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Abstract: Flows along the upper Qu’Appelle River are expected to increase in the future via increased
discharge from Lake Diefenbaker to meet the demands of increased agricultural and industrial
activity and population growth in southern Saskatchewan. This increased discharge and increased
air temperature due to climate change are both expected to have an impact on the water quality
of the river. The Water Quality Analysis Simulation Program (WASP7) was used to model current
and future water quality of the upper Qu’Appelle River. The model was calibrated and validated to
characterize the current state of the water quality of the river. The model was then used to predict
water quality [nutrient (nitrogen and phosphorus) concentrations and oxygen dynamics] for the
years 2050–2055 and 2080–2085. The modelling results indicate that global warming will result
in a decrease in ice thickness, a shorter ice cover period, and decreased nutrient concentrations
in 2050 or 2080 relative to 2010, with a greater decrease of nutrient concentrations in open water.
In contrast to the effect of warmer water temperatures, increased flow through water management
may cause increases in ammonium, nitrate, and dissolved oxygen concentrations and decreases in
orthophosphate concentrations in summer.

Keywords: water quality model; climate change; WASP7; surface water; upper Qu’Appelle River;
increased discharge

1. Introduction

Water demand in southern Saskatchewan has been increasing and is projected to continue to
increase because of new and expanding mining (e.g., potash) industries, increased agricultural
irrigation, and subsequent population increases [1]. Parsons et al. [1] undertook a study
(upper Qu’Appelle Water Security Analysis, 2012) to assess the current water demands on the upper
Qu’Appelle River (see Figure 1 for a map of the area) and what the future demands for water may
be. Their findings indicate that an increased level of flow from Lake Diefenbaker into the upper
Qu’Appelle River will be needed to accommodate the growing water demand in the region. This input
of good quality water into the upper Qu’Appelle River would improve the water quality of the lower
Qu’Appelle River downstream of Buffalo Pound Lake. However, more thorough assessments of how
increased flow in the upper Qu’Appelle River will affect the overall water quality status of the river
are necessary.

Climate change is one important factor that is known to affect ecosystems. The main impact
of climate change on water quality is attributed to changing air temperature and hydrology [2].
Water temperature is directly affected by ambient air temperature [3] and is expected to increase as
a result of global warming [4]. Variations in water temperature govern physico-chemical equilibriums
(e.g., nitrification, mineralization of organic matter, etc.) in rivers and hence change transport and
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concentration of contaminants [2,3]. Increases in water temperature result in reduced oxygen solubility
thus reducing dissolved oxygen (DO) concentrations and DO concentrations at which saturations
occurs. Reduced DO concentrations will have an impact on the duration and intensity of algal
blooms [3,4].
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Figure 1. Map of the upper Qu’Appelle River. The lower Qu’Appelle River flows out of Buffalo
Pound Lake.

Climate change is expected to alter the availability, seasonality and variability of flow in
rivers [5–8]. These hydrological impacts of climate change are particularly pronounced in glacier-fed
rivers [9,10]. A study on the hydrological impact of climate change on a river basin in Alberta,
Canada [8], shows that high flow events due to climate change would be of a greater concern than low
flow events in this region. Several studies point out that higher water temperatures and lower flow
rates during summer may cause impairment to water quality in rivers [6,7]. For example, a review
by Whitehead et al. [3] outlines how lower flow in summer may result in increases in phosphorus
concentrations and biological oxygen demand (BOD) and decreases in DO concentrations in rivers [3]
which, in turn, can lead to accelerated algal growth [4]. Under reduced flow in summer, ammonium
concentrations decrease due to an increase in the nitrification rate with consequent increase in nitrate
concentrations [3].

The flow in the upper Qu’Appelle River is regulated by the Qu’Appelle River Dam on the
northeast arm of Lake Diefenbaker (Figure 1). Unlike many studies that have shown the impact of
low flow due to climate change on the water quality of surface waters, this study was undertaken
to assess the water quality (nutrient and dissolved oxygen concentrations) of the upper Qu’Appelle
River due to increased air temperature resulting from climate change and increased flows to meet
future water demand. The WASP7 program was used to characterize the water quality of the river
and gain insight into how future increases in discharge and air temperature may affect water quality
parameters. The periods of open-water (May through October) and ice cover (November through
April) were compared to see how these changes would affect the water quality of the river seasonally.
The results from this study provide valuable information on how water quality of other river systems
throughout the world may change under the influence of increasing population and economic growth.

