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Abstract

Eutrophication of an under-ice river-lake system in Canada has been modeled using the Water Quality Analysis Simulation
Program (WASP7). The model was used to assess the potential effect on water quality of increasing inter-basin transfer of water
from an upstream reservoir into the Qu’Appelle River system. Although water is currently transferred, the need for increased
transfer is a possibility under future water management scenarios to meet water demands in the region. Output from the model
indicated that flow augmentation could decrease total ammonia and orthophosphate concentrations especially at Buffalo Pound
Lake throughout the year. This is because the water being transferred has lower concentrations of these nutrients than the
Qu’Appelle River system, although there is complex interplay between the more dilute chemistry, and the potential to increase
loads by increasing flows. A global sensitivity analysis indicated that the model output for the lake component was more sensitive
to input parameters than was the model output of the river component. Sensitive parameters included dissolved organic nitrogen
mineralization rate, phytoplankton nitrogen to carbon ratio, phosphorus-to-carbon ratio, maximum phytoplankton growth rate,
and phytoplankton death rate. Parameter sensitivities on output variables for the lake component were similar for both summer
(open water) and winter (ice-covered), whereas those for the river component were different. The complex interplay of water
quality, ice behaviors, and hydrodynamics of the chained river-lake system was all coupled in WASP7. Mean absolute error
varied from 0.03—0.08 NH4-N/L for ammonium to 0.5 tol.7 mg/L for oxygen, and 0.04-0.13 NO;-N/L for nitrate.
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2010; Zhao et al. 2013; Liu et al. 2014). In the studies by Zhao

It has been argued that the rate of cultural eutrophication of
Canadian lakes is increasing as a result of agricultural and
industrial activities and population growth (Schindler 2001).
River and lake water quality modeling is widely used to predict
changes in trophic state under different management strategies
and occurrence of algal blooms (Liu et al. 2014; Brooks et al.
2016; Zhao et al. 2013). Several lake water quality models
have been developed in the recent past to aid decision-
making (Sagehashi et al. 2000; Gurkan et al. 2006; Komatsu
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et al. (2013) and Liu et al. (2014), the responses of Lakes
Dianchi and Yilong to varied inflow magnitudes, timings,
and load reduction strategies were assessed using complex
lake eutrophication models. Komatsu et al. (2007) also used
a lake water quality model to examine the response of aquatic
ecosystem to long-term global warming. For these models,
contributions from rivers connected to the lakes were modeled
as boundary conditions. Others have also modeled the water
quality of river and lake components of river-lake systems
separately (Akomeah et al. 2015; Sadeghian 2017; Terry
et al. 2018). While predominant effects along a lake-river sys-
tem are from upstream to downstream, Akomeah et al. (2015)
showed that lake backwater effects can impact water quality of
riverine sections. Fewer studies (e.g., Lung and Larson 1995)
have considered rivers and lakes together in a single model.
Our study system, Qu’Appelle River (QR) in Canada, flows
through a series of under-ice lakes. Ice cover has significant
effects on the hydrology and water quality of watercourses and
waterbodies (Prowse 2001). Several studies have shown that
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aquatic ecosystems are biologically active under ice-covered
conditions (Hampton et al. 2017; Hosseini et al. 2016, 2017a).
Rivers and lakes in Saskatchewan are covered by ice for about
one third to half of the year. Given these effects and the length
of time of ice cover in many cold regions, it was imperative
that the water quality model used for this study included com-
ponents that reasonably represented under-ice water quality.

The objective of this study was thus to assess the feasibility
of reasonably representing eutrophication dynamics in the up-
per QR and Buffalo Pound Lake by comparing the robustness
of a river-only water quality model to a river-lake water qual-
ity model to predict the dynamics using the Water Quality
Analysis Simulation Program (WASP7) (Wool et al. 2000).
The second objective was to examine the response of the study
system to flow augmentation from Lake Diefenbaker, an up-
stream lake. WASP has been used extensively for modeling
river and lake pollution in the USA and Canada. In this study,
the model was used to simulate eutrophication in the QR sys-
tem. This was done using available empirical data in a
calibration-validation process. The calibrated and validated
model was then used to assess how a future water manage-
ment scenario of increasing inter-basin transfer from Lake
Diefenbaker to the QR is predicted to affect water quality in
the Qu’Appelle watershed.

