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Relationship between water quality parameters and bacterial
indicators in a large prairie reservoir: Lake Diefenbaker,
Saskatchewan, Canada
R.L. North, N.H. Khan, M. Ahsan, C. Prestie, D.R. Korber, J.R. Lawrence, and J.J. Hudson

Abstract: Lake Diefenbaker (LD) is a large reservoir on the South Saskatchewan River used for agricultural irrigation, drinking
water, and recreation. Our objectives were to determine the distribution and abundance of bacterial indicators in embayments
and the main channel of LD and to relate these to environmental factors. Total coliforms (TCs), fecal coliforms (FCs), and fecal
indicator bacteria (i.e., Escherichia coli) were measured concurrently with water quality parameters. Although TCs, FCs, and E. coli
were present in LD, they rarely exceeded the TC and FC Canadian Council of Ministers of the Environment (CCME) water quality
standards for agricultural use (1000 colony-forming units (CFU) per 100 mL and 100 CFU per 100 mL, respectively). The correlation
between the bacterial indicators in the sediments and the water column indicates that higher embayment abundances may be
related to sediment loading and (or) resuspension events in these frequently mixed embayments. With higher water tempera-
tures and water levels, as well as higher microbial activity, CCME bacterial limits may be exceeded. The greatest contributor to
bacterial indicator abundance was water temperature. We predict that water quality standards will be exceeded more frequently
with climate warming.

Key words: microbial, coliforms, climate change, water temperature, hierarchical partitioning.

Résumé : Le lac Diefenbaker (LD) est un vaste réservoir le long de la rivière Saskatchewan Sud qui est exploité pour l’irrigation
agricole, l’eau potable et les loisirs. Nos objectifs étaient de déterminer la distribution et l’abondance d’indicateurs bactériens
dans les échancrures et le canal principal du LD, et d’associer ceux-ci à des facteurs environnementaux. Les coliformes totaux
(CT), les coliformes fécaux (CF) et les bactéries indicatrices de matières fécales (c.-à-d. Escherichia coli) ont été recensés en même
temps que les paramètres de qualité de l’eau ont été mesurés. Bien qu’on ait retrouvé des CT, CF et E. coli dans le LD, le nombre
de CT et de CF a rarement dépassé les normes de qualité de l’eau destinée à l’agriculture du Conseil canadien des ministres de
l’Environnement (CCME) (1000 unités formant des colonies (UFC) par 100 mL et 100 UFC par 100 mL, respectivement). La
corrélation entre les indicateurs bactériens des sédiments et de la colonne d’eau indique que les comptes plus élevés dans les
échancrures pourraient être liés à des événements de dépôt et (ou) resuspension qui seraient survenus dans ces échancrures à
brassage fréquent. À températures et niveau d’eau élevés, et en présence d’une forte activité microbienne, les limites bactéri-
ennes du CCEM pourraient être franchies. La température de l’eau était l’élément qui contribuait le plus à l’abondance des
indicateurs bactériens. Nous prévoyons que le réchauffement climatique entraînera des dépassements plus fréquents des
normes de qualité de l’eau. [Traduit par la Rédaction]

Mots-clés : microbien, coliformes, changement l’indique, température de l’eau, répartition hiérarchique.

Microbial indicators of fecal contamination are used as an indi-
cator of water quality, since feces may contain pathogenic organ-
isms that have the potential to negatively impact human health.
Currently, there is no routine governmental reporting of micro-
bial indicators in one of the most valuable sources of freshwater
in Saskatchewan, Canada: Lake Diefenbaker (LD), a large multi-
purpose reservoir located along the South Saskatchewan River
(SSR). The reservoir is used for agricultural irrigation and is a
source of drinking water for local and downstream communities.
It is also used for power generation, flood control, industrial water
supply, aquaculture, and augmentation of the Qu’Appelle River.
The SSR is the only large, reliable source of moderate quality
water in southern Saskatchewan. The protection of source water
in Canada has been a focus in recent years because of past micro-
bial contamination of drinking water (e.g., North Battleford,

Saskatchewan, and Walkerton, Ontario). The increased reports of
foodborne illnesses associated with fresh produce or other mini-
mally processed foods have also spurred interest in the microbial
quality of water used for agricultural purposes (Van Boxstael et al.
2013). Coliform bacteria are used as indicators of fecal contamina-
tion, and include total coliforms (TCs), fecal coliforms (FCs), and
Escherichia coli.

