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RESUME

Les polluants provenant des sources non ponctuelles sont parmi les principaux contaminants des
eaux dans de nombreux bassins versants dans le monde entier. En particulier, le ruissellement
excessif de nutriments dl aux activités agricoles majeures est a l'origine de la dégradation de la
qualité de I'eau dans plusieurs bassins versants en Amérique du Nord. L'une des solutions les plus
utilisées pour améliorer la qualité de I'eau dans ces régions est de mettre en ceuvre des pratiques de
gestion agricole bénéfiques (PGB). La préparation d'un plan efficace de gestion de la qualité de
l'eau dépend de l'efficacité des PGB et de leurs cotts de mise en ceuvre. Cependant, une évaluation
compléete des PGB agricoles n'est pas disponible a différentes échelles spatiales. En outre,
I'efficacité des PGB est freqguemment étudiée dans des conditions climatiques historiques; tandis
que le changement climatique est susceptible d'avoir un impact négatif sur la dynamique des

nutriments et l'efficacité des PGB.

Cette étude présente de nouvelles series d'analyses pour évaluer le codt et l'efficacité des PGB
agricoles dans des conditions climatiques historiques et changeantes et pour proposer une serie des
PGB optimales dans des conditions futures incertaines. Ces analyses sont effectuées dans le bassin
versant de la riviere Qu'Appelle (QARB). Ce dernier est situé dans la région des prairies
canadiennes. En bref, un modele de qualité de l'eau existant a été ameéliore et utilisé dans cette
étude pour estimer les éléments nutritifs, a savoir I'azote total (TN) et le phosphore total (TP), avant
et aprés la mise en ceuvre d'un ensemble de PGB. De plus, un module d'estimation des cofits est
développé pour estimer le colit de mise en ceuvre des PGB a I'échelle des affluents et des bassins
versants. En se basant sur ce modele, la performance de toutes les combinaisons possibles de PGB
est évaluée et les résultats sont fournis dans des "Matrices de prise de décision™ qui contiennent les
colts et les impacts des PGB sur le TN et le TP dans les affluents du QARB. En conséquence, des
combinaisons optimales de PGB, qui sont trés efficaces et correspondent a des faibles codts de
mise en ceuvre, ont été identifiées a I'échelle des affluents et des bassins versants dans les conditions

climatiques historiques.
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De plus, des approches descendantes et ascendantes sont utilisées pour I'évaluation de I'impact du
changement dans les conditions climatiques sur la performance des PGB. Pour atteindre ce but, un
large intervalle de changements de température et de précipitations annuelles a long terme est pris
en compte et les valeurs correspondantes sont introduites dans le modéle de qualité de I'eau pour
comprendre la sensibilité du TN et du TP aux changements des conditions climatiques. De plus, le
méme intervalle est utilisé pour analyser la performance de combinaisons optimales de PGB
précédemment trouvées dans des conditions climatiques historiques. En outre, des projections des
températures et des précipitations moyennes basées sur 20 modéles de circulation générale (MCG)
sous deux profils représentatifs d'évolution de concentration (RCP 4.5 et RCP 8.5) sont utilisées
pour trouver des combinaisons optimales de PGB dans le future. A cette fin, I'‘évolution des
combinaisons PGB optimales sous des épisodes futurs alternatifs est identifiée. Enfin, les
performances de ces PGB optimales sont analysées a l'aide des projections de chaque modeéle

climatique individuels.

Nos résultats ont montré que I'efficacité des PGB et leur cotit de mise en ceuvre varient d'un affluent
a l'autre. De plus, la rétention et la conservation des zones humides figuraient parmi les pratiques
les plus efficaces pour réduire 1'apport de nutriments; cependant, leur colit de mise en ceuvre était
extrémement élevé. En revanche, les PGB liées aux enclos a bétail, comme la construction d'étangs
de rétention, figuraient parmi les PGB les moins colteuses avec un niveau d'efficacité moderé.
Dans cette étude, différentes combinaisons de PGB qui peuvent réduire fortement ou modérément
l'apport de nutriments dans le QARB avec des codts relativement faibles ont également été
présentées. De plus, les taux d'adoption des PGB par les parties prenantes peuvent
considérablement affecter leur efficacité dans cette région. Cela montrait I'importance des parties
prenantes et leur inclusion dans les décisions. Les résultats de I'évaluation de sensibilité aux
changements climatiques ont révelé que TN et TP étaient plus sensibles aux changements de
température qu'aux précipitations. De plus, l'utilisation de PGB précédemment identifiées au cours
de la période historique peut ne pas réduire les nutriments si la température annuelle a long terme
augmente de plus de six degrés. La conservation des zones humides et la construction d'étangs de
rétention figuraient a nouveau parmi les combinaisons optimales de PGB identifiées dans les

conditions climatiques futures.
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En facilitant la communication entre les parties prenantes, ce type d'analyses peut servir a choisir
une combinaison de PGB et prendre des décisions pour améliorer la qualité d'eau dans la région.
En effet, ce type d'analyses peut étre utiliser pour assister les agriculteurs dans leurs choix de
différentes combinaisons de PGB en fonction du budget disponible tout en assurant un taux
acceptable de réduction des nutriments. Cela peut également les aider a identifier un plan efficace
de gestion de la qualité de I'eau en tenant compte des changements climatiques dans le futur.
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ABSTRACT

Non-point source pollutants are among the main contributors to water pollution in many watersheds
all over the world. In particular, excessive nutrient runoff from agricultural areas is the main cause
of water quality degradation in multiple North America’s watersheds. One of the common solutions
to improve water quality in these areas is to implement agricultural Beneficial Management
Practices (BMPs). Selection of water quality management plans not only depends on the
effectiveness of BMPs but also on their cost of implementation. However, a comprehensive
assessment of agricultural BMPs is not available across various spatial scales. Moreover, the
effectiveness of the BMPs is often assessed under the historical climate conditions; while changes

in climate can affect the nutrients dynamics and the performance of BMPs in the future.

This study presents new sets of analyses to assess the cost and effectiveness of agricultural BMPs
under historical and changing climate conditions and to propose optimal BMPs under uncertain
futures. The analyses were carried out in the Qu'Appelle River Basin (QARB), a typical watershed
in the Canadian Prairies. In brief, an existing water quality model was improved and used in this
study to estimate the nutrients, namely Total Nitrogen (TN) and Total Phosphorus (TP), before and
after implementation of a set of BMPs. Moreover, a cost estimation module was developed to
estimate the cost of implementing BMPs at tributary and watershed scales. Based on these
developments, the performance of all possible combinations of BMPs were assessed and results
were provided in “Information matrices” that summarised the costs and impacts of BMPs on TN
and TP in the QARB tributaries. Accordingly, optimal combinations of BMPs, which were highly
effective and require low costs of implementation were found at both tributary and watershed scales

under the historical climate conditions.

Moreover, top-down and bottom-up approaches were used for BMP impact assessment under
changing climate conditions. For this purpose, a wide range of changes in long-term annual
temperature and precipitation was considered and corresponding values were fed into the water
quality model to understand the sensitivity of TN and TP to changes in climate conditions. In

addition, the same range of change in climate was used to analyze the performance of previously



found optimal combinations of BMPs under historical climate conditions. Furthermore, multi-
ensemble mean temperature and precipitation projections based on 20 General Circulation Models
(GCMs) under two Representative Concentration Pathways (RCP 4.5 and RCP 8.5) were used to
find optimal combinations of BMPs in the future. For this purpose, evolution of optimal
combinations of BMPs under alternative future time episodes were identified. Finally, the
performance of these optimal BMPs were analyzed using the projections of individual climate
models.

Our results revealed that the effectiveness of the BMPs and their cost of implementation vary from
a tributary to another. It was also found that on the one hand, wetland retention and conservation
were among the most effective practices in reducing nutrients delivery; however, their cost of
implementation was extremely high. On the other hand, cattle corral-related BMPs, such as
constructing holding ponds, were among the less costly BMPs with moderate level of effectiveness.
In this study, different combinations of BMPs that can highly or moderately reduce nutrient
delivery in the QARB with relatively low costs were also presented. It was also found that the rates
of BMP adoption by stakeholders can considerably affect nutrient abatement in this region. This
indicated the importance of stakeholders and their engagement in the decision-making process.
Moreover, the results of climate change impact assessment revealed that TN and TP were more
sensitive to changes in temperature than precipitation. In addition, the usage of previously
identified BMPs under historical period may not effectively reduce the nutrients if long-term
annual temperature increases by more than six degrees. Wetland conservation and constructing
holding ponds were again among the newly found optimal combinations of BMPs under future

climate conditions.

This type of analyses can facilitate communication of BMP and water quality decisions in the
region. In particular, the presented results can assist stakeholders in choosing different combination
of BMPs according to their available budget and accepted levels of nutrient reduction. Moreover,
it can also help identifying effective water quality management plans under changing climate

conditions in the future.
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CHAPTER 1 INTRODUCTION

1.1 Background and problem definition

Agricultural activities, in the forms of cattle farming or annual cropping, have been considered as
one of the major sources of pollution in various watersheds across the world. These activities can
intensify the amounts of nitrogen and phosphorus in downstream water bodies and degrade water
quality conditions (Chapra, 2008; Sun et al., 2012). Implementation of agricultural Beneficial
Management Practices (BMPs) is often considered as an effective solution to reduce nutrient
delivery and improve water quality in watersheds (Government of Canada, 2019). These BMPs
aim to eliminate or reduce the nutrients delivery through e.g., minimizing soil erosion, runoff
control, or lessening the pollutants by nutrient management (Agriculture and Agri-food Canada,
2000).

Local stakeholders play a key role in choosing and implementing one or a combination of BMPs
in farmlands; therefore, the considered BMPs should be feasible and in line with their business
plans and viewpoints (Halbe et al., 2013; Inam et al., 2013; Niazi et al., 2014). Therefore, not only
the effectiveness of the practices in improving water quality is important but also their costs of
implementation can influence water management decisions (Girard et al., 2015). Such cost-
effectiveness analyses of BMPs are often neither available nor are comprehensive enough to show
the compound impact of utilizing multiple practices simultaneously across various spatial scales.
Moreover, the performance of these practices is often assessed considering the historical
characteristics of climate conditions. However, changing climate can affect the nutrients dynamics
and water quality conditions in the watersheds (Wilby et al., 2006; Van Liew et al., 2012; Qiu et
al., 2019). Thus, the selected BMPs based on historical temperature and precipitation may not be

effective anymore in the future.

The impact of climate change on the water quality and the effectiveness of the BMPs can be
assessed using two common approaches, namely “top-down” and “bottom-up” (Alodah et al.,
2019). In the top-down approach, the outputs of one or ensemble of General Circulation Models
(GCMs) are often used and transferred to the scale of interest, which are then fed into water quality

models for impact assessment (Hassnazadeh, 2016). However, due to uncertainties associated with



climate models and downscaling techniques, high uncertainties exist in the water quality
projections, which can influence BMP selection and water management decisions. The bottom-up
approach aims to provide a full picture of system performance under possible changes in climate
conditions without necessarily applying climate models. Although this approach can facilitate
stakeholders’ understanding of system stress points and climate conditions that can lead to these
situations, they do not provide a notion of their occurrence in the future (Jaramillo and Nazemi,
2018; Nazemi et al., 2020). Thus, due to the advantages and limitations of these individual

approaches, their concurrent application is necessary for impact assessment.

1.2 Research objectives

In response to these challenges and to improve water quality management under current and

changing climate conditions, the global objectives of this study are to:

(1) develop generic approaches to estimate and present the costs and effectiveness of

agricultural BMPs in improving water quality;

(2) evaluate water quality conditions and effectiveness of BMPs under changing climate

conditions using "top-down" and "bottom-up™ approaches.

These objectives will be pursued in the Qu'Appelle River Basin (QARB), a typical watershed in
the Canadian Prairies. The specific objectives of this thesis are as follows: (a) develop a cost
estimation module to calculate the cost of implementing BMPs in the QARB; (b) identify optimal
combinations of BMPs that can improve water quality with low costs of implementation under
historical climate conditions;(c) understand the impact of stakeholders' BMP uptake on the
effectiveness of the BMPs in the watershed;(d) assess the impact of climate change on the nutrients
and the efficacy of BMPs; and (e) propose BMP combinations that can remain effective in reducing

the nutrients under future climate conditions.

1.3 Case study
The QARB, with the area of 52,000 km?, is located in the Province of Saskatchewan, Canada. The
watershed supports drinking water for around the third of the population of the province

(Andreichuk, 2017), most importantly for the cities of Moose Jaw and Regina. Mean historical



annual temperature and precipitation in the watershed are 2.8°C and 420 mm, respectively
(Environment and Climate Change Canada, 2018). The basin contains 12 main tributaries and their
total areas range between 260 and 12700 km? (Roste and Baulch, 2018). The dominating activities
in these tributaries are annual cropping and cattle farming (Kulshreshtha et al., 2012). The cattle
population in the tributaries are not even and range between 1000 and 32000 cows, while the
cropland areas range between 47 and 2636km? (Roste and Baulch, 2018). The quality of water in
the QARB tributaries and mainstream, the Qu’Appelle River (QR), has been degraded over the
past few decades due the excessive nutrient transport mainly from nonpoint sources to downstream
(Boyer et al., 2018).

Although improving water quality management in these tributaries has been essential, it has not
been a trivial task due to various reasons such as existence of vast agricultural areas. Most
importantly, agricultural producers, that should implement BMPs in farmlands, have different
attitudes and viewpoints about water quality and the practices that can reduce nutrients in this
region. Therefore, proposing a single or combination of practices without considering these local
scale dynamics may not be adopted by landowners; thus will not improve water quality here.
Hassanzadeh et al. (2019) performed a series of workshops with agricultural producers in this
region. Using a set of qualitative analyses, they identified practices related to fertilizer, wetland,
cattle corral, and streamflow management that most of the farmers believed are feasible and can
improve water quality here. Further assessment of stakeholders’ viewpoints revealed that both costs
and effectiveness of these practices are critical information that can influence chance of BMP
uptake by farmers (Lindenschmidt et al., 2018). Moreover, since the characteristics of temperature
and precipitation in this region have been changing significantly since 1981 (Zhang et al., 2019),
understanding the impact of climate change on effectiveness of the BMPs is also important for

policymakers and local stakeholders (Bradford et al., 2020).



