses were performed using 40-, 20- and 10-km
quadrats for both the positive total coliform and E. coli rates. In the
analyses, the data collected during April 2004 to March 2009 were
used. The analyses produced six maps in total. The density maps
for the positive E. coli rates developed for each quadrat resolution
are shown in Figure 3. In the map, some quadrats contain no value
because no tests were performed in those quadrats. On the other
hand, some quadrats have such a small number of samples that the
rates cannot be estimated accurately. As illustrated in Figure 3, and

in the maps produced for total coliform densities (not shown here),
the rates are, in general, low and in the range of 0·3–0·4 in many
quadrats. When the analysis was conducted for each month (results
not shown), obvious dense region of positive tests were observed
only in the months of June and July of 2005, thus implicating the
effect of rainfall on the presence of total coliforms and E. coli
upstream of the crescent-shaped region in Figure 2.

Density analysis for the pooled 5-year data indicated that the
positive total coliform and E. coli rates were low (in the range of 0–
0·1) in the majority of quadrats. When using data in the months of
June and July of 2005, the density analysis demonstrated a denser
region of positive results, located upstream of the Kananaskis rain
gauge where an extreme rainfall event was recorded in June of
2005. The results suggest that ignoring the seasonal/or periodical
variation in microbial indicators would even out their spatial
variations, which may be very pronounced in a short time period
(such as in June and July of 2005 in this study time period). Thus,
the density maps created based on a pool of data over a long time
period cannot detect variations effectively over a short duration. On
the other hand, there is a trade-off between accuracy in estimating
rates and the ability to discern spatial variability. A larger number of
tests in a quadrat, which can be realised by increasing the size of the
quadrat, will tend to yield a more accurate estimate of the rate.
However, an increase in quadrat size would smooth out local spatial
variations in rates. In contrast, random errors in the estimation of the
rates may lead to the creation of false spatial variability when using
small quadrats.

Microbial
indicators

Total number of
observations

Total number
of tests

Total coliform Group 1 Group 2

A Positives 999 3253 4252
Negatives 1145 14 826 15 971
Total 2144 18 079 20 223

B Positives 1280 2972 4252
Negatives 1519 14 452 15 971
Total 2799 17 424 20 223

E. coli Group 1 Group 2
A Positives 342 498 840

Negatives 1802 17 580 19 382
Total 2144 18 078 20 222

B Positives 434 406 840
Negatives 2365 17 017 19 382
Total 2799 17 423 20 222

Marginal totals from the suspected/or identified cluster region are
reported in column for group 1, while the results from their exterior
regions are documented in the column for group 2

Table 1. Contingency table for suspected cluster region (A) and
its exterior region and identified cluster region (B) by SaTScan and
its exterior region for June and July of 2005
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Clustering of microbial indicators
The Wilcoxon rank-sum test was used to assess whether the positive
rates of total coliforms and E. coli in June and July of 2005 were
significantly different from those in June and July for every other

year in the time period for all locations in the study region. The test
indicated that the positive rates in June and July of 2005 are
significantly higher than in other years. Therefore, the cluster analysis
was conducted using only the data collected from these 2 months.

Figure 5. E. coli cluster from June and July 2005 identified by
SaTScan using elliptical geometry. Positives are shown as black dots;
negative results are light grey
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Figure 4 displays the spatial distribution of the positive E. coli tests
in June and July of 2005 over the entire study region. The figure
indicates a potential cluster region straddling the Bow River and
Red Deer River basins. It was also observed that this potential
cluster of positive tests seems to fall largely between elevations
of 1000 and 1300m above sea level. Using Grass and a digital
elevation model of the region, this suspected cluster region was
created as that area bounded by these two elevations across the
two basins and is indicated in dark grey in Figure 4. Table 1, the
contingency table, provides the marginal totals of positive and
negative tests, in and out of the suspected cluster region shown in
Figure 3. A Monte Carlo simulation indicated that positive results
for the suspected cluster region were significant with a p-value less
than 0·01. Cluster analysis results using SaTScan are illustrated
in Figure 5. In this figure, the positive tests are shown as black
circles and negative tests are shown in light grey circles. The ellipse
shown in this figure is the region identified as exhibiting significant
clustering. Table 1 also provides the marginal totals of positive and
negative tests, in and out of the cluster region identified in SaTScan.
The calculated p-values for all cases are less than 0·01. Similar
results were obtained for total coliforms but are not shown.