Previous work on natural waters has shown relationships be-
tween indicator bacteria and environmental parameters, includ-
ing solar radiation (Olyphant 2005; Whitman et al. 2008), rainfall
and snowmelt (Kistemann et al. 2002), wind speed and direction
(Smith et al. 1999; Olyphant and Whitman 2004), temperature
(Olyphant 2005), waves (Olyphant 2005), and turbidity (Olyphant
et al. 2003). However, the majority of these studies were con-
ducted in isolation from other environmental parameters, and
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thus, a systematic study is warranted to examine the interaction
between numerous environmental parameters. An additional pa-
rameter common to reservoirs is the large water level fluctuations
that affect the water quality and ecology of the system through
shoreline erosion, slumping, and subsequent sedimentation.

The 3 main objectives of this study were to (1) determine the pres-
ence and abundance of bacterial indicators in the main channel and
embayments in LD, (2) compare current results with past records of
microbial indicators in LD, and (3) investigate the environmental
factors contributing to the distribution and abundance of bacterial
indicators. We hypothesized that bacterial abundances would be
high in LD because of the agricultural land use in the watershed,
as documented in other agricultural watersheds (Simon and
Makarewicz 2009; McAllister and Topp 2012), and recent evidence
of high E. coli counts (maximum values of 3.04 log10 CFU·100 mL−1)
in the Qu’Appelle Valley system, downstream of LD (Tambalo
et al. 2012).

Study site and sample collection
The SSR basin is home to 3 million people and is a major water

resource for Alberta, Saskatchewan, and Manitoba. Identified as
Canada’s most threatened river, the SSR is susceptible to climate
change (World Wildlife Fund 2009). Its watershed originates in
the Rocky Mountains and extends across the prairie ecozone, fed
primarily by the Old Man, Bow, and Red Deer rivers in southern
Alberta. The reservoir (51°01=53==N, 106°50=09==W) is approxi-
mately 225 km long with 800 km of shoreline, covering an area of
394 km2 with a volume at full capacity of approximately 9.4 km3

(Saskatchewan Water Security Agency 2012; J.J. Hudson and
R.L. North, unpublished data). LD is classified as a mesotrophic
system (Saskatchewan Environment and Public Safety (SEPS)
1988; J.J. Hudson and R.L. North, unpublished).

Monthly sampling was conducted from July to October 2011.
Nine main channel sites and 15 embayment sites were sampled
along the length of the reservoir (Fig. 1). Discrete water samples
were collected from a 2 m depth, and sediment samples were
collected from sandy shores (beaches) located in proximity to em-
bayment sampling sites. A sterilized spatula was used to collect
200 g sediment samples 5 cm below the sand surface.

Bacterial indicator and water quality parameter analyses
TCs, FCs, and E. coli were quantified in both water and sediment

samples using the Colilert-18 kit procedure. The water samples
were used directly for the enumeration of TCs, FCs, and E. coli,
while sediment subsamples (1 g) were homogenized with steril-
ized deionized water (9 mL). The Colilert-18/Quanti-Tray method
simultaneously detects and enumerates TCs, FCs, and E. coli and is
based upon the Defined Substrate Technology of IDEXX Laborato-
ries, Inc. (Eckner 1998). Sealed Quanti-Trays were incubated for 18–
22 h at either 37 ± 0.5 °C for TCs and E. coli or at 44.5 ± 0.5 °C for FCs.