CHAPTER 2 LITTERATURE REVIEW

2.1 BMP impact assessment in agricultural areas

The water quality condition is assessed by measuring multiple indicators to describe the chemical,
physical, and biological characteristics of the water. These measurements are performed based on
the purpose of use of water: such as water resources designated for drinking purposes or irrigation.
Indicators may include bacteria levels, the concentration of microscopic algae and quantities of
pesticides, herbicides, and heavy metals (National Marine Sanctuaries, 2020). The water quality
can be degraded by two main types of sources: point sources and nonpoint sources of
contamination. Point sources, for which the origin is known, are multiple and they include factories,
wastewater treatment facilities, and other sources that are clearly discharging pollutants into water
sources. Non-point sources, which cannot be traced back to a particular location, include runoff of
sediment, fertilizer, chemicals and animal wastes from farms, and construction sites and mines
(Safe Drinking Water Foundation). One of the main agricultural activities harming the water
quality is the cattle production. This is because in most areas, cattle corrals are located near creeks,
from which manure and urines are transported to downstream water bodies, especially during the
snowmelt season in Canada (Chen et al., 2017; Hassanzadeh et al., 2019). Another type of farming
is annual cropping. Agricultural producers use herbicides, pesticides, and fertilizers to increase
crop yield. Such practices, along with leaving crop residues to enhance production generate
excessive amounts of nutrients in land. Therefore, during snowmelt or intense rainfall these
nutrients will be delivered to freshwater resources, which speeds up the eutrophication process
(United States Environmental Protection Agency, 2005). Moreover, wetland drainage is also a
common practice in Canada to convert the wetlands into agricultural land (McRae, 2013). In fact,
despite their multiple benefits, more than seventy percent of wetlands across Canada have been
drained considerably (Ducks Unlimited Canada, 2020). Wetlands are often “sinks” of nutrients and
some studies have found positive relationships between catchments’ wetland coverage area and
water quality conditions (Brinsion, 1993; Untereiner et al., 2015) in the Prairies. Hence, although
draining wetlands might increase agricultural economic benefit, they may contribute to intensifying

erosion, sedimentation, and high nutrient runoff in long-term (Yang et al., 2010).



Agricultural BMPs aim to reduce nonpoint source pollutants and have different functionalities such
as reducing nutrients entering the land, preventing soil erosion, controlling runoff, increasing
nutrient interception, and lessening nutrient delivery (Agriculture and Agri-food Canada, 2000;
Beegle et al., 2000; Lam et al., 2011). Moreover, they can be categorized into structural and non-
structural BMPs (USDA, 2006; GC, 2019). Structural BMPs are costly and involve building
structures such as detention ponds, vegetated biofilters (e.g., swales and filter/buffer strips), and
constructed wetlands. Non-structural BMPs are often less costly and include land and nutrient
management solutions such as limiting application of pesticides in croplands, growing cover crops,
and controlling fertiliser use (United States Environmental Protection Agency, 2006; Liu et al.,
2019). The effectiveness of BMPs depend on various factors, most importantly the physiographic
and meteorological characteristics of watersheds. Therefore, on the one hand, the proposition of
BMPs should be often region specific. On the other hand, it is extremely challenging and
sometimes impossible to monitor and evaluate the BMPs performance on small spatial resolutions

over time.

BMPs' assessment has become a thriving area of research. Watershed models are frequently used
to evaluate the water quality response to multiple BMPs. Some examples include Soil and Water
Assessment Tool (SWAT) (Arnold et al., 1998), SPAtially Referenced Regression On Watershed
(SPARROW), Agricultural Nonpoint Source (AGNPS) (Young et al., 1989), Annualized
Agricultural Nonpoint Source (AnnAGNPS) (Bingner et al., 2007), and Hydrological Simulation
Program-FORTRAN (HSPF) (Bicknell et al., 2001). These models have been reviewed by Xie et
al. (2015) and their limitations in representing the performance of some local practices are
discussed. Moreover, application of simplified tools, using complex models as hidden engines with
user-friendly interfaces, is suggested to engage local stakeholders in water quality modeling and
management. In other studies, emulation of the complex models in another modeling environment
is proposed to make models more accessible and relevant and being able to represent diverse BMPs
(Razavi et al., 2012; Hassanzadeh et al., 2014; Zandmoghaddam et al., 2019).

As discussed earlier, the costs of BMPs are important, especially from the stakeholders’ point of

view. Different approaches have been used for this purpose (Liu et al., 2014; Kalcic et al., 2015;



Liu et al., 2019). In brief, Kalcic et al. (2015) considered material and equipment cost, annual costs
such as maintenance costs, and income loss. Liu et al. (2014) focused only on the cost of converting
croplands to forests. In addition, Arabi et al. (2006) proposed an equation to include costs of
construction and maintenance, BMP lifespan and interest rates to estimate total cost of BMPs,
which was used by several studies (Park et al., 2014; Liu et al., 2016). However, this method cannot
be used to calculate the costs of non-structural BMPs. Although these efforts have been made, there
are still challenging is developing BMP cost estimation models. This might not be due to technical
aspect and rather it is due to lack of data and the changing prices in the markets due to inflation
(e.g. excavation cost).

2.2 Application of System Dynamics approach in water quality modeling and

management

System Dynamics (SD) is an approach to simulate the interactions among system components and
assess overall system behaviour over time (Forrester, 1961). There are various software packages
that support developing models using SD approach (e.g., STELLA, VENSIM). The models built
in these environments are flexible as their structures can be easily modified and/or new variables
and parameters can be added if needed. For instance, multiple system aspects such as physical
processes as well as socio-economic variables can be represented together in SD environments.
Such representations can facilitate integrated analyses of complex systems (Sterman, 2010). It is
also possible to develop simple models with transparent interfaces in these SD environments, which
can be easily learnt and manipulated by stakeholders with different levels of technical background.
As a result, these models can be used as a communication platform (Simonovic, 2009; Kelly et al.,
2013). Due to these advantages, SD environments have been commonly used for water quantity
and quality modeling and management (Malard et al., 2017; Nazari-Sharabian et al., 2019; Madani
and Shafiee-Jood, 2020; Jiang et al., 2020). For instance, SD has been used in understanding the
impact of climate change on the water quality (e.g., Encalada et al., 2017), and for water quality
management (e.g., Mirchiand Watkins, 2013; Liu et al., 2015; Zomorodian et al., 2018).

2.3 Assessing water quality under changing climate conditions

Human activities since the industrial revolution have increased the amount of greenhouse gas

concentrations in the atmosphere. This has resulted in changes in the characteristics of climate



variables such as temperature and precipitation (Bush et al., 2019; IPCC, 2020). For instance,
global warming-trend is nearly doubled in the last 50 years compared to the beginning of the
century (IPCC, 2020). In addition, extreme rainfall has become more frequent in the world (World
Resources Institute, 2019). In Canada, mean annual temperature has increased by 1.7 °C and the
magnitude, duration and frequency of precipitation have changed within the past several decades
(Zhang et al, 2019). Changes in climate can have important impacts on the quality of water
(Bouraoui et al., 2002; Luis et al., 2018; World Resources Institute, 2019). For instance, increasing
temperature in water bodies can accelerate the growth of toxic algal blooms and eutrophication
processes (Liu et al., 2015; USEPA, 2020; IISD, 2020). In addition, increase of extreme rainfall
conditions can cause soil erosion, augmentation of sediments, and nutrient delivery to freshwater
bodies (Donneret al., 2004; Howarth et al., 2006; United States Environmental Protection Agency,
2020). Such changes imply that the effectiveness of BMPs might vary in the future (Wilby ey al.,
2006; Van Liew et al., 2012; Qiu et al., 2019). In fact, Wilby et al. (2006) used historical climate
data and found that due to changes in the dynamics of non-point sources of pollutants, existing

BMPs' efficacy may have been negatively affected due to changing climate.

The GCMs are the most credible tools to project climate conditions. These models solve various
equations e.g., related to conservation of mass, energy, and momentum to represent physical
processes in the atmosphere, land surface, ocean, and cryosphere (IPCC, 2020). The models also
consider different pathways related to socio-economic activities (e.g., population growth) as well
as political conditions in the future, which can lead to different emissions of greenhouses gases.
Accordingly, they provide projections of climate conditions until the end of twenty first century.
Due to the consideration of different equations, initial conditions, assumptions, as well as
simplifications, the projections of climate models are not necessarily similar and can be even
diverging (Hassanzadeh et al., 2019). Therefore, it is suggested to use an ensemble of GCMs for
climate change impact assessment. The spatial scale of these models is coarse as well, typically
few hundreds of kilometer squares (e.g., 300 km?). Therefore, downscaling approaches are used to
transfer the GCMSs’ outputs to relevant scales for water management purposes (Pulido-Velazquez
et al., 2014). The top-down approach has been widely used in various regions for climate change

impact assessment purposes (Kaste et al., 2006; Jeppesen et al., 2009; Carvajal et al., 2017; Van



Tra et al., 2018; Hengadeet al., 2018). For instance, Ivkovic (2009), Hosseini et al. (2017) and
Morales-Marin et al. (2018) have projected increases in temperature and precipitation across
various regions and found their potential negative impact on nutrients. While, some other studies
analyzed the performance of BMPs in the future using an ensemble of climate models. For instance,
Qiu et al. (2020) found that increasing extreme rainfall events will affect the efficacy of agricultural
BMPs. Walters and Babbar-Sebens (2016) found that keeping wetlands can be still effective in the
United States of America, under all climate projections. However, the projections of future water
quality conditions are associated with various sources of uncertainties, stemming from climate
models and downscaling techniques, which can also affect BMP impact assessment (Salas et al.,
2012; Girard et al., 2015; Alodah et al., 2019; Pandey et al., 2019).

To avoid these model-based uncertainties, bottom-up impact assessment approaches have been
used in the literature to represent the system behaviour under a wide range of possible climate
conditions (Nazemi and Wheater, 2014; Garcia et al., 2014; Poff et al., 2016; Hassanzadeh et al.,
2017; Wilby, 2017; Zandmoghaddam et al., 2019; Hassanzadeh, 2019). The results based on this
approach are often displayed using response surfaces, 2-D maps showing the performance of a
system under changes in temperature and precipitation (Brown et al., 2011; Poff et al., 2016). Serra-
Llobet et al. (2016) used this approach to assess the impact of climate change on the water quality.
Similar to the top-down approach, there are limitations in the bottom-up approach, in particular in
generation of climate realizations that might not lead to full representation of system vulnerability
(Alodah et al., 2019; Nazemi et al.,2020).

The top-down and bottom-up approaches are individually used to study the impact of climate
change on the nutrients dynamics and/or the efficacy of BMPs (e.g., Groves et al., 2008; Ivkovic,
2009; Koontz et al., 2014; Ludwig et al., 2014; Walters and Babbar-Sebens, 2016; Hosseini et al.,
2017; Morales-Marin et al., 2018; Van Tra et al., 2018; Qiu et al., 2020; Mukundan et al., 2020;
Qiu et al., 2020). While bottom-up approach can be used to portray system’s sensitivity to possible
changes in temperature and precipitation, the top-down approach can be used to indicate likely

climate conditions and system vulnerabilities under future projections (Hassanzadeh, 2019).



Therefore, the application of both approaches is suggested for impact assessments (Fulco et al.,
2013;Wheater and Gober, 2015).
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CHAPTER 3 ORGANIZATION OF THE WORK

Successful water quality management plans include a combination of structural and non-structural
practices that are cost-effective, can sufficiently reduce nutrients, and are “culturally and socially
acceptable” to local stakeholders (UNECE, 2009; Girard et al., 2015). Achieving this plan requires
comprehensive analyses of BMPs, which is currently lacking. In response to current research gaps
and objectives, this thesis aims to provide a set of analyses for BMP impact assessment, with a
greater goal of proposing water quality management plans for the QARB under current and future
climate conditions. These efforts are presented Chapters 4 and 5. Based on these chapters, the thesis
findings are discussed and concluded in Chapter 6. The brief description of these chapters are as

follows.

Chapter 4 proposes a generic approach to evaluate the costs and effectiveness of agricultural
BMPs to improve water quality. For this purpose, several BMPs related to cattle corrals and annual
cropping in the QARB are considered in the analyses. The SD-Qu’Appelle, existing water quality
model for the QARB was used and improved in this study to estimate nutrients before and after
implementation of the BMPs. Improvements included dynamic estimations of effective watershed
areas with and without considering wetlands. Moreover, a new economic estimation module is
developed and added to this model to estimate the costs of implementing BMPs at the tributary and
watershed scales. Information matrices, which exhibit the costs and impacts of BMPs on water
quality conditions at the tributary scale are presented so that stakeholders be able to choose single
or combination of BMPs based on their available budget and target levels of reductions in nutrients.
A set of optimal combinations of BMPs that can reduce nutrients considerably with relatively low
costs at the large watershed scale are also provided. Finally, the effectiveness of proposed BMPs
are analyzed considering different rates of BMP adoption by stakeholders in the region.

This manuscript was submitted to the Journal of Environmental Management (Impact Factor: 5.66)

in 2020. Moderate revisions are requested.

Chapter 5 evaluates the impact of climate change on the nutrient export and the effectiveness of
set of BMPs in the QARB and proposes optimal BMPs under future conditions. For this purpose,

a wide range of changes in temperature and precipitation is considered and their corresponding
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values are fed to the water quality model, used in Chapter 4, to investigate the possible changes in
nutrients in the QARB tributaries under changing climate conditions. Moreover, the effectiveness
of a set of BMPs, claimed to be optimal under historical climate conditions, is assessed under these
changing climate conditions. Accordingly, new sets of optimal combinations of BMPs are found
for alternative future episodes under average projections from 20 climate models and two future
representative climate pathways. Finally, the uncertainties in effectiveness of the identified

combinations of BMPs is analyzed based on the outputs of individual climate models.