Sensitivity analysis is an important tool to evaluate the
model output and identify dependencies within the structure
and process descriptions of the model (Wagener and Kollat
2007; Razavi and Gupta 2015). We performed a global sensi-
tivity analysis (GSA) to determine seasonal and spatial chang-
es in sensitivity of the model response to various input param-
eters. GSA provides the means of identifying processes
influencing a system (Razavi and Gupta 2015). Sensitivity
of the model response enabled us to compare eutrophication
processes between the river and lake components of the river-
lake model to understand the impact of ice-cover on water
quality of the system.

Study site

The Qu’Appelle River, located in Saskatchewan, Canada,
flows from Lake Diefenbaker in southwestern Saskatchewan
430 km east to the Assiniboine River in Manitoba. The river
flows through several lakes including Buffalo Pound Lake,
the lake of interest in this study. Further downstream, the river
flows through Pasqua, Echo, Mission, Katepwa, Crooked, and
Round lakes. Our study area includes the upper QR and
Buffalo Pound Lake (Fig. 1). The majority of the drainage
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Fig. 1 Map of the upper Qu’Appelle River and Buffalo Pound Lake. The shaded gauged and ungauged areas represent the effective drainage area for

those tributaries
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area in the watershed is agricultural land (about 95%) (Hall
et al. 1999), although much of the land is non-contributing
with respect to runoff (Fig. 1). Buffalo Pound Lake has an
average depth of about 3 m (Hall et al. 1999). Thermal strat-
ification can occur for brief periods (hours to days) in this
polymictic lake, (Hall et al. 1999, Baulch et al. unpubl.
data). Flow in the upper QR is augmented from Lake
Diefenbaker at the Qu’Appelle dam to maintain water levels
in the QR system. The annual water level fluctuation in
Buffalo Pound Lake is small (<0.25 m). The important tribu-
taries of the river upstream of Buffalo Pound Lake are Ridge
Creek and Iskwao Creek, which flow intermittently. Buffalo
Pound Lake provides drinking source water for the cities of
Regina and Moose Jaw and surrounding communities and
water for industrial uses such as potash mines. Buffalo
Pound Lake is known as a naturally eutrophic prairie lake with
frequent algal blooms and low Secchi depth readings (around
0.9 m; Hammer 1971). Buffalo Pound Lake is nutrient rich,
and historically, the main source of external nutrient loads was
from runoff in its watershed (Buffalo Pound Water
Administration Board 2010). Warm temperatures, high pH,
and low dissolved oxygen concentrations have been identified
as major factors influencing lake sediment releases of phos-
phorus. High phosphorus release, in turn, can stimulate
cyanobacteria blooms (Orihel et al. 2015; D’Silva 2017).

Methods
Model setup
Water quality model

The WASP7 program was developed by the United States
Environmental Protection Agency (USEPA) (Wool et al.
2006; Ambrose et al. 1988). The program was designed to
predict water quality responses to natural phenomena and an-
thropogenic pollution (Ambrose et al. 1988; Wool et al. 2006).
For this initial work, a one-dimensional modeling approach
was deemed sufficient to assess the feasibility of linking river
and lake components.

In this study, the Eutrophication Module in WASP7 was
used to simulate transport and transformation of dissolved
oxygen (DO), total ammonia (NH3-N + NH4"-N; hereafter
NH4-N), nitrate (NO3-N), dissolved organic nitrogen
(DON), orthophosphate (PO4-P), dissolved organic phospho-
rus (DOP), and chlorophyll-a (Chl-a).

Geometric data and discretization
The upper QR (river component) was discretized into 165

longitudinal segments ranging in length from 600 to 800 m.
The hydrodynamic data, including segment depth, width,
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velocity, and volume, were calculated from river morphology
that was surveyed at approximately 770 locations along the
97-km stretch, from the Qu’Appelle Dam at Lake Diefenbaker
to Buffalo Pound Lake.

For the Buffalo Pound Lake (lake component) segmenta-
tion, we used a digital elevation model (DEM) prepared in
ArcGIS 10.2.2 (ESRI Inc., Redlands, CA, USA), which in-
cluded sonar data of lake depth collected by boat in 2014, and
a reservoir extent polygon and shoreline digital elevation data
provided by the Saskatchewan Water Security Agency
(WSA). Cross-sectional profiles of the lake were created
based on the DEM using the River Bathymetry Toolkit
(RBT) in ArcGIS and then converted to a HEC-RAS model
for final bathymetry output. WASP7 allows up to 25 segments
for ponds, which was deemed appropriate for Buffalo Pound
Lake. Buffalo Pound Lake was discretized into 22 segments,
each about 1400 m in length.