The distance (km) of each site downstream from the Highway
4 bridge was used to situate each site on the upstream to down-
stream gradient in the reservoir (Fig. 1). Inflow into the reservoir
from the SSR was obtained from Alberta Environment and Water.
Inflow is reported as the sum of the Red Deer River (Medicine Hat,
Alberta) and the SSR at Blindloss, Alberta. Inflow from Swift Cur-
rent Creek (SCC; Fig. 1; the second largest tributary feeding LD)
was obtained from Environment Canada. Daily reservoir water
level (m) was obtained from the Water Survey of Canada website
(Water Survey of Canada 2013). The vertical profile of water tem-
perature was taken at each site (YSI, model 6600 V2). Here, we
report the temperature from only 2 m, to correspond with the
water sampling depth. The thermocline was defined by a change
in water temperature gradient >1 °C·m−1, and the mixing depth

Fig. 1. A map of Lake Diefenbaker, Saskatchewan, showing the 24 sampling stations located in embayments (15) and the main channel (9).
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(m) was estimated as the depth from the water surface to the top
of the thermocline. Vertical profiles of photosynthetically active
radiation were measured with a Biospherical BIC compact 4-channel
radiometer (Biospherical Instruments, San Diego, California). The
vertical attenuation coefficient for photosynthetically active radi-
ation, kd, was determined from the linear regression of the natu-
ral logarithm of irradiance versus depth. Mean water column
irradiance (mE·m−2·min−1) was calculated as in Guildford et al.
(2000). Secchi disk depths were also recorded at each station.

From each water sample (2 m depth), chlorophyll a samples
were analyzed according to Bergmann and Peters (1980). Total
dissolved nitrogen and nitrate concentrations were determined
using second-derivative spectroscopy (Bachmann and Canfield 1996).
Ammonium concentrations were determined with the phenol–
hypochlorite method (Stainton et al. 1977). Total phosphorus (TP)
and total dissolved phosphorus were measured according to Parsons
et al. (1984), and particulate P was calculated as the difference. The
phosphate turnover time (PO4TT, min−1), planktonic P regeneration
rate (R, ng·L−1·h−1), steady state phosphate concentration (ng·L−1), and
the planktonic food web turnover rate (measured as R divided by
particulate P, h−1) were determined from radiophosphate uptake bio-
assays, as described in Vandergucht et al. (2013) and Hudson et al.
(1999).

Historical data
The Province of Saskatchewan (Pam Minifie, Drinking Water

and Wastewater Management Division, Water Security Agency,
unpublished data) kindly provided epilimnetic TC and FC data
that was collected at a variety of locations (different than our 2011
data set; SEPS 1988) from 1971 to 2012 during July–October in LD.
The methods for the enumeration of both TCs and FCs differed
across the multiyear data set: from 1971 to 1976 both TCs and FCs
were enumerated by the Most Probable Number protocol, from
1977 to 2003 they were enumerated by the membrane filter count,
and from 2010 to 2012 they were enumerated with the Colilert-18 kit
(Pam Minifie, Drinking Water and Wastewater Management Divi-
sion, Water Security Agency, personal communication). Although
these 3 methods were shown to yield comparable data (Eckner 1998;
Fremaux et al. 2009), we chose not to conduct any temporal trend
analyses due to the change in methodologies over the multiyear
data set as well as the episodic nature of the historical data.

Statistical analyses
The relationships between the 3 microbial indicators detected

in the water samples and between the water column and asso-
ciated sediment TC counts were examined with correlation an-
alyses (nonparametric Spearman’s rank-order correlations; rS).
Correlations were reported as moderate (rS = 0.5–0.69), moderate
to low (rS = 0.3–0.49), or weak to low (rS = 0.16–0.29). To test for
temporal differences in the 3 microbial indicators found in the
sediment samples, we employed a Kruskal–Wallis H test and a
Conover–Inman post hoc test (p < 0.05).

Owing to the low counts and the frequency of zero values for
both FC and E. coli, further parametric analyses were conducted
only on transformed TC data. To test for spatial and temporal
differences in TC abundances, a 2-way analysis of variance (ANOVA)
was used, and a Tukey–Kramer post hoc test was employed with a
significance value of p < 0.05. To evaluate the independent influ-
ence of 9 physical and 9 biological and chemical parameters on TC
counts, we used hierarchical partitioning analysis (HP; Chevan
and Sutherland 1991). HP is a protocol in which all possible models
in a multiple regression setting are jointly considered to attempt
to identify the most likely causal factors. Our HP analyses were
carried out with the hier.part package (Walsh and Mac Nally 2008)
in the statistical software R version 2.14.0 (R Development Core
Team 2011) using multiple linear regression models and R2 as a
measure of model fit. Variables that independently explained a
larger proportion of variance than could be explained by chance

alone were then identified by comparison of the observed value of
independent contribution to explained variance (I) with a popula-
tion of Is from 500 randomizations of the data matrix. Significance
was accepted at the upper 95% confidence limit (Z-score ≥ 1.65;
Mac Nally 2002). Because HP analysis does not report on the nature
(directionality) of the relationships for the predictors it identifies, we
subsequently employed Pearson correlations and reported the corre-
lation coefficients (r).

