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ABSTRACT 

Regions dependent on agricultural production are concerned about the uncertainty associated 

with climate change. Extreme drought and flooding events are predicted to occur with greater 

frequency, requiring mitigation strategies to reduce the associated negative impacts. Retention 

pond installation schemes designed to capture surface water may be a viable option to reduce 

water stress during drought periods by supporting irrigation. The retention systems would serve 

to capture excess spring runoff and extreme rainfall events, reducing flood potential downstream. 

Additionally, retention ponds may be used for biomass production and nutrient retention. The 

purpose of this research was to investigate the economic viability of adopting on-farm surface 

water retention systems as a strategic water management strategy. A retention pond was analysed 

using a dynamic simulation model to predict its storage capacity, installation and upkeep cost, 

and economic advantages. The average impact of irrigation application under present day 

conditions was an increase in crop revenue of $11.38/hectare. However, due to the cost of 

irrigation and reservoir installation this on average leaves the farmer to pay $148.50/hectare each 

year. Replacing existing low value crops within the study area with high value potato crops also 

resulted in a negative net revenue. Irrigated crops under future climate scenarios also 

experienced a net decrease in revenue due to the associated irrigation and reservoir infrastructure 

costs. However, gross crop revenue increases were more consistent throughout the future study 

time periods and required less irrigation water, making irrigation application more beneficial in 

the future. Farmers who harvest cattails from retention systems for biomass and available carbon 

offset credits can gain $642.70/hectare of harvestable cattail/year. Cattail harvest also removes 

phosphorus and nitrogen, providing a monetized impact of $7,014/hectare of harvestable 

cattail/year. The removal of phosphorus, nitrogen, carbon, and avoided flooding damages of the 

retention basin itself provide an additional $17,850 to $18,470/hectare of retention system/year 

depending on the valuations of avoided flooding damages. The recommended use of retention 

systems is for avoiding flood damages, nutrient retention, and biomass production. This is due to 

the economic gains these three functions of retention systems provide. The revenue gained from 

these functions can support farmers wanting to invest in irrigation while providing economic and 

environmental benefits to the region. 
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CHAPTER 1  

INTRODUCTION 

Climate change and its effects have been investigated at various levels from local to 

global. While it remains difficult to establish a clear understanding of the future effects of 

climate change, several studies have predicted a general trend of increasing temperature and 

precipitation over southwestern Canada (Bonsal et al., 2011; Nyirfa and Harron, 2001; Sauchyn 

et al., 2002; Venema et al., 2010). Canada has experienced an annual average surface air 

temperature increase of 1.5°C from 1950-2010. Stronger warming trends have been found for the 

north and west of Canada, with the greatest warming occurring in winter and spring (Vincent et 

al., 2012; Warren and Lemmon, 2014). These climatic changes are expected to increase potential 

evapotranspiration and lead to moisture deficits (Venema et al., 2010). Changes in precipitation 

timing are also expected, resulting in less snow-cover, shorter snow-cover duration, increased 

winter river flows, and decreased summer flood events (Bonsal et al., 2011; IPCC, 2007a; 

Venema et al., 2010). Climate change is expected to result in greater variability in cumulative 

above and below ground water reserves within the Red River Basin, Manitoba. Extreme drought 

and flooding events are predicted to occur with greater frequency, requiring mitigation strategies 

to reduce the negative impacts of these events (Bonsal et al., 2011; Pittman et al., 2011; 

Samarawickrema and Kulshreshtha, 2008; Wheaton et al., 2008). On the Canadian Prairies 

where 80 percent of Canada’s farmland is situated, strategic water management solutions are 

needed to deal with the uncertainty associated with climate change and its impact on agricultural 

production (Bonsal et al., 2011; Hearne, 2007; National Research Center, 2013; Wheaton et al., 

2008).  

Historically, the trend within Manitoba has been to drain agricultural lands of water as 

quickly as possible in spring using a series of ditches and drains to increase agricultural 

production (Bower, 2007; Venema et al., 2010).This may leave agricultural lands vulnerable to 

soil moisture deficits under future climate uncertainty as evapotranspiration quickly removes 

summer precipitation from the soil (Venema et al., 2010). The creation of on-farm water 

retention systems, designed to capture and store surface water, may be a viable option that would 

reduce water stress during agricultural droughts by providing water for irrigation (Pavelic et al., 

2012).  
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The additional benefits provided by retention ponds such as flood mitigation, nutrient 

retention, and biomass production bolster the benefits of retention systems when they are not 

required for irrigation (Government of Manitoba, 2014; Grosshans et al., 2012). In Manitoba, 

cattails are being promoted for bio production and nutrient management as the plant grows most 

successfully on marginal crop land and in wet areas (Grosshans et al., 2014). Research by the 

International Institute for Sustainable Development (IISD) has found that cattails at Pelly’s Lake, 

Manitoba not only absorb up to 20 kg/hectare of phosphorus annually, but the plant also removes 

160 kg of captured nitrogen/hectare while providing 15-20 tonnes/hectare of biomass. The 

resulting biomass can be used for various bio products such as solid fuel with a heat capacity of 

17 to 20 megajoules/kg (Grosshans et al., 2014). Bio product harvesting also addresses a finding 

from the Millennium Ecosystem Assessment (Venema et al., 2010). The assessment identifies 

over-enrichment from nutrients as a critical concern to the environment globally. The removal of 

phosphorus from this watershed is essential to reducing nutrient loading to Lake Winnipeg, 

Manitoba. The province of Manitoba has committed to reducing nutrient loading to pre-1970 

levels in Lake Manitoba as well as maintaining and improving water quality throughout the 

province going forward (Bourne et al., 2002; Government of Manitoba, 2014; Grosshans et al., 

2014). According to the Lake Winnipeg Stewardship Board (2006), retention basins should be 

further reviewed to determine how effective and appropriate they can be as a nutrient abatement 

option in Manitoba. 

1.1 Purpose and Objectives of the Study 

The purpose of this research is to investigate the economic impact of the adoption of on-

farm surface water retention systems as a water management strategy, based on the output of a 

dynamic simulation model developed for the study area. The first objective of this study is to 

evaluate the capacity of retention ponds used for irrigation purposes to provide a net economic 

advantage for farmers not currently utilizing an on-farm water retention system for irrigation 

application. The second objective is to monetize the benefits of using retention basins for 

avoided flood damages, nutrient retention, and biomass production. The last objective is to 

explore the economic advantages associated with retention ponds under future climatic 

conditions. 
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1.2 Literature Review  

 This review begins by outlining the current state of water management in the Red River 

Valley, Manitoba. The hydrology of this area follows, with a focus on what impacts climate 

change are expected to have on drought and flood severity and frequency in the Red River 

Valley. This leads into a discussion on current adaptation strategies being utilized to protect 

against the effects of water surpluses and deficits on crop yields. Surface water retention systems 

are put forth as a potentially viable option for dealing with climate uncertainty and these systems 

multiple benefits are outlined. The review concludes with a discussion of the economics involved 

in developing water management strategies, specifically the economic benefits surface water 

retention systems can provide. 

1.2.1 Water Management in the Red River Valley, Manitoba 

 In Manitoba, agriculture is considered to be one of the most vulnerable industries to the 

negative impacts of climate change (Government of Manitoba, 2014a; Pittman et al., 2011). With 

the growing awareness of climate change and the effect it will have on agricultural practices 

there is a need to explore more sustainable approaches to water management on the Prairies 

(Bower, 2010). The flow and storage of water within the province is critical to maintaining the 

environment, economy, and livelihoods of its population (Belcher, 1999; Hearne, 2007;  

Pomeroy, de Boer, & Martz, 2005). Within Manitoba, the issues arising due to climate change 

are compounded by the provinces already highly variable and unpredictable access to water 

resources (Pomeroy et al., 2005; Venema et al., 2010). The province is adopting a proactive 

approach to water management, focusing on protecting water quality while aiming to improve it, 

and developing strategies for adaptation under uncertain climate projections (Government of 

Manitoba, 2014a). 

 Historically, Manitoba’s water management policy focused on altering the landscape to 

optimize drainage of excess water and subsequently increase its agricultural production. This 

strategy works well when there is adequate access to water and land use practices do not create 

nutrient pollution issues (Venema et al., 2010). However, recent years have seen a dramatic 

increase in nutrient pollution and subsequent diminishing water quality. Additionally, there 

continue to be suggestions of future drought conditions from general circulation models 

(Venema et al., 2010). 
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1.2.2 Hydrology of the Red River Valley, Manitoba 

 The Red River Valley in Manitoba is predominantly prairie grassland, mostly flat with 

some rolling hills (Government of Manitoba, 2014b; Hearne, 2007; World Atlas, 2014). Water 

supplies in the area are stored as snow and ice throughout the fall and winter, and melt rapidly 

during the spring, providing the majority of water reserves for late spring and summer (Fang et 

al., 2007). Rainfall also contributes to water supply during late spring and summer, with three 

quarters of the area’s precipitation falling as rain. However, due to the rapid evapotranspiration 

processes within the Red River Valley, its contribution to water stores and stream flow is low at 

approximately eight percent (La Salle Reboine Conservation District Staff, 2007; Pomeroy et al., 

2005). 

Evapotranspiration is driven by evaporation from water bodies and interception from 

plant canopies and soil surface. Transpiration also occurs from bare soils and plant stomata 

(Pomeroy et al., 2005). These evapotranspiration processes can often consume all summer 

precipitation within the Red River Valley (Fang et al., 2007). Any water not consumed by 

evapotranspiration infiltrates the soil where the high water-holding capacity of prairie soils tends 

to hold it. However, even this supply of near-surface water can be quickly exhausted by the high 

net radiation and convection processes of the prairie region (Pomeroy et al., 2005).  

1.2.3 Drought  

Agricultural droughts are of constant concern in the Prairies (Bonsal et al., 2011; Hearne, 

2007; Wheaton et al., 2008). Reductions in precipitation lead to soil moisture deficits and 

subsequently reduce crop yields, and in extreme cases, cause total crop failure (Samarawickrema 

and Kulshreshtha, 2008). When an agricultural drought is experienced, not only is soil moisture 

depleted but groundwater supplies are greatly diminished (Bonsal et al., 2011). Currently, much 

of the Prairies relies on groundwater (Bonsal et al., 2011). However, these water supplies are 

unreliable and have stimulated an exploration for alternative water supplies (Pomeroy et al., 

2005). 

Droughts can also be caused by reductions in annual snowmelt runoff or heat waves 

which can lead to depleted soil moisture, a reduction in groundwater availability, reservoir level 

reduction, and diminished stream flows (Bonsal et al., 2011). Evapotranspiration plays a vital 

role in the development and continuation of drought conditions as the process often dominates 

the water balance (Armstrong et al., 2010; Pomeroy et al., 2010). Subsequently, soil moisture 
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accumulated in late winter or early spring, when net radiation and convective processes are low 

and reduce evapotranspiration, is often not enough to offset low snow melt runoff levels or 

drought conditions during the summer (Bonsal et al., 2011). Surprisingly, the current 

understanding of droughts in Canada is limited due to fragmented research efforts (Bonsal et al., 

2011; Klein et al., 2012). Most studies are conducted in response to droughts, such as the 

Drought Research Initiative (DRI) initiated after the Prairie drought from 1999-2005 (Bonsal et 

al., 2011; Bower, 2010; Pomeroy et al., 2010). 

1.2.4 Drought and Climate Change 

The Intergovernmental Panel on Climate Change (IPCC) has stated that any areas already 

prone to droughts will undoubtedly be at more risk for drought under future climate change 

scenarios (Bonsal et al., 2011; Venema et al., 2010). The IPCC’s claim is based on the consistent 

future projections of general circulation models (GCMs) which all point to increased drying and 

drought risk on continental interiors (Bonsal et al., 2011; Wheaton et al., 2008). Under these 

future climate scenarios, an increase in both precipitation and temperature is expected (Bonsal et 

al., 2011). The subsequent evaporative demand created by temperature increases may offset the 

expected increases in precipitation (Venema et al., 2010). However, the increase in temperature 

has the potential to negatively impact snow fall events over the winter and reduce the snowfall 

runoff needed to restore groundwater reservoirs in the spring (Bonsal et al., 2011; Fang et al., 

2007; Pomeroy et al., 2005). Additionally, spring thaws may occur earlier than normal as 

temperatures increase, affecting when soils are receiving moisture and impacting crop growth 

(Pomeroy et al., 2005). Climate change is predicted to augment the current variable weather 

trends to increase the duration, severity, and frequency of droughts within the Prairie region 

(Bonsal et al., 2011; National Research Center, 2013; Venema et al., 2010). 

1.2.5 Flooding 

 Droughts are not the only natural disaster negatively impacting the Prairies. Flooding also 

has dramatic and wide-spread consequences on agriculture and communities (Bonsal et al., 2011; 

Bower, 2010). Seasonal floods have been of concern to water managers in Manitoba since the 

beginning of the nineteenth century (Bower, 2010). Due to the flat topography and subsequent 

poor drainage of the Prairies, flood waters are often able to spread over large areas (Hearne, 

2007). If available water storage is at capacity from previous precipitation events and quick 

runoff occurs in the spring over frozen ground, runoff can quickly overcome the landscape 
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causing substantial damage (Bower, 2010; Hearne, 2007). Damage to infrastructure such as 

roads, blown out culverts, or damaged bridges can have a significant economic impact on local 

municipalities (Agriculture and Agri-Food Canada (AAFC), 2012; Tiessen et al., 2011). 

Variables such as the timing of the flood, its duration, and water depth will have an impact on a 

farmer’s ability to delay planting or replant (Förster et al., 2008). Implementation of effective 

water management strategies, while requiring initial investment, reduce costs incurred by 

farmers and municipalities during flood years (AAFC, 2012; Tiessen et al., 2011). 

1.2.6 Flooding and Climate Change 

Precipitation and temperature distribution patterns greatly impact flood timing, intensity, 

and frequency within Manitoba’s current climate. Under future climate predictions of increased 

precipitation events, there is a risk for increases in annual runoff and spring runoff intensity 

(Mailhot et al., 2010; Simonovic and Li, 2004). Temperature changes will have an impact on 

snow accumulation and the timing of snowmelt events (Pomeroy et al., 2005; Simonovic and Li, 

2004). According to Simonovic and Li (2004), increases to annual temperatures will create 

earlier flood events as well as earlier flood peaks. It is also expected that future climate change 

will result in a higher frequency and intensity of multi-day precipitation events that can quickly 

overcome any strategies in place to deal with sudden excess water (Mailhot et al., 2010). 

1.2.7 Adaptation Strategies 

 In order to prepare for future climate uncertainties, the province of Manitoba and its 

conservation districts aim to increase their adaptive capacity (Government of Manitoba, 2014a; 

Manitoba Government, 2014; Pittman et al., 2011). Strategies currently being used on the 

Prairies include crop insurance, soil and water conservation, improved irrigation (where 

applicable), exploration of groundwater supplies, as well as the introduction of new 

infrastructure (Bonsal et al., 2011; Pittman et al., 2011; Wheaton et al., 2008). Infrastructure 

implementations range from new wells and pipelines to dugouts (Bonsal et al., 2011). Dryland 

farmers look to increase their drought resiliency by conserving soil moisture and nutrients 

through crop rotation and minimizing tillage practices (Pittman et al., 2011). 

 Strategies to deal with flooding in the province are extensive, with channelized drainage 

systems, such as ditches and culverts, throughout the landscape (La Salle Redboine Conservation 

District (LSRCD), 2007; Venema et al., 2010). While drainage systems are meant to remove 

excess water from inundated land quickly, they can actually increase the negative effects of 
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floods by amplifying flood peaks, which then have greater force to cause damage (Venema et al., 

2010). Drainage also increases the amount of nutrients being removed from the landscape, 

subsequently impacting water quality as the nutrients flow into Manitoba’s water bodies 

(Venema et al., 2010). 

1.2.7.1 Surface water retention systems  

The last two decades has seen increased interest in small water storage facilities globally 

(Baker et al., 2012; Downing et al., 2006; Li et al., 2000; Oweis et al., 2004; Wisser et al., 2010). 

Ponds located on agricultural land are being constructed to provide irrigation water, act as 

sedimentation ponds, for recreational purposes, and water quality control (Chrétien et al., 2016; 

Downing et al., 2006). Areas of high annual precipitation such as Tennessee, Mississippi, and 

Great Britain can have up to 4% of their agricultural land allocated to farm ponds. In 2006, 

researchers suggested that dry regions of India had experienced a 60% increase in the annual 

growth rate of small reservoirs (Downing et al., 2006; Wisser et al., 2010). It is estimated that 

globally, farm ponds cover approximately 77,000 km2 (Downing et al., 2006). Downing et al. 

(2006) provide an overview of the distribution of farm ponds globally based on annual average 

precipitation (Figure 1-1).  

 
Figure 1-1. Relationship of farm pond surface area to annual average precipitation globally 
(Source: Downing et al., 2006) 

On-farm water retention systems allow for the retention of water captured during spring 

runoff as well as during precipitation events, either directly or due to transport by surface runoff. 

This provides water storage that can be drawn on when groundwater supplies become depleted 

(Pavelic et al., 2012; Vorogushyn et al., 2012). These systems also serve to reduce downstream 
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peak flow and aid in retaining flood waters which reduces associated flood risks downstream 

(AAFC, 2012; Pavelic et al., 2012). If water is released from the reservoir, they serve to 

replenish groundwater stores downstream (Pavelic et al., 2012). Under drought conditions these 

systems enable farmers to draw water from the reservoirs to support crop irrigation (Pavelic et 

al., 2012). Researchers have found these systems to be effective for increasing and stabilizing 

crop yields via irrigation in locations such as Texas, Kansas, Kentucky, India, and Thailand 

(Arnold and Stockle, 1991).  

Water retention systems can be classified into three main types on the Prairie landscape. 

The first is a dry flood-control dam characterized by a lack of water storage capacity. These 

dams act to slowly release water by forcing flow through a small pipe at the foot of the dam 

reducing flood peaks downstream (AAFC 2012; Tiessen et al., 2011; Wall et al., 2011). To 

reduce their impact on the landscape, they are often integrated into existing roadways (Tiessen et 

al., 2011). Back-flood dams are another popular form of water retention systems that enable 

temporary storage of shallow waters (about one meter) over a large expanse of agricultural land 

for a minimum of two weeks. Water is eventually released via a manual gate each season 

providing groundwater recharge (AAFC 2012; Tiessen et al., 2011; Wall et al., 2011). Multi-

purpose dams are similar in design to dry flood-control dams and are additionally designed to 

store 15-20% of their full capacity during the summer months for the purposes of irrigation or 

cattle watering. They are drained each year to ensure the reservoirs full capacity is available each 

spring for runoff (AAFC 2012; Tiessen et al., 2011; Wall et al., 2011).  