2. Materials and Methods

2.1. Water Quality Model

Descriptions of the WASP model are provided in the WASP7 manual and several other
studies [11–15]. The WASP7 program was developed by United States Environmental Protection
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Agency (USEPA) and has been improved from the original version, allowing greater flexibility to
model water quality of different water systems (e.g., rivers, lakes, estuaries, etc.) [16–18]. WASP7 was
designed to aid water resource management decisions by interpreting and predicting the responses
of water quality to various factors such as natural phenomena and anthropogenic pollution. WASP7
was used in this study due to its robustness in simulation, high credibility acquired from many other
successful applications in the past, and its application to other river systems in other arid and semi-arid
river systems on the Canadian Prairies (e.g., South Saskatchewan River) [13,15].

The WASP7 model consists of several kinetic modules including sediment transport,
eutrophication, toxicant transformations and fate, mercury methylation, and heat exchange. This study
used the eutrophication module EUTRO and the heat module HEAT. The EUTRO module incorporates
eutrophication parameters into the model, including several mass balance equations, to simulate
nutrient transport and transformations, as well as phytoplankton and DO dynamics [17]. The HEAT
module allows the simulation of processes influencing water temperature, such as surface heat
exchange and ice formation and ablation [19]. The HEAT module simulates heat transfer based on both
the conservation of water volume and heat. The processes of heat exchange include those between
the atmosphere and the water column, and the water column and the bottom sediment and are based
upon the U.S. Army Corps of Engineers CE-QUAL-W2 model formulations [20].

2.2. Model Set-Up

Water quality data were collected from several monitoring stations along the river, with locations
shown in Figure 1. Water quality parameters used in this study include water temperature, dissolved
oxygen (DO), orthophosphate (PO4-P), nitrate (NO3-N), ammonium (NH4-N), dissolved organic
phosphate (DOP), dissolved organic nitrogen (DON), and phytoplankton chlorophyll-α (Chl a).
DON and DOP were not available in the database, therefore, DON was calculated as dissolved Kjeldahk
nitrogen (DKN) minus NH4-N, and similarly, DOP was calculated as total dissolved phosphorus (TDP)
minus PO4-P, as suggested by Tufford and McKellar [21].

The upper Qu’Appelle River was discretized into 165 longitudinal segments ranging in length
from 600 to 800 m. The river morphology was surveyed at approximately 770 locations along the
97 km stretch, from the Qu’Appelle Dam at Lake Diefenbaker to Buffalo Pound Lake.

The average rate of discharge for the upper Qu’Appelle River is approximately 2.2 m3/s
(Jan 2010–December 2015), which is controlled at the Qu’Appelle River dam. Two naturally-flowing
tributaries (Ridge Creek and Iskwao Creek) augment the river’s flows. Daily flow rates were obtained
from the Water Survey of Canada (WSC) gauges at the Elbow Diversion Canal (05JG006) and at
Ridge Creek near Bridgeford (05JG013) (Figure 1). The flow rates are available from the WSC website
(https://www.ec.gc.ca/rhc-wsc). Flow from Iskwao Creek was based on the seasonal historical flow
data recorded at the WSC gauge at Iskwao Creek near Craik (05JG014). The flows for segments
were simulated using 1-D kinematic wave routing [11]. Figure 2 shows the 2012–2015 flows for
the upper Qu’Appelle River at 05JG006 and indicates when ice cover periods occurred on the river.
Streamflow data attained from WSC identified with a “B” indicated estimated streamflow values under
ice cover. During the 2012–2013 winter, a flow test was carried out by Lindenschmidt [22] on the upper
Qu’Appelle River to determine the conveyance capacity of the river at higher flows under ice and how
this flow increase should be regulated so that the risk of ice jamming at freeze-up is minimized [22].
The discharge was successfully increased in this study from 2.6 m3/s in mid-November 2012, to 4 m3/s
by the end of January 2013, and then drastically reduced to about 0.8 m3/s.