Spatial and temporal differences in water column
microbial parameters

For all 192 water samples, the mean TC, FC, and E. coli counts
were 3.18, 0.59, and 0.41 log10 CFU·100 mL−1, respectively. In 13% of
the samples, LD surface waters exceeded (range: below detection–
4.38 log10 CFU·100 mL−1) the Canadian Council of Ministers of the
Environment (CCME) TC water quality standards for irrigational ag-
ricultural use (CCME 1999). These exceedances occurred primarily
in embayments in July (43%) and August (52%) (Fig. 2). Although
there were no exceedances detected for FC in 2011, FCs were a
small proportion (6%) of the TCs (Fig. 2), and the majority of FCs
were E. coli. The 3 microbial parameters (TC, FC, and E. coli) were
correlated with each other. The relationship between FCs and
E. coli was moderate (rS = 0.523), and the relationships between TCs
and FCs (rS = 0.280) and between TCs and E. coli (rS = 0.207) were
weak to low, likely related to the presence of nonfecal bacteria
that were included in the TCs.

At the main channel sites only, there were no upstream to
downstream differences in TC counts (data not shown), indicat-
ing no evidence of microbial loading from the upstream por-
tions of the SSR. However, there were significantly higher TCs
in the embayments (3.25 log10 CFU·100 mL−1) than in the main
channel (3.01 log10 CFU·100 mL−1) (F[1,182] = 14.4, p < 0.0005; Fig. 2). On
a temporal basis, there was a significant decline in TC counts from
July to October 2011 (F[3,182] = 88.0, p < 0.0005; Fig. 2). TC counts in
July and August were significantly higher than counts in September.
October had significantly lower TC counts than all other months
(Tukey–Kramer post hoc test associated with a 2-way ANOVA),
where the spatial × temporal interaction term was not significant
(F[3,182] = 1.2, p = 0.299).

Comparison with historical data
Historical (1971–2012) mean TC and FC counts were 2.37 and

1.66 log10 CFU·100 mL−1, respectively. The historical monitoring
data shows that LD surface waters exceeded the TC and FC CCME
water quality standards for agricultural use 4% and 3% of the 193
and 169 times measured, respectively. There appears to have been
no significant changes in coliform counts from the 1970s to pres-
ent day, although the 2011 FC counts were lower than historical
counts (Fig. 2).

The most extensive historical monitoring of the reservoir was
conducted during the years 1984–1985 (SEPS 1988). This report
included samples collected from a site (Station 1; SEPS 1988) far-
ther upstream than our most upstream site. We, thus, excluded
this station from our analyses because it extended beyond our
spatial sampling. However, at this station, peaks in TCs and FCs in
1984 (2.55 and 1.78 log10 CFU·100 mL−1, respectively) and 2001 (2.60
and 2.53 log10 CFU·100 mL−1, respectively) were observed. We be-
lieve the high TC and FC levels recorded at this station in 1984
relative to the downstream sites led SEPS to conclude that inflow-
ing SSR water was the source of the indicator bacteria (SEPS 1988).
They attributed this to the fact that the SSR receives a substantial
loading of municipal sewage effluents via the Bow and Old Man
rivers from communities in Alberta. Since our study did not sam-
ple this far upstream, we cannot corroborate nor refute this con-
clusion, but future bacterial studies further upstream and during
the spring flow are warranted.
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Relationship between bacterial indicators in the sediments
and the water column