Chapter 6 discusses the findings and highlights the contribution of this work. In addition, the
limitations of this project and suggestions for future developments are provided in this chapter.
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Abstract

Nutrient export from agricultural areas is among the main contributors to water pollution in various
watersheds. Agricultural Beneficial Management Practices (BMPs) are commonly used to reduce
excessive nutrient runoff and improve water quality. The successful uptake of BMPs not only

depends on their effectiveness but also on their costs of implementation. This study conducts a set
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of cost-effectiveness analyses to help stakeholders identify their preferred combinations of BMPs
in the Qu’Appelle River Basin, a typical watershed in the Canadian Prairies. The considered BMPs
are related to cattle and cropping farms and were initially selected by agricultural producers in this
region. The analyses use a water quality module to estimate the impact of implementing BMPs on
nutrient export, and the costs module to estimate the cost of implementing BMPs at tributary and
watershed scales. Our results show that BMPs’ effectiveness, total cost of implementation and costs
per kilogram of nutrient abatement vary between tributaries. However, wetland conservation has
been among the optimal practices to improve water quality across the watershed. It was also found
that the rates of BMP adoption by stakeholders can influence the effectiveness of practices in a
large watershed scale, which highlights the importance of stakeholder engagement in water quality
management. This type of analyses can help stakeholders choose single or a combination of BMPs
according to their available budget and acceptable levels of reduction in nutrients.

Keywords: Beneficial Management Practices; Agricultural lands; Water quality management;

System dynamics; Cost-effectiveness analysis; Qu’Appelle River Basin

4.1 Introduction

Agricultural activities including annual cropping and cattle farming are widespread and necessary
to support socioeconomic developments in various countries (Liu et al., 1998). These activities
have; however, led to water pollution in North America due to the discharge of sediments, nutrients,
and organic matters into water resources (USEPA, 2020). In particular, excessive nutrients from
agricultural areas, most importantly Nitrogen (N) and Phosphorus (P), have greatly contributed to
eutrophication and cyanobacterial blooms, causing various socioeconomic and environmental
concerns (Sharpley et al., 2013; Kehoe et al., 2015; King et al., 2015). Considering the ongoing
agricultural activities and increasing amount of non-point source pollutants worldwide (SC, 2014),
there is an urgent need to manage nutrient exports to improve water quality and support sustainable

developments in the future (Giri et al., 2012).

One of the common methods to abate nutrients in agricultural zones is to implement Beneficial

Management Practices (BMPs) in farmland. These practices have different functionalities ranging
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from reducing nutrients directly entering the land and minimizing soil erosion to lessening delivery
of sediments and/or dissolved nutrients to streams (USDA, 2006; AAFESD, 2015; GC, 2019).
However, these BMPs are often not fully adopted by local agricultural producers and their rate of
implementation is constrained by multiple factors. For instance, local stakeholders including
agricultural producers and policymakers often doubt the effectiveness of different BMPs in terms
of improving water quality at the local and regional scales (Arabi et al., 2007). In addition to such
concerns, BMPs’ costs of implementation and maintenance are highly important (Wuite et al.,
2007). Limited knowledge about these factors can affect the viewpoints and attitude of stakeholders
to uptake BMPs (Hassanzadeh, 2019). Therefore, presenting the costs and effectiveness of BMPs
in improving water quality at different scales is a primary step to facilitate decision-making

processes and improving water quality management in agricultural areas.

Several studies have focused on estimating the costs and economic benefits of BMPs (e.g.,
Pattison-Williams et al., 2018). While such assessments provide a general view on the importance
of practices, they involve high level of uncertainty due to consideration of monetary values to show
the benefits of environmental systems, which cannot be easily identified. There have been studies
on estimating the costs as well as “effectiveness”, instead of economic benefits of BMPs, in terms
of their impact on water quality conditions. However, these studies have been limited to evaluating
either BMPs related to annual cropping such as effective usage of fertilizer (e.g., Thomsen et al.,
2010; Jeffrey et al., 2014; Crabbé et al., 2014; Atisa et al., 2014) or cattle farms such as relocation
of cattle wintering sites (e.g., Wuite et al., 2007; Shukla et al., 2011; Panagopoulos et al., 2011,
Bruce et al., 2017). Therefore, comprehensive analyses of costs and effectiveness of BMPs related
to both agricultural activities as well as when and where they can be implemented together are not
available. Furthermore, there are some limitations related to spatial scale of existing studies. On
the one hand, most of the current studies have focused on the cost-effectiveness analyses of BMPs
at the watershed scale; thus, based on the large spatial scale analyses, BMPs were proposed to be
implemented at the farm scale. Such assessments can lead to selection of non-optimal BMPs at the
local scale (Bruulsema et al., 2008; Panagopoulos, 2011; Gurnell et al., 2015).0n the other hand,
some studies have focused on the analyses of site-specific BMPs, the application of which might

not be neither feasible nor effective across the entire watershed (Wuite et al., 2007; Geng et al.,
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2019; Baulch et al., 2019).Thus, it has been suggested to perform both regional and site-specific
analyses to find reasonable management practices (Liu et al., 2019). On top of these issues, since
successful implementation of BMPs requires an active engagement of stakeholders in decision-
making processes, BMP analyses should be simple enough that can be understood and discussed
by people with different levels of technical backgrounds.

This study proposes a generic approach to analyze and present the costs and effectiveness of
multiple combination of BMPs related to annual cropping and cattle farms, to improve water
quality at the tributary (local) and watershed scales. The study focuses on the Qu’Appelle River
Basin (QARB) in Saskatchewan, which contains large crop and cattle producing farm and is under
pressure due to poor water quality conditions (Hall et al., 1999). Therefore, it is aimed to find
multiple sets of BMPs that have the lowest total cost of implementation but are most effective
across different spatial scales. To the best of our knowledge such analyses than can help
policymaking have not been presented in the literature, in particular, for the Canadian Prairies. The
structure of the paper is as follows: Section 4.2 and 4.3 provide an overview of the study area and
explanation of the water quality and economic evaluation models, respectively. Section 4.4
presents the cost-effectiveness analyses and selection of BMPs according to different criteria. The

paper is concluded in Section 4.5.

4.2 Case study

The QARB is located in the south of Saskatchewan, Canada. The basin drains a total area of
approximately 52000 km?(Dixit et al., 2000). Twelve major tributaries, included in this study were
shown in Figure 4.1. The two largest tributaries are Moose Jaw River, and Wascana Creek. Mean
annual temperature and precipitation in this watershed are 2.8°C and 420 mm, respectively (GC,
2020). The Qu'Appelle River (QR) is the mainstream in this watershed, for which the main part of
water comes from the Qu’Appelle River Dam and Gardiner dam on the South Saskatchewan River.
The QR supplies water for about 33% of the population in the province (Hassanzadeh et al., 2014).
The dominant activities in the basin are crop and cattle production, which generate large amounts
of N and P, transported towards the QR (Boyer et al., 2018). Cattle are often wintered in

concentrated areas (e.g., corrals) near waterways, where the large amounts of nutrients can
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accumulate and degrade water quality (DRFA, 2020). Swarbrick et al. (2019) found that the lakes
of the QARB have a highly eutrophic status due to the elevated nutrient influx from the regional

agriculture.
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Figure 4.1 The main 12 tributaries in the QARB in the Province of Saskatchewan, Canada (map
obtained from the WSA in Saskatchewan).

Figure 4.2 summarizes the total and effective (contributing) areas as well as cropland, current and
drained wetland coverage areas and cattle (mother cow) population for the QARB tributaries. These
numbers were obtained from Roste and Baulch (2017) and confirmed by experts from the Water
Security Agency (WSA) of Saskatchewan. As shown in Figure 4.2, the animal population, cropland
and effective drainage areas are proportional to the total area in most of the tributaries. Canola and

spring wheat are the most commonly grown crops in this region. Rates of fertilizer, ranging from
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102 to 107 kg/ha, are typically used to increase crop yields (Roste and Baulch, 2017). Similar to
other prairie basins, the QARB contains hundreds of thousands of small size wetlands, which do
not regularly contribute to the main river system network (Fang et al., 2010). As in much of the
northern Great Plains, crop producers here have drained parts of these wetlands (see the green bars
in Figure 4.2) to increase the cropland area and crop productivity (Dahl, 1990). Apart from
economic benefits, draining wetlands can have adverse impacts such as reducing ecosystem
productivity, escalating flood damages, and increasing water pollution in downstream reaches
(Fang et al., 2010; DUC, 2011; Brunet al., 2012; Dumanski et al., 2015; Pattison-Williams et al.,
2018).

Water quality in the QARB has been under pressure over the past few decades. The pollutants stem
from agricultural and industrial activities and effluents from major cities. Some BMPs, such as
relocation of corrals to non-contributing areas or restoring some of the drained wetlands have been
implemented already in the QARB to improve water quality (WSA, 2003). However, the rates of
implementing BMPs have been slow and do not meet the requirements to solve the water quality
problems. Since local stakeholders play a key role in implementing BMPs, Hassanzadeh et al.
(2019) performed a qualitative analysis to understand stakeholders' viewpoints about a series of
BMPs that can improve water quality in this region. According to their study, the top preferred
BMPs in the QARB are as follows: Constructing Holding Ponds below corrals (CHP), Complete
Relocation of Corrals (CRC), Using Fertility Management (UFM), Constructing Storage Dams
(CSD), implementing Flow Control Practices (FCP), Grassing Rivers and Ditches (GRD), Wetland
Retention (WRT) as well as Wetland Conservation (WCN). The latter includes restoration of
drained wetlands and retention of existing ones. Moreover, agricultural producers, who participated
in this study, indicated that economic factors are the most important criteria for selecting or

rejecting the implementation of these practices in their farms.
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Figure 4.2 Total, effective, and cropland areas, cattle population, as well as current and drained
wetland coverage areas in the QARB tributaries. Wetland coverages are estimated from drainage

inventories and application of typical historical wetland coverage for the region.

4.3 Methodology

The objective of this study was to analyze the cost of implementation and effectiveness of preferred
BMPs on improving water quality in the QARB. For this purpose, an available water quality model,
developed by Hassanzadeh et al. (2019), was extended to simulate the nutrient exports from the
QARSB tributaries under different combination of BMPs. A new module was also developed to

estimate the costs of implementing BMPs.

4.3.1 Water quality module

The SD-Qu’Appelle model estimates the long-term annual incremental N and P loads in the sub-
catchments of the QARB tributaries. The model was developed by emulating the SPARROW
(Schwarz et al., 2006) using the System Dynamics approach (Forrester, 1994), including new
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components to represent the impact of wetlands and cattle corrals on nutrient export. The structure
of this model was shown in Figures Al to 26 in Appendix A. Input data were the amounts of point
and non-point source pollutants, climatic conditions, properties of land, as well as characteristics
of rivers and lakes. Accordingly, Total N (TN) and Total P (TP) exports from each tributary were
estimated by summing the incremental loads from each sub-catchment. The performance of the
model in representing observed TN and TP exports from the QARB tributaries was deemed
acceptable (Hassanzadeh et al., 2019). Simulations showed that the amounts of nutrients leaving
tributaries mainly depend on the number of corrals, cropland area and applied rates of fertilizer.
Therefore, the amounts of nutrients leaving tributaries vary among tributaries. In this model, the
impact of BMPs on water quality was represented by a series of coefficients and mathematical
relationships that were adopted from the literature (e.g., for reduction of nutrients entering the land
due to UFM), results of local experiments in the Prairies (e.g., for impact of CSD), as well as based
on consultations with WSA (e.g., for CRC). For more information on the water quality model,
please refer to Hassanzadeh et al. (2019).

Due to the key role of wetlands in this region, an improvement was made in the existing model to
better represent the impact of wetland related BMPs on nutrient exports. In brief, in the former
model, it was assumed that retaining or draining wetlands do not have any impacts on the effective
area of watersheds and therefore, the model could not properly represent the long-term impact of
wetland retention on nutrient delivery. However, in the current version, this issue has been
addressed. For this purpose, the positive impact of retaining wetlands was presented by considering
the negative impact of wetland drainage. The more the wetlands are drained, the larger will be the
watershed effective area in long term (e.g., in a 30-year period), and consequently the higher will
be nutrient exports. Therefore, the model updates the watershed effective area anytime wetland
related practices were chosen individually or along with other BMPs. For instance, to show the
impact of WRT, first a new effective area corresponding to wetland drainage was calculated by
assuming that such activity can increase the effective area up to 75% of the total watershed area in
long term. Second, the amount of nutrients corresponding to this new effective area were estimated,
which showed the consequence of draining all wetlands i.e., not retaining them. Considering the

WCN, it was assumed that existing wetlands would be retained, and drained wetlands would be
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restored in the future. Therefore, new effective areas corresponding to this BMP were calculated
considering reductions in the effective drainage areas based on the restored wetland coverage. Due
to existence of enormous number of wetlands in this region, we believe that the assumption related
to changes in contributing areas because of WRT and WCN is valid over a long period. This
dynamic estimation of effective area is important to better represent the impacts and costs of
wetland-related practices when they are combined with other BMPs.

4.3.2 Economic evaluation module

A generic economic evaluation module was developed to estimate the costs of implementing one
or a combination of BMPs. Figure 4.3 shows the structure of this module. The structure of this
model for all the tributaries are showed in Figures A27 to A36 in Appendix A. In brief, the model
uses simple empirical equations to estimate the operational costs over a 30-year period. The key
variables and required data were obtained from the literature, government records based on
previous usage of BMPs, as well as consultation with local experts and water managers at the WSA.
The empirical equations used to estimate the costs of BMPs at sub-catchment and tributary scales
were summarized in Table 4.1 and explained below. All costs were annualized. One-time capital
costs were annualized over a 30-year period. Similar to the water quality module, the impact of
wetland related BMPs on altering effective areas was considered to estimate the cost of
implementing these practices. For instance, if wetlands were continued to be drained, the effective
tributary area and nutrient delivery would be increased in long term; therefore, more practices (and

higher budget) would be needed to improve water quality.
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Figure 4.3 The structure of the economic evaluation module to estimate the costs associated with
implementation of BMPs in the Moose Jaw tributary.

CHP: Equation 4.1 was used to estimate the cost of CHP by considering the number of holding
ponds to be built per sub-catchment effective area and the average cost of excavating a pond. The
number of holding ponds was assumed to be equal to the number of corrals in the sub-catchment
effective area. The number of corrals in each sub-catchment effective drainage area was calculated
by estimating the number of animals per effective drainage area and considering that on average
each corral, includes 200 cows. The cost of excavation was estimated by assuming that the volume
of a holding pond was about 3980 m® (DED, 2017). The excavation cost was assumed to be $4/mq,
which was a reasonable estimate based on prices in the local market proposed by excavation
companies. Implementation of this BMP would often be sufficient to retain nutrients from corrals

and improve water quality in downstream creeks.