Currently, each retention system requires a unique engineered plan which situates the 

dam or pond in a strategic location considering land drainage and hydrological connectivity 

along with the water retention time required (Ali et al., 2013; Baker et al., 2012; Chrétien et al., 

2016; Paul, 2003; Tiessen et al., 2011; Woltemade, 2000). On-farm water retention structures 

can vary considerably in size. For example, sixty documented water retention structures in 

Manitoba, Canada range in size from 6000 m2 to 11 km2 with an average size of 384,000 m2. 

Water storage of the same structures range in capacity from 365 m3 to 12,000,000 m3 with an 

average storage capacity of 365,000 m3 (Manitoba Conservation District Association, 2014). The 

proper placement and design of retention systems can allow for additional environmental 

benefits like restoring or protecting wetlands (Government of Manitoba, 2014a). While retention 

system placement may occasionally provide solely a water retention benefit, whenever possible 
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retention areas should be placed in natural wetland depressions to ensure restoration or 

maintenance of nearby wetlands affected by the retention system project. A loss of capacity over 

time also needs to be considered as sediment deposits build up. The rate of build up will vary 

based on the size of the reservoir, amount of inflow and sediment content, local geology, rainfall 

distribution, vegetation, soil type, the ability of the reservoir to retain sediment and the type of 

reservoir operation (Jothiprakash and Garg, 2008; Tiessen et al., 2011; Wisser et al., 2010). 

Surface water retention systems have shown success in reducing nutrient and sediment 

loading in various locations worldwide. Tiessen et al. (2011) provides several examples from the 

literature on retention systems in America and Europe shown to effectively reduce nutrient 

loading. A runoff detention pond in Oklahoma, USA reduced sediment discharge downstream by 

82%, total nitrogen by 56%, and total phosphorus by 60% (Sharpley et al., 1996). Kovacic et al. 

(2006) reported a reduction in total nitrogen of 38% and 56% in total phosphorus loading from a 

constructed wetland (a detention basin formed by berms adjacent to a stream) in Illinois, USA. A 

shallow predam, a small reservoir aimed at improving water quality of a larger main reservoir 

downstream, in Luxembourg was found to retain total phosphorus up to 60% and a deep predam 

retained up to 82% (Salvia-Castellvi et al., 2001; Tiessen et al., 2011). A small dam in Spain 

reduced total phosphorus loads downstream by over 25% (Avilés and Niell, 2007). Small ponds 

in Finland and Sweden reduced total phosphorus loading by 17% and constructed wetlands in 

Norway and Finland reduced total phosphorus loading by 41% (Tiessen et al., 2011; Uusi-

Kämppä et al., 2000). 

In Manitoba, small on-farm surface water retention systems are scattered throughout 

agricultural watersheds. The South Tobacco Creek Watershed is home to twenty-six dams 

providing management of almost 30% of the watersheds drainage area (AAFC 2012). The 

watershed is now home to five dry dams, six back-flood dams, and fifteen multi-purpose dams. 

Each dam was designed to retain 20-25 mm of runoff at full capacity from their catchment area 

(Tiessen et al., 2011). These dams’ capacity to reduce flood risk have been under study since the 

1990s. The Watershed Evaluation of Beneficial Management Practices (WEBs) program, an 

Agriculture and Agri-Food Canada (AAFC) research program began in 2004 to expand the 

research on the South Tobacco Creek Watershed dams to include sediment, nitrogen, and 

phosphorus loadings downstream (AAFC 2012). The WEBs program chose to focus on two 

dams in the study area, a dry flood control dam with a 45,000 m3 capacity reservoir located in the 
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north western section of the watershed and a multi-purpose dam with a 60,000 m3 capacity in the 

south-west of the watershed. The differences between these systems had little effect on their 

ability to reduce sediment, nitrogen and phosphorus export downstream. Both the dry flood 

control dam and the multi-purpose dam were effective in reducing total suspended sediment (65-

85% reduction), particulate nitrogen (41-43% reduction during snowmelt, 7-11% reduction from 

summer rainfall events), and particulate phosphorus (27-38% reduction in snowmelt runoff) 

(AAFC 2012). The entire dam system of the watershed provided a reduction in peak flow of 9-

19% from spring snowmelt runoff and 13-25% from rainfall runoff (AAFC 2012). Another on-

farm retention pond in Saint-Samuel, Quebec was found to reduce peak flows by 38%, on 

average, from rainfall runoff events (Chrétien et al., 2016). The pond was also effective at 

removing total suspended sediment, total nitrogen, and total phosphorus with mean removal 

efficiency ratios of 50-56%, 42-52%, and 48-59% respectively. 

1.2.7.2 Irrigation 

 One of the most successful strategies for dealing with uncertain water availability is 

irrigation. With irrigation, reductions to crop yields do not occur under drought conditions. 

Often, farmers may actually see an increase in crop yields. This is due to high temperatures 

increasing evaporation in combination with the unlimited water supply (Pittman et al., 2011). 

Increases to evapotranspiration enhance growth, especially when there are no constraints on 

moisture or nutrients (Samarawickrema and Kulshreshtha, 2008). According to Pittman et al. 

(2011) in the rural municipality of Rudy, Saskatchewan, irrigation farmers during the Canadian 

drought of 2001-2002 had financial gains of over a million dollars while dryland, or non-

irrigating, farmers lost $5.5 million in 2001 and $4.5 million in 2002.  

1.2.7.3 Bio products 

Another benefit of water retention systems is their capacity to support the growth of bio 

products. Bio products are beneficial for the production of bioenergy, nutrient retention and 

extraction, and carbon offsets (Government of Manitoba, 2014b; Grosshans et al., 2014). Plants 

when alive or recently harvested create biomass, or biological material with stored energy from 

sunlight (Natural Resources Canada, 2016a). Biomass is growing in importance globally for its 

use as an energy source, its capacity to be converted into biofuel, and its value in reducing global 

dependence on fossil fuels (Grosshans et al., 2012a, 2014; Natural Resources Canada, 2016a). 

Biomass has the capacity to absorb carbon dioxide from the atmosphere, making biofuel a low 
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carbon renewable resource (Grosshans et al., 2012a). Canada has access to a variety of biomass 

resources through agriculture, forestry, and municipal waste (Natural Resources Canada, 2016b; 

Tampier et al., 2003). Bioenergy from these resources has become an important renewable 

energy source in the country. Seventy power plants devoted to bioenergy are scattered across 

Canada providing 6% of the country’s total energy (Natural Resources Canada, 2016c). As of 

2013, Canada was the fifth highest producer of liquid biofuels generating 2% of global biofuel 

production. The United States, Brazil, the European Union, and China hold the top four spots for 

biofuel production globally (Natural Resources Canada, 2016b). 

The province of Manitoba is working towards increasing their production of renewable 

resources to aid in reducing the energy sectors greenhouse gas emissions (Government of 

Manitoba, 2011). Biomass harvesting for the purpose of replacing coal also aids in Manitoba’s 

ban on using coal for space heating (Grosshans et al., 2014). In 2006, the Lake Winnipeg 

Stewardship Board suggested reviewing areas of unharvested vegetation for biofuel potential. 

The Board also pointed to a review of benefits associated with harvesting wetland plants in order 

to remove their stored nutrients from the environment. This would prevent dead and decaying 

plant matter from releasing dissolved nutrients back into the aquatic environment (International 

Institute for Sustainable Development (IISD), 2011; Lake Winnipeg Stewardship Board, 2006).  

Cattails (Typha latifolia) are one biomass resource being promoted for their bio 

production capacity and nutrient management. This naturally occurring plant is found in 

wetlands throughout Canada and the United States. Cattails grow most successfully on marginal 

crop land and in wet areas and thus do not take away from prime agricultural lands and food 

production (Grosshans et al., 2014; Maddison et al., 2005; Pratt et al., 1984). Harvesting cattails 

can subsequently provide landowners with additional revenue on underutilized land (Grosshans 

et al., 2014; Lake Winnipeg Stewardship Board, 2006; Pratt et al., 1984). By harvesting wetland 

plants such as cattails, surface water retention sites gain the additional benefit of providing 

biomass and increased nutrient management (Government of Manitoba, 2014a; Grosshans et al., 

2014). Manitoba’s Surface Water Management Strategy (2014a) states that water storage and 

associated release strategies should optimize production and harvest of biomass resources to 

remove phosphorus from the aquatic environment. Removing these nutrients from the landscape 

via harvest reduces downstream nutrient loading. This is essential for combating algal blooms 
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and increasing water quality in aquatic environments such as Lake Winnipeg, Manitoba 

(Grosshans et al., 2014).  

Retention systems that hold water in the reservoir throughout the growing season increase 

the growth potential of cattails. The excess moisture drowns out grasses that compete with 

cattails while providing improved soil moisture conditions for cattail germination (Grosshans et 

al., 2014). When compared to other sources of biomass, cattails also have the highest average 

yield with the lowest time to maturity (Dubbe et al., 1988; Laffont-Schwob et al., 2015; Pratt et 

al., 1984). Cattails have good densification properties, high quality fibre and high energy density 

making them suitable for biofuel development (Grosshans et al., 2014). The plant not only 

absorbs up to 20 kg/hectare of phosphorus as it grows, but it also removes 160 kg of captured 

nitrogen/hectare while providing 15-20 tonnes/hectare of biomass. Table 1-1 provides an 

overview of eight biomass yields and times to maturation (Grosshans et al., 2012a).  

Table 1-2 outlines the percentage content of carbon, hydrogen, and nitrogen in seven typical 

biomass resources. 

Table 1-1. Average yield and time to maturity for eight biomass materials. Adapted from 
Grosshans et al. (2012a). 
Biomass Average Yield (T/Ha) Time to Maturity 
Cattail (typha species) 14.7 – 18.8 a, 12 – 42b 90 days 
Panicum virgatum 
(switchgrass) 

9.1 – 13.5 3 years 

Miscanthus (silvergrass) 6.3 – 48.3 3 – 5 years 
Trees (willow (salix species), 
poplar (Populus)) 

7 – 10 3 years, 6 – 12 years 

Triticum aestivum (wheat) 
straw  

1.8 – 2.4 90 – 100 days 

Maize stover 5.1 110 – 120 days 
Linum usitatissimum (Flax) 
residue  

1.2 99 – 110 days 

aGrosshans et al., 2011 b Dubbe et al., 1988 
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Table 1-2. Cattail carbon, hydrogen, and nitrogen content compared to seven typical biomass 
resources. Adapted from Grosshans et al. (2012a). 
Biomass Carbon (%) Hydrogen (%) Nitrogen (%) 
Cattail 38.8 to 43.6 5.39 to 5.74 0.83 to 1.28 
Wood (various) 47.6 to 52.6 6 0 to 0.35 
Straw 42 5.1 0.38 
Maize stover 43.7 - 0.61 
Coal (Anthracite) 80  0.90 
Coal (Bituminous) 52.5 to 81.7  1 to 1.5 
Coal (Lignite) 40.1  .70 
Natural Gas 75 24 .9 

 

Biomass burners and pellet stoves can burn pellets created from the harvested cattails. 

Cattail biomass converted to a solid fuel has a heat capacity of 17 to 20 megajoules/kg 

(Grosshans et al., 2014). Table 1-3 provides an energy value comparison between cattails and 

common biomass and fuel sources. Once cattail pellets are burned, the resultant ash can then be 

utilized for fertilizer due to its high levels of phosphorus (Grosshans et al., 2012b; IISD, 2011). 

IISD has shown at a study site in Manitoba with an area of 253 hectares, cattail harvest can 

remove up to 5000 kg of phosphorus from the system each year (Grosshans et al., 2014; LSRCD, 

2013). Wetland habitats also benefit from cattail harvesting as their removal allows for more 

sunlight to stimulate new plant growth (IISD, 2011).  

Table 1-3. Energy value comparison between cattails and common biomass and fuel sources. 
Adapted from Grosshans et al. (2012a). 
Biomass Calorific Value MJ/Kg 
Cattail 
Cattail pellet (no binder) 
Cattail pellet (starch binder) 

17.29 – 18.2 
19.89  
16.80 

Wood pellet (standard) 
Wood (15% mc) 
Wood chips 

16.9 – 18.0 
15.0 – 22.3 
10.4 

Wheat straw (dry) 
Wheat straw (20% mc) 

17.86 
13.74 

Flax straw (dry) 
Flax straw (20% mc) 

19.97 
15.43 

Maize stover 17.6 
Helianthus annuus (sunflower) hulls 19.7 
Propane 46.37 
Natural gas 48 
Fuel oil 37 
Coal (anthracite) 
Coal (bituminous) 
Coal (lignite) 

29.5 
20.9 – 33.4 
15.31 
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Water retention systems are ideal sites for nutrient removal as they act as concentration 

sites within a watershed for collecting excess nutrients allowing for maximum nutrient removal 

from bio products such as cattails. The removal of phosphorus from watersheds is essential to 

reducing nutrient loading to Lake Winnipeg, Manitoba. The province of Manitoba has committed 

to reducing nutrient loading to pre-1970 levels in Lake Manitoba as well as maintaining and 

improving water quality throughout the province going forward (Bourne, Armstrong, & Jones, 

2002; Government of Manitoba, 2014b; Grosshans et al., 2014). Bio product harvesting also 

addresses the finding from the Millennium Ecosystem Assessment which identifies over-

enrichment from nutrients as a critical concern to the environment globally (Venema et al., 

2010). 

1.2.8 Economics 

 Developing water management strategies in the face of uncertain climate change is 

further substantiated using economic criteria. Droughts on the Prairies are considered the most 

costly natural disasters that face Canada, impacting agricultural production as well as jobs 

(Bonsal and Prowse, 2006). With the Prairies providing the majority of Canada’s agricultural 

cropland, a Prairie drought has the ability to greatly reduce exports and livelihoods of affected 

provinces. The drought of 2001-2002 resulted in a loss of 41,000 jobs and 3.6 billion dollars due 

to decreases in crop yields (National Research Center, 2013). Farms without irrigation face 

limited returns on their crops under moisture deficit, while those using irrigation require access 

to water reserves (Pittman et al., 2011). When moisture is not present during the crop growing 

season, returns for dry land agricultural operations are severely limited (Pittman et al., 2011). 

 Changes in temperature and precipitation expected with climate change will impact a 

wide range of variables affecting the productivity and returns of annual crops. Alterations in the 

growing season length, frost timing, heat waves, precipitation, and moisture availability will be 

witnessed with temperature and precipitation increases. This will require farmers to be ready to 

adapt to new climatic patterns (Wall and Smit, 2005). The uncertainty associated with climate 

also increases risk for farmers, requiring water management solutions that will provide benefits 

to farmers under all conditions and reduce risk (Pittman et al., 2011; Wall and Smit, 2005). 

Economic consequences of drought or flooding events will depend on the agricultural and water 

management sectors success in preparing and adapting for climatic extremes (Bonsal et al., 

2011). 



15 
 

 Adaptation does not come without barriers. Access to funds for irrigation infrastructure 

can be difficult to attain. A large irrigation installation can cost millions of dollars that is simply 

not feasible for some communities (Bonsal et al., 2011). It becomes important to consider the 

economic costs and benefits associated with different adaptation strategies as management 

decisions are often based on this information (Belcher, 1999). While irrigation provides an 

economic gain during drought years it also increases operational costs for water supplies 

(Samarawickrema and Kulshreshtha, 2008). The size and holding capacity of retention systems 

also need to be considered to maximize benefits while limiting the initial costs of building a 

surface water retention system (Gohar et al., 2013). Placement of retention ponds can have a big 

impact on their affordability as earthwork involved can contribute up to eighty percent of the 

total cost of installation and upkeep (Gohar et al., 2013). The size of the farm and amount of crop 

requiring irrigation will influence the size of retention pond best suited for the area. According to 

Gohar et al. (2013), farmers with a medium sized reservoir with a holding capacity of 2310 

million-cubic-meters (MCM) can increase their yearly income by sixteen percent in comparison 

to small scale reservoirs with a holding capacity of 770 MCM. Eight crops were used in the 

analysis: wheat, alfalfa, rice, cotton, melon, potato, tomato, and legumes. However, under future 

climate scenarios seeing a reduction in water supply of twenty percent over twenty years, the 

smaller investment required for a small reservoir provided a more stable income then going with 

a larger reservoir design (Gohar et al., 2013). Future climate change may result in agricultural 

systems becoming increasingly risky, requiring the adoption of risk management tools such as 

water retention systems. 

1.2.9 Summary 

 If the timing of seasonal precipitation begins to change and temperatures continue to rise 

under climate change there will be severe effects on agriculture, ecosystems, water runoff rates 

and quantities as well as groundwater stores. In order to increase the adaptive capacity of the 

communities within the Red River Basin, Manitoba in the face of uncertain climate change, best 

management strategies such as multi-purpose retention systems need to be implemented. 

Strategies need to provide drought proofing of crops as well as limiting damages caused by 

floods in non-drought years. Strategies should also allow for sustainable water management by 

providing multiple benefits when possible such as bio production and nutrient retention 

(Government of Manitoba, 2014a). 
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1.3 Thesis Structure 

This thesis is composed of four chapters: an introductory chapter, a methods chapter, a 

results chapter, and a conclusions chapter. Chapter 1 begins with an introduction, which places 

the research contextually, followed by the purpose and objectives of the study. A literature 

review is provided outlining the current and predicted future state of water management in the 

Red River Valley, Manitoba. The literature review then provides a review of adaptation 

strategies available to promote more sustainable water management under future climate 

uncertainty. The chapter concludes with a discussion of the economic feasibility of the outlined 

adaptation strategies.  

Chapter 2 details the methods used for this research and is divided into three sections. An 

overview of the chosen modeling approach begins the chapter. A detailed explanation of the 

modeling system developed for this research follows. The next section of Chapter 2 introduces 

and details the model setup for the two hydrologic models used in providing initial reservoir 

volume and daily streamflow inputs to the modeling system. The last section explains the 

selection of climate data and its application for this research.  

Chapter 3 provides the results of this research. The chapter begins with a comparison of 

the two hydrologic models used in the study and the modeling system sensitivity analyses 

results. Next, the results are presented, divided by objective. The thesis discussion and 

conclusions are found in Chapter 4 with a section on potential policy recommendations. The 

discussion leads into a section outlining the limitations of this study, potential for future work, 

and the contribution this research has to sustainability. The chapter concludes with a discussion 

on how this research is scholarly and societally relevant. 

  



17 
 

CHAPTER 2  

METHODS 

This chapter is divided into three sections. It begins with a description of the study site 

chosen for this research. This is followed with a discussion on the selected modeling approach 

selected for this study and details the modeling system developed for this research. A description 

of the sensitivity analyses performed and a formal model evaluation will conclude the section. 

The next section will detail the two differing hydrologic models used in generating initial 

reservoir volume and daily streamflow values. A comparison of outputs from the two hydrologic 

models will be provided in Chapter 3. Concluding this chapter will be a section on climate 

change. Climate change data, data selection for this study and its application in meeting objective 

three of this research will be addressed. 

2.1 Study Site 

Pelly’s Lake site in south central Manitoba was chosen due to its pre-existing surface 

water retention system offering multiple benefits. The system also has the capacity to be 

developed for irrigation due to the reservoir’s large water storage capacity and location. 