The Qu’Appelle River does not have any significant point loading sources (e.g., sewage or
industrial effluent) that need to be accounted for; however, there are loadings from Ridge Creek and
Iskwao Creek for which data were provided by the Saskatchewan Water Security Agency. The data
were measured either biweekly or monthly and were available from April 2013 to December 2015.
Also, there may be non-point loadings from agriculture and mining (potash) due to runoff. Extensive
macrophyte growth was observed in the upstream portion of the river stretch between the PFRA Bridge
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and the Tugaske Bridge [23]. The large volume of macrophyte biomass affects aquatic ecosystems by
emitting sufficient amounts of oxygen into the water to reach supersaturated concentrations [24,25].
In the Qu’Appelle River, this occurs from June to September, and sometimes into November, with July
and August having the highest DO loadings [26]. The oxygen production from macrophyte biomass
was considered by specifying in the model a dissolved oxygen loading of 350 kg/day between the
PFRA and Tugaske bridges.Water 2017, 9, 199 4 of 15 
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Figure 2. Upper Qu’Appelle River flow between 2012 and 2015 with indicated ice cover periods and
2012–2013 winter flow test.

Nutrient fluxes are important for lentic water under anaerobic conditions. The Qu’Appelle River
is shallow (average depth is about 0.6 m) and due to aerobic conditions throughout the whole water
column (minimum observed DO concentration was 4 mg/L), nutrient fluxes play a less important role
and were not taken into account in this study.

The model boundaries were set at the most upstream and downstream monitoring stations
SK05HF026 (Highway #19) and SK05JG0126 (Buffalo Pound Lake) (Figure 1). Figure 3 shows the range
of concentrations occurring for water quality parameters NH4-N, NO3-N, DON, PO4-P, OP, Chl a,
and DO for the upstream boundary conditions used in the WASP7 model. These concentrations were
measured during the 2012–2013 winter flow test and are summarized in Lindenschmidt [22].
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Figure 3. Range of concentrations occurring for water quality parameters at the upstream boundary
condition used in the WASP7 model for the upper Qu’Appelle River. n indicates the number
of observations.
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Calibration and validation of the model were based on measured DO, NO3-N, NH4-N, PO4-P,
and Chl a concentrations that were collected at the monitoring stations for four years (2012–2015).
Observed DON and DOP were not available in the database and were not considered in the calibration
and validation. Note that only 15 measured concentrations were available for Chl a at these stations
(Table 1). Calibration was obtained using the Dynamically Dimensioned Search (DDS) algorithm [27]
through the OSTRICH (Optimization Software Tool for Research In Computational Heuristics)
interface [28]. Water quality parameters were calibrated using 2014–2015 data from all the monitoring
stations and then validated using 2012–2013 data. Table 1 lists the monitoring stations and the
number of observations collected at each station for each parameter that were used for calibration and
validation in this study. The water quality parameters were mostly collected bi-weekly at the Tugaske
and Marquise bridges but not frequently at the other stations.

Table 1. Water quality monitoring stations and the number of observations used for calibration
and validation.

Station Names
Number of Observations from January 2012 to December 2015

DO NH4-N NO3-N PO4-P Chl a

Qu’Appelle River at Marquis Bridge 79 80 80 39 7
Qu’Appelle River at Keeler 5 * 5 5 5 5
Qu’Appelle River at Brownlee 53 2 2 2 2
Qu’Appelle River below Eyebrown Bridge 4 6 6 2 0
Qu’Appelle River at Tugaske Bridge 64 64 64 31 1

Note: * January 2013 to April 2013.

2.3. Climate Change Scenarios

The climate change scenarios used in this study were retrieved from the Pacific Climate Impacts
Consortium (PCIC), University of Victoria (Pacific Climate Impacts Consortium, 2014). PCIC offers
downscaled climate scenarios for the simulated period of 1950–2100 with a spatial resolution of
300 arc-seconds (about 10 km). The advantage of these downscaled scenarios over the North
American Regional Climate Change Assessment Program (NARCCAP) and Atmosphere-Ocean
Global Circulation Models (AOGCMs) is because of their better resolution. These data represent
the average values of the region rather than a point quantity [29]. The downscaling scenarios stem
from 12 climate models, each for three different greenhouse gas emission scenarios. The outputs
include daily minimum and maximum air temperature and precipitation, which are based on Global
Climate Model (GCM) projections [30] and historical daily gridded climate data for Canada [31,32].