Hydrological and meteorological data

Daily flow rates at two locations, the Elbow Diversion Canal
near the headwaters and Ridge Creek near Bridgeford (Fig. 1),
were downloaded from Water Survey of Canada website.
Estimated daily flows from Iskwao Creek and the other
ungauged catchments were provided by WSA. Flow from
ungauged catchments was distributed between the major
drainage basins (shown in Fig. 1) based on their drainage area.
On average, the main source of water to the upper QR and
Buffalo Pound Lake is from Lake Diefenbaker. The high con-
tribution of flow from Ridge Creek and the ungauged catch-
ments primarily occurs during spring runoff. The contribution
of flow from these creeks is also highly variable among years.
One-dimensional kinematic wave routing in WASP7 was se-
lected to simulate flows through the segments. This approach
calculates flow wave propagation resulting in variations in
water flow, volume, depth, and velocity throughout the stream
network. The upper QR and Buffalo Pound Lake are typically
covered by ice from some time in November until late April or
early May. The period of ice cover was determined from the
Water Survey of Canada symbols indicating ice cover. The
first and last date of ice-cover symbols defined, respectively,
ice-on and ice-off dates.

Daily meteorological data including air temperature and
wind speed recorded at the Moose Jaw station were
downloaded from the Environment Canada website. Daily
solar radiation extracted from the National Centers for
Environmental Prediction (NCEP) was provided by the
NOAA/OAR/ESRL website at https://www.esrl.noaa.gov/.
Model light extinction coefficients were based on the
relationship between measured turbidity and measured
extinction coefficients of PAR (photosynthetically available
radiation) collected at multiple locations along the length of
Buffalo Pound Lake by the WSA from 2015 to 2017. Based
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on the study by Brown (1984), the relationship between tur-
bidity and extinction coefficient for several reservoirs was
found to be:

Extinction coefficient = C x Turbidity (1)

where C was between 0.05 and 0.5.

The dashed-lines bounded the majority of the data collect-
ed at Buffalo Pound Lake falling within a C range of 0.15 to
0.5 (Fig. 2). In this study, 0.2235 was used as the constant “C”
in the above equation (Fig. 2).

Tributaries

Water quality data were provided by WSA and Buffalo Pound
Water Treatment Plant for six water quality stations along the
upper QR and three stations along Buffalo Pound Lake for the
period 2010 to 2016 (Fig. 1). The frequency of data for each
water quality parameter varied from weekly to annually. The
list of water quality stations and the number of measured data
at each station for each water quality parameter are shown in
Table 1. The furthest upstream station (HWY #19) and fur-
thest downstream station (Buffalo Pound Lake dam) were
used as boundary locations in the model. The period, 2012
to 2016, was selected for the model simulations to cover com-
mon forcing time series.

Nutrient concentrations in Ridge Creek and Iskwao Creek
were provided by WSA for the time period of 2013 to 2016.
Measured nutrient concentrations at Ridge Creek were used to
estimate loads from the ungauged catchments.

Fluxes from the benthic layer can be an important
source of nutrients to the water column. Initial model
results showed that the system was sensitive to these
fluxes. Ammonia and phosphate benthic fluxes were
therefore calibrated to values of 24 mg/m?/day and
1.5 mg/m?/day, respectively. The values fall within mea-
sured benthic ammonia flux rate of 19—29 mg NH,-N/m?%/
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Fig. 2 Relationship between light extinction coefficient and turbidity for
data collected on Buffalo Pound Lake between 2015 and 2017

day at downstream lakes (unpublished data) and measured
benthic phosphate efflux rates in incubation studies on the
lake (0 to 40 mg/m*/day) (D’Silva 2017).

Model calibration and validation

The model was calibrated and validated by adjusting kinetic
parameters one-at-a-time until simulations matched observed
data. The observed data sampled during the period 2014 to
2015 were chosen for the calibration exercise because more
data were available during this time period. To validate the
model performance, the calibrated parameter set was used to
determine how well the simulations matched the observed
data during the period of 2012 to 2013. Model performance
was evaluated using mean absolute error (MAE), one to one
regression plots of observed and modeled state variables, and
probability plots.

Sensitivity analysis

A regional sensitivity analysis proposed by Hornberger
(Hornberger and Robert 1981) was conducted to compare
overall model response to stochastic perturbations of input
parameters for two seasons, summer (May—October) and
winter (November—April). OSTRICH (Optimization
Software Tool for Research In Computational Heuristics;
Matott 2008) was used to automatically run many WASP7
simulations. Thousands of parameter sets were selected
randomly from uniform distributions within reasonable
range of model parameter values. The parameter ranges
were derived from previous studies (Hosseini et al. 2016,
2017a, b; Akomeah et al. 2015) of nearby catchments or
adapted from the WASP7 model manual. The results were
based on the normalized sum of squared error between
simulated values from each run and the calibrated model
outputs.