The 3 microbial parameters (TC, FC, and E. coli) were also ana-
lyzed in sediment samples collected on a monthly basis from
beaches in close proximity to the embayment sites (Fig. 1). The
sediment microbial parameters also exhibited temporal differ-
ences (Table 1), as the TC (H[3,126] = 56.2, p < 0.0005), FC (H[3,128] =
15.9, p = 0.001), and E. coli (H[3,128] = 24.8, p < 0.0005) counts were
significantly higher in July and August relative to September and
October (Table 1). There was a moderate (rS = 0.610) positive rela-
tionship between the sediment and the associated water column
TC counts in the embayments over the season. Although they

Fig. 2. Total coliform (TC) and fecal coliform (FC) historical (1971–2012) and monthly (2011 only) mean values (± standard error) in the water
column of the embayments and main channel shown on log10 scales. The dotted line indicates the TC and FC Canadian Council of Ministers of
the Environment (CCME) water quality standards for irrigational agricultural use (CCME 1999). The historical TC (n = 193) and FC (n = 169) data
shown is from The Province of Saskatchewan (unpublished data), and the squares represent samples taken from nearshore sites along the
main channel. The station locations for The Province of Saskatchewan and our study were different (SEPS 1988), but both represented the
main body of the reservoir (Fig. 1).

Table 1. Seasonality of sediment microbial indicators.

Month TC (log10 CFU·g–1) FC (log10 CFU·g–1) E. coli (log10 CFU·g–1)

July 2.85±2.90 (32) 1.55±1.84 (32) 1.49±1.62 (32)
August 2.87±2.84 (32) 1.62±2.16 (32) 1.83±2.29 (32)
September 2.14±2.31 (32) 1.57±2.14 (32) 1.54±2.12 (32)
October 1.98±2.23 (30) 1.41±1.91 (32) 1.21±1.59 (32)

Note: Microbial indicators measured from sediment samples collected from
beaches (sandy areas) associated with the water column samples from July to
October 2011. Monthly mean (log10) ± standard deviations and n values (paren-
theses) for the 3 microbial parameters (total coliforms, TC; fecal coliforms, FC;
Escherichia coli, E. coli) are reported. TC, FC, and E. coli were estimated as the
number of cells per 1 g of sediment sample using a Colilert-18 kit.
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exhibited a positive relationship, we observed that bacterial abun-
dances in our sediment (beach) samples were much higher than
the associated embayment water column samples. Reference to
high bacterial abundances in sediments is common in the literature
(Whitman and Nevers 2003; Kinzelman et al. 2004; Brownell et al.
2007; Kon et al. 2007) and is often thought to be related to protec-
tion from ultraviolet light (Edge and Hill 2007) and high temper-
atures (Howell et al. 1996).

We believe that the water column embayment sites had higher
microbial counts than the main channel sites because of the high
bacterial abundances in the embayment sediments, acting as a
reservoir for the bacteria. Sediments have often been found to be
a net source of E. coli to overlying water (Kinzelman et al. 2004; Ge
et al. 2010) and have been associated with higher E. coli abundances
in embayments because of resuspension and mixing events (Ge et al.
2012). Similar to our results, Staley et al. (2013) also reported a
significant correlation between coliform concentrations in water
and sediments. In another large reservoir, the Three Gorges Res-
ervoir in China, TC, FC, and E. coli abundances were significantly
higher in backwater areas of tributaries and cities than in the
mainstream of the Yangtze River (Xiao et al. 2013), as we observed
in our embayment versus main channel comparison. However,
the Three Gorges is a highly urbanized reservoir relative to LD
(Xiao et al. 2013) and most likely has larger contributions of fecal
matter from its urban areas.

Predictors of environmental parameters on microbial
indicators

The relationships between 9 physical and 9 biological and
chemical environmental parameters with TCs in LD were exam-
ined. HP analyses revealed that 7 environmental parameters, wa-
ter levels, water temperatures, chlorophyll a, TP concentrations,

PO4TT, R, and particulate P turnover rates, had significantly greater
independent explanatory power on variations in TC abundances
than the 11 remaining parameters tested (Fig. 3). Detailed correla-
tion analyses of these significant relationships were conducted,
and of the resulting 6 significant environmental parameters, wa-
ter level and temperature were found to be significant predictors
of TC abundances and explained 24% and 31%, respectively, of the
variance in physical parameters. TP concentrations, PO4TT, R, and
particulate P turnover rates were also significant biological and
chemical predictors of TC abundances, explaining 11%, 14%, 30%,
and 16%, respectively, of the variance (Fig. 3). Increases in TCs
corresponded with increases in water levels (r = 0.712), water tem-
peratures (r = 0.767), TP concentrations (r = 0.329), R (r = 0.651), and
particulate P turnover rates (r = 0.510), and with decreases in
PO4TT (r = –0.366).