Landowners in the area in combination with the La Salle Redboine Conservation District 

(LSRCD) agreed to create a back flood system offering multiple benefits. The current land use at 

Pelly’s Lake was not meeting landowners goals (LSRCD, 2013). Previous attempts to drain the 

land using ditches and drains where Pelly’s Lake is located in order to optimize hay production 

had failed. Landowners were left with a wetland area filled with cattails due to the area being fed 

by an underground spring (LSRCD, 2013). The LSRCD is a non-profit organization formed in 

2002 covering an area of approximately 5200 km2 in southern Manitoba. Their mandate is to 

protect the natural resources of their district while promoting sustainable development (LSRCD, 

2015a).  

Pelly’s Lake has now been engineered with a dike installation to allow for floodwater 

retention, groundwater recharge, increased hay production, and nutrient removal in crop biomass 

(Grosshans et al., 2012). The reservoir, which has a storage capacity of 2,100,000 m3, allows for 

rain runoff and spring freshet to be captured each year (Armstrong et al., 2010; Pomeroy et al., 

2011). The surface area of the lake is 1,210,000 m2, with the dike installation located at the north 

east end (Figure 2-1). Other potential study sites were smaller, single use, and not as 

representative installations. Pelly’s Lake offered an opportunity to determine the economic 
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benefits of large, multifunctional retention systems on the Manitoba landscape. The site offered 

collaborations with the conservation district and researchers at the IISD performing research at 

the site. Additionally, the location had the most available data for the study over other potential 

study sites. 

Pelly’s Lake is situated within the Red River Basin, a predominantly flat land area with 

prime agricultural lands (Hearne, 2007). The Pelly’s Lake watershed is dominated by highly 

productive cropland consisting of well drained, loam to clay loam, mixed till soils in the rolling 

upland portion of the watershed (Stephenfield Lake Watershed Round Table, 2005). The area has 

a semi-humid climate with average annual precipitation ranging from 480-560 mm. A variety of 

annual crops are produced in the watershed, including spring wheat, canola, barley and some 

forage production such as alfalfa. Imperfectly drained soil conditions dominate the more level 

lacustrine soils below the rolling upland portion of the watershed (Stephenfield Lake Watershed 

Round Table, 2005). Drainage as well as water retention potential in this area is poor which 

causes widespread flooding during times of excess water (Hearne, 2007; LSRCD, 2007). 

Documentation in the area indicates that the soil types may not be ideal candidates for irrigation. 

However, this study was more interested in determining the economic feasibility of developing 

irrigation and if ample water could exist in on-farm retention systems to support irrigation 

practice (Langman, 1986, 1989).  

        
(a)              (b) 

Figure 2-1. Pelly's Lake, Manitoba. (a) Pelly’s Lake situated within the watershed boundary. 
Dike location is illustrated by the rectangle located at the north east end of the lake; (b) Concrete 
dike installation at Pelly’s Lake on the left with a view of the lake to the west of the dike. 
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2.2 STELLA Modeling System 

2.2.1 Introduction 

The interactions and complex feedback loops inherent in combining ecological and 

economic systems required a complex non-linear system dynamics approach which embraces the 

links between these systems (Belcher, 1999; Costanza et al., 1993; Low et al., 1999). A system 

dynamics method allowed for hydrologic, reservoir, plant growth, irrigation, and economic 

modules to be created on a common spatial and temporal scale (Costanza et al., 1998). Software 

available for developing system dynamic models provides user friendly interfaces which do not 

require extensive modelling knowledge. The software also provides an interface to communicate 

visually how the various components of the modeling system are interacting. This offers a better 

method of communicating the complexity of the modeling system to the end user than 

conventional code-based models.  

A system dynamic model was chosen over existing crop models such as APSIM and 

DDSAT (APSIM Initiative, 2016; DDSAT Foundation, 2016; Keating et al., 2003) for several 

reasons. Several system dynamics models have been developed for water resources management 

(Mirchi et al., 2012; Qaiser et al., 2013). A system dynamics approach has been used 

successfully by several researchers on the Canadian Prairies (Belcher et al., 2004, 2003; Chen 

and Wei, 2014; Hassanzadeh et al., 2014; Simonovic and Li, 2004). The researchers involved 

had previous experience using the system dynamics approach (Belcher et al., 2004). A simplified 

model was commensurate with the dataset available. System dynamics also provided a method 

for model development that can be easily expanded for future research to include new modules 

or expansion of the developed modules from a local to regional scale. Finally, as the current 

research was focused on the multiple benefits of retention basins, the model needed to contain a 

strong component for modeling reservoirs. 

2.2.2 Modeling Components 

The modeling software STELLA, a program designed specifically for modeling complex 

system dynamics, was adopted as the modeling platform for this study. The STELLA system 

dynamic modelling software has also been used in a variety of biological and ecological sciences 

(Belcher et al., 2004; Costanza et al., 2002; Ouyang et al., 2010). The STELLA software allows 

for the development of a dynamic modeling system using four main tools: (1) Stocks, a variable 

which accumulates and stores values. (2) Flows, which define inflow and outflow from a stock. 
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(3) Converters, which hold information such as constants, unit conversions, functions, or time 

series. (4) Connectors, which act to connect features, variables, and elements to one another 

indicating the relationship between components. Each stock, flow, and convertor allows for the 

input of values and equations to specify the relationship amongst the model components (ISEE, 

2016).  

The modeling system developed for this research is comprised of five modules: 1) hydrologic; 2) 

reservoir; 3) irrigation; 4) plant growth; 5) economic (Figure 2-2). The first module, hydrologic, 

allowed for streamflow input into the reservoir and initial reservoir volume from spring freshet to 

be added to the model. The reservoir module then calculated reservoir output based on pre-

existing dike parameters, evapotransiration processes, runoff, and withdrawals taken for 

irrigation purposes. The irrigation module consisted of irrigation withdrawals and precipitation 

during the growing season informing water volume available for crops. The plant growth module 

modeled crop yields using water sufficiency curves and maximum crop yields specific to each 

crop. The economic module used crop yield outputs in combination with crop prices, crop 

production costs, and infrastructure costs to determine net revenue for each simulation year.  
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Figure 2-2. Stock-flow diagram of five model system components: (1) MESH inputs, (2) 
reservoir module, (3) irrigation module, (4) plant growth module, and (5) economic module. 
Feedback processes are noted and highlighted in grey. 
 

2.2.3 System Scale Considerations 

The modeling system was developed based on a daily time step using a growing season 

simulation period running from April through September each year. The daily time step captured 

short-term components of the system while allowing for multiple years to be analyzed for a long-

term analysis of the problem (Belcher, 1999). The simulation period allowed for yearly spring 

freshet and precipitation events to be simulated. The time period 2002 to 2014 was modeled 

based on relevant climate condition data to capture precipitation variation and provide a longer-

term evaluation of the potential for retention ponds to provide water for irrigation. Precipitation 

during the growing seasons of 2002 to 2014 ranged from 126 mm to 491 mm, with an average 

rainfall of 338 mm (Government of Canada, 2015). The analysis began in 2002 as 2002 and 2003 

represented years that had above average crop insurance claims in Manitoba. Province wide, 

2002 experienced the third highest insurance claims for drought and dry seedbed between 1994 

and 2014 at $19.6 million, while 2003 experienced the second highest claims at $25 million 

dollars (Manitoba Agricultural Services Corporation (MASC), 2015). The year 2004 was 
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excluded from analysis when using MESH hydrologic input due to incomplete hydrologic 

modeling data. Spatially, the study was confined to the watershed surrounding the study site as 

this was the area with the potential to directly benefit from the retention pond establishment.  

With respect to cropping systems developed in the model, since potato is the most 

commonly irrigated crop in Manitoba, but was not present in the study watershed, the model was 

also run replacing barley crops with potato crops (Gaia Consulting Limited, 2007; Government 

of Manitoba, 2016). Due to the low moisture deficits experienced in Manitoba, primarily dryland 

crops such as cereals and oilseed, which are also lower value crops, do not provide enough 

financial benefit to merit irrigation (Gaia Consulting Limited, 2007). Using a high value crop 

such a potato for irrigation, how much of the study cropland would need to be converted to 

potatoes in order to receive a positive net revenue from irrigation. This was considered a 

reasonable assumption since the irrigation system removed available water as one of the primary 

constraints to potato production in the study landscape. The year 2006 was chosen for this 

simulation as it was the driest year within the study time period. The highest recorded, with 

recording beginning in 1991, application of irrigation to potato also occurred in 2006 (Gaia 

Consulting Limited, 2007). With potato crops replacing barley, the percentage of crop allocated 

to potato was set to 5%, 20%, 30%, 50%, and 100%. Simulations were run with no irrigation, 

irrigation distributed across all four crops, as well as irrigation isolated to only the potato crops. 

Each module is explained in terms of stocks, flows, converters, and connectors in the following 

sections with a detailed description of the parameters and equations used in the model. A list of 

parameters used within the dynamic model are summarized in Table 2-1. 

Table 2-1. Parameter values, units, and sources for the modelling system. 
Parameters Value Units Source 
Daily 
discharge 
values (inflow) 

Daily flow values 
for April 15th – 
September 15th each 
year 

m3/day Hydrologic models, Section 2.2 

Initial reservoir 
volume 

Cumulative flow 
values from March 
to April 15th each 
year 

m3 Hydrologic models, Section 2.2 

Outflow Equation 2-1 m Established engineering equation 
for outflow over a rectangular 
weir 
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Weir 
coefficient 

0.6 dimensionless Established engineering value 

Length (L) 12 m Engineering drawings 
Height (H) Equation 2-1 m Established engineering equation 
Reservoir 
elevation 

Equations 2-3 m Engineering storage rating curve 

Spillway 
elevation 

379.1 m Engineering drawings 

Evaporation April (0.00182) 
May (0.00422) 
June (0.00460) 
July (0.00454) 
August (0.00469) 
September 
(0.00346) 

m/day 1981-2010 mean monthly 
evaporation values converted to 
daily values at Brandon, MB 
(Government of Manitoba, 2015) 

Reservoir Area 85,867,480 m2 ArcGIS  

Total crop area 66,976,634 m2 ArcGIS; (Government of 
Manitoba, 2014c) 

Max irrigation 
abstraction 
amount 

15,000 m3 Calibration 

Rain depth Variable mm/day Environment and Climate 
Change Canada (Government of 
Canada, 2015b) 

Max Yield Alfalfa 
(0.000672126) 
Barley 
(0.000376588) 
Canola 
(0.000224124) 
Spring Wheat 
(0.000336063) 
Potato (0.004) 

tonnes/m2 Government of Manitoba, 2015a 

Crop Prices Alfalfa (132.28) 
Barley (173.23) 
Canola (418.87) 
Spring Wheat 
(238.83) 
Potato (244.93) 

$/tonne Government of Manitoba, 2015a 

Fraction Crop 
Area 

Alfalfa (.11) 
Barley (.05) 
Canola (.46) 
Spring Wheat (.38) 

dimensionless CANSIM 



24 
 

Fraction Crop 
Area for 2006 
Potato 
Simulation (as 
crop area 
allocated to 
potato 
increases) 

Potato 
(.05, .20, .30, .50, 1) 
Alfalfa  
(.11, .06, .033, 0, 0) 
Canola  
(.46, .41, .377, .30, 
0) 
Spring Wheat 
(.38, .33, .29, .30, 0) 
 

dimensionless CANSIM 

 

2.2.4 Hydrologic Module 

The first flow within the modeling system was inflow. Daily discharge values (in m3/day) 

were input in graphical format into this flow for the growing season of one year, 154 days (April 

15 – September 15). Each time a new year was simulated, new discharge values were input. 

Inflow flowed into the reservoir stock. An initial reservoir volume (in m3) was set based on the 

cumulative flow values from March – April 15th of each year. Hydrologic input was provided by 

two different hydrologic models, outlined in Section 2.2. Model results using inputs from each 

hydrologic model were compared, refer to Chapter 3. 

2.2.5 Reservoir Module 

Two flows were drawn from the reservoir stock, outflow and irrigation abstraction. The 

emergency spillway and gates for the dike were included in the model to enable calculation of 

outflows under flood conditions and release of reservoir water, respectively. Values were 

obtained from the provided engineering drawings for the dike. Outflow was determined by the 

following equation for outflow over a rectangular weir:  

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = ((3)�𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶�(𝐿𝐿)(𝐻𝐻)1.5(86400)) − 

 ((𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑂𝑂𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸)(𝑅𝑅𝑊𝑊𝑅𝑅𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟 𝐴𝐴𝑟𝑟𝑊𝑊𝐸𝐸))  (2-1) 

where the weirCoefficient was a converter set at 0.6 based on standard engineering convention, 

length (L) a converter with a value of 12 meters to indicate the length of the weir, 86400 was a 

converter to adjust the outflow value from m3/s to m3/day, and height (H) was determined in a 

converter by the following formula: 

H = 𝑊𝑊𝑂𝑂 (𝑅𝑅𝑊𝑊𝑅𝑅𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑆𝑆𝐸𝐸𝑊𝑊𝑂𝑂𝑂𝑂𝑂𝑂𝐸𝐸𝑦𝑦𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) > 0 

 𝑂𝑂ℎ𝑊𝑊𝐸𝐸 (𝑅𝑅𝑊𝑊𝑅𝑅𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑆𝑆𝐸𝐸𝑊𝑊𝑂𝑂𝑂𝑂𝑂𝑂𝐸𝐸𝑦𝑦𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) 𝑊𝑊𝑂𝑂𝑅𝑅𝑊𝑊 0 (2-2) 
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ReservoirElevation was another converter holding the following equation derived from the 

engineering storage rating curve: 

 𝑅𝑅𝑊𝑊𝑅𝑅𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �9 𝑥𝑥 10−7�(𝑅𝑅𝑊𝑊𝑅𝑅𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟) + 378.23 (2-3) 

with reservoir values coming from the reservoir stock in m3/day. The SpillwayElevation converter 

in Equation 2-2 was set to 379.1 meters. Returning to Equation 2-1, the reservoir area converter 

was set at 85,867,480 m2. Evaporation values were the 1981-2010 mean monthly evaporation 

values at Brandon, Manitoba. These values were provided by the Government of Manitoba 

(2015). The mean monthly values were divided by the number of days in the month to give an 

average daily evaporation value in meters that was input into the evaporation converter 

graphically. Evaporation values drawn from these mean values were applied to all years within 

the study period. This method of determining evaporation was used due to lack of information 

available to calculate evaporation at the study site.  

2.2.6  Irrigation Module 

To model the effects of irrigation of crops on reservoir water levels, a variable allowing 

for water abstraction, IrrigationAbstraction, was included in the model. For the purposes of this 

model, available water was applied to the four most common crops produced in the watershed. 

The total crop area of the watershed is 6,698 hectares. The four most prevalent crops within the 

local Victoria and Lorne census areas as of 2011 are canola, spring wheat, alfalfa, and barley 

(Government of Canada, 2011). As potato is the most commonly irrigated crop in Manitoba, but 

was not present in the study watershed, the model was also run replacing barley crops with 

potato crops for the 2006 year to determine the changes to economic benefits. The equation for 

IrrigationAbstraction is: 

 𝐼𝐼𝑟𝑟𝑟𝑟𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐴𝐴𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 = 𝐸𝐸𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂𝐸𝐸 + 

 𝐸𝐸𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝑤𝑤ℎ𝐶𝐶𝐸𝐸𝐶𝐶 + 𝐸𝐸𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝑏𝑏𝐸𝐸𝑏𝑏𝐸𝐸𝐶𝐶𝑏𝑏 + 𝐸𝐸𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐸𝐸 (2-4) 
Where: 

  𝐴𝐴𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 = (𝑚𝑚𝐸𝐸𝑥𝑥𝐸𝐸𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 𝐸𝐸𝑚𝑚𝑂𝑂𝑂𝑂𝐸𝐸𝑂𝑂)(𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐴𝐴𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸)        (2-5) 

The max abstraction amount was set at 15,000 m3/day. This value was found via calibration to 

allow the reservoir to drain slowly while still providing sufficient water for irrigation until the 

end of the growing season. FractionAbstraction is explained in Equation 2-6. 

Water abstracted from the reservoir for crop irrigation, in combination with rain depth, 

provided the water available for crops (Belcher et al., 2004). Irrigation was applied (Switch = 1) 
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if the available water for a crop (Crop = Canola, Wheat, Barley, or Alfalfa) was only sufficient 

to provide 80% of that crop’s optimum yield at a point in time during the growing season. A 

value of 80% was chosen for gap (Equation 2-7) as water stress causing yield reduction happens 

when water available for plants falls below 60% of optimum (Grinder, 2000). To ensure water 

available for plants did not reach that level, irrigation began once a threshold for available water 

enabling 80% yield was met on or after May 15th (day 30, included in Equation 2-7). This 

ensured water was only applied to a crop when sufficient water for optimal growth was not being 

met without irrigation. A feedback loop within the model between actual yield and the switch 

used to initiate the withdrawal of irrigation was thus included. The withdrawn irrigation water 

created a feedback to water available for crops, impacting actual yield. As water available to 

plants was increased, actual yield could be optimized to improve net revenue. The algorithm for 

the fraction of the amount available for irrigating each crop fractionAbstractionCrop became: 
 𝑊𝑊𝑂𝑂 ∑ 𝑆𝑆𝑂𝑂𝑊𝑊𝑂𝑂𝑟𝑟ℎ𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 > 0𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐

 

 
𝑂𝑂ℎ𝑊𝑊𝐸𝐸 𝑑𝑑𝑊𝑊𝐸𝐸𝑂𝑂𝑚𝑚𝑊𝑊𝐸𝐸𝐸𝐸𝑂𝑂𝑂𝑂𝑟𝑟 = ∑ 𝑆𝑆𝑂𝑂𝑊𝑊𝑂𝑂𝑟𝑟ℎ𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 ∗ 𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐴𝐴𝑟𝑟𝑊𝑊𝐸𝐸𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐

 𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐴𝐴𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 = 𝑆𝑆𝑤𝑤𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶∗𝐶𝐶𝑏𝑏𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑏𝑏𝐶𝐶𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶𝐶𝐶𝑏𝑏

 

 𝑊𝑊𝑂𝑂𝑅𝑅𝑊𝑊   (0) (2-6) 
 

This algorithm served to direct the water to each crop as needed and to ensure water was not 

applied to a crop when sufficient water for optimal growth was being met without irrigation. 