Scenario assessment of water management

The validated model was used to predict outcomes based
on hypothetical changes to flow management, which in-
volved increasing the magnitude of flow from Lake
Diefenbaker. In summer (May—October), the flow re-
leased from the Qu’Appelle Dam was increased to
14 m*/s, which is the present maximum capacity of the
conveyance channel (Lindenschmidt and Sereda 2014).
For winter months (November—April), the flow was in-
creased to 6 m>/s, which is the tested flow rate the river
is able to accommodate without ice jamming or overbank
flooding (Lindenschmidt and Davies 2014).
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Table 1 Water quality data

availability used for this modeling ~ Station names (location)

Number of observations from January 2010 to December 2016

exercise

DO NH,;-N NO;-N PO4-P Chla DON opP

River sites

QR. HWY #19 74 74 75 59 20 74% 58%*

Tugaske Bridge 66 66 66 34 1 64%* 32%*

Eyebrown 7 - 9% S#*

Brownlee Bridge 55 2 3* Kl

Keeler Bridge 8 5 3* Kl

Marquis Bridge 83 84 84 43 7 83* 42%%
Lake sites

QR. HWY #2 19 20 21 21 19 21% 21%*

BPL _intake 96 49 46 56 86 66 4

BPL Dam 3 4 4 4 _ 4% 4

*Number of calculated values from total Kjeldahl nitrogen and total ammonia

**Number of estimated values from total phosphorus and orthophosphate

DO dissolved oxygen, NH4-N ammonia + ammonium, NO;-N, PO,-P orthophosphate, Chl a chlorophyll-a, DON
dissolved organic nitrogen, OP organic phosphorus. Data courtesy of the Saskatchewan Water Security Agency
and Buffalo Pound Water Treatment Plant

Results and discussion
Calibration and validation

Model calibration and validation achieved reasonable qualita-
tive and quantitative matches between modeled state variables
and sampled records (Figs. 3, 4, and 5). The objective of
calibration was to minimize the MAE. MAE provides a better
metric for evaluating models than coefficient of determination
(R%), which just provides a pattern of the match between sim-
ulated and observed values rather than the values themselves
(Wang and Ambrose 2015). A MAE of 1.5 is considered ac-
ceptable for water quality modeling (Akomeah and
Lindenschmidt 2017). The MAE for DO, NH4-N, and NOs-
N ranged from 0.03 to 1.7 with an average of 0.86 (Table 2).
Based on qualitative and model performance metrics, the
model simulation provided satisfactory match with monitored
data especially for DO, NH,4-N, and NOs-N for both the river
and the lake components of the study system (Figs. 4 and 5).
The model captured the average measured conditions (Fig. 3).

The model results generally followed the seasonal pattern
of sampled data (Figs. 4 and 5). The seasonal trend in water
quality differed between the river and lake components. In
general, lower levels of DO and NO;-N and higher levels of
PO,4-P and NH,4-N concentrations were measured for the lake
compared to the river. In the lake, DO and NO3-N levels were
lower in winter and higher in summer, while NH4-N and POy4-
P increased in winter and declined in the summer months.
Continued mineralization of deposited organic matter and
dead plankton during winter and less nutrient uptake by
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plankton community result in higher levels of NH4-N and
PO4-P under-ice. In addition, model results suggest that lower
nitrification rates occur as temperature decreases in winter.
The decline in NH4-N and PO,4-P concentrations during the
ice-free period reflects uptake associated with active primary
production by the plankton community during the summer.
Increased DO during the summer is also reflective of primary
productivity, as well as atmospheric exchange of DO once ice
cover is lost.

Model predictions along the river stretch were better (Tugaske
and Marquis Bridges) than in the lake (BP_intake) (Figs. 4 and 5)
especially for ammonium and nitrate variables. The model also
captured Chl-a concentrations well except for some algal bloom
events in autumn. The shortcoming in Chl-a simulation might be
due to the constant value assumed for carbon to chlorophyll
ratio—the ratio is highly light sensitive and thus variable
(Geider 1987; Sadeghian et al. 2018).