Further examination of the 6 environmental parameters found
to be significant predictors of TC abundances revealed that in
addition to TCs, all 6 parameters (water level, water temperature,
TP concentration, PO4TT, R, and particulate P turnover rate) were
significantly correlated with each other. HP analysis was reap-
plied to only these 6 parameters to determine which had signifi-
cantly greater independent explanatory power on variations in TC
abundances. Water level, water temperature, TP concentration,
and P regeneration rate were found to be significant predictors of
TC abundances and explained 26%, 34%, 7%, and 17%, respectively,
of the variance. There is evidence to suggest that the core mech-
anistic parameter here is water temperature, which likely influ-
ences R and plankton turnover rate (J.J. Hudson, unpublished
data), and it had the highest percentage of explained indepen-
dence variance (34%). This relationship between water tempera-
ture (2 m depth) and TCs was defined by the following linear
regression model (eq. 1; Fig. 4):

(1) log10 TC � 91.834 × water temperature2 � 117.487

Fig. 3. Hierarchical partitioning analysis results for 9 physical
parameters and 9 biological and chemical parameters for
water column total coliform counts for all sampling occasions.
T, temperature; Zmax, maximum depth of station (m); Zmix, mixing
depth; kd, vertical attenuation coefficient; Ī, mean water column
irradiance; Chla, chlorophyll a; TDN, total dissolved nitrogen;
NO3

–, nitrate; NH4
+, ammonium; TP, total dissolved phosphorus;

TT, phosphorus turnover time; R, planktonic phosphorus
regeneration rate; ssPO4

–3, steady state phosphate concentration;
Turnover rate, particulate phosphorus turnover rate.

Fig. 4. Relationship between log10 TC and water temperature2 at a
2 m depth for all sampling occasions in the water column. Equation
of the linear model is log10 TC = 91.834 × water temperature2 +
117.487. The dotted line indicates the transformed TC CCME water
quality standards for irrigational agricultural use (CCME 1999).
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We believe the temporal differences in both sediment and wa-
ter column bacterial indicators were related to surface water tem-
peratures, with the greatest abundances occurring in July and
August. Similar seasonal patterns have been reported in agricul-
tural watersheds, such as Conesus Lake, where TC and E. coli levels
were greatest from June to September, with peak abundances in
the month of August (Simon and Makarewicz 2009). They con-
cluded that the summer peak observed in their bacterial indica-
tors was independent of the agricultural use in the watershed
(Simon and Makarewicz 2009). Data presented by Whitman and
Nevers (2008) also showed a positive relationship between E. coli
counts and temperature and concluded that day was the most
important component of variation for their data set, more so than
beach location, depth, or time of day (Whitman and Nevers 2008).
Significant relationships between FCs and temperature were also
reported by both Frey et al. (2013) and Staley et al. (2013). Previous
studies on the Qu’Appelle River have reported spikes in their
E. coli abundances occurring in mid-May, which they attribute to
high river flow rates (Fremaux et al. 2009). Our sampling for bac-
terial indicators was not initiated until July; thus, it is very likely
that we may have missed any type of bacterial loading associated
with high flow events from upstream. It is common to observe
E. coli abundances following the hydrograph and increasing several-
fold during rainfall events (Nagels et al. 2002; Whitman et al. 2008;
Frey et al. 2013). In the Three Gorges Reservoir, a positive relation-
ship between TCs and inflow rates to the reservoir have also been
found (Xiao et al. 2013).