FractionAreaCrop was determined based on the fraction of each crop in the crop area. Canola 

comprised 0.46 of the crop area, wheat comprised 0.38, barley comprised 0.05, and alfalfa 

comprised 0.11 of the crop area. These values were based on historical patterns within the study 

area (Government of Canada, 2015b; Government of Manitoba, 2014c). Switch for each crop 

was determined by the following equation: 

 𝑆𝑆𝑂𝑂𝑊𝑊𝑂𝑂𝑟𝑟ℎ𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 = 𝑊𝑊𝑂𝑂 𝐴𝐴𝑟𝑟𝑂𝑂𝑂𝑂𝐸𝐸𝑂𝑂𝑏𝑏𝐶𝐶𝐶𝐶𝐸𝐸𝑑𝑑 < (𝑟𝑟𝐸𝐸𝐸𝐸 ∗ 𝑂𝑂𝐸𝐸𝑂𝑂𝑊𝑊𝑚𝑚𝑂𝑂𝑚𝑚𝑌𝑌𝐶𝐶𝐶𝐶𝐸𝐸𝑑𝑑) 𝐸𝐸𝐸𝐸𝑑𝑑 𝑂𝑂𝑊𝑊𝑚𝑚𝑊𝑊 > 30 𝑂𝑂ℎ𝑊𝑊𝐸𝐸 1 𝑊𝑊𝑂𝑂𝑅𝑅𝑊𝑊 0 (2-7) 

Optimumyield represented the maximum, or optimal yield of each crop based on optimal water 

requirements being met and was constant for each crop and simulation year. Once the model had 

abstracted water for irrigation it was linked to an irrigation function that used the stored crop 

area value and converted the irrigation abstraction into a mm/day value using the following 

equation: 

 𝐼𝐼𝑟𝑟𝑟𝑟𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 = (𝐼𝐼𝑟𝑟𝑟𝑟𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 𝐴𝐴𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸/𝐶𝐶𝑟𝑟𝑂𝑂𝐸𝐸 𝐴𝐴𝑟𝑟𝑊𝑊𝐸𝐸) ∗ 1000 (2-8) 
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2.2.7 Plant Growth Module 

Each crop has a unique optimal water requirement that was represented in the model as 

crop specific sufficiency curves. These curves determined yield based on WaterAvailableCrop, 

which was calculated as the sum of precipitation and irrigation water (Belcher et al., 2004). Rain 

depth was a graphical input (mm/day) based on values from Environment and Climate Change 

Canada (Government of Canada, 2015c). The WaterAvailableCrop flow used the following 

equation to provide the amount of water available to each crop in mm/day: 

 𝑊𝑊𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟𝐴𝐴𝐸𝐸𝐸𝐸𝑊𝑊𝑂𝑂𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 =  𝑅𝑅𝐸𝐸𝑊𝑊𝐸𝐸 𝐷𝐷𝑊𝑊𝐸𝐸𝑂𝑂ℎ + 𝐼𝐼𝑟𝑟𝑟𝑟𝑊𝑊𝑟𝑟𝐸𝐸𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 ∗ 𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 𝐸𝐸𝑟𝑟𝑅𝑅𝑂𝑂𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸  (2-9) 

See Equation 2-6 for the fractionAbstractionCrop converter equation. On average within the study 

area, there is some initial spring soil moisture associated with snowmelt, however for the 

purposes of this model soil moisture was recharged with precipitation and/or irrigation water. All 

other factors affecting growth, such as nitrogen and phosphorus levels, and pesticides were 

assumed to be applied at the optimal level such that water was the only limiting factor to crop 

yield. Irrigation amounts were optimized to provide the highest crop yield.  

WaterAvailableCrop flowed into the stock, AvailableWaterDepth. This stock held the 

inflowing available water and used it to calculate ActualYield. Each crop had a unique optimal 

water requirement that was represented in the model as crop specific sufficiency curves, which 

determined yield based on water availability (Figure 2-3)(Belcher et al., 2004). The water 

sufficiency curves for each crop informed the ActualYield in combination with the Max Yield 

converter. Max Yield was constant for each crop and each simulation year. 
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Figure 2-3. Water sufficiency curves for (a) wheat (b) canola (c) barley (d) alfalfa and (e) potato.  

The equation for ActualYieldCrop was: 

 𝐴𝐴𝑟𝑟𝑂𝑂𝑂𝑂𝐸𝐸𝑂𝑂𝐴𝐴𝑊𝑊𝑊𝑊𝑂𝑂𝑑𝑑𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 = 𝑀𝑀𝐸𝐸𝑥𝑥 𝐴𝐴𝑊𝑊𝑊𝑊𝑂𝑂𝑑𝑑 ∗ 𝑊𝑊𝐸𝐸𝑂𝑂𝑊𝑊𝑟𝑟 𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝐸𝐸𝑟𝑟𝑦𝑦 𝐶𝐶𝑂𝑂𝑟𝑟𝐸𝐸𝑊𝑊 ∗ 10,000 (2-10) 

which provided the actual yield for each crop in tonnes/m2. The ActualYieldCrop converter then 

created a feedback to the converter, SwitchCrop (refer to Equation 2-7). Irrigation was triggered 

when available water dropped below the level that provides 80% of optimal yield. 

ActualYieldCrop was also used to estimate landscape level gross revenue. The formula for the 

GrossRevenueCrop converter was: 

 𝐺𝐺𝑟𝑟𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑊𝑊𝐸𝐸𝑊𝑊𝐸𝐸𝑂𝑂𝑊𝑊𝐶𝐶𝑏𝑏𝐶𝐶𝑐𝑐 = 𝐴𝐴𝑟𝑟𝑂𝑂𝑂𝑂𝐸𝐸𝑂𝑂 𝐴𝐴𝑊𝑊𝑊𝑊𝑂𝑂𝑑𝑑 ∗ 𝑃𝑃𝑟𝑟𝑊𝑊𝑟𝑟𝑊𝑊 ∗ 𝐶𝐶𝑟𝑟𝑂𝑂𝐸𝐸 𝐴𝐴𝑟𝑟𝑊𝑊𝐸𝐸 ∗ 𝐹𝐹𝑟𝑟𝐸𝐸𝑟𝑟𝑂𝑂𝑊𝑊𝑂𝑂𝐸𝐸 𝐶𝐶𝑟𝑟𝑂𝑂𝐸𝐸 𝐴𝐴𝑟𝑟𝑊𝑊𝐸𝐸/10,000  
  (2-11) 

Crop prices were assumed to be fixed throughout the simulations and were from the Government 

of Manitoba estimated crop production costs for 2015 (Government of Manitoba, 2015a). 

Commodity prices for earlier years were not available, thus the 2015 prices were applied to all 
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scenarios. The resultant gross revenues for each crop were used in combination with crop 

production costs and input costs to determine the net economic revenue under irrigation.  

2.2.8 Economic Module 

Landscape scale gross revenue was exported from the simulation model and input into 

Microsoft EXCEL to calculate landscape scale net revenue. Average production costs for the 

crop area were set at $534.93/hectare for all land within the study area. The production costs 

were based on the average (per/hectare) production costs for each of the four crops used in the 

study which were then weighted to reflect the proportion of each crop in the study area. 

Production costs were subtracted from gross revenue (Government of Manitoba, 2015a). Seed 

and treatment, fertilizer, fungicide, herbicide, and insecticide application along with fuel, 

machinery operation, lease, land taxes and interest costs were included in the above production 

cost. Average insurance costs for the four crops within the study site were set at $42.57/hectare 

and were included in the total production costs. Input costs, including reservoir and irrigation 

installation and upkeep costs as well as operating costs associated with each crop type, were 

constant for all STELLA simulations. Irrigation costs were averaged over the cropped land area 

($/hectare). For simulations that did not include the reservoir and associated infrastructure, net 

revenue was calculated by subtracting production costs from gross crop revenue. 

2.2.8.1 Reservoir costs 

According to the LSRCD in which Pelly’s Lake is situated, the total cost of converting 

the lake to a reservoir was $551,288. A 5.125% interest rate was applied to this value for a 

twenty year time horizon, the typical serviceable life of reservoir infrastructure, to estimate the 

total cost of installation with accrued interest (Waelti and Spuhler, 2012). The interest rate of 

5.125% represented the current lending rate available to farmers through Manitoba Agriculture 

Services Corporation (MASC) for twenty year terms (MASC, 2016). Expected yearly 

maintenance of the dike system was accounted for by applying 2% of the installation cost to the 

final cost (Dion and McCandless, 2013). The final adjusted cost of the reservoir was divided by 

twenty to provide an annualized cost for reservoir development which was estimated to be 

$55,818/year ($8.33/hectare of irrigated crop land/year).  

2.2.8.2 Irrigation costs 

Price estimates for a centre-pivot sprinkler installation were from a report outlining the 

cost of irrigation infrastructure in Alberta (Grinder, 2000). Irrigation is less developed in 
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Manitoba in comparison to Alberta; thus there were no appropriate values for irrigation costs in 

Manitoba. A one-time installation cost of $1,500 per hectare was used to represent the average 

cost of installation of a typical centre-pivot sprinkler system (Grinder, 2000). These systems are 

twice the cost of surface or gravity flow irrigation systems, however they have grown in 

popularity due to their water efficiency and reduced need for labour. In Manitoba, these are the 

most commonly used irrigation systems (Gaia Consulting Limited, 2007). The per hectare cost of 

irrigation installation was multiplied by the crop area of Pelly’s Lake watershed, amortized over 

20 years at an interest of 5.125%, and then divided by 20 to give an annualized cost for the 

installation of irrigation, $1,017,208 ($151.88/hectare of irrigated cropland/year) (MASC, 2016). 

The cost of irrigation was assumed to capture any additional farm expenses that would be 

required during regular use such as increases in labour and equipment maintenance. It was 

assumed that farmers were responsible for the costs of reservoir establishment and irrigation 

infrastructure installation. Thus, net revenue for irrigated crops was calculated by subtracting 

operating costs and annualized costs associated with the reservoir and irrigation infrastructure 

from gross revenue.  

2.2.8.3 Secondary benefits  

Benefits in this section were divided into two calculation categories: actual realized 

values and ecosystem goods and services. Actual realized values were calculated for biomass 

production via cattail harvest and subsequent carbon offset credits. Both values represent 

revenue a farmer can receive in the current market for cattail harvest. The ecosystem goods and 

services, free benefits an ecosystem provides to humans, were estimated for the additional 

benefits of cattail harvest and the retention basin itself. These benefits included nitrogen and 

phosphorus capture and removal, an average global social cost of carbon credit production, and 

avoided downstream flood damages. 

Biomass Production 

The value of retention ponds used for biomass production was calculated using monetary 

values from a report published by IISD (Dion and McCandless, 2013). The report estimated the 

gross value of cattail production at $50.00/tonne. Grosshans (2013) found that the cost of 

harvest, custom bailing, custom field moving and hauling, repairs, and maintenance totalled 

$34.41/tonne. Therefore, the net value of  dry cattail biomass was estimated to be $16.59/tonne 

(Dion and McCandless, 2013). Total harvestable cattail area (the surface area of the lake) was 
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multiplied by the dry biomass cattails produce, 15 tonnes/hectare, to provide a total cattail 

biomass of 1,815 tonnes. Total cattail biomass multiplied by the cattail production value 

produced the actual realized value of cattail production at Pelly’s Lake (Dion and McCandless, 

2013). 

Carbon Credits 

Another benefit of producing and harvesting cattails is carbon credit production (Dion 

and McCandless, 2013). The social costs of carbon dioxide equivalent emissions were calculated 

by Clarkson and Deyes (2002) with the lower value estimate adjusted for 2016 CAD dollars 

equalling $64.00/tonne of carbon dioxide equivalent. The average cost of carbon dioxide 

damages to the atmosphere was calculated by the IPCC in 2005 to be $63.00/tonne (price 

adjusted for 2016 CAD dollars) (IPCC, 2007b; S. J. Wilson, 2008). The most recent IPCC report 

did not publish an updated average cost of carbon dioxide emissions due to the wide variance in 

economic costs based on mitigation strategies and availability of technology (IPCC, 2014). 

Studies in Canada have utilized both above estimates in valuing natural capital (Kennedy and 

Wilson, 2009; S. J. Wilson, 2008). An average value between the two studies of $63.50/tonne of 

carbon dioxide equivalent ($235.19/tonne of carbon) was set as the carbon credit value in this 

study. One tonne of dry cattail biomass yields 1.05 tonnes of carbon dioxide equivalent (Dion 

and McCandless, 2013; Grosshans et al., 2012a). Therefore, the total cattail biomass production 

at Pelly’s Lake was estimated to be 1,906 tonnes of carbon dioxide equivalent. This value 

multiplied by the monetary value of carbon credits ($63.50/tonne) provided the total social 

carbon credit value from cattail harvest at Pelly’s Lake (Dion and McCandless, 2013). While this 

value reflected the global social costs of carbon and potential value with improved carbon 

policies, the current voluntary offset market in Manitoba is providing a carbon credit of $25.00 

(Manitoba Liquor and Lotteries Corporation, 2016) in support of cattail harvest for biomass 

production. Subsequently, two values for carbon offset from cattail harvest were calculated. An 

ecosystem goods and services value of carbon offset from cattail harvest at Pelly’s Lake and an 

actual realized value of carbon offset using $25.00/tonne of carbon dioxide equivalent. 

The retention basin itself is also sequestering carbon. Research by Badiou et al. (2011) on 

the Canadian Prairies estimated wetland restoration can provide a net sequestration rate of 3.25 

tonnes of carbon dioxide equivalent/hectare/year. This value was multiplied by the surface area 
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of Pelly’s Lake and the monetary social value of carbon dioxide equivalent credits (63.50/tonne) 

to determine the yearly value of carbon sequestration by the retention basin. 

Reduced eutrophication 

Retention basins reduce downstream eutrophication by capturing sedimentation and 

nutrients, most importantly phosphorus and nitrogen. In 2004, phosphorus removal by waste 

water treatment plants in British Columbia ranged from $22.00 - $61.00/kg of phosphorus 

(Olewiler, 2004; S. J. Wilson, 2008). Adjusted for 2016 prices, the average price of phosphorus 

removal is $51.00/kg of phosphorus. This is in line with calculations by Sohngen et al. (2015) 

who estimated an average cost of $57.00/kg to reduce phosphorus at the watershed outlet. 

Sohgnen et al. (2015) also reported the Ohio, U.S., 2013 cost of removing phosphorus from 

waste water plants ranged between $17.00 to $90.00/kg. This value averaged, converted to 

Canadian dollars, and adjusted for 2016 prices becomes $71.66/kg of phosphorus. The three 

averaged prices for phosphorus removal were averaged for a value of $60.00/kg of phosphorus. 

Wetlands absorption of phosphorus depends on its size, plants, soil, and type. According to 

Olewiler (2004), 80 to 770 kg/ha/year of phosphorus can be removed by a wetland. The low end 

estimate was multiplied by the area of Pelly’s Lake at $60.00/kg of phosphorus for the estimated 

value of phosphorus removal at the study site.  

Wetlands also remove 350 to 32,000 kg/hectare of nitrogen per year (Olewiler, 2004; S. 

J. Wilson, 2008). Collins and Gillies (2014) estimated the cost of nitrogen removal from 

constructed wetlands to be $36.34/kg, adjusted for CAD 2016 dollars. The average cost of 

nitrogen removal from wastewater treatment plants in the US was calculated to be $140.10/kg, 

adjusted for 2016 CAD dollars (Collins and Gillies, 2014). Olewiler (2004) cited the average 

nitrogen removal costs in British Columbia, adjusted for inflation, to be $7.45/kg. As the range 

between values was so large, Collins and Gillies (2014) moderate estimate for constructed 

wetlands was used for this study. This cost was multiplied by the area of Pelly’s Lake and the 

estimated amount of nitrogen removed, the conservative estimate of 350 kg/hectare/year, for the 

monetized impact of nitrogen removal at the study site. 

Cattail biomass from Pelly’s Lake also captures nitrogen and phosphorus. Cattails store 

these nutrients in their root zone as well as their organic and sediment layers. Harvesting the 

above ground portion of cattails can remove 20 to 60 kg of captured phosphorus/hectare from the 

ecosystem (Grosshans et al., 2014). The low end estimate of 20 kg/hectare was multiplied by the 
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surface area of Pelly’s Lake and the cost of removing phosphorus from cattails ($60.00/tonne) 

for the monetized impact of phosphorus removal from cattails. Cattail harvest also removes 

captured nitrogen from the ecosystem, as cattails capture up to 160 kg of nitrogen/hectare 

(Grosshans et al., 2014). The surface area of Pelly’s Lake multiplied by 160 kg of 

nitrogen/hectare and the cost of removing nitrogen from cattails provided the monetized impact 

of nitrogen removal from cattails at the study site. Phosphorus and nitrogen removal were 

calculated separately for the retention basin and cattail harvest. This was due to the retention 

basin itself capturing nitrogen and phosphorus in the soil and lower two-thirds of unharvested 

cattail, and the cattail harvest removing captured nitrogen and phosphorus from the upper one-

third portion of the cattail plant. 

Flood water regulation 

Other studies have also estimated the value retention ponds provide reducing downstream 

flooding damages. A report prepared by Schuyt and Brander (2004) calculated the median 

wetland economic value of flood control globally to be $464.00/hectare/year (US dollars, 2000 

prices). Adjusted for inflation and converted to CAD dollars, flood control by wetlands provides 

$840.00/hectare/year. Brander, Brouwer, and Wagtendonk (2013) performed a meta-analysis of 

economic valuations of the regulating services provided by wetlands in agricultural landscapes. 

Their study determined the median value of flood control by wetlands to be $427.00/hectare/year 

(in US dollars, 2007 prices). Adjusted for inflation and converted to CAD dollars, flood control 

from wetlands provides $642.58/hectare/year. Estimates of flood control values were in most 

studies calculated based on avoided damage costs, and some studies estimated the cost of 

constructed flood control measures in place of wetlands (Brander et al., 2013; Schuyt and 

Brander, 2004). It was assumed these values considered more than road and culvert damages. 

The average value of $741.30/hectare/year was calculated for the surface area of the lake. This 

value was calculated for the study site along with the estimate from the RM of Stanley (2000), 

discussed below, to provide an estimated range in price for avoided flood damage costs. 

Infrastructure Damage Mitigation 

Retention basins aid in regulating flood waters, protecting against downstream 

infrastructure damages and increased sedimentation (Wilson, 2008). A report published by the 

RM of Stanley Soil Management Association (Stanley Soil Management Association, 2000) 

indicated how much yearly damage occurred to culverts and roads in the study watershed before 
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a small dam network was installed. The average annual damage was estimated at $31,000 

($1.52/hectare). While the report did not indicate the reduction in damages after the small dam 

network was installed, they assumed the network would reduce damages in the order of 25%. 

This reduction would provide a savings of $0.38/hectare. The Stanley watershed is 20,390 

hectares compared to the study watershed and adjacent downstream watershed area of 27,700 

hectares and has similar land use parameters. This allowed for damages values to be transferred 

to the study watershed which provided a minimal estimate of damages to culverts and roads. 

Damage values from the report were adjusted for 2016 prices. Once the adjusted average annual 

damage was calculated per hectare, it was applied to the study watershed and adjacent 

downstream watershed area for a total annual damage reduction value provided by retention 

pond installation.  