CRC: The cost of CRC in each sub-catchment was estimated using Equation 4.2, which considers
an average cost for an operation of relocation and the number of corrals in the sub-catchment
effective drainage area. The cost of CRC (i.e., $140K annualized over 30 years) included the costs
for engineering consulting, preparation of the new site, permanent shelter, permanent windbreak,
as well as water and electricity at the new site. These costs were found based on the local market
prices in Saskatchewan. The estimated cost of CRC varies across Canada, e.g., about $109K in

Alberta (Wuite et al., 2007). It should be noted that new sites for accommodating corrals are often
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chosen based on comprehensive environmental risk assessments e.g., analysing the topography,
soil characteristics, and hydrological conditions (Alberta Agriculture and Forestry, 2015). In
addition, the operations of corral relocation require an approval issued under the authority of The
Agricultural Operations Act. Thus, it is supposed that by relocating corrals to new sites, which are
in non-contributing areas, the nutrients from corrals would not reach the mainstream anymore;
therefore, this practice can improve water quality in downstream water bodies. As a result,
relocation of corrals which nulls the necessity of CHP and these two practices cannot be

implemented simultaneously.

UFM: As agricultural producers often use regular fertilizers to increase land productivity, fertility
management techniques can be used to reduce downstream nutrient loading. This suite of practices
includes a wide range of solutions such as variable rate application, split application, and reductions
in application rate. While this topic has been studied (e.g., Simonne and Hutchinson,2005; Lui et
al., 2019), net costs or efficacy of these practices is poorly understood. For the purposes of this
study, it was assumed that these practices cost farmers a net $10/acre/year and an efficacy 0f4.2%
if the cropland represents 100% of the effective drainage area in a tributary. The cost of this practice
was calculated by considering the cropland area in the sub-catchment effective area and the extra
cost related to UFM (see Equation 4.3).

CSD: Although there is a relationship between the size of small dams and their impact on reducing
nutrients (Tiessen et al., 2011), only one size of storage dams,15.7 acre-foot, was considered here
for the sake of simplicity. This is a common size for small storage dams in the Prairies. In
consultation with the WSA, it was assumed that one dam per 5.4 km? of effective drainage area
can be implemented, similar to Tiessen et al. (2010). The cost of implementing one dam was
assumed to be equal to $100K annualized over 30 years, which includes the cost of construction
and the engineering design. Equation 4.4 was used to estimate the cost of CSD considering their

average cost of construction and the number of dams per sub-catchment.

FCP: This BMP consists of an earthen berm with a culvert in constructed ditches. Such a structure

is commonly used throttle flows from wetland drainage and reduce downstream peaks. FCP can
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improve water quality and reduce downstream velocities to control soil erosion and reduce
sediment delivery. Equation 4.5 was used to estimate the costs associated with the implementation
of FCP. In brief, the average cost of installing a single structure is about $3K annualized over 30
years based on common practice in eastern Saskatchewan. This practice is usually implemented at
a density of one structure for every km? of the effective drainage area.

GRD: Equation 4.6 was used to estimate the cost of implementing this BMP. It was assumed that
the ditches cover one acre per quarter section (160 acres) of effective drainage area. Thus, the
percentage of coverage area for ditches was assumed to be 0.006% of the sub-catchment effective
drainage area. Moreover, it was assumed that seeding 1 acre of ditches would cost about $100
annualized over 30 years. This cost includes purchase of material, as well as payments for labour
and equipment. In addition, the opportunity cost (or loss of income revenue) for annual croppers
that can accrue from growing crop in the grassed area ($78/year/acre) was included in the
calculations. This practice has been implemented in other regions, e.g., in Virginia, USA, where

its effectiveness in reducing sediment erosion has been observed (Lang et al., 2016).

WRT: The cost of retaining wetlands includes the opportunity cost for annual croppers that can
accrue from growing plants in drained wetland areas. Two commonly seeded crops, namely canola
and spring wheat, were used to calculate the farmers’ income loss if wetlands are retained instead
of being drained. The values for calculation of net incomes for crops were obtained from the
Saskatchewan crop guides (MAS, 2020). An average income for the years between 2016 and 2019
was considered in this study. Equation 4.7 was used to estimate the cost of retaining existing
wetlands, which is about 78 $/acre/year. This BMP has been implemented in other Canadian
Provinces. For instance, the cost of WRT was estimated to be between 91 and 169 $/acre in Ontario
(DUC, 2011). The cost of wetland drainage in Saskatchewan was estimated by Dollevoet et al.
(2008) to be between $72/acre and $435.45/acre depending on the size of the riparian area and
other specific conditions. In another study, the opportunity cost for farmers considering retention
or restoration of riparian areas was estimated to be around $8/acre and up to $219/acre (Jeffrey et
al., 2014).
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WCN: Equation 4.9 was used to calculate the cost of WCN by summing up the cost of retaining
the existing wetlands and restoring the drained ones. Restoration of the small palustrine marsh type
wetlands in this region is usually accomplished by construction of an earthen plug which replicates
original spill elevation of the wetland. The cost of restoring the drained wetlands was calculated
by considering the cost of constructing wetlands and farmers’ net income loss, similar to WRT.
The cost of constructing a wetland includes the excavation cost of $500 and a cost for technologist
investigation equal to $600 annualized over 30 years. Using Equation 4.8, the cost of restoring a
wetland was estimated to be about 3440 $/acre and calculated for a 30-year lifespan. This practice
was commonly applied in other Canadian regions. For instance, the cost of wetland restoration in
Ontario is 3791 $/acre for a 30-year lifespan (DUC, 2011) and is about 2000 $/acre for 10 years of
lifespan in Saskatchewan (Hershmiller et al., 2014).

Table 4.1 Equations used to estimate the costs of implementing BMPs per tributary in the SD-

Qu’Appelle model, where n represents the total number of sub-catchments per tributary.

n
Cost of CHP ($) = Z Average cost of constructing one holding pond (41)
i=1
X Number of holding ponds in sub — catchment ef fective area;
y (4.2)
Cost of CRC ($) = ZAverage cost of relocating one corral X Number of corralsin sub — catchment ef fective area; '
i=1
3 (4.3)
Costof UFM ($) = Z Extra cost of using slow release fertilizer on average '
i=1
X Cropland area in sub — catchment ef fective area;
y (4.4)
Cost of CSD ($) = Z Average cost of constructing one dam '
i=1
X Number of storage dams insub — catchment ef fective area;
3 (4.5)
Cost of FCP ($) = Z Average cost of installing oneflow control strcuture '

i=1
X Number of structures insub — catchment ef fective area;
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Table 4.1 Equations used to estimate the costs of implementing BMPs per tributary in the SD-

Qu’Appelle model, where n represents the total number of sub-catchments per tributary (cont’d).

n
Cost of GRD ($) = z Average cost of grassing one ditch (46)
i=1
X Percentage of ditch coverage area per sub — catchment ef fective area;
X Sub — catchment ef fective area;
n
. 4.7)
Cost of WRT ($) = Net income loss X Wetland coverage area;
i=1
n
Cost of restoring wetlands ($) = Z(Net income loss + cost of construction) x Drained wetland coverage area; (48)
i=1
Cost of WCN($) = Cost of retaining wetlands + Cost of restoring wetlands (49)

4.4 Results and discussions

The SD-Qu’Appelle model was run under all possible combinations of noted BMPs, i.e., single
implementation, and application of 2, 3, ..., and 6 practices simultaneously, leading to a total of
143 scenarios. Figure 4.4 presented a summary of analyses in this study. In brief, single and joint
impact of BMPs across tributaries were evaluated and optimal BMPs at the tributary and watershed
scale were identified. Finally, the impact of stakeholders’ chance of adopting BMPs on reaching

water quality targets was assessed.

Analyzing the costs and
effectiveness of implementing individual BMPs in all tributaries.

N

Assessing the performance of all possible combinations of BMPs and identifying the
optimal practices for each tributary.

\NZ

Identifying optimal combinations at the large watershed scale and evaluating their
performance in the tributaries.

N

Exploring the impact of BMP uptake by stakeholders on costs and effectiveness of BMPs at
the watershed scale.

Figure 4.4 Flowchart showing the cost-effective analyses performed in this study.
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4.4.1 Implementation of single BMPs

The total (absolute) cost of implementing individual BMPs as well as their associated percentage
of reduction in long-term annual average TN and TP vary within and among tributaries (see Figure
4.5). This variation stems from inherent characteristics of tributaries e.g., land, climate, and stream
flow conditions, as well as the number of animals, fertiliser application rates. As it can be seen,
wetland related practices can significantly (in some tributaries by more than 100%) reduce nutrient
exports. This is logical because as noted earlier, to represent the impact of WRT, negative impacts
of draining wetlands and consequently augmentations in the effective area in long term were
considered. The impact of WRT was therefore calculated based on the relative difference between
nutrients under drained wetland conditions (i.e., considerably large effective area) and
corresponding nutrients under existing wetland coverage area (i.e., current effective area).Such
high changes in nutrients as a result of retaining/draining wetlands were also available in the
literature .For instance, it was found that draining wetlands in the Black River sub-watershed in
Ontario, Canada can increase TN and TP by about 260% and 860%, respectively (Ducks Unlimited
Canada; 2011; Yang et al., 2016). Similarly, Pattison-Williams et al. (2018) showed that an
increase by 145% in TP may occur if 100% of the wetlands in the Smith Creek watershed,
Saskatchewan were lost. While full implementation of wetland BMPs requires the highest total
cost, corral related BMPs were relatively less costly and could moderately reduce TN (by ~26%)in
the QARB. Other practices such as FCP, UFM and GRD presented the lowest total reduction of

nutrients.

Considering the tributaries, WCN can reduce TN by 56% but it is considerably costly ($148.4K),
while CHP can have a comparable effectiveness in reducing TN for just $5.3K (96% less cost) in
Ridge Creek. In contrast, in the Moose Jaw River, CHP cannot reduce TN by more than 25%, while
WCN can reduce TN by more than 100% but with a higher total cost. Across many of the small
tributaries, corral related BMPs can significantly reduce total loads at a lower total cost than
wetland related BMPs. This result is likely due to their small wetland coverage and small effective
areas. Given the uncertainty in watershed processes, these results might be best viewed as relative

ranking/comparison of BMPs rather than an absolute prediction of nutrient abatement.
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Figure 4.5 Percentage of long-term annual average reduction in TN and TP as well total costs

(averaged over 30 years)associated with the implementation of each BMP in the tributaries.

The presented absolute costs in Figure 4.5 provided a general idea about the budget that should be
allocated to improve water quality management in the tributaries and in the QARB as a whole. In
addition, relative costs (costs per kilogram of nutrient abatement) were calculated to represent the
worth of allocating such budgets to each practice. The relative cost is a proxy often used by
policymakers in this area to compare BMPs. Although wetland related BMPs have an extremely
high absolute cost, since they are effective, they present a low relative cost (~ $200 per kg of N
removal). Corral-related BMPs had the lowest total cost (e.g., $3/kg for CHP). The UFM, FCP,
and CSD showed the highest relative cost per kg of N removal. Relative costs for removal of TP

followed a similar pattern as of TN.

The analyses in this section highlighted the need to assess BMPs for each tributary instead of

prescribing the same BMPs for all tributaries in a large watershed and assuming that the
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effectiveness and costs of the practices would be the same across the entire basin. Moreover, as
individual BMP can affect nutrient delivery in different ways and it is common to use a set of
practices in agricultural areas, it is critical to evaluate the performance of combination of BMPs,

which can be applied simultaneously, to maximize nutrient abatement in a watershed.

4.4.2 Information matrices and optimal BMPs at the tributary scale

All possible combinations of BMPs were simulated and cost-effectiveness analyses were tabulated
in a series of “information matrices”. The matrices were provided in 6 panels corresponding to 6
different combinations of BMPs. As an example, here the matrices for the Moose Jaw tributary
were shown in Figure 4.6. In each panel, the implemented BMPs in the analyses were shown by
dark grey cells in each row (see 1 to 8"column from the left), and their impact on TN and TP and
associated total cost of their implementation at the tributary scale were shown in three columns
from the right. The ranges for percentages of change in nutrients and the costs of implementing
BMPs were shown with color bars. As an example, the top left information matrix presents the
results for implementation of single BMP, similar to what has been shown in Figure 4.6 for Moose
Jaw, showing that conserving the wetlands (1% row from the top) and retaining wetlands (2"row
from the top) are the most effective with the highest total cost in comparison to the rest of BMPs
in this tributary. The top right panel in the figure shows combinations of two BMPs. Six of these
combinations can reduce TP by around 70% and TN by more than 100% (see top 6 rows). The
absolute costs of implementing 5 of them is less than $20M (see top 5 rows). In fact, the lowest-
priced combination is implementing FCP and WCN with a total cost of $16.9M. This combination
is optimal from both improvements in water quality and economic aspect. Some combinations
might cost less than $1M, but their effectiveness would be also less too e.g., CHP and GRD would

cost only about $856K but cannot reduce more than 32% in TN.

In addition to providing all possible options, optimal sets of BMPs in each tributary were also
identified based on their relative cost per abatement of nutrients. Table 4.2 shows these optimal
BMP combinations for the Moose Jaw River tributary. As expected in all cases, at least one
wetland-related BMP e.g., WRT, appeared due to its effectiveness in eliminating more than 100%

of the N relative to current loading to downstream. For instance, the combination of WCN, along
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with GRD and CHP is among all BMP scenarios as its relative cost is around $86 per kg of N
removal and reduces TN by 139% in this tributary. These BMPs can also reduce TP by 85% for
$414 per kg of P removed.

Information matrices showing the performance of different combination of BMPs in the Moose Jaw River tributary
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Figure 4.6 Six information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Moose Jaw River tributary. Grey cells in each row in the panels
represent the selected BMPs. The percentage of change in TN and TP and total cost ($M) of

implementing BMPs are shown in the columns in the right.

Information matrices along with optimal BMP combinations are available for the rest of tributaries

— see Figures A37 to A47, and Table Al in the Supplementary Material. It can be observed that the
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cost and effectiveness of BMP combinations vary among tributaries. For instance, retaining
wetlands can be sufficient to improve water quality significant in the tributaries that the wetlands
were not heavily drained (see rows 3 to 8 in Table Al). While in other tributaries, both retaining
and restoring wetlands, as well as constructing ponds were needed due to existence of high animal
population and large drained lands in these tributaries (see the 1% and 2" rows in Table Al). The
cost of implementing BMPs depended mainly on the size of tributaries. For example, WRT in Last
Mountain costs 3000% more than Loon Creek and ensures lower abatement rate. Such analyses
can assist stakeholders exploring the impact and cost of a wide range of BMPs within and among
tributaries.