We believe the positive relationship observed between bacterial
indicators and water levels, combined with the high bacterial
abundances in our sediment samples, are the result of sediment
resuspension from storage in beach sands, as previously discussed.
Nagels et al. (2002) estimated that up to 30% of the total bacteria
become resuspended from bed sediments after a natural flood.
Large fluctuations in water levels, as seen in LD, would have a
similar effect on bacterial indicators as would flood waters and
wave height (Kinzelman et al. 2004; Whitman and Nevers 2008). In
LD, we believe that higher water levels resulted in more bacterial-
laden beach sediment being mixed into the water column, which
would result in potentially higher bacterial indicators.

The significant relationships between our biological and chem-
ical P parameters (TP, PO4TT, R, and particulate P turnover rate)
and TC counts are novel and complex. From the biological and
chemical parameters, the P regeneration rate explains the great-
est amount of independent variance (30%) in TC counts. The re-
generation rate represents total planktonic release (bacteria to
zooplankton) of P into the water column and is typically the major
pathway of P resupply to bacteria and algae (Hudson et al. 1999).
Therefore, greater regeneration of the limiting nutrient P by
planktonic food webs will likely support a greater abundance of
bacteria, as observed here. The relationship between bacterial
counts and the other P parameters (TP, PO4TT) also support this
interpretation. In addition, many of these P parameters will also
be influenced by water temperature. For example, greater temper-
atures will likely increase the bacterial demand for phosphate, as
depicted by the decline in the PO4TT (see Vandergucht et al. 2013).
This would also hold for the turnover rate of particulate P, of
which the bacteria are a component. The planktonic food web
would be expected, along with the bacterial community, to turn
over more rapidly as microbial activity increases with rising tem-
peratures.

From our modelled relationship between TCs and water tem-
peratures, once epilimnetic water temperatures reach �20 °C,
exceedances in the TC surface water quality objectives (>1000 per
100 mL) could occur. The Intergovernmental Panel on Climate
Change (2007) 20-year projection (A1B scenario) for air tempera-
tures (generally equivalent to surface water temperatures) in cen-
tral North America for the months of June, July, and August is a
minimum increase of 2.4 °C to a maximum increase of 6.4 °C.

From a regional perspective, Cutforth and Judiesch (2012) ana-
lyzed air temperature data gathered at weather recording stations
located south of Swift Current, Saskatchewan, and concluded that
there was a linear increasing trend from 1950 to 2007 in minimum
temperature for the summer months (May–August) of 1.28 °C or
0.02 °C·year−1. In 2011, summer (June–August) mean water temper-
atures (20.5 ± 1.4 °C) already exceeded the 20 °C threshold and are
predicted to increase each year. Thus, temperatures in the 20 °C
range are likely to occur more frequently and for a longer dura-
tion in the foreseeable future under conditions of climate change.

This is the first-ever published study on bacterial indicators in
LD, and it introduces important baseline data for future monitor-
ing studies. In the current study, although bacterial indicators
such as TCs, FCs, and E. coli were present in LD, counts rarely
exceeded CCME water quality standards for agricultural use in
2011 nor have they done so historically. We found no evidence of
microbial loading from upstream (neither the SSR nor SCC), and
the bacterial indicators were always higher in the embayments
relative to the main channel. The major limitation of this study is
the small temporal range and the lack of spring samples. We
acknowledge that high bacterial loading could have occurred dur-
ing snowmelt and spring rains, but unfortunately, our sampling
plan was not sufficient to resolve spring thaw associated run-off
events. However, the correlation between the bacterial counts in
the sediments and the water column in these embayments in-
dicates that the higher water column bacterial abundances may
be related to sediment loading and (or) resuspension events in
these shallower, frequently mixed embayments. Surface water
temperatures had the greatest influence on the distribution and
abundance of bacterial indicators, which were highest in July and
August, declining in September and October.

Although it appears that high abundances of bacterial indica-
tors are not an immediate concern for LD, under conditions of
climate change, we predict they may begin to exceed the CCME
water quality standards more frequently. Predicted population
growth in the province combined with increased irrigation due to
demand and drier conditions may introduce a potentially higher
risk of contaminating fresh produce with bacteria. Therefore, it
would be prudent to monitor microbial water quality parameters
in LD to guarantee a reliable and safe source of water for irriga-
tion, drinking water, and recreation.
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