2.2.9 Sensitivity Analysis 

Several sensitivity analyses were performed to determine the impact of infrastructure 

price, crop price, initial reservoir volume, maximum daily irrigation water volume, and the gap 

between actual and optimal yield, on net revenue. A sensitivity analysis was performed on 

reservoir and irrigation costs under four scenarios: 10% decrease, 5% decrease, 5% increase, and 

10% increase in infrastructure costs. Crop prices were increased and decreased 10%, 25%, and 

50% on both irrigated and non-irrigated crops. A sensitivity analysis was performed to determine 

whether the initial water volume available in the reservoir impacted gross revenue. The six 

scenarios analyzed were: 1) 10% increase, 2) 10% decrease, 3) 25% increase, 4) 25% decrease, 

5) 50% increase, and 6) 50% decrease of reservoir volume. 

The next sensitivity analysis varied the maximum daily irrigation water volume available 

for withdrawal. Seven scenarios were performed with maximum daily water volumes adjusted in 

increments of 10,000 m3 from the maximum daily water volume of 15,000 m3: 1) 5,000 m3 2) 

25,000 m3, 3) 35,000 m3, 4) 45,000 m3, 5) 55,000 m3, 6) 65,000 m3, and 7) 75,000 m3. The last 

sensitivity analysis was performed on the gap between actual and optimum yield, a value used to 

determine whether irrigation application is required. Irrigation was triggered when available 

water dropped below the level that provided 80% of optimal yield. The gap was varied in 

increments of ten percent, with four scenarios: 60%, 70%, 90%, and 100%, triggering irrigation 

when available water dropped below the level that provided that percentage of optimal yield.  
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2.2.10 Model Assessment 

In addition to the sensitivity analyses, a more formal model evaluation was performed to 

ensure the newly developed modelling system was performing as expected. Sterman (2000) 

summarized the specific tests researchers use for improving system dynamic model performance 

and provided a detailed explanation of each test. Appropriate tests and questions focusing on the 

physical science components of model assessment, as outlined in Sterman (2000), were 

addressed in Table 2-2. 

Table 2-2. Tests for assessment of dynamic models. Adapted from Sterman (2000). 

Test Purpose of Test Results 
1. Boundary 
Adequacy 

Are the important concepts 
for addressing the problem 
endogenous to the model? 

As suggested by Sterman (2000) stock and flow 
maps were used to ensure important concepts 
for addressing the problem were endogenous to 
the model. The stock flow diagram was then 
divided into subsystem components to highlight 
feedback loops (Figure 2-2). An inspection of 
model equation accuracy was also performed.  

Does the behavior of the 
model change significantly 
when boundary 
assumptions are relaxed? 

The main boundaries of the model were the 
watershed area and reservoir volume. When 
these boundaries were increased, the model 
behaved as expected. 

Do the policy 
recommendations change 
when the model boundary 
is extended? 

The model boundary was not extended as this is 
not within the scope of this research. However, 
the focus of future work is to extend the model 
boundary from the local scale to a regional 
scale.  

2. Structure 
Assessment 

Is the model structure 
consistent with relevant 
descriptive knowledge of 
the system?  

Yes, a stock flow diagram was used to mimic 
real life situations as closely as possible. 

Is the level of aggregation 
appropriate? 

Yes, the model assumed agricultural activities 
are owned primarily by one producer as is the 
case at Pelly’s Lake. 
 
Expert opinion was attained from Richard 
Grosshans with the International Institute of 
Sustainable Development (IISD) who helped in 
the design of Pelly’s Lake, our study site. Dr. 
Grosshans had a chance to review and provide 
feedback on our model. Consultation on the 
model was also attained from Dr. Benoy with 
the International Joint Commission who is an 
expert on the Manitoba region of the Prairies 
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including the area’s hydrology. Dr. Grosshans 
and Dr. Glenn Benoy felt the model was 
suitable for answering the research objectives 
and did not suggest changes or improvements 
were required. 

Does the model conform to 
basic physical laws such as 
conservation laws? 

Yes, we used established discharge equations 
for flow and drawdown of the reservoir. 
Established methods were used to determine 
rain runoff and to describe plant growth. On the 
economic side of the model, traditional 
approaches for analyzing revenue were used. 

3. 
Dimensional 
Consistency 

Is each equation 
dimensionally consistent 
without the use of 
parameters having no real 
world meaning? 

Yes, please refer to Section 2.1 for a full 
description of the equations used within the 
model. The model was based on established 
equations, parameters, and engineering 
methods. All dimensions within the model were 
real, with no scaling up or down. As true 
dimensions were used along with established 
methods, we do not anticipate any dimensional 
inconsistencies.  

4. Parameter 
Assessment 

Are the parameter values 
consistent with relevant 
descriptive and numerical 
knowledge of the system? 

Parameters were adopted from the literature on 
traditional agricultural engineering practice. 

Do all parameters have real 
world counterparts? 

Yes, parameters have real world counterparts.  

5. Extreme 
Conditions 

Does each equation make 
sense even when its inputs 
take on extreme values? 
Does the model respond 
plausibly when subjected to 
extreme policies, shocks, 
and parameters? 

Extreme values were input for 1) initial 
reservoir volume, inflow, and rain, 2) crop 
prices, and 3) maximum crop yield. For each of 
the three scenarios above, the values were first 
adjusted to equal zero. Next, the values were 
adjusted to represent an extremely large value. 
All normal parameter values can be found in 
Table 2-1. 
 
Initial reservoir volume, inflow, and rain being 
set to zero for the duration of the simulation 
period had the expected result. Gross revenue 
for all crops equaled zero, as there was no water 
to allow for plant growth. The reservoir also 
remained empty.  
 
To model extreme values, initial reservoir 
volume was set at 10,000,000 m3, inflow at 
1,000,000 m3/day, rain depth at 100 mm/day, 
and when irrigation was applied, maximum 
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irrigation abstraction was set at 1,000,000 
m3/day. Actual yield in this scenario did not 
reach optimal yield for any of the four crops as 
expected. Gross revenue was subsequently 
slightly lower than under normal conditions. 
The reservoir drained initially to its full 
capacity and maintained that level with constant 
outflow. When irrigation was applied, the 
reservoir level was lower due to the 
abstractions. Gross revenue remained the same 
as no additional water was needed for 
maximum crop growth. All responses were as 
expected. 
 
Crop prices set at zero for the simulation period, 
both with and without irrigation also had the 
expected results. Crop yield was increasing, 
however gross revenue remained at zero. Crop 
prices were then set at a very large value of 
$10,000/tonne for each crop. As expected, this 
resulted in a substantial increase to gross 
revenue. When irrigation was applied at normal 
levels, gross revenue incrementally increased 
also as expected. 
 
Maximum crop yields set at zero for the 
simulation period, with and without irrigation 
resulted in no crop yield or crop revenue as 
expected. To test maximum crop yield with a 
very large value, all maximum crop yields were 
set at 10 tonnes/m2. As expected, crop yield 
increased substantially resulting in increased 
gross revenue with and without irrigation.  

6. Integration 
Error 

Are the results sensitive to 
the choice of time step or 
numerical integration 
method? 

The results were not sensitive to the choice of 
time step or numerical integration method. The 
analysis was run with three different integration 
methods: Euler’s Method, Runge-Kutta 2, and 
Runge-Kutta 4. All methods resulted in the 
same response. The time step was reported 
every six hours initially. The time step was 
altered to report every 24 hours. There was no 
change in the model output when the time step 
was adjusted. 

7. Behavior 
Reproduction 

Does the model reproduce 
the behavior or interest in 

The MESH hydrologic model simulated 
discharge was compared to observed discharge 
at the study site with an NSE of 0.73, an MSE 
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the system (qualitatively 
and quantitatively)? 

of 5.45, and a br2 of 0.58. These results 
indicated a good fit between the MESH 
discharge simulations and observed discharge 
for the study site (Krause et al., 2005; Nash and 
Sutcliffe, 1970; Yapo et al., 1996)  
 
The RO model adequately simulated discharge 
compared to observed discharge at the study 
site with an r2 value of 0.533, NSE of 0.533, 
and br2 of 0.502. The SCS-CN model 
performance was good with an r2 of 0.743, NSE 
of 0.736, and br2 of 0.682. When the 
performance of the RO and SCS-CN method 
were combined and compared to the MESH 
model the two models performed well and had 
similar performance evaluations.  

Do the frequencies and 
phase relationships among 
the variables match the 
data? 

Output was set on a daily basis as input values 
were mostly on a daily time step. Economic 
values were yearly; however daily output was 
used to match with the physical parameters. 

8. Behavior 
Anomaly 

Do anomalous behaviors 
result when assumptions of 
the model are changed or 
deleted? 

No anomalous behaviors were observed. 

9. Family 
Member 

Can the model generate the 
behavior observed in other 
instances of the same 
system? 

This question is out of the scope of this 
research, but is a focus of future work. 

10. Surprise 
Behavior 

Does the model generate 
previously unobserved or 
unrecognized behavior? 

None were observed. 

Does the model 
successfully anticipate the 
response of the system to 
novel conditions? 

Fluctuations to crop yield in very wet and dry 
years were as expected. 

11. 
Sensitivity 
Analysis 

Numerical sensitivity: Do 
the numerical values 
change significantly… 
Behavioral sensitivity: Do 
the modes of behavior 
generated by the model 
change significantly… 
Policy sensitivity: Do the 
policy implications change 
significantly… when 
assumptions about 

Sensitivity analyses were performed. Refer to 
Chapter 3 for results. 
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parameters, boundary, and 
aggregation are varied over 
the plausible range of 
uncertainty? 

12. System 
Improvement 

Did the modeling process 
help change the system for 
the better? 

The modeling process helped us to better define 
our feedback loop. Our original model did not 
incorporate a feedback loop. 

2.2.11 Summary 

A system dynamics model approach was introduced as the choice methodology for 

developing a modelling system capable of combining the various components of this study on a 

common spatial and temporal scale. The software, STELLA, was introduced as the platform for 

developing the modelling system. Five modules were created to address the research objectives 

of this study: hydrologic, reservoir, irrigation, plant growth, and economic. Each module was 

explained in terms of stocks and flows with a detailed description of parameters and equations 

used. A description of the sensitivity analyses performed and a formal model evaluation 

concluded this section. Two hydrologic models providing input for the hydrologic module will 

be detailed in the next section. Climate change data selection and application appropriate for 

answering objective three, the economic benefits of retention systems under future climate 

change, will be addressed in the final section of this chapter. 

2.3 Hydrologic Input 

2.3.1 Empirical Modeling 

2.3.1.1 Introduction 

In order to address the objectives outlined for this research, a rainfall-runoff model was 

used. A popular empirical method for determining rainfall-runoff, the Soil Conservation Service 

Curve Number (SCS-CN) method, was chosen due to its ease of use as well as its established 

ability to simulate runoff for a variety of climatic and topographic conditions (King et al., 1999; 

Singh et al., 2013; Soulis and Valiantzas, 2012; Viji et al., 2015; Zhan and Huang, 2004). The 

method is used for small watersheds to compute surface runoff from rainfall events by engineers, 

hydrologists, and watershed managers (Singh et al., 2013; Soulis and Valiantzas, 2012). 

Simulations run with simpler models such as the SCS-CN method have been shown to provide 

similar or better simulation data when compared to more complex physical models (King et al., 

1999). Physical models have a theoretical basis and utilize measurable parameters which can 

yield precise predictions (King et al., 1999; Viji et al., 2015). However, physical models require 
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substantive expertise, time, and data to run (Viji et al., 2015). Additionally, empirical 

relationships are often used within the more complex physical hydrologic model to estimate 

runoff (King et al., 1999; Singh et al., 2013). Use of an empirical model for this research allowed 

for the calculation of water storage capacity and subsequent water availability within a surface 

water retention system at Pelly’s Lake, Manitoba. Further motivation in choosing the SCS-CN 

method was in its ability to provide easy regionalization to other catchments. This allows for 

future work in modeling several retention basins to consider the economic and environmental 

opportunities of a retention basin network. Climate change could also be linked within the SCS-

CN method due to the inclusion of precipitation amounts. This enabled the model to determine 

water storage changes for present and future climate scenarios. 

2.3.1.2 Hydrologic Model 

The SCS-CN method is an established simple technique for estimating runoff volume 

from rainfall events (King et al., 1999; Singh et al., 2013; Soulis and Valiantzas, 2012; Viji et al., 

2015). For a detailed description see Chapter 10 in the Hydrology National Engineering 

Handbook (Group, 2004). The runoff equation is:   

𝑄𝑄 =
(𝑃𝑃 − 𝐼𝐼𝐸𝐸𝑆𝑆)2

(𝑃𝑃 − 𝐼𝐼𝐸𝐸 + 𝑆𝑆)  𝑂𝑂𝑂𝑂𝑟𝑟 𝑃𝑃 >  𝐼𝐼𝐸𝐸  

 𝑄𝑄 = 0 𝑂𝑂𝑂𝑂𝑟𝑟 𝑃𝑃 ≤  𝐼𝐼𝐸𝐸 (2-12) 
Where Q is the total runoff, P is precipitation, Ia is the initial abstraction, and S is maximum 

potential retention. It is assumed that Ia is a fraction of the potential maximum retention. 

 𝐼𝐼𝐸𝐸 =  λ𝑆𝑆  (2-13) 
During SCS experimentation it was found that Ia = 0.2(S), but remains an adjustable parameter of 

the method. Substituting Ia = 0.2 into Equation 2-12 you get: 

 
𝑄𝑄 =

(𝑃𝑃 − 0.2𝑆𝑆)2

(𝑃𝑃 + 0.8𝑆𝑆)  𝑂𝑂𝑂𝑂𝑟𝑟 𝑃𝑃 >  𝐼𝐼𝐸𝐸 
(2-14) 

Potential maximum storage in the basin, S, is found in SI units (S in mm) via: 

 𝑆𝑆 =
25400
𝐶𝐶𝐶𝐶

− 254 (2-15) 

where CN is the curve number. Curve numbers are determined based on soil type, vegetation, 

land use, cultivation practices, and antecedent moisture conditions.  

Research by Soulis and Valiantzas (2012) illustrated that a two-CN method can more 

accurately predict runoff when compared to the original one CN method outlined above. Thus 
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for this research, a two CN method was adopted. Two CN values were determined for the 

watershed for the two largest homogeneous sub-areas with CNa > CNb. The area fraction of the 

Pelly’s Lake watershed, a, for the largest landcover type was 0.78, representing agricultural land. 

A weighted average of agricultural land cover was calculated using land cover types outlined in 

CN value tables for CNa (NRCS, 1986). The second largest landcover within the watershed was 

forest. A weighted average of forest land cover types outlined in the CN value tables produced 

CNb (NRCS, 1986). The area fraction of forest landcover became (1-a) (Soulis and Valiantzas, 

2012). Using the two-CN method, Equation 2-14 became: 

 𝑄𝑄 = 0 𝑂𝑂𝑂𝑂𝑟𝑟 𝑃𝑃 <  𝜆𝜆𝑆𝑆𝐸𝐸  (2-16) 
 

𝑄𝑄 = 𝐸𝐸
(𝑃𝑃 − 𝜆𝜆 𝑆𝑆𝐸𝐸)2

[𝑃𝑃 + (1 − 𝜆𝜆)𝑆𝑆𝐸𝐸]  𝑂𝑂𝑂𝑂𝑟𝑟 𝜆𝜆𝑆𝑆𝐸𝐸  ≤ 𝑃𝑃 <  𝜆𝜆𝑆𝑆𝑏𝑏 
(2-17) 

 
𝑄𝑄 = 𝐸𝐸

(𝑃𝑃 − 𝜆𝜆 𝑆𝑆𝐸𝐸)2

[𝑃𝑃 + (1 − 𝜆𝜆)𝑆𝑆𝐸𝐸]
+ (1 − 𝐸𝐸)

(𝑃𝑃 − 𝜆𝜆 𝑆𝑆𝑏𝑏)2

[𝑃𝑃 + (1 − 𝜆𝜆)𝑆𝑆𝑏𝑏]
 𝑂𝑂𝑂𝑂𝑟𝑟 𝑃𝑃 ≥  𝜆𝜆𝑆𝑆𝑏𝑏 

(2-18) 

 Where Q is the total runoff (mm), P is precipitation (mm), a is the fraction of the watershed 

assigned to CNa, and λ is a constant typically set to 0.2 or 0.05. Sa and Sb are maximum potential 

retention values which correspond to CNa and CNb respectively and were calculated using 

Equation 2-15 (Soulis and Valiantzas, 2012). The weighted CN values, calculated using the CN 

value tables, assumed average antecedent moisture conditions (antecedent moisture condition II). 

A five-day antecedent rainfall calculation was used to determine the CN values for antecedent 

moisture condition I and III (Table 2-3). The precipitation sum for the five previous days was 

calculated and based on the precipitation amount. The CN value for the watershed was adjusted 

accordingly (NRCS, 1986). 

Table 2-3. Rainfall limits for estimating antecedent moisture conditions. Adapted from 
Thompson (1999). 

Antecedent moisture  
condition class 

5-day total antecedent rainfall (mm) 
Dormant Season Growing season 

I < 12.7 <35.56 
II 12.7 – 27.94 35.56 – 53.34 
III > 27.94 > 53.34 

 

It was found that the SCS-CN Method did not fully account for spring melt runoff when 

model results were compared to observed runoff values for the study watershed. To account for 

this, the Antecedent Precipitation Index (API) Method was added to the model. Within 

Manitoba, API and winter precipitation (WP) are well known to contribute to spring flooding 
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events (Warkentin, 1999). API is a weighted basin precipitation from May to October 

representing soil moisture at freeze-up in the previous fall (Warkentin, 1999). The equation for 

calculating API is:  

 𝐴𝐴𝑃𝑃𝐼𝐼 =  0.30𝑃𝑃𝑂𝑂𝐶𝐶𝑂𝑂 + 0.25𝑃𝑃𝑆𝑆𝐸𝐸𝑆𝑆𝑂𝑂 + 0.18𝑃𝑃𝑓𝑓𝐴𝐴𝐴𝐴 + 0.12𝑃𝑃𝐽𝐽𝐴𝐴𝐽𝐽 + 0.08𝑃𝑃𝐽𝐽𝐴𝐴𝐽𝐽 + 0.07𝑃𝑃𝑀𝑀𝑓𝑓𝑌𝑌 (3-5) 

where P is total precipitation (in mm) for each noted month. The total freshet runoff can be 

calculated as: 

 𝑅𝑅𝑂𝑂 = 𝐶𝐶1 (𝐴𝐴𝑃𝑃𝐼𝐼) + 𝐶𝐶2 (𝑊𝑊𝑃𝑃) + 𝐶𝐶3 (𝑆𝑆𝑅𝑅) + b (3-6) 
where RO is direct runoff (mm), API is the antecedent precipitation index (mm), WP is winter 

precipitation (mm) for November, December, January, February and March of a given winter, 

and SR is the spring rain during freshet (mm). C1, C2, and C3 represent calibration coefficients. 

The variable b is an axis intercept which helps to increase the correlation R2 as well as reflecting 

the reality of the distribution of points.  