For this study, four climate models (CanESM2-r1, GFDL-ESM2G-r1, HadGEM2-ES-r1, and
MPI-ESM-LR-r3) from three Representative Concentration Pathways (RCPs) emissions scenarios
(2.6, 4.5, and 8.5) were selected.

2.4. Water Managment

Increase in water demand may require a three-fold increase in the flow rate from approximately
2 m3/s to 6 m3/s during winter months (personal communication—with Saskatchewan Water Security
Agency and see [1,22,23]). Great measures have been taken to test the flow capacity of the river in winter
up to 4 m3/s [22] and a numerical model was used to test the ability of the river to accommodate
a winter flow of up to 6 m3/s without ice jamming or overbank flooding [23]. The flow increase
during the summer months is limited by the maximum conveyance capacity of the channel, which is
14 m3/s [22]. WASP7 allowed us to characterize the water quality of the river at these high flow rates
(6 m3/s in winter and 14 m3/s in summer) for more current conditions (2012–2015).
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3. Results

3.1. Climate Change

3.1.1. Water Temperature and Ice Cover

The HEAT module was applied to our case study and the results were compared with the
measured water temperature values at four locations along the river for four years (2012–2015) and ice
thickness at Tugaske Bridge. The results are presented in Figures 4 and 5 which show that the model
works well when simulating water temperature (with R2 = 0.88) and ice thickness (with R2 = 0.93).
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A local sensitivity analysis was applied to estimate the sensitivity of the water temperature and ice
thickness to the forcing data, which included wind speed, cloud cover, air temperature, dew point, flow,
and light extinction. The local sensitivity analysis is an effective and widely used method to determine
the relative importance of parameters, although it does not account for parameter interactions [33–35].
The main advantage of this method is that it requires few model runs whereas global sensitivity
analysis is computationally more expensive. Each model input is increased by a defined percentage
(here 10%) while holding the other model inputs constant. The sensitivity εwas then assessed using

ε =

√
1
n

n
∑

i=1
(Ox − Obase)

2

∆P
(1)
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where Obase is the simulated result using the base input, Ox is the simulated result using the perturbed
input, ∆P is the difference between base and perturbed input values (10% of the base parameter), and n
is the total number of observations. The sensitivity analysis results indicated that air temperature
has the most impact on both water temperature and ice thicknesses. Henceforth, for our modelling
exercise when using climate models, daily air temperature from PCIC and the average daily historical
flow discharge (from 2000 to 2016) seemed sufficient for our assessment. The other forcing data were
excluded due to the lack of sensitivity of model results (water temperature and ice thickness) to
these factors.

We ran the calibrated/validated model with the downscaled climate data for the same time frame
(2012–2015) to verify similarity between model output from sampled data and model output from
historical down-scaled climate data. The simulation results followed a similar trend as that shown in
Figure 4a. There was good agreement between observed and simulated water temperature using daily
maximum and minimum temperature from the CanESM2 RCP 2.6 model which resulted in R2 values
of 0.88 and 0.86, respectively. However, in winter 2012–2013, there was some lag between observed
and simulated water temperatures.

Ice cover data were sampled with a coarse temporal resolution; therefore, ice cover duration was
estimated based on the start and end date of 0 ◦C water temperature (i.e., the first and last day when
the water temperature was 0 ◦C). Figure 6 illustrates the measured and simulated ice cover duration
as well as the average of simulated values using the aforementioned four climate model scenarios.
Ice cover periods were over-estimated by three weeks with the calibrated WASP7 model and were
underestimated by about 2 weeks with the climate change models, due to the ice cover break up
occurring too early.
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Figure 6. Climate change impact on (a) maximum ice thickness and (b) ice-on duration.

In Figure 6, the 5-year averaged annual maximum ice thickness and 5-year averaged mean
ice-on duration are compared to the observed data. The maximum ice thickness will likely decrease
considerably (up to 32.7%) as a result of global warming. The results suggest that the ice cover period
will be shorter by up to 12 days in the future, though this is less than the error due to bias. The bias is
not due to time of freeze-up but rather, the breakup being simulated early as a result of variability in
flow discharge during the freshet. However, this only impacts the simulation of the aforementioned
water quality parameters in March and April. Moreover, the water temperature data were collected
bi-weekly to monthly rather than daily which may cause some degree of uncertainty in our estimated
observed ice cover period.