Sediment oxygen demand (SOD) was estimated to be
higher in the lake than in the river. The SOD values were
calibrated. SOD value of 1.87 g/m*/day in the lake was in
the same range reported by Terry et al. (2017) who also
modeled SOD in Buffalo Pound Lake and by Veenstra and
Stephen (1991) who showed that SOD values ranged between
1.49 and 4.08 g/m*/day in oligotrophic to eutrophic lakes in
the southwestern USA.

SOD has been reported to be velocity dependent because of
changes in the diffusion coefficient and DO gradient under
different flows (Nakamura and Heinz 1994). High flow veloc-
ity also decreases sedimentation rates (Nakamura and Heinz
1994). Oxygen consumption by sediments is known to be
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Fig. 3 Simulated dissolved oxygen (DO) calibration results at sampling
stations: Tugaske, Marquis, and Buffalo Pond Intake. Left panel graphs
represent variable exceedance probability plot between simulated and

greater in eutrophic lakes (Mathias and Barica 1980). Our
results are consistent with findings of higher SOD rates in
eutrophic standing water compared to the river section.

The reaeration rates estimated from the calibrated model in
the river were significantly higher than the rates in the lake.
Reaeration rate in lakes is a function of wind. The reaeration
rate in rivers is controlled by depth and velocity. The expected
reaeration rate based on the O’Connor-Dobbins formula at
Marquis Bridge, as an example of a river segment, is shown
by the red area in Fig. 6 published by Covar (1976). There was
a large difference between model-estimated reaeration rates
for the river and lake (Fig. 7). The high velocity associated
with peak spring runoff and summer flows and the corre-
sponding depth of flow may have contributed to elevated
reaeration rates (Fig. 7) in the river (Ji 2008). Lake fluxes
are lower, associated with the fact that wind-driven turbulence
is the only major driver of gas exchange Fig. 8.

There were several potential sources of uncertainties in our
model predictions, especially for the lake. There were fewer
lake data with which to calibrate and validate the model,
which led to aggregation of monthly data (e.g., fixed flux
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measured results. Right panel plots represent a one to one plot of simu-
lated and measured data

rate). Hence, the model was unable to capture peak and low
concentrations of sampled data. Greater frequency records
improve the predictive power of water quality models. This
is particularly the case when the sampling period captures
transient behavior of the system. The second source of uncer-
tainty in predictions for the lake component is that water qual-
ity data were measured at the intake of the water treatment
plant. There is a short travel time from the lake to the plant
through a pipe, meaning the water that may have been warmed
could change some of the values from those in the lake. Third,
the upstream part of the lake (upstream of the HWY #2 sample
point) is shallow and has high macrophyte growth. This part
of'the lake is known to retain sediment and is presumed to also
retain dissolved nutrients. However, we have no information
on the amount of nutrients that may be retained, or how that
might change seasonally. We assumed a direct transfer of sub-
stances from the river to the lake, but know that some of this is
retained in the upper lake basin. This can lead to over predic-
tion of state variables, as was the case for the winter 2014—
2015 and summer 2015 when of PO4-P concentrations were
overestimated (Fig. 5).
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Fig. 4 Simulated versus observed concentrations of nutrients, and dissolved oxygen (DO) in the upper Qu’Appelle River. The blue bars represent ice

cover periods

Snow tends to be the dominant driver of the light environ-
ment in winter. DO was underestimated at the BPL_intake in
winters 2011-2012 and 2014-2015. Comparison of the DO
concentrations in winter (ice-cover period) and snow thick-
ness (Fig. 9) showed winter DO underestimation occurred in
low snow year (2012, 2015). Global low DO levels were
predicted for the winter of 2015-2016 (Fig. 9). Although high
snow depth (Fig. 9) was recorded in the fall of 2015, snow
depth in the winter was very low. Similarly, extremely lower
Chl-a levels were predicted for the winters of 2012-2013 and
2014-2015. Pernica et al. (2017) found a strong inverse rela-
tionship between light penetration and snow depth. They stat-
ed a snow depth of 13.5 cm was the critical depth affecting
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phytoplankton growth. Low snow winters or winters in which
the ice cover remains snow free result in higher light penetra-
tion. However, since WASP7 includes ice data and not snow
data, DO and Chl-a were underestimated—TIight thus becomes
limited during winter due to restrictions by ice cover without
low snow depth in WASP routines.

Comparison between river-only and river-lake model
configuration

To gain insights into the influence of domain configuration of
the study system on kinetic parameters, the calibrated WASP
river-lake model in the current study was compared to a
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Fig.5 Simulated versus observed concentrations of nutrients, dissolved oxygen (DO), and chlorophyll-a in Buffalo Pound Lake. The blue bars represent

ice cover periods

WASP water quality model developed for the riverine section
of the study system in a related study (Hosseini et al. 2017b)
(Table 3).