Simulated flow for the catchment area, converted to m3/day, was calculated for May 1 – 

Sept 15 each year using the two CN method. The API method provided April simulated flow for 

each year. Multiplying the simulated runoff by the catchment area provided the initial reservoir 

volume each year. Baseflow was excluded in the empirical model due to limited data availability. 

Baseflow estimations added to the model were found to have no significant impact on results. 

Simulated flow and initial reservoir volume were input into the STELLA modelling system 

(Figure 2-2). 

2.3.1.3 Model Setup 

Climate data was acquired from the Government of Canada (2015c). Precipitation values 

were from four stations: St. Alphonse, MB, Holland, MB, Somerset, MB, and Rathwell, MB. 

Discharge data for calibration and validation was from Station Number O5OF010, Boyne River 

near Treherne (Government of Canada, 2014). Weighted CN values determined for the Pelly’s 

Lake watershed were set at CNa = 79 and CNb = 70. 

2.3.1.4 SCS-CN Calibration 

To optimize model performance, the precipitation parameter was calibrated. Precipitation 

values were from one station (Holland, MB), averaged for three stations creating a triangle 

encompassing the watershed (St. Alphonse, MB, Cypress, MB, Rathwell, MB), and four stations 

encompassing the watershed (St. Alphonse, MB, Holland, MB, Somerset, MB, Rathwell, MB). 

Simulations were most accurate using the average of four stations encompassing the watershed. 
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CN values were also adjusted until the model predicted cumulative discharge values reasonably 

(Ouyang et al., 2010). Refer to Table 2-4 for parameter values after calibration. Measured and 

modeled values were compared in Figure 2-4, with the linear regression equation and R2 value of 

0.7537 noted. The coefficient of determination (R2) describes the proportion of observed data 

explained by the model. A value of zero indicates no correlation between simulated and 

measured data while a value of 1 indicates the dispersion of the simulated data is equal to the 

measured data. Values above 0.5 are considered acceptable (Krause et al., 2005; Moriasi et al., 

2007). 

 
Figure 2-4. Comparison of measured and predicted cumulative discharge (June 30th) for the 
Boyne River near Treherne, MB (1985-1994). 
 
Table 2-4. Calibrated input values for the SCS-CN method.  
Parameter Value Reference 
Curve number a, CNa Class I = 40 

Class II = 61 
Class III = 79 

(NRCS, 1986; Soulis and 
Valiantzas, 2012; Thompson, 
1999) 

Curve number b, CNb Class I = 59 
Class II = 76.5 
Class III = 89 

(NRCS, 1986; Soulis and 
Valiantzas, 2012; Thompson, 
1999) 

Area fraction of watershed, a 0.78 (Manitoba Government, 
2014; Soulis and Valiantzas, 
2012) 

λ constant 0.065 (Soulis and Valiantzas, 2012) 
Precipitation, P Variable (Government of Canada, 

2015c) 
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2.3.1.5 2 API and WP Method 

Spring runoff values calculated using the API Method required calibration of calibration 

coefficients C1, C2, C3 and b included in the direct runoff (RO) equation. All other parameters 

were obtained using published measurements and did not require calibration. Calibration resulted 

in C1 = 0 which meant API had no significant impact on results, C2 = 0.4, C3 = 0.4, and b = -25. 

Measured and modeled runoff values for April were compared in Figure 2-5 with the linear 

regression equation and R2 value of .5106 noted. 

 

Figure 2-5. Comparison of predicted and measured cumulative runoff (April 30th) for the Boyne 
River near Treherne (1967-1984). 

2.3.2 Physically Based Modeling 

2.3.2.1 Introduction 

Modélisation Environmentale Communautaire - Surface and Hydrology (MESH) served 

as the physical hydrologic model providing streamflow inputs into the reservoir and the initial 

reservoir volume from the spring freshet. The Environment and Climate Change Canada 

environmental modelling system MESH was used to model the hydrologic component of the 

target watershed. This distributed land surface model is commonly used in Canada for medium 

to large scale simulations (Pietroniro et al., 2007; Verseghy, 1991). Environment and Climate 

Change Canada uses MESH as part of an operational forecasting tool and the system is currently 

being used within research projects such as the Drought Research Initiative (DRI) (University of 

Saskatchewan, 2015). MESH is designed to simulate several hydrological processes: 

evaporation, snow accumulation and ablation, interception, interflow, infiltration, recharge, 
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baseflow, and overland and channel routing processes (Kouwen et al., 1993; Mengistu and 

Spence, 2016). The model allows for streamflow to be simulated at any point within the 

watershed (Mengistu and Spence, 2016). This ability is a major advantage of a fully distributed 

model (Viji et al., 2015). 

2.3.2.2 Hydrologic Model 

MESH required multiple inputs to provide a complete distributed land surface model. 

The energy and water balance requirements for the model were determined utilizing the 

Canadian Land Surface Scheme (CLASS) 1 (Verseghy, 1991) and CLASS 2 (Verseghy et al., 

1993). The physically based land surface model, CLASS 1, calculated heat and moisture transfer 

at the surface while CLASS 2 calculated energy and moisture fluxes at the canopy level 

(Verseghy, 1991; Verseghy et al., 1993). The algorithms used in CLASS 1 and 2 were run on 

each grouped response unit (GRU) independently (Kouwen et al., 1993; Mengistu and Spence, 

2016). Precipitation data for MESH were from the Canadian precipitation analysis (CaPA) 

project which produces rainfall accumulations at a six hour time step and resolution of 15 km 

over North America in real-time (Mahfouf et al., 2007). Further required climatic data such as 

long wave and short wave radiation, humidity, pressure and wind speed were from the Global 

Environmental Multiscale (GEM) Model (Côté et al., 1998; Pietroniro et al., 2007). Routing of 

water within the study area was performed within the MESH model using a storage-routing 

technique which applied the continuity equation as outlined in Kouwen et al., (1993): 

                                        𝐼𝐼1+𝐼𝐼2
2

−  𝑂𝑂1+ 𝑂𝑂2
2

=  𝑆𝑆2− 𝑆𝑆1
∆𝐶𝐶

                                         (3-11) 

where I 1,2 represent inflow to the reach from overland flow, interflow, base flow, and channel 

flow (m3/s), O1,2  represent outflow from the reach (m3/s), S1,2 are storage in the reach (m3), and 

∆t is the time step of the routing in seconds. Subscript 1 represents the beginning time step 

quantities and subscript 2 represents the ending time step quantities. The MESH model system is 

depicted in Figure 2-6. For a full description of the MESH model refer to Mekonnen et al. 

(2014). Daily discharge values and initial reservoir volume values from MESH were input into 

the model as represented in Figure 2-2, a stock-flow diagram of the modeling system within 

STELLA. 
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Figure 2-6. The MESH modelling system. Adapted from Mekonnen et al., (2014).  

2.3.2.3 Modeling Data and Data Preprocessing 

Topography for the study watershed was derived from a Canadian Digital Elevation 

Model (CDEM) with an average accuracy of 4.3 and spatial resolution of 0.75 (Government of 

Canada, 2016). Landcover data required as a spatial input into MESH was acquired from the 

Canada Centre for Mapping and Earth Observation (CCMEO) (Government of Canada, 2013). 

Landcover data was used to define GRUs within MESH. Soil and vegetation parameters were 

determined within MESH based on landcover type. Five land cover types were classified: Class 

1) Forest, Class 2) Grasslands, Class 3) Cropland, Class 4) Urban, Class 5) Water. The watershed 

landcover consisted of 58% cropland, 11% grassland, 8% forest, 20% urban, and 3% water 

(Government of Manitoba, 2014c). Daily streamflow values were from station number 

O5OF011, Boyne River near Roseisle for use in calibration (Government of Canada, 2014). 

2.3.2.4 Model Setup 

A spin up period consisted of years 2011-2012. Access to streamflow data was only 

available for 2013 and 2014, thus 2013 was used as a calibration period and 2014 served as the 

validation period. The availability of streamflow observations in the study area were very limited 

resulting in the short time periods used for calibration and validation. This constraint on data 

availability affects modelling everywhere, including here in Canada.  
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Several relevant parameters were calibrated to produce acceptable streamflow 

simulations (Table 2-5). Simulated and observed streamflow for the calibration and validation 

period were compared in Figure 2-7. Performance evaluations are also included in Figure 2-7. 

The components precipitation, evaporation, runoff, and change in storage were examined within 

MESH to ensure inputs and outputs balanced the change in storage (Figure 2-8). 

Table 2-5. Parameters with calibration ranges used in MESH calibration. 

Calibrated parameter Description Calibration range 
GRKF Fraction of the saturated surface soil conductivity 

moving in the horizontal direction 
0.0001 – 1 

MANN Manning’s ‘n’ 0.001 – 1 
KSROW Saturated surface soil conductivity 0.0001 – 1.02 
SANDF1 Percent content of sand 20 – 70 
SANDF2 Percent content of sand 20 – 70 
SANDF3 Percent content of sand 20 – 70 
CLAYF1 Percent content of clay 10 – 30  
CLAYF2 Percent content of clay 10 – 30 
CLAYF3 Percent content of clay 10 – 30 
WFR21 River channel roughness factor for channel 

routing 
0.3 – 1 
 

ZSNL Minimum depth to consider 100% cover of snow 
on the ground surface 

0.05 – 0.15 
 

ZPLS Maximum depth of liquid water allowed to be 
stored on the ground surface for snow-covered 
areas 

0.05 – 0.15 
 

ZPLG Maximum depth of liquid allowed to be stored on 
the ground surface for snow-free areas 

0.05 – 0.15 
 

 

 
Figure 2-7. Comparison of MESH simulated and observed streamflow. 
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The Nash-Sutcliffe efficiency (NSE) statistic was used to determine how well the 

observed versus simulated data plot fit the 1:1 slope line. Values for NSE range between -∞ and 

1.0. As the value approaches 1, the accuracy of the model increases with an NSE of 1 

representing a perfect match between observed and modelled data. All NSE values ≤ 0 indicate 

mean observed values are better predictors than the modelled values (Moriasi et al., 2007; Nash 

and Sutcliffe, 1970). Moriasi et al. (2007) performed a literature review to obtain recommended 

statistical values for NSE. Satisfactory NSE values > 0.5 were typically considered satisfactory, 

with values >.80 considered efficient.  

Mean squared error (MSE) was also used to quantify the error between simulated and 

observed datasets. Values for this criterion range from 0, perfect accuracy, to infinity and is 

widely used for hydrologic model calibration and evaluation (Gupta et al., 2009). The last 

performance evaluation calculated was the br2 coefficient. This coefficient multiplies the slope 

of the regression line between observed and simulated data by the coefficient of determination, 

r2, and treats missing values (Glavan and Pintar, 2012; Krause et al., 2005). Values close to 1 

with r2 indicates the dispersion of the prediction is close to the observation. However, systematic 

over and under predicting models will still result in a r2 value close to 1. This is problematic as 

the result appears like a good fit between the model and observed data, but the model’s 

predictions can still all be wrong. To correct this, one must consider r2 in combination with the 

regression line gradient, b, in the formula: 

𝑟𝑟𝑟𝑟2 = �|𝑟𝑟|  𝑟𝑟2, 𝑟𝑟 ≤ 1
|𝑟𝑟|−1𝑟𝑟2, 𝑟𝑟 > 1

                                     (3-11) 

This formula corrects for under or over predicting models by quantifying them together (b) with 

their dynamics (r2). A more comprehensive reflection of modeling performance is the result of 

the br2 coefficient (Glavan and Pintar, 2012; Krause et al., 2005). 
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Figure 2-8. Water balance for Pelly's Lake, Manitoba showing precipitation (P), 
evapotranspiration (ET), runoff (R), and change in storage (DS) from 2005-2014. 

2.3.2.5 Summary 

This section introduced two differing hydrologic models used to generate initial reservoir 

volume and daily streamflow input values for the modeling system. The Runoff/SCS-CN 

(RO/SCS-CN) empirical model was chosen due to its ease of use and established capacity for 

simulating runoff from small watersheds with various climatic and topographic parameters. This 

method also allows for easy regionalization of the study to other catchments to consider the 

economic and environmental opportunities associated with a retention basin network. A physical 

model, MESH, was also used to simulate runoff. This model could also be used for 

regionalization of the study, but would require substantially more time and resources than the 

RO/SCS-CN method. The MESH model considers more hydrologic processes than the RO/SCS-

CN model and subsequently could yield more precise streamflow outputs. Model setup was 

detailed for both models including calibration and validation measures. 
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2.4 Climate Change 

2.4.1 Introduction 

The last objective of this research was to explore the potential economic advantages 

associated with retention ponds under future climate conditions. Hydrologic inputs from future 

climate scenarios were thus required. The most advanced tools available today for simulating 

future climate are general circulation models (GCMs). These numerical models simulate global 

climate by incorporating the physical processes occurring in the atmosphere, cryosphere, ocean, 

and land surface globally. Increasing greenhouse gas concentrations can be modelled within 

GCMs to simulate present and future global climate systems responses (IPCC-TGICA, 2007; 

Trzaska and Schnarr, 2014; Farmer, 2015). GCMs can be applied at a global scale down to a 

continental scale with reasonably accurate simulations. However, decision makers often require 

future climate scenario information at a finer scale (Trzaska and Schnarr, 2014; Werner, 2011). 

Geographically and physically consistent regional climate change estimates required for impact 

analysis can be obtained from GCMs when used in combination with downscaling methods. 

Downscaling methods are required to increase model resolution as GCMs have a coarse 

horizontal resolution of 100-500 km (IPCC-TGICA, 2007b; Trzaska and Schnarr, 2014).  

There are two categories of downscaling, statistical and dynamical, used to achieve 

resolution finer than 100 km and temporal scales less than a month. Statistical downscaling 

techniques have the capacity to provide high resolution future climate simulations at specific 

locations or regions. Statistical relationships are established between the climate features of the 

GCM and local climate characteristics. This method is easily applied and interpreted with limited 

resources and knowledge (IPCC-TGICA, 2007; Trzaska and Schnarr, 2014; Werner, 2011, Flato 

et al., 2013). However, it can be difficult to acquire accurate historical climate observations 

required for this method due to lack of availability (Trzaska and Schnarr, 2014). Another 

limitation of this method is that relationships developed between the historical and GCM climate 

features are assumed to be constant in the future (Trzaska and Schnarr, 2014). Dynamical 

downscaling utilizes a regional climate model (RCM) which includes coarse scale GCM outputs 

on atmospheric information along with additional climate data in the localized area allowing for 

higher resolution outputs between 20-50 km. Unlike statistical downscaling, this method requires 

extensive expertise for set up and understanding of the downscaled results (Trzaska and Schnarr, 

2014, Flato et al., 2013). Dynamical and statistical downscaling methods can also be used in 
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conjunction to increase resolution and improve output accuracy (Trzaska and Schnarr, 2014, 

Flato et al., 2013). 

2.4.1.1 Uncertainty 

Climate projections from GCMs as well as downscaled methods have several sources of 

uncertainty (IPCC-TGICA, 2007b; Trzaska and Schnarr, 2014). Future anthropogenic emission 

levels involve uncertainty. Models used for simulating future climate scenarios have 

uncertainties linked to imperfect representation of climate processes. Current understanding of 

climate conditions is imperfect leading to imperfect knowledge being fed into projections (IPCC-

TGICA, 2007b; Trzaska and Schnarr, 2014). Finally, variability at the interannual and decadal 

level is difficult to represent accurately in long-term projections. However, this does not mean 

future climate projections are false, as uncertainty can be quantified (Trzaska and Schnarr, 2014). 

Multiple greenhouse gas emission scenarios are modeled to account for the uncertainty in future 

socio-economic and demographic conditions as well as technologic advancements. It is also 

recommended to use a multi-model ensemble approach when modeling future climate 

conditions. Each GCM and downscaling method has a unique set of parameters as initial 

conditions within the model. By using future climate scenario results for as many models as 

possible and producing a multi-model ensemble mean or median, a more probable future climate 

scenario can be determined. The spread in results between models illustrates the level of 

uncertainty in the obtained multi-model ensemble results (Charron, 2014; Trzaska and Schnarr, 

2014; Werner, 2011).  

2.4.1.2 Representative Concentration Pathways 

Future emission scenarios are developed by the Intergovernmental Panel on Climate 

Change (IPCC). Climate experts from across the globe review the most recent and relevant 

information pertinent to understanding climate change to come up with recommendations for the 

scientific community and end users of climate change information. Emission scenarios are also 

determined from this information to reflect plausible future greenhouse gas levels, based on 

various socioeconomic, technological, demographic, policy and institutional assumptions 

(Intergovernmental Panel on Climate Change (IPCC), 2014; IPCC-TGICA, 2007b). The latest 

assessment report (AR5) includes four representative concentration pathways (RCPs) defined by 

their total radiative forcing pathway and level by 2100: RCP8.5, RCP6, RCP4.5, and RCP2.6. 

Total radiative forcing refers to cumulative GHG emissions by humans in Watts/m2. Table 2-6 
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outlines the emissions scenario description for each RCP (IPCC, 2014). Greenhouse gas 

emissions from these four RCPs are input into GCMs and downscaled climate models to provide 

future climate scenarios under differing radiative forcing conditions. 

Table 2-6. Representative concentration pathways (RCPs) overview. 
RCP Description 

RCP2.6 Radiative forcing will peak at approximately 3 
W/m2 before 2100 and then levels will decline. 

RCP4.5 Radiative forcing will stabilize at 4.5 W/m2 
after 2100. 

RCP6 Radiative forcing will stabilize at 6 W/m2 after 
2100. 

RCP8.5 Radiative forcing will rise resulting in 
8.5W/m2 in 2100. 

 

2.4.2 Data Selection 

Data selection depends on the specific requirements of each research question. Variables 

required for the study, the spatial scale under study, and the temporal resolution required shape 

the data selection process (IPCC-TGICA, 2007b). The amount of time available to produce 

results and the finances available come into consideration as well. Finally, the expertise of the 

researcher impacts the choice of downscaling method used when fine scale resolutions are 

required (Trzaska and Schnarr, 2014). For this research, future precipitation data was required at 

a fine resolution over the study site which could be easily input into the two hydrologic models. 

The modeling system could then provide projections of how water storage at Pelly’s Lake would 

be affected by climate change.  