3.1.2. Water Quality

Model calibration output for all parameters is shown in Figures 7 and 8. Calibration (2014–2015)
produced a good fit to observed water quality data at the Tugaske and Marquis bridges, which was
also the case in the validation (2012–2013). Comparing the simulated concentrations to the measured
data yielded R2 values ranging from 0.38 to 0.95. The low correlation coefficient value of 0.38 was
found for DO at Marquis, although 90 percent of the data yielded a higher R2 value of 0.78. There were
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little observed data to compare results for Chl a. Overall, calibration and validation were deemed
successful when using the model to predict changes in water quality due to climate change.Water 2017, 9, 199 8 of 15 
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Figure 7. Calibration (2014–2015) and validation (2012–2013) results for simulated versus observed
water quality data (a) DO (dissolved oxygen); (b) NH4-N; (c) NO3-N; and (d) PO4-P at Tugaske Bridge.
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Figure 8. Calibration (2014–2015) and validation (2012–2013) results for simulated versus observed
water quality data (a) DO; (b) NH4-N; (c) NO3-N; and (d) PO4-P at Marquis Bridge.

Figure 9 compares the measured water quality concentrations and the outputs from the
calibrated/validated WASP7 model and from climate change scenarios (i.e., the average of the outputs
from all the climate change scenario models). The climate change scenario models were based on
the simulated water temperature and ice cover period using historical down-scaled climate data.
The 16-year averaged daily flow data at 05JG006 and 05JG013 flow gauges (Figure 1) were used
for the climate change model. The 16-year averaged monthly historical concentrations of the water
quality parameters including NH4-N, NO3-N, DON, PO4-P, OP, Chl a, and DO were available at
the SK05HF026 monitoring station (Figure 1) and 5-year averaged monthly water quality parameter
concentrations (NH4-N, NO3-N, DON, PO4-P, OP, and DO) were available at the Ridge Creek and
Iskwao Creek monitoring stations (Figure 1) and were used for the climate change model. The mean
simulated concentrations matched the measured mean concentrations relatively well.
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Figure 9. Measure and simulated water quality parameter concentrations using calibrated/validated
model and climate change scenario models (a) DO; (b) NH4-N; (c) NO3-N; and (d) PO4-P.

Figures 10 and 11 show the climate change impact on water quality parameters for 2050–2055
and 2080–2085. The outputs from the RCP 8.5 scenario, which represents the highest greenhouse gas
emissions, indicate the largest change in water quality of the system. As might be expected, all the
water quality parameters in the 2080–2085 period showed a bigger change than in the 2050–2055
period, except for a few cases (e.g., NH4 in September using the RCP 2.6 scenario).
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Figure 10. Percent change in water quality parameter concentrations for DO and NH4-N, due to climate
change scenarios (Representative Concentration Pathway) (1) RCP 2.6; (2) RCP 4.5; and (3) RCP 8.5 at
the Tugaske location.
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Figure 11. Percent change in water quality parameter concentrations for NO3-N, and PO4-P due to
climate change scenarios (1) RCP 2.6; (2) RCP 4.5; and (3) RCP 8.5 at the Tugaske location.

In general, the mean monthly DO concentrations decrease due to climate change. The reduction
in the DO concentrations is not significant in summer while it is pronounced during the ice cover.
A minor increase in DO concentrations was predicted in January (about 1%).

Nutrient concentrations were expected to decrease with air temperature increase, although,
the magnitude of the changes depends on the model scenarios and seasons. The greatest deviation was
observed for nitrogen species with the maximum of 6.71% for NH4-N and 9.79% for NO3-N. In contrast,
only a slight change was estimated for phosphorus with the maximum of 0.42%. The results suggest
that the highest decrease in the mean monthly concentrations of nitrogen and phosphorus would occur
in late summer (September and August).