The comparison was made to analyze the magnitude of
spatial variation in calibrated parameters. The river-lake mod-
el was calibrated based on the observations along both the
river and lake components, whereas the calibration of the river

model was based solely on observations along the river
portion.

The calibrated water quality parameters in the river-
lake model were generally higher than calibrated parame-
ters in the river-only model (Table 3). In the river-only
model, most kinetic processes influencing coupled river-
lake water quality, such as backwater flow, are lumped in
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Table 2 Model performance

evaluation metric for DO, NH,-N, ~ Gauge station

Dissolved oxygen (mg/L)

Ammonium (NH4-N/L) Nitrate (NOs/L)

and NO;3

R? Mean absolute error ~ R?

Mean absolute error ~ R? Mean absolute error

Tugaske Bridge 0.8 141

Marquis 06 12
HWY 2 0.1 17
BPL _intake 08 05

0.6 0.03 0.6 0.05
04 0.03 043 0.07
04 0.05 0.05 0.13
0.1  0.08 0.4 0.08

the model development. This may have contributed to the
lower estimated parameters in the river water quality
model (Table 3).

Nitrification rate in the river-lake model was higher than
that in river-only model. Buffalo Pound has greater residence
time than the river, which means nutrients spend more time in
the lake and have greater opportunity to recycle within the
lake and between sediment and the water column. This
recycling process increases denitrification and nitrification
rates. The accumulation of NH4-N in the lake, especially, dur-
ing the winter months may have contributed to the reason why
the model predicts accelerated nitrification and denitrification
processes during summer.

Velocity (fps)
1

0.04 0.2 1
Velocity (mps)
Fig. 6 Reaeration rate versus depth and velocity (Covar 1976). The red

box represents estimated reaeration rate by O’Connor-Dobbins formula at
Marquis Bridge
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Parametric sensitivity of the river-lake model

Knowledge of model parametric sensitivity plays a key role in
understanding which parameters and processes influence
aquatic system behavior (Wagener and Kollat 2007; Razavi
and Gupta 2015). In this study, global sensitivity analysis was
undertaken to identify key parameters driving eutrophication
in the river-lake model. This river section looks at global sen-
sitivities of the parameters with only the river data, lake data,
and the combined river-lake as objective function.

The model outputs from the lake were generally sensitive
to more parameters than the model outputs from the river
(Table 4). The results were based on the significance level
(o) of difference between the 10% best parameter sets and
the entire parameter sets. The 10% best parameter sets repre-
sent those with lowest sum of squared error. High significance
was attributed to parameters with & < 0.001, medium signifi-
cance was attributed to parameters with 0.001 < x <0.01, and
no significance was attributed to &> 0.01.

In general, parameter sensitivity results for the lake
were similar for both winter and summer. Dissolved or-
ganic nitrogen mineralization rate, phytoplankton nitrogen
to carbon ratio, phosphorus-to-carbon ratio, maximum
phytoplankton growth rate, and phytoplankton death rate
(Table 4) were found to be the most sensitive parameters
for predictions. High sensitivity of the model response to
phosphorus-to-carbon ratio and nitrogen-to-carbon ratio
may be due to the higher amount of nutrients in the lake
(Chapra 2008). Dissolved organic nitrogen mineralization
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Fig. 7 Calculated reaeration rate at Marquis Bridge and BP_intake
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Fig. 8 Concentration distribution of measured water quality parameters at four water quality stations along the upper Qu’Appelle River and Buffalo

Pound Lake during 2012-2015

rate, maximum phytoplankton growth rate, and phyto-
plankton death rate were also reported to be the dominant
control parameters for predictions of water quality param-
eters in the South Saskatchewan River (Hosseini et al.
2016, 2017a).