The animations indicated seasonal variations in precipitation and the
number of positive tests of total coliforms and E. coli. The results
also demonstrated that the positive tests for total coliforms and
E. coli in June and July of 2005 were observed concurrently with
extreme rainfall recorded in June of 2005 in the Red Deer River
and Bow River basins. The monthly precipitation recorded at the
Kananaskis rain gauge station in June of 2005 was 422mm, which
is more than four times higher than the monthly average at this
station during the 5-year study period. The high precipitation in
June 2005 appeared to result in high positive tests of both total
coliforms and E. coli in the month of June and even a month later in
July 2005. These results might suggest the prolonged effects of

rainfall (2 or more than 2 months) on microbial contamination in
groundwater in this region. Both the suspected cluster shown in
Figure 4 and the cluster identified by SaTScan also demonstrate that
in June and July of 2005, many positive tests of total coliforms and
E. coli were located in a region that received extreme amounts of
rainfall in June of 2005. The results from the contingency table
along with calculated p-values confirmed statistically that the
number of positive tests of total coliforms and E. coli in both the
suspected and identified cluster regions were significantly higher
than those in their corresponding exterior regions. In addition, the
elliptical cluster region identified by SaTScan appears to be slightly
more significant than the suspected clustering region bounded by
elevation for both total coliforms and E. coli.

Seasonal periodicity
Close visual inspection (data not shown) of the total number of tests
each month revealed substantial seasonal variation in all 13 zones,
with a higher number of tests occurring during the summer months.
The number of positive total coliform and E. coli tests also
exhibited seasonal variations. Similarly, the positive total coliform
and E. coli rates also revealed evidence of seasonal periodicity in
the form of repeated peaks and valleys spaced approximately 12
months apart.

The analysis described previously for the number of tests was also
performed for precipitation, positive total coliform and E. coli rates
for all 13 zones with the peak month calculated and shown in
Table 2. Throughout the province of Alberta, precipitation peaked in
either June or July. The number of tests undertaken in 1 month also
reached a peak in July at all zones except at Calgary, where the
peak occurred in June. The positive total coliform rate had peak
months ranging from August to October, with the majority (9 of 13)
occurring in September. The positive E. coli rate peaked 1 or 2
months earlier than the positive total coliform rate at all zones

Zone Number of tests Precipitation
peak

Number of tests
peak

Positive E. coli
rate peak

Positive total coliform
rate peak

Athabasca 3565 July July August September
Calgary 13 167 June June July August
Calmar 10 689 July July July September
Camrose 5754 July July August September
Carway 6929 June July August September
Cold Lake 3296 July July August October
Drumheller 2820 June July August September
Jenner 2771 June July August September
Kananaskis 5788 July July July August
Peace River 3750 June July August September
Red Deer 12 906 July July July September
Waseca 1628 July July July September
Whitecourt 7200 July July June October

Table 2. Peak months calculated from developed spectral models
at all 13 zones in Alberta
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except at Whitecourt, where the peak occurred 3 months earlier than
the positive total coliform rate. In addition, the positive E. coli rate
always peaked after 0–2 months within the peak for precipitation
at most zones, whereas it peaked earlier than precipitation at
Whitecourt. Overall, the precipitation peaked in June–July, followed
by the peak of positive E. coli rate in June–August, followed by the
peak of the positive total coliform rate in August–September in the
study region.

Figure 6 shows graphically the observed and predicted positive total
coliform and E. coli rates by the developed sine wave functions
using the pooled data from all 13 zones. It is not surprising that the

positive E. coli rate is always lower than the positive total coliform
rate as E. coli is a subset of total coliforms. The developed sine
wave functions predict quite well not only the seasonal patterns of
positive total coliform and E. coli rates quite well but also their
magnitudes. In addition, the figure also demonstrates clearly that
there is a consistent time lag between the periodicity of the positive
E. coli rate and the positive total coliform rate and that the peak
of the positive E. coli rate always appears before the peak of
the positive total coliform rate in the observations. All these were
captured quite well by the developed sine wave functions. It can
been seen from Figure 6 that the observed positive total coliform
and E. coli rates are relatively high from months 15 to 21, which
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Figure 6. Observed (shaded bars) and predicted (solid lines) positive
(a) total coliform and (b) E. coli rates using single sine wave
functions
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correspond to the period of June to December of 2005. The sine
waves functions underpredicted the observations during this time
period.