3.2. Water Management

When flow rates during the ice cover season (November to April) were increased to 6 m3/s and to
14 m3/s in summer, the model output was significantly different from the original, calibrated/validated
results (Figure 12). The results revealed that parameters are more sensitive to changes in flow than
climate change. DO concentrations are increased in the ice cover periods (December–February),
likely due to reaeration of the river, since flows are increased from the Qu’Appelle River Dam, and due
to open water, allowing the exchange of gases between the river and atmosphere. However, DO is
expected to decline in early spring and late fall. NH4-N and NO3-N generally increase in summer
and fluctuate in winter. NH4-N decreased by about 5% in the winter periods when winter flow was
increased, while NO3-N slightly increased (about 1.5%–9%) through the winter and into early spring.
The phosphate concentrations are also expected to decrease in summer with the greater change in
early spring during the freshet.
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Figure 12. Changes in water quality parameters (a) DO; (b) NH4-N; (c) NO3-N; and (d) PO4-P due to
flow increase for the RCP 8.5 scenario at the Tugaske location.

4. Discussion

4.1. Impact of Increased Air Temperature on Water Quality

Many studies have concluded that water temperature will increase because of global
warming [2–4,36]. Our modelling results suggest that water temperature will increase between 2010
and either 2050 or 2080 with a corresponding decrease in ice thickness due to warmer air temperatures.
Ice cover duration may be up to 12 days shorter by the 2080s but this result is somewhat questionable
due to uncertainty in our simulations (Figure 6b). The uncertainty in ice cover duration in this study is
mainly attributed to the average flow rate used in our models. Ice breakup is strongly affected by when
spring runoff occurs [37]. Historical trend analyses of river and lake ice covers by Magnuson et al. [37]
showed similar results of later freeze-up of 5.8 days and earlier break-up of 6.5 days per 100 years.

A reduction in the concentrations of NH4-N, NO3-N, and PO4-P was predicted as a result of
warmer water temperatures due to increased air temperatures as a consequences of global warming
(Figures 10 and 11). The most significant reduction in the nutrient concentrations were projected
during the open-water period relative to the ice covered period. A similar study by Alam et al. [14]
also concluded that nutrient concentrations in rivers decline when air temperature increases. The
decreases in nutrient concentrations may be a product of increased phytoplankton growth, such that
more algae are utilizing more nutrients, and therefore a lower concentration of nutrients remains in
the water [14]. A declining trend in total phosphorus concentrations in winter during two decades
(1992–2011) was found by Zhang et al. [38] in a shallow reservoir in China, which could be attributed
to an increase in grazer abundance. Reduced ice cover duration and ice thickness as presented in the
current study, would act favorably towards phytoplankton growth because of better light conditions
in winter [39]. Dissolved oxygen concentrations were also projected in this study to decrease in all
months, except in January when DO concentrations were predicted to increase slightly (Figure 10).
Cox and Whitehead [40] also predicted a reduction in DO concentrations in the River Thames by the
2080s because of reduced saturation concentrations of DO and increased biological oxygen demand.

In contrast to rivers, some climate change studies on the water quality of lakes show that higher
water temperatures and increases in oxygen demand promote the release of nutrients from sediments,
resulting in more nutrient enrichment of the water column [2,4,39]. The upper Qu’Appelle River is
shallow, hence the anoxic conditions which could result in remobilization of nutrients is not a major
issue. However, we should note that as the upper Qu’Appelle River flows from Lake Diefenbaker
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(Figure 1), impact of higher water temperatures on water quality of the lake would consequently affect
the water quality of the river system. Such impact was not considered in this current study.

4.2. Impact of Increased Flow

The modelling results are based on water quality parameter concentrations predicted at Tugaske
Bridge, at the point where nutrient concentrations and loadings are due to concentrations from Lake
Diefenbaker and Ridge Creek. In summer when flow increased to 14 m3/s from the Qu’Appelle
River Dam, the increased flow led to an increase in NH4-N and NO3-N concentrations (Figure 12).
This likely occurs because with increased flow in the upper Qu’Appelle River from the Dam relative to
its base flow, the impact of NO3-N and NH4-N inputs from Ridge Creek was decreased. In contrast,
the concentrations of PO4-P decreased because of dilution (Figure 12). The contribution of NH4-N,
NO3-N, and PO4-P loads (kg/day) from the Ridge Creek in March and April are on average about
45%, 38%, and 73% of the loading at Tugaske Bridge, respectively. The increase in NO3-N and NH4-N
concentrations in the summer period may also be due to higher nitrification and mineralization rates.
Increases in nutrient concentrations have been reported in several studies as the result of drought
in summer caused by climate change [6,41,42]. For example, increased NH4-N concentrations in
a catchment in central Greece were predicted as a result of a reduction in stream dilution capacity due
to climate change [6]. Increased flow in the present study led to an increase in DO concentrations,
which may be in response to the increased reaeration rate caused by the higher water velocity and
flow rate.