There were some slight differences in the parameter sensi-
tivities of the river in summer and winter. The sensitivities
were more pronounced in summer, particularly the parameters
related to the death and mineralization of algae (K71C, K83C,
K1R, and K1D; see definitions in Table 3). In winter, K71C
(organic nitrogen mineralization rates) and SOD were found
to have the most impact on organic nitrogen and dissolved
oxygen. K12C, K1C, and KMNG still had a slight impact
on the model predictions in winter.
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Fig. 9 DO concentration and snow thickness at BPL_intake

The high sensitivity of model results to K71C (organic
nitrogen mineralization at 20 °C) may be explained by the
limitation factors for phytoplankton growth. Figure 10 shows
nutrient and light limitations for phytoplankton growth at
Marquis Bridge and BP_intake. It is recognized that use of
dissolved nutrients to infer limitation is problematic (Dodds
2003), that immediate nutrient availability is more closely
related to physiological deficiency rather than limitation per
se (Davies et al. 2010; Schindler 2012), and that co-deficiency
of nitrogen and phosphorus (Davies et al. 2004) and nutrients
and light (Healey 1985) occur. The model results presented in
this study are meant to provide a general assessment of the
relative availability of each and interpretation of results must
be considered in this context; determination of limitation fac-
tors in the QR and Buffalo Pound would requires further
work. Within the model, nutrient “limitation” is a function
of dissolved inorganic phosphorus or nitrogen and varies be-
tween 0 (complete limitation) and 1 (no limitation). As shown
in Fig. 10, the modeled growth is often predicted to be nitro-
gen limited at the beginning of summer and phosphorus lim-
ited at the end of the season. However, for some years, the
phosphorus supplies were high resulting in nitrogen being
present at a lower relative proportion and therefore considered
the limiting factor by the model throughout the season.

The lake component of the model was insensitive to SOD
but slightly sensitive to the SOD temperature coefficient

@ Springer
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Table 3  Calibrated model input parameters

Parameter Calibrated river-only model Calibrated river-lake model Units Description

KMPG 0.0003 0.0048 mg P/L Half-saturation constant for
phytoplankton phosphorus
uptake

KMNG 0.0499 0.26 mg N/L Half-saturation constant for
phytoplankton nitrogen uptake

KID+KIR 0.19 0.032 1/day Phytoplankton death rate

KiIC 2.9792 3 1/day Maximum phytoplankton growth
rate

Ki2c 0.0068 0.01 1/day Nitrification rate at 20 °C

NCRB 043 0.131 mg N/mg C Nitrogen-to-carbon ratio

PCRB 0.0031 0.05 mg P/mg C Phosphorus-to-carbon ratio

fON 0.58 0.95 - Fraction of dead and respired
phytoplankton recycled to
organic nitrogen

K71C 0.0025 0.0001 1/day ON-Mineralization rate at 20 °C

K83C 0.00043 0.011 1/day OP-Mineralization rate at 20 °C

fOP 0.83 0.95 - Fraction of dead and respired
phytoplankton recycled to
organic phosphorus

CCHL 59.94 20 mg C/mg Chl-a Carbon-to-chlorophyll-a ratio

K2D 0.035 0.09 1/day Denitrification rate at 20 °C

SOD _river 0.41 0.41 g/m? day Sediment oxygen demand for river

SOD _lake - 1.87 g/m? day Sediment oxygen demand for lake

SODr 1.11054 1.13 - Sediment oxygen demand

temperature coefficient

(Table 4). SOD temperature became an important parameter to
capture seasonality as the lake had a wide range of temperature

Table 4  Parameter sensitivity in winter and summer in the river-lake model

variation (minimum = 0.3 °C to maximum =24.9 °C). The
higher sensitivity of SOD to the model outputs in the river

Winter Summer

Parameters] Description , R:v" .o I.:ke . River-Lake| R‘:" .0 I.:l(e . ':':::
SOD_r Sediment Oxygen Demand for river - .
SOD_| Sediment Oxygen Demand for lake
SOD_temp |Sediment Oxygen Demand Temperature coefficient ) ° °®
K12C Nitrification rate at 20°C [
K20C Denitrification rate
K71C ON-mineralization rate at 20°C 3 . . . .
K83C OP-mineralization rate at 20°C
NCRB Nitrogen-to-carbon ratio o
PCRB Phosphorus-to-carbon ratio © . .
CCHL Carbon-to-chlorophyll-a ratio
K1C Maximum phytoplankton growth rate o
K1R Phytoplankton death rate . . . .
K1D Phytoplankton death rate .
KMNG Half-saturation constant for phytoplankton nitrogen uptake (=)
KMPG Half-saturation constant for phytoplankton phosphorus ° -

uptake
fon Fraction of dead and respired phytoplankton recycled to

Organic Nitrogen
fop Fraction of dead and respired phytoplankton recycled to)
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Fig. 10 Simulated nutrient and light limitation at a Marquis Bridge and b BPL_intake

compared to the model outputs in the lake component may be
explained by the lower volume of water that exists in the river
component compared to the lake component.