Table 4.2 Optimal combinations of BMPs, selected based on their relative cost of implementation

per abatement of nutrients in the Moose Jaw River tributary.

Number Cost per Cost per

of Optimal combination Changes kg of TN Changes kgof TP . Tatal cost of

. in TN inTP implementation

applied of BMPs (%) abatement (%) abatement ($M)
BMPs ($/ kg) (8/ kg)

1 WCN -103 112 -65 541 16.5

2 WCN, GRD -113 105 -73 505 17.0

3 WCN, GRD, CHP -139 86 -85 414 17.1

4 WRT, FM, GRD, CHP -112 108 -58 521 17.3

WCN, CSD, GRD,
5 FCP, CHP -151 91 -91 440 19.6
WCN, CSD, FM, GRD,
6 FCP, CHP -153 120 -92 578 26.2

4.4.3 Optimal combinations for varying abatement targets at the watershed
scale

Optimal BMP combinations were also explored for different nutrient abatement targets at the scale
of QARB. For this purpose, we identified all combinations of BMPs with the lowest total cost of
implementation that correspond to high reduction (more than 100%) and moderate reduction

(between 30% and 100%)in nutrients on average across all tributaries. The results for these
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scenarios were respectively shown in the top and bottom rows of Figure 4.7. Moving from left to
right, the maps show the percentages of reduction in TN and TP as well as total cost of
implementing BMPs in individual tributaries. Implementation of WRT and GRD, corresponding
to high reduction scenario, can lead to an expected decrease of 160% for TN and 100% for TP
across all tributaries with low costs. The individual rates of changes in TN and TP, and total costs
of implementing these BMPs were shown in the top row. The highest and lowest reductions in
nutrients were observed in the Loon Creek and the Ridge Creek, respectively. The total cost of
implementing these BMPs varies among tributaries and the highest cost corresponds to the Moose

Jaw River, one of the largest tributaries in the watershed.

Implementing GRD, CHP and CSD together can result in moderate reductions in the nutrients on
average across QARB. The highest and lowest rates of nutrient reduction were found in Ridge
Creek and Pheasant Creeks, respectively. The highest cost of implementing these BMPs belongs
to the Last Mountain Creek tributary, which is the largest tributary in the basin. It should be noted
that there are other BMP combinations that are more effective than this set, e.g., joint application
of CRC, GRD, FCP, UFM, and CSD, however, their total cost is significantly higher. Indeed, it
can be also inferred that moderate nutrient abatements can be achieved in the QARB without the

need to pay for wetland-related practices.
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1 - Ekapo, 2 - Indian Head, 3 - Iskwao, 4 - Jumping Deer, 5 - Last Mountain, 6 - Loon Creek,
7 - Moose Jaw River, 8 - Real Creek, 9 - Pheasant Creek, 10 - Redfox Creek, 12 - Wascana Creek

Figure 4.7 Ranges of abatements in TN and total costs of implementation for combination of
BMPs with the lowest total cost of implementation for the highest (top row) and moderate

(bottom row) rates of reduction in nutrient across the QARB, respectively.

4.4.4 Impact of BMP uptake by stakeholders

In the former sections, the costs and effectiveness of BMPs at tributary and watershed scales were
presented assuming that when BMPs are chosen, they would unanimously be implemented by all
agricultural producers in the region. However, all stakeholders might not necessarily be willing to
adopt these BMPs due to various reasons, indicated in Bradford et al. (2020). Therefore, the costs
and effectiveness of BMPs may shift and estimated target levels might not be achieved. In this
section, we focused on analyzing the performance of previously identified sets of BMPs
corresponding to high and moderate reductions in nutrients, if they are not fully adopted by
stakeholders. The results of these analyses were shown in Figure 4.8, which contains 2 panels
corresponding to two levels of nutrient abatements. The ranges of changes in TN, TP and costs
were provided in the right columns. In each row, the dark grey, light grey, and white cells

correspond respectively to a 100%, 50%, and 0% chance of BMP implementation by stakeholders,
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respectively. For example, a 50% chance of adoption for CHP means only 50% of farmers, instead
of all of them, would implement this BMP in their farms.

Average cost and highest reductions Average cost and moderate reduction —_
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Figure 4.8 Expected reduction in TN and TP and associated total cost of implementing BMPs
considering no adoption (white cells), full (dark grey) and partial (light grey) adoption of BMPs
by stakeholders in the QARB.

As previously mentioned, and here shown in the top row and left panel, if WRT and GRD are
adopted unanimously by all stakeholders, TP can be reduced by around 100%on average across the
QARB. The percentage of abatements in TP can decrease significantly from 100%to about 50%,
if half of the stakeholders instead of all of them implement these BMPs (see the 5"row in this
panel). This is an important observation, revealing the role of stakeholders in improving water
quality in the region. There are still other combinations of BMPs that even if are not fully adopted
by all stakeholders, they can still reduce nutrients (see for instance the 3" row from the top). Similar
observations were made for BMPs that lead to moderate reduction around 43% for TN and 30%
for TP, respectively across the QARB tributaries (see the top row in the right panel of Figure 4.8).
Here, if the same BMPs were adopted by half of the producers, TN would be reduced by only 23%

and TP by 16%, which was considered relatively non effective in this study. Therefore, a
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collaboration of more than 50% of stakeholders in implementing these BMPs are required to
achieve targeted reduction rates in water quality conditions.

4.5 Conclusions

This study proposes a generic approach to analyze the costs and effectiveness of agricultural BMPs,
related to cattle and crop farms, with a greater goal of proposing practices that can improve water
quality. For this purpose, the impact of BMPs on nutrient exports as well as their costs of
implementation at the tributary and watershed scales were estimated using the water quality and
economic evaluation models. The changes in TN and TP as well as the total cost of implementing
all possible combinations of BMPs at the tributary scale were summarised in a set of information
matrices. These matrices can be used to facilitate discussions of stakeholders and policymakers
about BMPs. Accordingly, the optimal combinations of BMPs at the tributary as well as watershed
scales were found based on two different criteria i.e., practices with the lowest total cost of
implementation and most positive impact on water quality, as well as considering their relative cost
per kg of nutrient abatement. Such analyses can assist in selecting combinations of BMPs based on
the available budget and targeted levels of water quality improvements. Finally, as stakeholders
might not be willing to implement the considered BMPs unanimously, the costs and effectiveness

of BMPs corresponding to different chances of BMP uptake were also analyzed.

This study has several implications for QARB. In brief, corral related BMPs can moderately reduce
nutrients loads at a more cost-efficient manner than other BMPs. Wetland-related BMPs are costly
but highly effective. Therefore, their relative cost per removal of nutrients were reasonable. The
costs and potential nutrient abatement by BMPs vary among tributaries due to their different
characteristics such as climate, land, and streamflow conditions as well as number of animals and
fertilizer application. Moreover, our analyses shed light on the role of stakeholders on the final
costs and effectiveness of BMPs at the tributary and watershed scales. It was found that at least
more than 50% of the stakeholders should implement the proposed BMPs to achieve the targeted
improvement in water quality conditions. This issue has been often under-represented in the

literature.
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Although the presented analyses were generic, there were some limitations in this study that must
be taken into account for local decision-makers. For instance, while wetlands are one of the key
features of this watershed, limited data records about the historical, current, and drained wetland
coverage area, their locations, as well as vegetation cover was available. For instance, our study
showed that the cost-effectiveness analyses of BMPs and the selection of optimal BMPs were
sensitive to the considered wetland coverage areas. Moreover, the exact number of animals and
corrals near the creek were not available for this basin. Therefore, considered assumptions in this
regard can affect the analyses. Moreover, the results of our analyses focused on the impacts of
BMPs in long term i.e., 30-year period whereas the effectiveness of the BMPs can vary seasonally
as well as in shorter durations (Woznicki et al., 2012; Baulch et al, 2019). Therefore, an assessment
of BMPs in finer temporal resolution is essential. For this purpose, more field-based research is
also required to monitor and measure the effectiveness of BMPs in the tributaries of the QARB. In
addition, our analyses were based on the assumption of stationarity in the climatic conditions
(Milly, 2008). However, recent studies show that the characteristics of temperature and
precipitation would change in this region (e.g., see Morales-Marin et al., 2018). Therefore, it is
recommended to assess the impact of climate change on water quality as well as costs and
effectiveness of BMPs. It should be also noted that there are uncertainties related to the estimation
of BMPs’ costs, as all-encompassing literature and data records to validate our results were not
available. With that said, our estimated costs of applying BMPs were in acceptable ranges
considering previous operations in other places in Canada. Nevertheless, as the utilised model
structure is quite extensive, it is relatively easy to revise the input data and/or update the equations
to improve the model accuracy. Regardless of the limitations, this study presents a set of analyses
that are not only useful for local stakeholders but also for assessing the impact of BMPs in other
basins. Moreover, this study showed the importance of engaging local stakeholders in decision-
making processes to increase their chance of BMP adoption to improve the water quality at the

watershed scales.
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CHAPTER 5 ASSESSING THE EFFECTIVENESS OF
AGRICULTURAL BENEFICIAL MANAGEMENT PRACTICES
UNDER CHANGING CLIMATE CONDITIONS

5.1 Methods and materials

5.1.1 Optimal combinations of BMPs

In this chapter, the QARB was divided into 3 different zones. Zone 1 covers three upstream
tributaries of Moose Jaw River, Iskwao and Ridge Creeks. Zone 2 corresponds to middle stream
tributaries i.e., Wascana Creek, Last Mountain tributary and Loon Creek. Zone 3 covers all the 12
tributaries in the QARB. A simple schematic of the QARB in Saskatchewan is presented in Figure
5.1, where the tributaries are shown with rectangles and the mainstream (QR) is displayed by a

dark blue arrow.

Ridge
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Last Mountain
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Figure 5.1 A simple schematic of the QARB in Saskatchewan, Canada, where rectangles show
the main tributaries, dark and light blue arrows shows the mainstream (QR), and rivers reaching

the mainstream, respectively.

Zammali et al. (2020) performed a set of cost-effectiveness analyses and among 143 (all possible)
combinations of noted BMPs, they identified sets of practices that together can considerably reduce
nutrients with low costs of implementation in the QARB. Table 5.1 shows these combinations for
three zones. In Zone 1, the combination of CHP, WRT, CSD and FCP were identified as optimal,
as they can potentially reduce TN and TP by 151% and 85%, respectively with the operational cost
of $21M. In Zone 2, WRT and GRD were identified as optimal combinations that can reduce TN
and TP by 141% and 99%, respectively with total cost of implementation estimated by $27M. The

combinations of WCN and GRD were selected as the optimal combination that can eliminate TN
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and TP with cost of implementation less than $59M in Zone 3. In most of the cases, WCN alone
was the costliest but could reduce TN and TP more than using all the rest of BMPs simultaneously.
In addition, using combinations of BMPs that include wetland related practices may result into
nutrient reduction by more than 100%. This can be explained by the fact that the impact of WRT
was incorporated in the model in a way that it reflects the reversed impact of wetland drainage.
Therefore, changes in nutrients when these BMPs are implemented were estimated considering the
potential TN and TP that could have been delivered to downstream over the years if wetlands would
have been drained.

Table 5.1 Total, effective drainage, and cropland coverage areas, number of cattle and the
optimal combinations of BMPs in the three Zones of the QARB.

Total Effective Cropland TN before TP before Optimal
. . drainage p Number implementation  implementation P Number
Zone Tributaries area area f I fth fth BMP P |
(km?) area (km?) of cattle of the BMPs of the BMPs combinations of cattle
(km?) (ton/year) (ton/year)
Ridge Creek,
Iskwao Creek, WRT, CHP,
Zone 1 Moose  Jaw 9337 4597 3448 36500 129 24 GRD. CSD 36500
River
Last
Zone2 ~ Mountain, 18635 5906 4430 34000 161 26 WRT, GRD 34000
Wascana,Loon
Creeks
86500
Zone 3  Alltributaries 35619 12836 9627 86608 349 64 GRD, WCN

These optimal sets of BMPs were identified using the Long-term Annual Temperature (LAAT)
and Long-term Annual Precipitation (LAAP) and assuming that these climatic conditions remain
unchanged in time. However, over the past few decades, the LAAT and LAAP in the QARB have
been increased by 1.9 °C and 7%, respectively (ECCC, 2020). Considering an ensemble of CMIP5
models under RCP 2.6 and RCP 8.5, Zang et al. (2019) predicted increases of LAAT between 1.9
°C and 6.5 °C and increases in LAAP between 6% and 15% by the end of this century in the
Prairies. Other studies projected higher increases in precipitation (Mailhot et al., 2012) and high

temperature values (Jeong et al., 2016) for this region. Moreover, an average increase in
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temperature and precipitation by 200% and 9%, respectively, was expected for this region by the
end of the century (ECCC, 2020). In other studies, an average increase in LAAT between 3°C and
4.5 °C and in LAAP between 6% and 9% was projected. However, reductions in LAAP based on
individual models were also reported (Moose Jaw Climate Data by Atlas Canada, 2020).

The main objectives of this chapter were to (1) assess the nutrient export in the QARB zones under
all possible climate conditions; (2) evaluate the effectiveness of previously identified optimal
BMPs under changing climate conditions; and (3) find new ensembles of practises that can still
improve water quality in the QARB zones with low costs in the future. For this purpose, bottom-
up and top-down climate change impact assessments were used and explained below.

5.1.2 Impact assessment approaches and procedure

Bottom-up approach: Feasible ranges of -1°C to +8.5°C for LAAT and -15% to +40% for LAAP
were considered for vulnerability assessment. These ranges are wide enough as they cover the
climate projections for the Canadian Prairies (e.g., see Zhang et al., 2019). Considering an
increment of 0.5°C for temperature and 5% for precipitation, the entire range of climate change
surface included 240 combinations (20x12). The generated LAAP and LAAT under these
combinations were fed to the SD-Qu’Appelle to estimate the TN and TP in each of the QARB
zones, without considering any BMPs. Moreover, the effectiveness of previously found optimal
BMP combinations, shown in Table 5.1, was assessed. For this, percentages of change in TN and
TP in the QARB zones were estimated by comparing the nutrients considering the implementation
of BMPs under each of specific climate conditions (out of 240 combinations) and the nutrient

values under historical climate, when no BMPs were implemented.