Nutrient concentrations fluctuated in winter, when flow from the Qu’Appelle River Dam was
increased from base flow to 6 m3/s. The increase in NO3-N concentrations and the decrease in NH4-N
in November–January may be due to the increase in DO concentrations which would cause NH4-N
oxidation to NO3-N [43]. A small reduction in DO concentrations (about 2%) in October and November
may be the result of macrophyte die-off. From the results of this study, it can be inferred that biological
activities play a more important role in winter when flow is lower than in summer.

4.3. Future Studies

We assessed the potential impact of increased air temperature, caused by climate change, and
increased flow rate, due to flow regulation, on the water quality of the upper Qu’Appelle River.
Other factors such as land use change, water quality degradation of Lake Diefenbaker, and climate
change impact on catchment nutrient loadings were not considered in this study. Other studies have
assessed the impact of climate change on land use change and its consequences on nutrient loadings
(e.g., [38,42,44–46]. Higher nitrogen and phosphorus loadings to the river may be expected due to
increased precipitation caused by global warming especially from agricultural catchments [45,46].
Further studies on the Qu’Appelle River to consider such impacts on the long-term sustainability and
security of this water source in Southern Saskatchewan would be beneficial.

Algal dynamics were not considered in this study due to the lack of sufficient measured data for
Chl a for validation of the model results. To simulate algal dynamics in the river system, high-frequency
and continuous sampling of Chl a would be necessary.

5. Conclusions

In this study, we assessed the future potential impacts of increased air temperature due to
climate change and increased flow via water management on the concentrations of nutrients and
dissolved oxygen in the upper Qu’Appelle River using the WASP7 model and PCIC climate change
models. An important outcome of this study was to develop prediction capacity to assess how changes
in flow management and climate change are anticipated to affect downstream changes in water
quality. The results show that water quality parameters are highly sensitive to increased flow and
air temperature. Warmer water temperatures caused a reduction in the concentrations of nutrients,
with a greater decrease in the open water condition and a lower decrease in the ice cover condition.
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Dissolved oxygen concentrations were predicted to decrease throughout the year except in January
when DO concentrations will slightly increase. Based on our study, water quality parameters are
more sensitive to flow changes than to climate warming. In summer, increased flow may cause
an increase in NH4-N and NO3-N concentrations and a reduction in PO4-P concentrations. Increased
meso-eutrophication of Lake Diefenbaker due to climate change would have further impact on the
water quality of the upper Qu’Appelle River.

From a water management perspective, the changes in the flow and nutrient regimes of the upper
Qu’Appelle River will have implications for water quality in the downstream reservoir Buffalo Pound
Lake, a key drinking water source for southern Saskatchewan. Our results indicate that a shift in the
nutrient regime may occur primarily due to changes in flows, not climate change. Higher discharges
can be brought about by the conveyance of more water from Lake Diefenbaker to Buffalo Pound Lake
via the upper Qu’Appelle River. Since Lake Diefenbaker is phosphorus limited, larger transfers of
its water downstream may increase the phosphorus limitation in Buffalo Pound Lake. The freshet
also has a diluting impact on phosphorus loading in the system. Nitrogen concentrations follow
an increasing trend with higher flows, particularly during the summer months due to the high loading
from Lake Diefenbaker, which could ultimately enrich Buffalo Pound Lake with additional nitrogen.
These conclusions are based on the assumption that the nutrient ratio in Lake Diefenbaker and the
nutrient loading from the surrounding landscape in the upper Qu’Appelle Valley will not change
substantially in the future. Further study is required to investigate the impacts of land-use changes
and changes in the trophic status of Lake Diefenbaker on the upper Qu’Appelle River and ultimately
on the aquatic ecosystem of Buffalo Pound Lake.
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