Statistically downscaled climate data for the study area was acquired from the Pacific 

Climate Impacts Consortium (PCIC) for the present study (Pacific Climate Impacts Consortium 

(PCIC), 2014; Werner, 2011). Climate scenarios are available across Canada from PCIC. Data is 

produced at a gridded resolution of roughly 10 km or 300 arc-seconds for 1950-2100. Users can 

download three output variables on a daily time step: precipitation, minimum temperature, and 

maximum temperature (PCIC, 2014). Scenarios for all four RCPs are available and multi-model 

ensemble tables are provided to aid the researcher in climate model selection with the widest 

breadth of future climate simulations. Historical daily gridded climate data for Canada was used 

in combination with GCM projections from the Coupled Model Intercomparison Project Phase 5 

(PCIC, 2014).  
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A model ensemble for Western North America containing 12 different models was 

provided by PCIC (2014). Due to constraints on time and resources, the model ensemble list was 

narrowed down to contain only four models for this study (Table 2-7). Of the two downscaling 

methods provided by PCIC (2014), Bias Corrected Spatial Disaggregation (BSCD) was chosen 

for this study due to its extensive application in previous hydrologic modelling research. Further 

description of the application of BSCD to PCIC scenarios can be found in Werner (2011). Three 

of the four RCPs were chosen for this study: RCP2.6, RCP4.5, and RCP8. These three RCPs 

provided two extreme scenarios and a median scenario. The exclusion of RCP6 was due to time 

constraints. 

Table 2-7. Selected models used in multi-model ensemble of future climate scenarios. 
Modeling Center Institute ID Model Name 

Canadian Centre for Climate Modelling and Analysis CCCMA CanESM2 

Meteorological Office Hadley Centre MOHC HadGEM2-ES 

Max Planck Institute for Meteorology MPI-M MPI-ESM-LR 

NOAA Geophysical Fluid Dynamics Laboratory NOAA GFDL GFDL-ESM2G 

2.4.3 Data Application 

Future climate conditions were modeled for two ten-year time periods, 2050-2059 and 

2090-2099. This allowed for comparison between model results for the beginning of the century 

(2002-2014), the middle (2050-2059) and the end of this century (2090-2099). Outputs from the 

four chosen climate models and three RCPs were downloaded for the study area. As the 

downscaled models have a grid resolution of approximately 10 km, outputs were spatially 

constrained over the study area between latitudes 49°N to 50°N and longitudes 98°W to 97°W.  

Model precipitation outputs were plotted from 1950-2100 for each scenario (Figure 2-9). 

Precipitation was divided between summer and winter to determine multi-model ensemble mean 

increment changes in precipitation for the two seasons. These plots indicated a consensus in 

future climate precipitation trends between the four different models, which increased confidence 

that the climate models were performing as desired. Confidence in the models abilities to 

simulate future climate conditions was further increased by the clear trends between models for 

each RCP. Outputs from the PCIC downscaled models support the findings published by Warren 

and Lemmon (2014) that precipitation is projected to increase for all seasons across Canada in 

the future. Future precipitation simulation outputs in the same report also indicated precipitation 
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increases would be greater in the winter than the summer (Warren and Lemmon, 2014). PCIC 

future precipitation simulations all increased, with a larger increase in the winter (Table 2-8). 

Precipitation outputs for the 2050s and 2090s were input into the empirical RO/SCS-CN 

model to provide the hydrologic input for the STELLA model. For the MESH hydrologic input, 

incremental change in precipitation from the RCP4.5 multi-model ensemble mean was applied to 

the 2005-2014 precipitation inputs (Table 2-8). All other parameters within the modeling system 

remained the same as for the present day simulations (2002-2014). 

 
Figure 2-9. Multi-model ensembles for each RCP showing summer and winter precipitation with 
lines representing mean precipitation for each climate model. The spread between model 
simulations illustrates uncertainty.  
 

 

 

 

 

 



55 
 

Table 2-8. Precipitation totals and incremental increases between study periods based on the 
multi-model ensemble means for RCP4.5. 
Decade Season Mean season 

precipitation total 
Incremental increase 

Summer precipitation 
2005-2014 May – October 371.9  
2050-2059 May – October 376.8 1.3% 
2090-2091 May – October 381.2 2.5% 
Winter precipitation 
2005-2014 November – April 162.7  
2050-2059 November – April 176.9 8.8% 
2090-2091 November – April 189.6 16.6% 

 

2.4.4 Summary 

This section provided an introduction to climate change as the last objective of the study 

was to explore the economic advantages associated with retention ponds under future climatic 

conditions. Statistically downscaled climate data for the study area was acquired from PCIC. 

Future precipitation was input into the RO/SCS-CN empirical model to produce initial reservoir 

volume and daily streamflow input values for the future simulation periods. The incremental 

change in precipitation from the RCP4.5 multi-model ensemble mean, acquired from PCIC, was 

applied to the 2005-2014 precipitation inputs from MESH to produce hydrologic data for the 

future simulation periods. The next chapter begins by comparing the two hydrologic models 

performance. Results of each research objective are then presented and compared based on the 

method of hydrologic input used.  
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CHAPTER 3  

  RESULTS 

Two hydrologic models used in providing initial reservoir volume and daily streamflow 

inputs to the modeling system were introduced in Chapter 2. The more simplistic empirical 

RO/SCS-CN hydrologic model and the more complex physical MESH hydrologic model. This 

chapter will detail each model’s performance to determine which model produced more accurate 

runoff simulations. The modeling system sensitivity analysis results will also be detailed. The 

chapter will then detail the results of each objective, dividing results by the hydrologic model 

used in producing streamflow input. This will allow for further model performance comparison 

and also provide further substantiation to the analysis.  

3.1 Physical and Empirical Based Modelling: A Comparison 

Two hydrologic models applied to the study site provided hydrologic input for the 

modeling system. The RO/SCS-CN Method was pursued initially as a simple, proven way of 

determining discharge with minimal input variables (King et al., 1999). There remained a level 

of uncertainty in how well the model was capturing surface runoff and precipitation events due 

to the very simplicity of the model. A physical model could potentially provide more accurate 

results. Resources became available allowing for the study site to be modeled in the more 

complex MESH model. Due to the inclusion of multiple input variables and complex multiple 

hydrological processes in MESH, it was felt the results may prove more accurate to the surface 

runoff hydrology of the study area. Application of both models to the study site also allowed for 

model comparison to determine which model is more accurate.  

Monthly simulations in MESH simulated observed runoff volumes well, but the timing of 

runoff events were off in some cases. Overall, with an NSE of 0.73, br2 of 0.58, and MSE of 5.45 

the model performed well (Figure 2-7). Cumulative runoff simulations for April 30th using the 

RO method generally followed the pattern of observed runoff volumes (Figure 3-1). However, 

the model did over and under simulate runoff volumes throughout the simulation period. An r2 

value of 0.533, NSE of 0.533, and br2 of 0.502 confirm that the model is providing an adequate, 

but not good, representation of spring surface runoff. 
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Figure 3-1. Simulated and measured yearly cumulative runoff for April 30th (1967-1994). 

 Cumulative discharge simulations using the SCS-CN method performed well, closely 

simulating observed discharge. Model performance was good with an r2 of 0.743, NSE of 0.736, 

and br2 of 0.682 (Refer to Figure 3-2). The year 1986 was removed from the series as the high 

observed cumulative discharge in that year was not captured by the model and subsequently 

skewed results. 

 

Figure 3-2. Simulated and measured yearly cumulative discharge for June 30th (1985-1994). 

 The physical and empirical hydrologic models performed well in simulating discharge at 

the study site. Interestingly, the SCS-CN performed more accurately than the MESH physical 

model. This provides evidence towards the notion that empirical models can perform the same or 

better than physical models (King et al., 1999). However, the SCS-CN method did not capture 

spring runoff well. This led to the inclusion of the RO method which did not perform as 
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accurately as the SCS-CN method (r2 = 0.533). When the performance of the RO and SCS-CN 

method are combined and compared to the MESH model, the two models performed well and 

had similar performance evaluations. For this reason, both hydrologic models were used within 

the modeling system. The resulting outputs could then be compared, providing further 

substantiation to the analysis. 

3.2 Sensitivity Analysis Results 

Reservoir and irrigation cost adjustments (5% increase and decrease, 10% increase and 

decrease) resulted in similar increases and decreases to net revenue. A net revenue of             

-$160.00/hectare became -$176.00/hectare when reservoir and irrigation costs were increased by 

10%. Slight variation to net revenue percent increases and decreases was experienced (average 

variation of 1%) due to operating costs, also being subtracted from gross revenue, remaining 

constant. Sensitivity analyses of crop price did have an effect on yearly revenue. As crop price 

increased, the impact on gross crop revenue increased (Table 3-1). The nonlinearity of the impact 

of crop price variation was due to the variability in the precipitation time series and the nonlinear 

water sufficiency curves. The irrigation algorithm used for irrigation application also resulted in 

a slightly higher standard deviation when crops were irrigated versus non-irrigated crops. As 

crop yield fell to 80% of actual yield, irrigation was triggered. In some instances this would have 

been caused by an excess of water, rather than a lack of available water. In these cases, irrigation 

application would reduce yield.   
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Table 3-1. Sensitivity analysis illustrating average net revenue change (%) when crop prices on 
non-irrigated and irrigated crops were adjusted. Base crop prices: 1) alfalfa - $132.28/tonne, 2) 
barley - $173.23/tonne, 3) canola - $418.87/tonne, 4) spring wheat - $238.83/tonne. 
 

Scenario 

Net Revenue 
Average Change 

on Irrigated 
Crops (%) 

Standard 
Deviation 

of Net Revenue 
Average Change 

on Irrigated Crops 

Net Revenue 
Average Change 
on Non-Irrigated 

Crops (%) 

Standard 
Deviation 

of Net Revenue 
Average Change 
on Non-Irrigated 

Crops 
10% Crop 
Price Increase  +11.8 4.51 +11.7 4.19 

10% Crop 
Price Decrease -8.56 3.69 -8.66 3.42 

25% Crop 
Price Increase  +27.1 5.13 +26.9 4.76 

25% Crop 
Price Decrease -23.8 3.07 -23.9 2.85 

50% Crop 
Price Increase  +52.3 6.16 +52.1 5.72 

50% Crop 
Price Decrease -49.2 2.05 -49.3 1.90 

 
The sensitivity analysis on initial reservoir water volume had very limited impact on 

gross revenue. All scenarios provided gross revenue changes below 0.1%. Variance to maximum 

daily irrigation water volume had a small effect in most scenario years, except in year 2013 

(Table 3-2). The impact in 2013 was more substantial, with higher volumes of water providing 

up to 38% greater revenue. The year 2013 experienced the second lowest precipitation during the 

growing season (200 mm). There was also no initial water available in the reservoir. The 

variability in precipitation in 2013 provided conditions requiring significantly more irrigation 

than the other eleven simulated years.  
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Table 3-2. Sensitivity analysis illustrating average net revenue change when maximum daily 
irrigation water volume on irrigated crops were varied (base maximum daily irrigation water 
volume is 15,000 m3). 
 

Maximum Daily Irrigation 
Water Volume Withdrawal 

Net Revenue 
Average Change (%) 

Net Revenue 
Standard Deviation 

75000 m3 +4.64 10.9 

65000 m3 +4.64 10.9 

55000 m3 +4.56 10.8 

45000 m3 +4.49 10.8 

35000 m3 +3.86 9.08 

25000 m3 +3.03 6.60 

5000 m3 +0.592 3.13 
 

The last sensitivity analysis was performed on the gap between actual and optimum yield. 

Net crop revenue fluctuated on average less than 2% (4.3 standard deviation) in all four 

scenarios. This indicated that within the model, crop yield was not sensitive to the timing of 

irrigation application when soil water levels were at levels that provided 60% or higher optimal 

yield as the crops were already receiving adequate water for optimal growth. 

3.3 Objective 1: Results 

Objective 1: Evaluate the capacity of retention ponds used for irrigation purposes to provide a 

net economic advantage for farmers not currently utilizing an on-farm water retention system for 

irrigation application.  

The modelling system was run for the 2002 to 2014 time period using hydrologic inputs 

from the empirical and physically based models which resulted in two sets of simulations. 

Annual net revenue was calculated for the 2002 to 2014 time period with and without irrigation 

for each simulation series. The irrigation scenarios included the significant costs of irrigation and 

reservoir infrastructure. Utilizing water abstractions from the Pelly’s Lake retention system, 

crops under irrigation experienced a decrease in net revenue when compared to values without 

irrigation and associated retention system and irrigation infrastructure. Figure 3-3 reports the 

yearly net revenue with and without irrigation as well as yearly precipitation amounts during the 

growing season. Reservoir levels for each growing season are also provided. Table 3-3 provides 

the difference in net revenue experienced when irrigation and associated infrastructure costs 

were taken into account. A negative value in Table 3-3 indicates a reduction in net revenue when 
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infrastructure was installed and irrigation was applied while a positive value indicates an 

increase in revenue. The yearly average cost of the retention pond and irrigation infrastructure 

was $160.00/hectare. Any value above -$160.00 indicated that the increased crop yield from 

irrigation water offset the yearly cost of the retention pond and irrigation infrastructure. A value 

above zero would indicate all retention pond and irrigation infrastructure costs were being offset 

by increased crop yield under irrigation application. 

 

 

Figure 3-3. Yearly net crop revenue with and without irrigation application and yearly water 
availability for (a) RO/SCS-CN hydrologic input and (b) MESH hydrologic input. Reservoir 
volumes using hydrologic input from (c) RO/SCS-CN and (d) MESH. Irrigation infrastructure 
and associated costs were not included when the retention basin was not used for irrigation. 
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Table 3-3. Difference in average net crop revenue with irrigation relative to average net crop 
revenue without irrigation and the associated operating and infrastructure costs ($/hectare). 
 

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 Mean 

MESH -143 -139 n/a -160 -151 -153 -155 -142 -158 -145 -160 -136 -126 -147 

RO/ 
SCS-CN 

-142 -132 -146 -160 -142 -153 -154 -144 -158 -157 -149 -152 -154 -150 

Note: Difference = Net revenue with retention pond used for irrigation – Net revenue without retention 
pond installation and associated irrigation 

 

Available precipitation strongly influenced the benefits of irrigation for the study period. 

Years that experienced precipitation levels above 400 mm within the growing season resulted in 

irrigation having little or no impact on crop yields as crop water requirements were being met or 

exceeded. The year 2005 experienced 490 mm of precipitation during the growing season 

(Figure 3-3) resulting in over $200 million in claims for crop flooding across Manitoba (MASC, 

2015). Figure 3-4 provides a breakdown of crop insurance claims within the Victoria and Lorne 

census areas, which Pelly’s Lake is situated within. In 2005, irrigation water from the Pelly’s 

Lake reservoir system provided no production benefits with average net crop revenue being 

equal to the yearly cost of the reservoir and associated infrastructure ($160.00/hectare) (Table 

3-3). Precipitation exceeded crop water requirements, therefore irrigation was not required. The 

year 2010 in both simulations, along with 2008 and 2014 in the RO/SCS-CN simulations, also 

experienced precipitation levels above 400 mm and experienced minimal impact to net crop 

revenues, $2.00/hectare and $6.00/hectare respectively.  
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Figure 3-4. Agricultural claims for the Victoria and Lorne census areas which lie within the 
study watershed (MASC, 2015). 

Crop yields increased with irrigation when precipitation levels were below 400 mm. 

Years 2002-2003, 2004 (RO/SCS-CN simulation), 2006-2007, 2008 (RO/SCS-CN simulation), 

2009, 2011-2013, and 2014 (MESH simulation) experienced precipitation levels below 400 mm. 

Lower precipitation levels allowed irrigation to increase crop yields slightly, and thus increase 

gross crop revenue. The result was a gain in net crop revenue ranging from $3.00/hectare in 2011 

(RO/SCS-CN simulation) to $34.00/hectare in 2014 (MESH simulation). The only year that did 

not see crop yield gains under irrigation when precipitation was below 400 mm for the growing 

season was 2012 (MESH simulation). Precipitation during the 2012 growing season was 222 mm 

yet irrigation had no impact on crop yield. The 2012 crop year experienced claims within the 

watershed’s census areas for drought and dry seedbed and the initial reservoir volume in 2012 

was minimal at 2,160 m3 (Figure 3-3). The low initial reservoir volume indicated there was little 

spring runoff and thus initial soil moisture would be low. The 2012 MESH simulation year also 

experienced the lowest total reservoir volume for the growing season of 6,000 m3 (1,030,000 m3 

average volume, 433,000 m3 standard deviation). As a result, in that year irrigation water was not 
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applied to the crops because of the low reservoir volumes. The RO/SCS-CN simulation 

experienced 285 mm of precipitation during the growing season. However, unlike in the MESH 

simulation, the initial reservoir volume was at full capacity allowing for irrigation application to 

increase net crop revenue by $11.00/hectare. 

The year 2006 was used to simulate the economic benefits of partially or completely 

converting crop land to the high value potato crop, the most commonly irrigated crop in 

Manitoba, and applying irrigation across all crops or isolated to potato crops. Figure 3-5 

indicates gross revenue did increase as the percentage of crop land allocated to potato increased. 

Isolating irrigation just to potato instead of distributing across all four crops had no observable 

impact. The potato crops water requirement was being sufficiently when irrigation water was 

distributed across all four crops during the 2006 simulation year. The high production costs 

associated with potato crops ($5,807/hectare) resulted in net revenue decreasing as the 

percentage of crop allocated to potato increased (Figure 3-6). 

 

Figure 3-5. Study area gross revenue for the 2006 simulation year under various irrigation 
application scenarios using four crops (alfalfa, canola, wheat, potato) and adjusting the 
percentage of crop area allocated to potato. 
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Figure 3-6. Net revenue for the 2006 simulation year under various irrigation application 
scenarios using four crops (alfalfa, canola, wheat, potato) and adjusting the percentage of crop 
area allocated to potato. 

The average impact of irrigation application over the period of study in the MESH and 

RO/SCS-CN simulations was an increase in annual crop revenue of $12.80/hectare and 

$9.96/hectare respectively. However, due to the cost of irrigation and reservoir installation this 

on average left a net cost of $147.00/hectare (MESH simulations) to $150.00/hectare (RO/SCS-

CN simulations) each year in order to cover the infrastructure and operation costs. Despite the 

yearly variance in reservoir volumes and net crop revenues between the MESH and RO/SCS-CN 

simulations, the average net crop revenue results for the simulation period were very similar. 

Converting cropland to the high value potato crop did not provide a positive net revenue when 

irrigation was applied. Irrigation and reservoir installation at Pelly’s Lake remain too costly to 

enable positive net crop revenue throughout the simulation period, even when low value crops 

are converted to high value potato crops.  

3.4 Objective 2: Results 

Objective 2: Determine the economic advantage of using retention basins for biomass 

production and nutrient retention. 

The retention basin at Pelly’s Lake, MB provides economic and environmental benefits 

when biomass production capacity and nutrient retention are considered. Using the retention 

basin for cattail production and harvest directly benefits the farmer and also provides additional 

benefits to the province of Manitoba through carbon sequestration and nutrient removal from 

surface water. Harvesting cattails for biomass from the retention basin at Pelly’s Lake, MB can 
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provide an actual realized value of $642.70/hectare of harvestable cattail/year (Table 3-4). This 

value considered the current revenue gains available for cattail biomass and carbon offset credits.  

Table 3-4. Actual realized values of harvesting cattails for biomass at Pelly’s Lake, MB.  
 