Top-down approach: Bias-corrected and spatially-downscaled precipitation and temperature
projections for 20 GCMs at a 25 km x 25 km grid scale were obtained from

https://www.nccs.nasa.gov/services/climate-data-services. The projections under RCPs 4.5 and 8.5

over the period of 2025-2095 served in impact assessment. The projections of climate models
varied considerably. As an example, for the same tributary, projected LAAT based on models

ranged between 4 °C to 8 °C. Moving time episodes each containing a 30-year period i.e., 2025-


https://www.nccs.nasa.gov/services/climate-data-services
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2054, 2026-2055, ..., 2066-2095 were considered in the analyses to identify adaptation practices
over time. LAAP and LAAT values under 20 GCMs and 2 RCPs for each of these 42 episodes
were estimated by averaging model-based daily values over the thirty-year periods and fed to the
SD-Qu’Appelle model. In order to find optimal sets of BMPs under future climate, the costs and
effectiveness of all BMP combinations were analyzed in each future time episode given the
expected projections of LAAP and LAAT under 2 RCPs. Accordingly, the performance of newly
found optimal BMPs in each time episode was analyzed under the outputs of individual climate
model and RCP to understand their extend of effectiveness in the future.

5.2 Results

5.2.1 Vulnerability in the QARB zones without considering BMPs

The estimated TN and TP leaving the QARB zones under the possible ranges of change in LAAT
and LAAP were illustrated in Figure 5.2. The figure showed that the amounts of nutrients in all
zones were more sensitive to augmentations than reductions in temperature and precipitation.
Moreover, the changes in nutrients are more sensitive to variations in temperature than
precipitation; however, their compound impact can be significant, see the top-right corner of
panels. Furthermore, comparison between the two rows show that for the same temperature and
precipitation conditions TP is more sensitive to changes in climate conditions than TN. Similar to
Zone 3, the two other zones showed the same percentages of changes in TN and TP and the
maximum increase in TN for all of the zones is around 400% and TP around 2000%. However, the
magnetite of TN and TP loads are different and are higher in Zone 2 than Zone 1 and this is because

two of the 3 largest QARB tributaries are located in Zone 2.
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Figure 5.2 Long-term annual average TN and TP leaving QARB zones under a possible range of
changes in LAAT and LAAP, without considering any BMPs.

5.2.2 Vulnerability in the QARB zones considering the existing optimal BMP

Relative changes in TN and TP in the QARB zones were estimated by considering the difference
between nutrients after implementation of previously identified optimal BMPs under each climate
conditions and the nutrients during the historical climate and no usage of BMPs. Moreover,
temperature and precipitation projections of 20 GCMs under RCPs 4.5 and 8.5 were mapped on

these panels with solid lines to illustrate the future climate paths.

The results for Zone 1 show that even with implementation of WRT, CHP, GRD, and CSD, TN
and TP are still sensitive to changes in temperature and precipitation values (left panels).The
highest abatement rates were found under the coldest climate with lowest precipitation rates,
whereas the smallest reductions in nutrients correspond to the warmest climate with highest rate of
precipitation. It is also observed that if temperature goes above 7°C, the considered combination
of BMPs cannot reduce TN anymore. Changes in TP were more sensitive to any alterations in
temperature than TN. For instance, TP can increase by more than 600% moving from low to high
temperature values. Additionally, the considered BMPs cannot effectively reduce TP if the

temperature increases by about 3°C.
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As previously noted, WRT and GRD can reduce TN and TP by more than 100% under the historical
climate conditions in Zone 2. However, their effectiveness in improving water quality in the future
depends on the considered climate conditions as well as the type of nutrients (see middle panel in
Figures 5.3 and 5.4). Similar to Zone 1, the highest and lowest abatement rates can be observed
under the lowest and highest temperature values, respectively. These BMPs can still be considered
effective in reducing TN if increases in temperature remain below 2.5°C. Unlike TN, the BMPs
cannot reduce TP if temperature increases by 1°C.

Moreover, simultaneous implementation of WCN and GRD can reduce TN and TP by more than
100% in all the QARB zones under historical climate conditions (see right panels). As explained
above, the total elimination of nutrients is a representation of the reversed impact of wetland
drainage. However, the effectiveness of these practices is sensitive to changes in temperature
conditions. For instance, if temperature increases by more than 2.5°C, these BMPs are not effective
anymore in reducing TN and TP in the QARB. Moreover, for every degree above this threshold,

the increase in TN and TP can be significant.
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Figure 5.3 Relative changes in TN and TP in the QARB zones, estimated based on nutrients after

implementation of BMPs under changing climate conditions and nutrients under historical
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climate when no practices were implemented. Solid lines show the projected changes in
temperature and precipitation under 20 GCMs and RCP 4.5 over the period between 2025-2095.
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Figure 5.4 Relative changes in TN and TP in the QARB zones, estimated based on nutrients after
implementation of BMPs under changing climate conditions and nutrients under historical
climate when no practices were implemented. Solid lines show the projected changes in

temperature and precipitation under 20 GCMs and RCP 8.5 over the period between 2025-2095.

By increasing TN and TP loads in the QARB, increasing temperature and precipitation affected the
BMPs' effectiveness in reducing the nutrients. It is also clear that the effectiveness of BMPs in
reducing nutrients depends on the considered climate conditions, as well as the type of nutrients
and QARB zones. Considering TN, the optimal combinations for Zones 1 and 3 are expected to be
relatively effective in reducing TN under RCP 4.5. However, the same BMPs may become
ineffective in these two zones under RCP8.5. Results for the same zones show that the effectiveness
of BMPs significantly decreases if increases in temperature go above 2.5°C. The BMPs in Zone 2
become ineffective in improving water quality under the projections of most GCMs considering
both RCPs 4.5 and 8.5. This is because two of the three largest tributaries of the QARB are in Zone

2 and they correspond to high amounts of TN and TP loads. Therefore, in order to reduce system’s
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vulnerability, it is essential to identify new combination of BMPs that can effectively reduce the

nutrients with acceptable costs under future climate conditions.

5.2.3 ldentification of optimal BMPs for the QARB zones under future climate
conditions

Mean LAAP and LAAT values averaged over 20 GCMs under RCPs 4.5 and 8.5 were estimated
for each of considered time episodes and fed to the SD-Qu’Appelle to find new sets of optimal
BMPs in QARB zone in the future. The practices were considered optimal if they could totally
eliminate or highly reduce nutrients for the lowest possible cost. The changes in the nutrients were
estimated with respect to the historical climate conditions and if no BMPs were implemented. The
pathways to adopt BMP combinations over time in the QARB zones under RCP 4.5 and 8.5 were
illustrated using solid and dashed lines in the left and right panels of Figure 5.5, respectively. The
triangles and circles indicate the starting and ending year for effectiveness of specific BMP
combinations. The representation of the management plan in the form of metro cards was inspired
from the pathway maps developed by Marchau et al. (2019). The changes in TN, TP, and cost of
implementation of each combination of the BMPs identified for Zone 1, Zone 2, and Zone 3 were

summarized in Tables B1, B2, and B3 in the supplementary material, respectively.

Our analyses showed that implementation of WCN, CHP, and GRD in Zone 1 can sufficiently
reduce TN and TP up to the time episode 2032-2061 under both RCPs (see blue solid and dashed
lines in left and right panels of Figure 5.5). Implementation of these two BMPs was not enough to
improve water quality after these episodes. Therefore, FCP and CSD were also needed to increase
the rate of abetment in nutrients. These new combinations were found to be effective until the
episodes 2054-2084 and 2033-2062 under RCP4 and RCP8.5, respectively (see Table Bl in
Appendix B). After these time episodes, TP starts to increase instead of being reduced. In addition,
it is clear that under RCP 8.5 the optimal practices should be implemented earlier as its projected
temperature conditions are higher than RCP 4.5. In fact, the abatement rate for the same

combinations of BMPs is lower under RCP 8.5 (see Table B1 for comparison of the values).

In Zone 2 CHP and WCN can significantly reduce TN and TP up to the time episode 2036-2065
under RCP 4.5. Starting from the time episode 2037-2066, GRD was needed, for $1M more, to
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increase the abatement rate of nutrients. Interestingly the 3 BMPs, along with CSD were essential
to reduce the nutrients delivery from the 2025 under RCP 8.5. Moreover, implementation of FCP
along with CSD was required from the time episode 2045-2074 to improve water quality under
RCP 8.5. Although implementing these 5 BMPs simultaneously can reduce TN significantly they
cannot reduce any amount of TP under RCP8.5. In fact, TP amounts would be doubled by the year
2055-2084 under the high emission scenario (see Table B2 in the supplementary material for
changes in TN and TP values). TP is highly sensitive to increases in temperature and precipitation
which made it challenging to find BMP combination that can reduce it by the end of the century.
Finally, it is important to note that the allocated budget to reduce nutrients under RCP 8.5 was
estimated to be higher (around $2M more) than RCP 4.5.

WCN and CHP can reduce nutrients sufficiently in Zone 3 up to the time episode 2040-2070 under
RCP 4.5. Implementing these practices along with GRD can be considered effective in reducing
nutrients up to a much longer period (2050-2079). The latter combination of BMPs was identified
as effective in reducing the nutrients under RCP 8.5 up to 2034-2063 episode. However, starting
from the episode 2035-2064 TP loads starts to increase even if the BMPs are implemented. In
addition to their higher abatement rate, the combinations of BMPs identified under RCP 4.5 are
less costly than the combinations of BMPs identified under RCP 8.5. Starting from the time episode
2051-2080, the same cost would be spent under both RCPs ($70M), ensuring total elimination of
TN while TP amounts are expected to be doubled under RCP 8.5 but moderately reduced under
RCP 4.5 (50% or less of reduction in nutrients). These results correspond to the simultaneous
implementation of WCN, CHP, GRD, FCP, and CSD (see Table B3).
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Pathways to adopt optimal combinations of BMPs under RCP 4.5
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Figure 5.5 Pathways to adopt optimal combinations of BMPs in Zone 1(blue), Zone 2 (black) and
Zone 3 (red) over time under RCP4.5 (solid lines) and RCP8.5 (dashed lines). The triangles and

circles show the starting and ending episodes for effectiveness of specific BMP combinations.

Overall, CHP and WCN practices repeatedly appeared among the optimal sets of BMPs in the
QARB zones to abate nutrients under both RCPs. These two BMPs complement each other in this
region in improving water quality. CHP can fairly reduce nutrients, and its cost of implementation
is relatively low, whereas WCN corresponds to the highest rates of reduction in nutrients but with
the highest cost of implementation. Our analyses show that without conserving wetlands, it is
almost impossible to improve water quality under the projected changes in temperature and
precipitation since 2025 under both RCPs. This is due to the fact that the GCMSs project a minimum
of 4 °C increase in the temperature in the future. The combination of WCN, CHP, CSD, GRD and
implementing FCP appeared as the most reasonable solution to improve water quality in the future
in all 3 zones under both RCPs. Other BMPs did not appear among optimal solutions either due to
their low rates of abatement (20% or less of reduction of nutrients) or high costs of implementation.
It is also important to emphasize that the identification of the optimal combinations of BMPs
depend on both nutrient reduction and cost of implementation. For example, for the first 8 episodes,

only WCN and CHP were identified as optimal in Zone 3, which includes all the tributaries, while
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for Zone 1 in addition to these BMPs GRD was also needed. This choice was made based on the
cost-effectiveness analyses: in Zone 1, the cost of implementing GRD is very low and adds
sufficient abatement rate. While in Zone 3, $1M had to be added to the total cost of implementation
of the combination of BMPs and the abatement rate was not sufficiently high.

Further analyses revealed that identified optimal combinations of BMPs under historical and future
climate conditions are not the same. For example, in Zone 3, WCN and GRD were found to be
effective in eliminating the nutrients delivery based on historical LAAP and LAAT; while here it
was shown that in addition to these practices CHP was also needed to increase the abatement rates
under RCP 8.5. Similarly, in Zone 2, WCN replaced WRT in the optimal combinations of BMPs
when comparing between the historical and future climate conditions. In general, more effective
and costly combinations of BMPs were needed since 2025 to reduce the nutrients delivery in the
QARB.

5.2.4 Uncertainties associated with effectiveness of selected optimal BMPs

The presented optimal combinations of BMPs in the previous section were found based on the
averaged projections of 20 GCMs. Here, it was aimed to understand the behaviour of selected
BMPs under individual projections and RCPs in future time episodes in the QARB zones. Results
of these simulations under RCPs 4.5 and 8.5 for Zone 3 were shown in Figures 6 and 7, respectively
— see Figures B1, B2, B3, and B4 for Zones 1 and 2. In each figure, 42 panels corresponding to 42
episodes were presented. In the panels, changes in TN and TP after implementation of optimal
BMP combinations and considering the mean of projections of LAAT and LAAP of the GCMs
were shown with blue and red lines, respectively. Changes in TN and TP using projections of
individual climate models were shown with blue and red scatters, respectively. The changes were
estimated with respect to the TN and TP under historical conditions and if no BMPs are
implemented. Negative changes represent reduction in nutrients while positive changes represent

increases in nutrients delivery even if the BMPs are implemented.

The figures show that the behaviour of BMPs is not similar under 20 GCMs due to their diverging
projections of LAAT and LAAP. Although the performance of BMPs can be degraded under higher
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projections of LAAT based on few climate models, overall it seems that TN can be effectively
reduced in all the time episodes under RCP 4.5 (see all panels of figure 6; abatement rate is between
-200% and -100%). In addition, the reduction rate of TP was lower than TN for all the time
episodes. In fact, unlike TN, TP loads were expected to highly increase using some GCMs even if
the BMPs were implemented. This was expected since TP is much more sensitive than TN and

these GCMs are projecting high temperature augmentation in the future.