Effect of increasing flow on Buffalo Pound Lake water
quality

The simulation of increased flow from Lake Diefenbaker was
conducted over the years of the study, that is, the model was re-
run for the same years but with greater outflows from Lake
Diefenbaker. Understanding the effect of water transfer from
Lake Diefenbaker on water quality in the QR watershed is im-
portant to better understand implications of water management
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strategies for this system. It has potential implications to the water
quality in Buffalo Pound, which serves as the source water for
the province’s capital city, Regina, the city of Moose Jaw and
surrounding towns, and municipalities. Treatment efficiency at
the water treatment has been affected by the lake’s algal blooms
(Kehoe et al. 2015) and high dissolved oxygen levels, and there
are ongoing concerns related to dissolved organic carbon, which
serve as precursors to disinfection byproducts. Lake Diefenbaker
has lower nutrient, organic carbon, and salinity than Buffalo
Pound. Thus, in theory, greater volumes of water transfer should
improve downstream water quality, although the realization of
this has not been obvious since water transfer started in the late
1950s and increased after construction of Lake Diefenbaker in
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Fig. 11 Water quality parameter concentrations at BP_intake based on the period of measured flow (measured) versus the same period with simulated
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Fig. 12 P and N limitation based on the period of measured flow (measured) versus the same period with simulated increased flow (increased flow)

1967 (Davis and Sauer 1988). Water quality in Buffalo Pound is
also affected by in-lake processes (D’Silva 2017) so that changes
to water quality may be muted or substantially delayed.
Furthermore, the QR watershed is relatively flat so water levels
along the system must be carefully considered when water is
transferred. Thus, in years with high runoff from the local water-
shed, there is less capacity to divert water from Lake
Diefenbaker. When this occurs, especially if it occurs in succes-
sive years, the inflow to Buffalo Pound will have greater nutrients
and organic carbon than in years where the proportion of flow
from Lake Diefenbaker is greater (Lindenschmidt and Davies
2014).

This modeling test was conducted to evaluate the effect of
increased diversion of water from Lake Diefenbaker, which is
expected to occur in drier years when there are low volumes of
runoff from the local watershed. Nutrient concentration results
for two scenarios—with and without the flow increase—were
significantly different: p < 0.0001, based on two-sample ¢ test
(Fig. 11). Since one of the main sources of NH4-N and PO4-P
concentrations in Buffalo Pound Lake is from sediment flux,
higher flow can lead to dilution of these constituents (Fig. 11).
However, higher flows will also increase total loads to the
lake, and could influence internal recycling processes. An
increase in P limitation (Fig. 12) was simulated as a result of
larger water transfers from Lake Diefenbaker. Lake
Diefenbaker has comparatively low phosphorus concentra-
tions compared to the QR system and Lake Diefenbaker is
considered to be phosphorus limited, rather than shifting in
limitation, as appears to be the case here (Hosseini et al.
2017b; North et al. 2015). Increased flows resulted in a de-
crease in simulated Chl-a both in summer and winter, except
in summer 2014 when POy4-P peaked at 0.09 mg/1. Despite the
decline in PO,4-P and Chl-a concentrations, model simulations
suggest the lake would still remain eutrophic.

Conclusion

We assessed the feasibility of water quality modeling of a linked
river-lake system using WASP7. The model was used to suc-
cessfully simulate seasonal trends of water quality parameters
(dissolved oxygen, dissolved nutrients, and chlorophyll-a) in

@ Springer

both the river and the lake components. However, better simu-
lation results were obtained for the river, which may reflect the
transient importance of thermal stratification in this polymictic
lake, and impacts on processes such as internal loading. We
conclude that the model can be used to scale up to larger scale
systems with multiple river-lake chains, for example, the entire
Qu’Appelle River. Organic nitrogen-mineralization rate, maxi-
mum phytoplankton growth rate, and phytoplankton death rate
were found to be the parameters which had the greatest effect
on the model output. This suggests that hydrodynamics play a
key role in the water quality of the study system. A 2D model-
ing would have been ideal, but data constraints limit such ap-
proach. The sensitivity results varied slightly between the river
and lake components. The model outputs of the lake compo-
nent were sensitive to more input parameters and no significant
change was observed between summer and winter. In contrast,
the model outputs for the river component were more sensitive
to input parameters in summer. The scenario of the increased
flow indicates that flow augmentation from Lake Diefenbaker
could decrease NH4-N and PO4-P concentrations but Chl-a
peaks did not decrease, which is reflective of the high nutrient
status of Buffalo Pound. There is, however, a need to quantify
the uncertainties associated with river flow releases to fully
understand the impact of flow.
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