It has been acknowledged that E. coli does not survive well in non-
host environments for extended periods of time other than in tropic
climatic regions (Winfield and Groisman, 2003). Some coliforms
are known to survive and grow in the environment. In laboratory
experiments, the growth of coliforms has been observed, while the
growth of E. coli was not detected (Geldreich, 1967). The time lag
between the seasonal variations in positive total coliform and E. coli
rates might be explained by the fact that there are differences in
their persistence, fate and regrowth capability in the environment.
Several studies in the literature cited earlier note the strong influence
of temperature on contamination levels. The precipitation accessed
from Environment Canada was total precipitation, which includes
snowmelt. E. coli and total coliforms are not expected to grow or
thrive in cold, winter months in Alberta, nor are hydrological
processes in sub-zero conditions similar to those of above-zero
conditions. While snow accumulation in winter months does affect
surface run-off during freshet and groundwater recharge within
the same year, the results observed in this work can be used only
to suggest associations that are really valid only in above-zero
temperature conditions within Alberta.

The wells in Alberta pull from various aquifers in the region,
all with varying characteristics and, therefore, varying well depth.
Precipitation patterns are not necessarily correlated with aquifer
formation, and the aquifers sustaining the wells vary extensively
across the province; yet the results in this study were similar across
the aquifers. This may suggest that shallow groundwater processes
(that is, subsurface run-off processes), which are dependent on
shallow soil and topographic characteristics, may have a greater
influence on the observations seen in this paper than deeper
geological formations. Compromised well integrity (such as in
poorly capped wells) can create vulnerability to shallow water
pathways. Surface water flow pathways that are Hortonian,
interflow, or saturation excess overland flow (Valeo and Moin,
2001) could all lead potentially to contamination of a well from
contaminated stormflow. Because the Thiessen polygons were
generated based on proximity to a rain gauge, it is distinctly
possible that a well in any given location is affected by groundwater
and surface water hydrological pathways that are outside the
Thiessen polygon attributed to that well. Therefore, future studies
should involve a tessellation scheme based on watershed delineating
zones of surface or subsurface drainage.

When considering the results of this study, it is important to bear in
mind that water samples were submitted voluntarily by the wells’
owners. A sample might be submitted given the suspicion that the
water may be contaminated due to unusual taste, odour, colour or
some other factors. Therefore, the positive total coliform and E. coli
rates and the number of tests do not reflect necessarily those that
would be observed with randomised or systematic testing. For this
reason, the rates of positive results could be higher than would be

expected when conducting random sampling. In addition, there are
limitations with the methods used for the assay of the bacteria in
the Colilert method, with the collection of precipitation with rain
gauges and with other methods/equipment used in constructing the
database.

Conclusions
Spatial statistical analyses and tests of seasonal periodicity conducted
in this study on precipitation and positive test rates of total coliform
and E. coli suggest increasing microbial contamination after heavy
rain events in shallow groundwater wells, which are a primary
drinking water source in the rural area of Alberta. The analysis
revealed the following.

■ A cluster region prone to the impacts of extreme rain events
was identified in the Red Deer River Basin.

■ Seasonal periodicity analysis for all variables investigated
showed a periodicity of 12 months at all zones in Alberta.

■ After precipitation peaks, the positive E. coli rate peaks, and
then the positive total coliform rate peaks.

■ When attempting to correlate the positive test rates with
precipitation, very strong correlation coefficients did not result,
because of the existence of time lags among their seasonal
variations. This is likely because of a lack of attention to
temperature as a variable affecting microbial growth in the
wells. Thus, conducting the analysis by using temperature is
recommended.

The results suggest a need to develop well water-monitoring
programmes that consider precipitation variability in the province
because precipitation and surface run-off appear to be important
factors influencing groundwater contamination. Potentially, increasing
the sampling frequency and locations after extreme events to detect
microbial contamination early may be a recommendation for this
monitoring programme. On the other hand, further understanding
of what magnitude of rain events result in microbial contamination
of well water and to what degree (which may be location specific)
is needed for developing efficient groundwater monitoring and
management.
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