Similar to the results obtained under RCP 4.5, TN can be still considerably reduced (more than
100% of reduction for all the time episodes) considering the LAAT and LAAP projections by
individual climate models under RCP 8.5. In addition, TP can be moderately reduced only up to
2032-2061. After the latter time episode, the abatement rate of TP becomes low until it starts
increasing and being doubled by the time episode 2053-2082. It is important to note that the
combinations of BMPs identified in this study are expected to be non effective in reducing TP
amounts using some of the GCMs from the first time episode.
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Figure 5.6 Changes in TN and TP after implementation of optimal BMP combinations in Zone 3
under RCP 4.5 and using the mean of projections of LAAT and LAAP of the GCMs (blue and
red lines), respectively. Changes in TN and TP under RCP 4.5 using projections of individual

climate models were shown in blue and red scatters, respectively.
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Figure 5.7 Changes in TN and TP after implementation of optimal BMP combinations in Zone 3
under RCP 8.5 and using the mean of projections of LAAT and LAAP of the GCMs (blue and
red lines), respectively. Changes in TN and TP under RCP 8.5 using projections of individual

climate models were shown in blue and red scatters, respectively.

Overall, the analyses show that the performance of identified optimal combinations of BMPs varied
depending on climate models’ projections. Although, they could still effectively reduce the nutrient
export especially under RCP 4.5, their effectiveness become questionable under extreme
temperature projections. This was somewhat expected based on the results of the bottom-up

approach that it would be challenging to find effective BMPs if LAAT increase by more than 6 °C.

5.3 Summary and conclusions

There are a series of limitations in available water quality model related to estimation of both BMPs
costs of implementation as well as effectiveness. Most importantly, a series of assumptions have
been made related to wetland coverage area, number of animals in corrals, density of
implementation of some practices (e.g. CSD and FCP), ditches coverage, sizes of ponds, and prices
of some utilities necessary to calculate the cost of BMPs (e.g. the cost of constructing a wetland)

that influence the cost-effectiveness analyses and BMP selection (see Zammali et al., 2020). In
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addition, the estimation of the costs may change in the future due to inflation in the currency.
Moreover, the optimal BMPs for the future conditions were constrained to NEX-GDDPCMIP5
climate projections. It is also suggested to include the outputs of CMIP6 models for future impact
assessment. In addition, our analyses were based on changes in long-term annual average climate
conditions; while in the Canadian Prairies region, multiple studies suggested that some BMPs
should be analyzed seasonally due to the high variation of temperature between winter and summer.
Therefore, it is recommended to analyze the performance of BMPs on seasonal scale. Regardless
of these limitations, this has been the first attempt to holistically assess the performance of
stakeholder identified BMPs in the QARB under changing climate conditions. It was showed that
indeed such analyses were necessarily as set of BMPs suggested based on historical climate

conditions would not necessarily improve the water quality conditions in the future.
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CHAPTER 6 CONCLUSIONS

The present study proposes a set of analyses to assess the performance of agricultural BMPs under
current and future climate conditions. For this purpose, a cost estimation module is added to an
existing water quality model to perform cost-effectiveness analyses of a series of BMPs in the
QARB. Information matrices are proposed to present the changes in nutrients, TN and TP, as well
as costs of implementation for more than 140 combinations of BMPs at the tributary scale. The
advantage of this visualisation of results is that stakeholders can view all possible options in one
platform and can choose their favourable practice based on levels of reduction in nutrients and their
budget. Therefore, they can be used in water quality management discussions. Further analyses
revealed the existence of multiple combinations that can highly/moderately reduce the nutrient
exports in the QARB with relatively low cost. In brief, on the one hand, wetland-related BMPs
were found as the most effective practices in improving the water quality despite their high cost of
implementation. On the other hand, corral-related BMPs, specifically CHP, were found the most
inexpensive practices with moderate reduction in the nutrients delivery. Therefore, the combination
of these practices can complement each other. It was also found that the stakeholders’ chance of
BMP adoption can highly affect the effectiveness of the combinations of BMPs at large scale,

therefore, their engagement in water quality management is essential.

As water quality conditions are sensitive to changes in climate, and optimal combinations of BMPs
were identified based on historical climate conditions, it was necessity to understand their
performance in the future as well. For this purpose, first a wide range of changes in temperature
and precipitation was considered and their corresponding values were fed into the water quality
model for BMP impact assessment. Results revealed that the nutrients are more sensitive to changes
in temperature than precipitation and TP is more sensitive than TN to changes in climate conditions.
The optimal combinations of BMPs were found effective under moderate increases in temperature.
However, high increases in temperature can affect their efficacy in reducing the nutrients. Second,
climate projections from 20 different GCMs under 2 RCPs were used to find new sets of optimal
combinations over future time episodes each containing a 30-year window. Results revealed that
WCN and CHP were among all the optimal combinations of BMPs under both low and high future
emission scenarios. The implementation of these BMPs can reduce moderate to high amounts of

TN; however, it was challenging to find any BMPs that can reduce TP. Moreover, it was found that
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usage of these two practices might be enough to reduce nutrients in the next couple of decades;
however, as we approach to the end of century and temperature increases, implementation of a

larger set of BMPs is required.

Despite the important value of the study, it presents few uncertainties and limitations. Uncertainties
are mainly related to data records such as the wetland coverage, animal population, and climate
data in the region. Moving from a tributary to another, the intensity of wetland drainage is
changing. It was challenging to find any accurate records for the drained land coverage. Previous
reports were used and assumptions had to be made through discussions with experts from the WSA
in the region to estimate the current and drained wetland coverage that were incorporated in the
model. To solve this issue, it is recommended to study satellite pictures to estimate the wetland
coverage. Comparisons between old and new pictures can help estimate the intensity of wetland
drainage. Similarly, to wetland coverage data, there were no records providing the animal
population in the region. The values used in this study were obtained from the report of Roste and
Baulch (2018). In this report, the experts of the WSA used data including manure concentration
measurements to estimate the number of cows in each tributary. One of the solutions to solve the
data records issue is to engage the stakeholders through surveys, preferably online to ensure higher
number of participants, to obtain more accurate estimation of the animal population. Additionally,
historical and future climate incorporated in the model were obtained from the GCMs which
represent uncertainties in their projections. In this study, CMIP5 models were used, while more
accurate projections can be obtained from CMIP6 models and be incorporated in the model in the
future to reduce the uncertainties related to climate variables. The economic evaluation model was
developed based on empirical equations which may affect the accuracy of the results depending on
the changes in the prices available in the market but it cannot be considered as major uncertainties.
In addition, it is easy to update the inputs of the model when new prices are provided. However, it
is recommended to discuss the opportunity cost with the annual croppers, as in previous surveys in
the United States of America, the third of the participants mentioned that the estimations made by
the government do not accurately represent their income loss (Miller, 2014). With all that said, this
study presents generic analyses for BMP impact assessment under current and future climate

conditions that can be used for water quality management at watershed scale.
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Figure A3 The structure of the water quality module to estimate TN loads in Indian Head.
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Figure A4 The structure of the water quality module to estimate TP loads in Indian Head
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Figure A6 The structure of the water quality module to estimate TP loads in Iskwao.
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Figure A8 The structure of the water quality module to estimate TP loads in Jumping Deer
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TP Moose Jaw

<one
series-MJ> PT <Velocity-MJ>
<Total area-M.J> <Catchment i <stream <Flow
<Temperat <Precipitat  slope-MJ> Lo <Stream Iengthz MJ> conlro|>
<Wetlandcoverage ure-MJ> ion-MJ> l / |9"9th1'M-|>
ercentage-MJP> X
<Fertilit P < W =T|ms> \ PP <Time>,_
Y / Catchment slope P <Soil
Management> Wetiand P er,es MY Pemeab“,w M Straam Iength1 P stream Ienuhi P
™~ <Time>*garjas-MJ Temperature Preupltatlun F series-MJ series-MJ Flow Wntml
Slow release series-| MJ serles-MJ <Time> coef-PMJ
fertilizer coef-PMJ - .t%]:me:
Coef fert P-MJ Soil Permibll )
\ <Tlme> P serles -MJ <Grassing
Fetilizer P-MJ . a, |_ d " " PPER Streamflow / ditches>
<Sub-catchment __ __— — FemllzerP and- o-wa er channels P-MJ -
series-MJ S
Areas-MJ> <Time> Grassing ditches
<Total Effective \ » \ coef-PMJ <hload-MJ>
Area-MJ> Coef manu Manure P N t . A
~— PMJ —* geriesaqy —— von-point Reservoir settlling «Time>
P-Nutreint el source P-MJ . . Pseries-MJ
<Total nutreint — units-MJ /’ \TP in Moose Jaw w <Storage
- - —
units-MJ> p Manure P-MJ Sub-catchments P-MJ — . dams>
1 ForestP <Time> nstall storage
<Time> ) T (Tonlyear) '
Corral P-MJ 53"95""” dams coef-PMJ
Complete relocation of —— ___ (::ef corr / Point source
corrals-PMJ B <Forest-MJ> =Time= P-MJ
7 - e 7 Mooshe Jaw TP
<Complete Construct holding Pnpulatlun P Urban P . / change
relocation of cattle ponds below corrals series-MJ . oo mJ TP Ieavmg Moose Jaw
corrals> coef-PMJ .
. <Populatio x TP MooseJaw
N n-MJ> <Time> _—re
<Construct holding Urban-MJ

ponds below corrals>

Figure A14 The structure of the water quality module to estimate TP loads in Moose Jaw River.

Storage dams



<Wetland TN Pearl Creek
retention: Total
<Wetland area-PEC ;';::: <cP
conservation> —_ Wetlandcoverage ture- <CP><CS> Soil Stream len
percentage-PEC <CT> PEC permeability-PEC gth1-PEC
T:;;’ Catchrjent
sen::ePEC Jcmperature N tion- ore Stream len <Flow
. ~= Wetland N series-PEC PEC / Catchment slop Velo  ath2-PEC control>
<Fertility Slow release series-PEC : !
s N series-PEC city- Flow control
Management> fertilizer coef-NPEC —___ Coef fert # Precipitation N i
<CW> | PEC ™a coef-NPEC <Grassing
Fertilizer N-PEC serles-PEC Stream lengh2 N ditches>
- series-P
N-PEC \\_\* -
Subcatchment _ _-FertilizerN 3L,  Soilpermeability Stream length N o
Areas-PEC Coef manu series-PEC % - N series-PEC series-PEC Grassing ditches
N-PEC delivery N-FEC 7 coef-NPEC
Number of Streamflow hioa
pigs-PEC  Total Effective Manure Manure N Non-point channels N-PEC e
AreaPEC N-PEC series-PEC source N-PEC Reservoir .~ C
Number of N-NUtreint settlling N
cattle-PEC - — IN-PEC F tN - series-PEC
Total nutreint-units-PEC orra se:i)::FEC Point source TN in Pearl Creek Lakeslreservoirs
Number of - Units-PEC ~.Fore ~ N-PEC ~—— — ™ Sub-catchments N-PEC Install storage
7
sheeps-PEC Coef corr sEQg (Toniyear) dams coef-NPEC *_\<:;omrzge
<Complete Complete N-PEC
relocation of cattle — ’E|°°|at'r‘:g£:: Population N
corrals ion i
corrals> Construct holding coriee.PEC ‘“—\ula ) TN leaving Pearl Creg_l:
ponds below corrals . <Construct holding onF TN PearlCreek — ~ F“”hC'“k ™
coef-NPEC ponds below corrals> change
Figure A15 The structure of the water quality module to estimate TP loads in Moose Jaw River
TP Pearl Creek
<Tempera
ture-PEC
e g
Wietlandcoverage > <Stream Tlme, length2-PEC>
percentage-PECP & Temperature P length1- PE\ >
seress PEK PP <Catchment
~— 4 Wetland P slope-PEC>
- series-PEC Tune> — Sirenm length1 P <Flow
(S\ful".' FEIEZSE = series-PEK control>
ertilizer>
T Slow release Coeffert Precipitation Catchment siops Flow confr/m i
fertilizer coef-PPEK —_——™ series-PEK P serles PEK <Grassing
Fetilizer P-PEK coef-PPEK ditches>
P-PEK Stream lengh2 P 7
<Sub-catchmen \s?enmzew T”“E’ <Soil permeabilit series-PER Grassin ﬂm;as
AreasPEC> — ™ series-PEK j-PEC> T.‘ Soot-PRER
Tuna‘ Sml permeammy h
<Total nutreint P_Nutreint Coef man Land-to-water o4———— P series-PEK hstreaﬂ
units-PEC> ™ ynits PEK Mam"e p Non-point delivery P-PEK channels P-PEK
Manura series-| PEK soume P-PEK \
<Timé> P-PEK \ <hload-PEC>
ForestP 1: Ln PetaLI Cretek
Complete relogationCarral P-PEK e-series-PEK _, Sub-catchments Reservoir setflling
<«Complete St sorrals PPk | e pmmjma (Ton/year) N | skesiteservoirsw—— P seriesPEK 4 mE
relcation of cattle “Cost corr Population P 4
corrals> P-PEK <Timer——mm :p‘.'a ':EK Urban P Install storage
Construct holding ;"es' series-PEK dams coef-PPEK
ponds below corrals ';f‘;gri‘ <Storage
<Construct holding coet-PPEK N TP Pearl dams>
ponds below corrals> vosn etk

73

TP leaving Pearl Creek— "~ Creek —

Pearl Creek TP
change

Figure A16 The structure of the water quality module to estimate TP loads in Pearl Creek.



74

TN Pheasant Creek

<AWetland lietand Total
conservation> area-PHC Precipitat <CS8> <CPER>
Wetlandcoverage <cT> lonPHC Soil permeabilit
percentage-PHC CW> Catchmen y-PHC
emperat slope-PH
one —_ _, Wetland N ure-PHC
series-PHC series-PHC \ | <CP> Stream len -
. <Flow
Catchment slo gth2-PHC
Temperatura\ rﬁseries-FH alocity-FLHC / control>
Stream lengh2 N Flow control

Slow release

<Fertility
Management> fertilizer coef-NPHC ———___, Coeffert N series-PH@recipitation
Fertili N PHC
v series-PHC  coef-NPHC
<Grassing

ies-PH
series Soil permeability /
N-PHC ‘-«_\‘“ / N series-FH%
Fertilizer N Bnatoaver = tream length1 ditches>
o r——— 53”':5": Grassing ditches -
coef-NPHC

Sub-catchment .
Areas.PHC  Coefmanu ~ Series-PHC delivery N-PHC
- T-NPHG N Streamflow
Manure N Non-point channels N_'V
Reservoir settlling
/ N series-PHC hload PHC

Number of Total Effective M
K anure -
pigs-PHC Area FHC\ N-PHC — "~ series-PHC source N-PHC\
Number of N-Nutreint - orral N-PHC Forest N/
cattle-PHC units-PHC series.PHc  £eintsource TN in Pheasant Creek . Install storage
Total nutrefht N-PHC Sub-catchments (Tonlyear) ., Lakesireservoirs , - dams coef-NPHC
Number of = units-PHC Coef corr N-PHC ~ <Storage
sheeps-PHC N-PHC Forest-PHC Jomrad
P P ¥
<Complete Complete relocation
relocation of cattle *  of corrals-NPHC Population N TN leaving Pheasant Creek ™ Pheasant Creek
corrals> Construct hading series-PHC TN PheasantCreek TN change
ponds below corrals f

<Construct holding — coef-NPHC
ponds below corrals> Population-PHC
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Figure A22 The structure of the water quality module to estimate TP loads in Ridge Creek.
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Figure A23 The structure of the water quality module to estimate TN loads in Wascana Creek.
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Figure A30 The structure of the economic evaluation module to estimate the costs associated

with implementation of BMPs in Loon Creek.
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Figure A31 The structure of the economic evaluation module to estimate the costs associated
with implementation of BMPs in Moose Jaw River.
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Figure A32 The structure of the economic evaluation module to estimate the costs associated
with implementation of BMPs in Pearl Creek.
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Figure A33 The structure of the economic evaluation module to estimate the costs associated
with implementation of BMPs in Pheasant Creek.
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Figure A34 The structure of the economic evaluation module to estimate the costs associated

with implementation of BMPs in Redfox Creek.



83

Cost of implementing
BMPs Ridge Creek

™ Cost of witand

Wetland relemmn restoration - RC

cost - Flow annral

\ / practices cost- RC

Cost of the BMPs Dnhe BMPs
o-waler

w
Total cost of
Relocation - RC

/ \ Cost of BMPs related to / /
Nl-rrb=w halding - non-point source - RC
= - / T

Total cost of Cost of implementing
“~—— BMPs related to aquatic uall::
BMPs - RC transport - RC

s per
sub-atchmnt - R

Total cost of
holding ponds
construction - RC Cns( of storage dams

per sub-catchment - AC

Cost of extensive
wintering sites - RC

Cost of BMPs Ridge Creek

<Feed cattle away
from creeks>

Figure A35 The structure of the economic evaluation module to estimate the costs associated
with implementation of BMPs in Ridge Creek.
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Figure A36 The structure of the economic evaluation module to estimate the costs associated

with implementation of BMPs in Wascana Creek.
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Table A1 Optimal combinations of BMPs, selected based on their cost of implementation and
abatement of TN and TP for the QARB tributaries.

QARB tributaries Optimal combination of -Changes Changes in - Total co-st of
BMPs inTN (%) TP (%) implementation ($M)

Ekapo CHP, WRT -120 -48 2.0
Indian Head CHP, GRD, CSD, WCN -101 -58 0.6
Iskwao WRT -247 -327 1.3
Jumping Deer WRT -165 -61 0.2
Last Mountain Creek WRT -166 -125 215
Loon Creek WRT -602 -223 0.7
Pearl Creek WRT -112 -68 1.8
Pheasant Creek WRT -104 -48 2.3
Redfox Creek WCN -118 -102 0.7
Ridge Creek CHP, GRD, WCN -104 -80 0.2

Wascana Creek CHP, FCP, WCN -101 -61 7.8
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Information matrices showing the performance of different combination of BMPs in Ekapo
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Figure A37 Six Information matrices, corresponding to implementing different combination of

BMPs simultaneously in the Ekapo. Grey cells in each row in the panels represent the selected

BMPs. The percentage of change in TN and TP and total cost ($M) of implementing BMPs are

shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Indian Head
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Figure A38 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Indian Head. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Iskwao
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Figure A39 Information matrices, corresponding to implementing different combination of BMPs
simultaneously in the Iskwao. Grey cells in each row in the panels represent the selected BMPs.
The percentage of change in TN and TP and total cost ($M) of implementing BMPs are shown in

the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Jumping Deer
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Figure A40 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Jumping Deer. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Last Mountain Creek
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Figure A41 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Jumping Deer. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Loon Creek
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Figure A42 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Loon Creek. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Pearl Creek
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Figure A43 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Pearl Creek. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.



92

Information matrices showing the performance of different combination of BMPs in Pheasant Creek
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Figure A44 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Pearl Creek. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Redfox Creek
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Figure A45 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Redfox Creek. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Information matrices showing the performance of different combination of BMPs in Ridge Creek
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Figure A46 Six Information matrices, corresponding to implementing different combination of
BMPs simultaneously in the Redfox Creek. Grey cells in each row in the panels represent the
selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.
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Figure A47 Six Information matrices, corresponding to implementing different combination of

BMPs simultaneously in the Redfox Creek. Grey cells in each row in the panels represent the

selected BMPs. The percentage of change in TN and TP and total cost ($M) of implementing

BMPs are shown in the columns in the right.



APPENDIX - B SUPPLEMENTARY MATERIAL FOR CHAPTER 5

Table B1. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 1.

Zone 1
RCP 4.5 RCP 8.5
Time TN TP Cost of TN TP Cost of
episode | change | change implementation change | change | implementation
(%) (%) ($M) (%) (%) (M)

2025-

2054 -104 -24 19 -103 -9 21
2026-

2055 -103 -23 19 -102 -6 21
2027-

2056 -103 -22 19 -100 -2 21
2028-

2057 -102 21 19 -110 -13 21
2029-

2058 -102 -19 19 -109 -11 21
2030-

2059 -101 -18 19 -110 -13 21
2031-

2060 -100 -16 19 -106 -5 21
2032-

2061 -99 -15 19 -105 -2 21
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Table B1. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 1 (cont’d).

2033-
2062 -98 -13 19 -106 -3 22
2034-
2063 -117 -26 22 -105 0 22
2035-
2064 -116 -25 22 -104 4 22
2036-
2065 -115 -23 22 -103 7 22
2037-
2066 -115 -22 22 -101 11 22
2038-
2067 -114 -20 22 -100 15 22
2039-
2068 -113 -19 22 -98 19 22
2040-
2069 -113 -18 22 -97 23 22
2041-
2070 -112 -17 22 -95 28 22
2042-
2071 -112 -17 22 -95 28 22
2043-

-111 -14 22 -92 37 22

2072
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Table B1. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 1 (cont’d).

2044-
2073 -111 -13 22 -90 42 22
2045-
2074 -110 -12 22 -89 47 22
2046-
2075 -110 -11 22 -87 52 22
2047-
2076 -109 -10 22 -85 58 22
2048-
2077 -109 -9 22 -83 64 22
2049-
2078 -108 -7 22 -81 70 22
2050-
2079 -108 -6 22 -79 76 22
2051-
2080 -107 -5 22 -78 82 22
2052-
2081 -107 -4 22 -76 89 22
2053-
2082 -107 -3 22 -73 97 22
2054-

-106 -1 22 -72 103 22

2083
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Table B1. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 1 (cont’d).

2055-
084 | -106 0 22 70 109 22
2056-
2085 | -105 0 22 68 116 22
2057-
2086 | -105 2 22 66 123 22
2058-
2087 | -105 2 22 64 131 2
2050-
083 | -104 2 22 62 138 22
2060-
089 | -104 3 22 -60 146 22
2061-
2000 | -104 4 22 58 153 22
2062-
001 | -104 5 22 56 163 22
2063-
002 | -103 6 22 54 173 22
2064-
003 | -103 6 22 52 181 22
2065-
004 | -103 7 22 50 189 22
20662095 o, ; 22 48 197 22
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Table B2. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 2.

Zone 2
RCP 4.5 RCP 8.5
Time TN TP Cost of TN TP Cost of
episode change | change implementation change | change implementation
) | @) (%) 0 | @ |

2025-

2054 -236 -90 34 -255 -102 37
2026-

2055 -235 -88 34 -254 -98 37
2027-

2056 -235 -87 34 -252 -93 37
2028-

2057 -234 -85 34 -251 -88 37
2029-

2058 -233 -82 34 -250 -84 37
2030-

2059 -233 -80 34 -249 -80 37
2031-

2060 -232 =77 34 -248 -76 37
2032-

2061 -231 -74 34 -247 -71 37
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Table B2. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 2 (cont’d).

2033-
2062 -230 -71 34 -246 -66 37
2034-
2063 -230 -69 34 -244 -61 37
2035-
2064 -229 -66 34 -243 -56 37
2036-
2065 -228 -63 34 =242 -51 37
2037-
2066 -238 -80 35 -240 -44 37
2038-
2067 -237 -78 35 -239 -38 37
2039-
2068 -237 -76 35 -238 -32 37
2040-
2069 -236 -74 35 -236 -24 37
2041-
2070 -236 -71 35 -235 -17 37
2042-
2071 -235 -68 35 -233 -10 37
2043-

-234 -66 35 -232 -2 37

2072
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Table B2. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 2 (cont’d).

2044-
2073 -234 -64 35 -230 6 37
2045-
2074 -233 -63 35 -233 -1 38
2046-
2075 -233 -61 35 -231 7 38
2047-
2076 -232 -59 35 -228 25 38
2048-
2077 -232 -57 35 -226 34 38
2049-
2078 -231 -55 35 -224 44 38
2050-
2079 -231 -53 35 -223 53 38
2051-
2080 -230 -51 35 -221 63 38
2052-
2081 -230 -49 35 -219 73 38
2053-
2082 -229 -47 35 -217 86 38
2054-

-229 -44 35 -215 96 38

2083
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Table B2. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 2 (cont’d).

2055-

2084 228 43 35 214 106 38

2056-

2085 228 42 35 212 117 38

2057-

2086 =227 -40 35 -210 129 38

2058-

2087 227 -39 35 -208 141 38

2059-

2088 =227 -38 35 -206 153 38

2060-

2089 =227 -37 35 -40 338 38

2061-

2090 2226 .35 35 -203 178 38

2062-

2001 2226 34 35 -201 194 38

2063-

2092 2226 .33 35 -199 209 38

2064-

2003 225 .32 35 1197 223 38

2065-

2004 225 31 35 1195 236 38
20662095 555 .29 35 1193 248 38
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Table B3. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 3.

Zone 3
RCP 4.5 RCP 8.5
Time TN TP TN TP
) Cost of Cost of

episode ciz;:;;e ct}i/:)ge implementation (%) ct}z(;}/r;)ge Ch(‘;’}/g)ge implementation
2025-

2054 -171 -44 61 -175 -40 62
2026-

2055 -170 -42 61 -173 -36 62
2027-

2056 -170 -40 61 -172 -32 62
2028-

2057 -169 -39 61 -171 -27 62
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Table B3. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 3 (cont’d).

2029-

2058 -168 -36 61 -169 -24 62

2030-

2059 -167 -34 61 -168 -19 62

2031-

2060 -166 -32 61 -168 -17 62

2032-

2061 -166 -29 61 -167 -15 62

2033-

2062 -165 -26 61 -164 -6 62

2034-

2063 -164 -25 61 -162 -1 62

2035-

2064 -163 -22 61 -161 4 62

2036-

2065 -162 -19 61 -159 9 62

2037-

2066 -161 -17 61 -158 16 62

2038-

2067 -161 -14 61 -156 21 62

2039-

2068 -160 -13 61 -176 1 70
20402069\ 159 11 61 174 8 70




Table B3. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 3 (cont’d).

106

2041-
2070 -171 =27 62 -173 14 70
2042-
2071 -170 -25 62 -171 20 70
2043-
2072 -169 -23 62 -170 26 70
2044-
2073 -169 -21 62 -168 33 70
2045-
2074 -168 -20 62 -167 40 70
2046-
2075 -168 -19 62 -165 48 70
2047-
2076 -167 -17 62 -163 56 70
2048-
2077 -167 -15 62 -161 63 70
2049-

-166 -13 62 -160 72 70

2078
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Table B3. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 3 (cont’d).

2050-
2079 -166 -11 62 -158 80 70
2051-
2080 -185 -31 70 -156 88 70
2052-
2081 -184 -29 70 -154 97 70
2053-
2082 -184 -28 70 -152 108 70
2054-
2083 -183 -26 70 -150 117 70
2055-
2084 -183 -25 70 -149 126 70
2056-
2085 -183 -24 70 -147 135 70
2057-
2086 -182 -23 70 -145 145 70
2058-
2087 -182 -22 70 -143 156 70
2059-
2088 -182 -21 70 -141 165 70
2060-
2089 -182 -20 70 -140 176 70
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Table B3. Changes in TN, TP, and cost implementation after implementation of optimal

combinations of BMPs in Zone 3 (cont’d).

2061-
2090 -181 -19 70 -138 187 70
2062-
2091 -181 -18 70 -135 201 70
2063-
2092 -181 -17 70 -133 213 70
2064-
2093 -180 -16 70 -131 226 70
2065-
2094 -180 -16 70 -130 236 70
2066-
2095 -180 -14 70 -128 247 70
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Figure B1 Changes in TN and TP after implementation of optimal BMP combinations in Zone 1
under RCP 4.5 and using the mean of projections of LAAT and LAAP of the GCMs (blue and
red lines), respectively. Changes in TN and TP under RCP 4.5 using projections of individual

climate models were shown in blue and red scatters, respectively.
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Figure B2 Changes in TN and TP after implementation of optimal BMP combinations in Zone 1
under RCP 4.5 and using the mean of projections of LAAT and LAAP of the GCMs (blue and
red lines), respectively. Changes in TN and TP under RCP 4.5 using projections of individual

climate models were shown in blue and red scatters, respectively.
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Figure B3 Changes in TN and TP after implementation of optimal BMP combinations in Zone 1
under RCP 8.5 and using the mean of projections of LAAT and LAAP of the GCMs (blue and
red lines), respectively. Changes in TN and TP under RCP 8.5 using projections of individual

climate models were shown in blue and red scatters, respectively.
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Figure B4 Changes in TN and TP after implementation of optimal BMP combinations in Zone 2
under RCP 8.5 and using the mean of projections of LAAT and LAAP of the GCMs (blue and

red lines), respectively. Changes in TN and TP under RCP 8.5 using projections of individual

climate models were shown in blue and red scatters, respectively.