Variable 
Units 

Monetary 
Value 

($/unit) 

Annual 
Impact 

Monetized 
Impact ($/yr) Value ($/ha) 

Cattails 
produced 

Tonnes of cattails 
(total biomass) 16.59 1,815  30,110 248.90 

Carbon 
credits 

Tonnes of carbon 
dioxide 

equivalent 
25.00 1,906 47,650 393.80 

       Total 77,760 642.70 
 

Monetizing the ecosystem goods and services of carbon offset credits using a global 

social carbon credit value increases the value of biomass production at Pelly’s Lake. The higher 

carbon credit value combined with the monetized value of phosphorus and nitrogen removed 

from the ecosystem during cattail harvest from the retention basin at Pelly’s Lake, MB provides 

a monetized benefit of $8,014/hectare of harvestable cattail/year (Table 3-5). 

Table 3-5. Monetized ecosystem goods and services benefits of harvesting cattails for biomass at 
Pelly’s Lake, MB. 

Variable Units 
Monetary 

Value 
($/unit) 

Annual 
Impact 

Monetized 
Impact ($/yr) Value ($/ha) 

Carbon 
credits 

Tonnes of carbon 
dioxide 

equivalent 
63.50 1,906 121,000 1,000 

Phosphorus 
removed Kg of phosphorus 60.00 2,420 145,200 1,200 

Nitrogen 
removed Kg of nitrogen 36.34 19,360 703,500 5,814 

        Total 969,700 8,014 

In addition to the economic and environmental benefits cattail harvest at Pelly’s Lake, 

MB can provide, the retention basin itself provides nutrient removal, carbon sequestration, and 

avoided flooding costs. Monetizing these ecosystem goods and services benefits of retention 

basins, there is potential to gain $18,470.00/hectare of retention basin/year from its installation at 

Pelly’s Lake (Table 3-6).  
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Table 3-6. Monetized additional ecosystem goods and services benefits of the retention basin at 
Pelly’s Lake, MB. 

Variable Units 
Monetary 

Value 
($/unit) 

Impact Monetized 
Impact ($/yr) Value ($/ha) 

Carbon 
credits Tonnes of Carbon 63.50 393.3 24,970 206.30 

Phosphorus 
removed Kg of phosphorus 60.00 9,680 580,800 4,800 

Nitrogen 
removed Kg of nitrogen 36.34 42,350 1,539,000 12,720 

Avoided 
flooding costs Hectares 741.30 121 89,700 741.30 

        Total 2,234,470 18,470 

The valuation of avoided flooding costs based on the average global wetland flood 

control value found in Table 3-6 was higher than avoided flooding infrastructure damage cost 

estimates from a report in the rural municipality of Stanley, MB (Brander et al., 2013; Schuyt 

and Brander, 2004; Stanley Soil Management Association, 2000). It is important to note that 

while flooding did occur in the municipality during the reporting period, insurance claims for 

excess water and flooding in the area were not extensive as flooding only affected a small 

portion of the area (Manitoba Agricultural Services Corporation, 2015). Subsequently, there was 

potential for the municipality to experience more infrastructure damages and costs with 

widespread flooding events. Using the Stanley Soil Management Association analysis and 

adjusting for 2016 prices, a small dam network would provide savings of $0.55/ha in 

infrastructure damages (Table 3-7).  
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Table 3-7. Road and culvert damages due to flooding in the rural municipality of Stanley for 
1995-1998 and adjusted prices for 2016. 
Year Culvert/Road Damages ($) Adjusted for 2016 dollars ($) 
1995 29,321 43,006.38 
1996 28,877 41,732.98 
1997 53,289 75,561.68 
1998 12,960 18,195.21 
Total 124,447 178,496.25 

Average Annual 31,000 ($1.52/ha) 44,624 ($2.19/ha) 
Reduction of damages with 
small dam network 
installation 

7,750 ($0.38/ha) 11,156 ($0.55/ha) 

 
In the study watershed, this estimate provided an annual average foregone costs of 

$15,235.00. Taking into account the two differing valuations of avoided flooding damages, the 

range in annual average foregone flooding costs in the study watershed due to the Pelly’s Lake, 

MB retention basin installation was $15,235.00/year to $89,700.00/year. This provides a range in 

the ecosystem goods and service benefits of the retention system at Pelly’s Lake of $2,160,000 - 

$2,234,470/year ($17,850 – $18,470/hectare of retention system/year). The yearly actual realized 

value of biomass harvest at Pelly’s Lake provides an additional $77,760/year ($642.70/area of 

harvestable cattail/year), while the monetized ecosystem goods and services of cattail harvest 

provides $969,700/year ($8,014/area of harvestable cattail/year). 

3.5 Objective 3: Results 

Objective 3: Explore the economic advantages associated with retention ponds under future 

climatic conditions. 

Annual net revenue was estimated from model simulations with and without irrigation for 

the middle of the century, 2050 to 2059, and the end of the century, 2090-2099. The simulation 

results indicate irrigated crops utilizing water abstractions from the reservoir experienced a 

decrease in net revenue when compared to net revenue without irrigation and associated 

infrastructure for both study simulation periods. Table 3-8 reports the difference in revenue 

experienced when irrigation and associated infrastructure costs were taken into account for the 

two study simulation periods. The four climate models were averaged for each RCP scenario to 

provide a multi-model average. The averaged results for the RCP4.5 scenario using incremental 
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percentage increases to the 2005-2014 MESH climate data for the 2050s and 2090s are also 

provided in Table 3-8. A negative value in Table 3-8 indicates a reduction in net revenue when 

infrastructure was installed and irrigation was applied while a positive value indicates an 

increase in net revenue. The estimated yearly cost of the retention pond and irrigation 

infrastructure was $160.00/hectare. Any value above -$160.00 indicated that the increased crop 

yield from irrigation water offset the yearly cost of the retention pond and irrigation 

infrastructure. A value above zero would indicate all retention pond and irrigation infrastructure 

costs are being offset by increased crop yield under irrigation application. Unlike in the 2002-

2014 simulation period, all years within the study time periods experienced increased crop yield 

from irrigation water. Yearly net revenue with and without irrigation and yearly precipitation 

amounts for the MESH and climate model simulations are provided in Appendix A. 

Table 3-8. Average difference in net crop revenue without irrigation and net crop revenue with 
irrigation and associated operating and infrastructure costs ($/hectare) for each climate model, 
the multi-model average, and the MESH average. Standard deviation shown in parantheses. 

Scenario 
Climate Models Multi-

Model 
Average 

MESH 
Average MPI-ESM-

LR 
HadGEM2-

ES 
GFDL-
ESM2G 

CanESM2 

2050-2059 
RCP2.6 -151 (10.6) -146 (11.0) -143 (11.8) -145 (11.0) -146 (11.5) n/a 
RCP4.5 -143 (12.3) -145 (11.6) -150 (6.48) -144 (11.6) -145 (11.1) -149 (13.4) 
RCP8.5 -141 (13.2) -136 (12.2) -153 (9.56) -142 (7.73) -143 (12.5) n/a 
2090-2099 
RCP2.6 -148 (9.57) -145 (10.6) -140 (12.6) -143 (9.02) -144 (10.9) n/a 
RCP4.5 -143 (12.6) -143 (10.5) -151 (11.5) -141 (9.82) -145 (11.8) -149 (14.0) 
RCP8.5 -151 (10.6) -146 (9.48) -156 (7.00) -140 (9.84) -148 (10.9) n/a 
Note: Difference = Net revenue with retention pond used for irrigation – Net revenue without 
retention pond installation and associated irrigation 

 

The multi-model average impact of irrigation on gross annual crop revenue was higher 

for the 2050s and 2090s, with the exception of the 2090s under RCP8.5, than during the 2002-

2014 simulation period (Table 3-9). The MESH average increase in gross crop revenue under 

irrigation fell between the MESH and RO/SCS-CN simulation values for 2002-2014. Average 

increases to annual crop revenue for the 2002-2014 simulation period were $12.80/hectare for 

MESH simulations and $9.96/hectare for the RO/SCS-CN simulations.  
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Table 3-9. Increase in gross crop revenue under irrigation ($/hectare) for each climate model, 
averaged over the four climate models, and the MESH average. 
 

Scenario 
Climate Models Multi-

Model 
Average 

MESH 
Average MPI-

ESM-LR 
HadGEM2-

ES 
GFDL-
ESM2G 

CanESM2 

2050-2059 
RCP2.6 8.99 14.6 16.8 15.0 13.8 n/a 
RCP4.5 17.3 15.5 10.1 16.1 14.8 11.66 
RCP8.5 18.5 24.0 7.19 18.0 16.9 n/a 

2090-2099 
RCP2.6 12.0 15.6 19.7 17.6 16.2 n/a 
RCP4.5 17.3 17.5 9.00 18.9 15.7 11.62 
RCP8.5 9.00 14.4 4.68 19.9 12.0 n/a 

The multi-model average impact of irrigation on gross crop revenue increased as the RCP 

radiative forcing increased for the 2050-2059 simulation period. During the same simulation 

period, average irrigation volume used during the growing season also increased with RCP 

radiative forcing (Table 3-10). The MESH average impact of irrigation on gross crop revenue for 

RCP4.5 was less than the RCP4.5 multi-model average. In MESH, more irrigation was applied 

than in the climate model simulations. The 2090-2099 simulation period experienced the 

opposite, with the multi-model average impact of irrigation on gross crop revenue decreasing as 

RCP radiative forcing increases. As with the 2050s simulation period, MESH average gross crop 

revenue from irrigation application was lower than the multi-model averages and more irrigation 

water was applied to crops. The multi-model average application of irrigation water decreased 

from the 2002-2014 average irrigation application of 867,975 m3 (MESH simulations) and 

338,226 m3 (RO/SCS-CN simulations). Irrigation volume averages for the 2050s and 2090s are 

provided in Table 3-10.  
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Table 3-10. Average irrigation volume used during the growing season (m3/year) for each 
climate model, the multi climate model average, and the MESH average. 

Scenario 
Climate Models Multi-

Model 
Average 

MESH 
Average MPI-ESM-

LR 
HadGEM2-

ES 
GFDL-
ESM2G 

CanESM2 

2050-2059 
RCP2.6 491,780 905,424 712,433 862,398 743,009 n/a 
RCP4.5 896,445 884,926 629,373 849,216 814,990 929,313 
RCP8.5 1,023981 1,075,936 406,686 956,449 865,763 n/a 

2090-2099 
RCP2.6 503,760 780,595 909,865 971,170 791,348 n/a 
RCP4.5 777,577 927,630 367,362 843,645 729,054 967,533 
RCP8.5 752,380 1,068,700 126,930 842,525 697,634 n/a 

These results can be explained by the precipitation increases experienced in the 2050s 

and 2090s. Increased precipitation reduced the need for irrigation application to meet optimal 

crop growth. Average summer precipitation for the 2050s and 2090s, under RCP4.5, increased 

from 2002-2014 average precipitation levels by 1.3% and 2.5% respectively. Table 3-11 

provides the precipitation ranges in all three study periods and under all three RCPs. Average 

winter precipitation increased more dramatically over 2002-2014 average precipitation levels 

with an 8.8% increase by the 2050s and 16.6% increase by the 2090s. Increases in winter 

precipitation ensured the reservoir filled to capacity at the beginning of the growing season at 

Pelly’s Lake every year during the 2050s and 2090s simulation periods when using PCIC climate 

data. Refer to Appendix A for climate model reservoir volumes during the 2050s and 2090s 

simulation periods. The increased precipitation, in combination with water available for 

irrigation provided the increases, in comparison to 2002-2014 results, to 2050s and 2090s gross 

crop revenue under irrigation.  

The MESH simulations, in which 2005-2014 climate data was incrementally increased, 

resulted in two years in the 2050s having minimal initial reservoir volume. When no irrigation 

abstractions were made, one year in the MESH simulations experienced an empty reservoir at the 

end of the growing season. The 2090s MESH simulations experienced four years with little or no 

initial reservoir volume. However, during the course of the growing seasons the reservoir filled, 

allowing for irrigation withdrawals, with the exception of 2097 which did not experience enough 

precipitation during the growing season to provide water for irrigation. Reservoir volumes for 

MESH simulations are reported for the 2050s and 2090s in Appendix A. Even though MESH 

simulations abstracted more water for irrigation than the multi-model simulations, revenue 
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results remained less favourable. As the MESH simulations used climate data from 2005-2014, 

weather patterns in precipitation reflected that time period. The detailed explanation of the 2005-

2014 MESH simulation results is provided in Section 3.3. The weather patterns produced by the 

four climate models acquired from PCIC appeared to provide more favourable conditions for 

optimizing crop growth under irrigation. 

Table 3-11. Range in summer precipitation for all study simulation periods and models. Multi-
model average summer precipitation ranges from PCIC data input into the RO/SCS-CN 
hydrologic model are recorded for the 2050s and 2090s. 
 

Scenario RO/SCS-CN precipitation 
inputs (mm) 

MESH precipitation inputs 
(mm) 

2002-2014 
n/a 186 - 482 126 - 491 
2050-2059 
RCP2.6 232 - 541 n/a 
RCP4.5 155 - 531 130 - 498 
RCP8.5 224 - 536 n/a 
2090-2099 
RCP2.6 122 - 532 n/a 
RCP4.5 162 - 536 132 - 504 
RCP8.5 218 - 639 n/a 

 
The average impact of irrigation application for the 2050s simulation in the MESH 

simulations was an increase in annual crop revenue of $11.66/hectare. The multi-model average 

increase in annual crop revenue was $13.80 – $16.90/hectare, increasing with RCP radiative 

forcing. However, due to the cost of irrigation and reservoir installation, this on average left the 

farmer with a net cost of $143.00 - $149.00/hectare each year in order to cover the reservoir and 

irrigation infrastructure and operation costs. For the 2090s simulations, the average impact of 

irrigation application in the MESH simulations was an increase in annual crop revenue of 

$11.62/hectare. The multi-model average increase in annual crop revenue was $12.00/hectare, 

decreasing with RCP radiative forcing. This on average left the farmer with a net cost of  

$144.00 - $149.00/hectare each year in order to cover the reservoir and irrigation infrastructure 

and operation costs. Despite the yearly variance in reservoir volumes and net crop revenues 

between the MESH and RO/SCS-CN simulations, the average net crop revenue results for the 

simulation period were within the same range. Differences between RCP scenarios did not have 

a significant enough impact on gross crop revenue to increase or decrease the economic benefits 

of using retention ponds for irrigation. Based on these simulation results, using the reservoir 
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installation at Pelly’s Lake for irrigation is not economically viable to experience positive net 

crop revenue in the middle or end of the century.   
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CHAPTER 4  

DISCUSSION AND CONCLUSIONS 

This chapter will begin with a discussion of the findings of this research and the 

feasibility of multi-purpose surface water retention systems as an economically viable, strategic 

water management strategy in Manitoba. The discussion will conclude with a section outlining 

potential policy recommendations. A conclusions section will follow the discussion. The 

limitations of this study will be outlined. Potential future work that can occur as a result of this 

study will follow. The chapter will finish with a discussion on how this research contributes to 

sustainability and is scholarly and societally relevant. 

4.1 Discussion 

The economic benefits of adopting multi-purpose on-farm surface water retention basins 

as a strategic water management strategy were investigated using a dynamic modelling system to 

address three main objectives. The first objective was to determine retention ponds capacity 

when used for irrigation purposes to provide a net economic advantage for farmers currently 

without an on-farm retention system or irrigation infrastructure. Retention ponds used for 

irrigation on the study watershed’s four main crops from 2002-2015 provided an average annual 

increase in gross crop revenue of $11.38/hectare. However, due to the high cost associated with 

the installation and maintenance of the retention pond and irrigation equipment, the net cost to 

the participating farmer was an average of $148.50/hectare each year. Replacing the existing low 

value crops within the study area with high value potato crops also resulted in a negative net 

revenue. Objective one results indicated that under current climate conditions, installation of 

retention basins for irrigation purposes remained not an economically viable investment for the 

farmer.  

In the analysis it was assumed that the farmer would be responsible for all costs 

associated with reservoir and irrigation infrastructure and maintenance. However, there is 

currently funding available within Manitoba to subsidize the cost of installing reservoirs due to 

their multiple downstream benefits including wildlife habitat, carbon sequestration, phosphorus 

removal and flood mitigation. The Growing Assurance Ecological Goods and Services Program, 

part of the Federal-Provincial initiative Growing Forward 2, is providing funding from 2013 to 

2018 (Government of Manitoba, 2015b). There is also funding available through non-profit 

organizations such as the Manitoba Conservation District Association. For the Pelly’s Lake 
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reservoir, a total of $107,000 in project management costs were covered by the LSRCD and its 

partners (LSRCD, 2015b). Applied to the overall cost of the reservoir, the in-kind contributions 

from LSRCD reduced the yearly reservoir costs to farmers at Pelly’s Lake by $1.62/ha/year. 

However, irrigation installation is not currently being subsidized in Manitoba. The average 

annual increase to crop revenue of $11.38/hectare does not merit irrigation infrastructure 

installation at an annual cost of $152.00/irrigated hectare. As average insurance costs for the four 

crops analyzed within the study site were $42.57/hectare as of 2015, it makes more sense for the 

farmer to invest in insurance rather than irrigation (Government of Manitoba, 2015a). 

It is also important to note that the results from this study appear to be localized and 

represent the specific crop growth and irrigation characteristics of the target watershed. At the 

provincial level, 2002 and 2003 reported the third and second highest agricultural claims for 

drought ($19.5 million and $25 million, respectively) while 2006 experienced the highest level 

of drought insurance claims in the province ($27 million) (MASC, 2015). However, within the 

Victoria and Lorne census areas, which were the target of the present research, 2002 and 2003 

received far more precipitation than in 2006 and had much lower insurance claims for drought 

(MASC, 2015). Drought insurance claims within the Victoria and Lorne census areas were 

instead higher in 2012 and 2013, which provincially saw low insurance claims ($18 million and 

$22.5 million lower than 2006 claims, respectively) (MASC, 2015). In 2010, Manitoba 

experienced $169 million in claims for flooding (the second highest between 2002 and 2014) 

while the Victoria and Lorne census areas did not have any claims for flooding that year (MASC, 

2015). 

Using the multi-purpose retention basin solely for irrigation does not make economic 

sense if the farmer is required to cover the retention basin installation and irrigation 

infrastructure costs. It is also important to consider property rights when designing and 

implementing multi-purpose retention systems. Each landowner will need to see the benefit of a 

retention system development on their land. The second objective explored the economic 

benefits of multi-purpose retention systems capacity for biomass production, carbon 

sequestration, nutrient retention, and avoided flood damages. Harvesting cattails from the 

retention site for biomass and associated carbon offset credits, actual realized values, covers the 

yearly amortized cost of the reservoir and irrigation. It can also provide an increase in net 

revenue of $482.70/hectare of retention basin/year. In the case of Pelly’s Lake, one landowner 
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owns the land on which the retention system is located. They would be benefitting from the 

additional revenue from cattail harvest, while downstream landowners would be directly 

benefitting from avoided flood damages. Monetizing the additional ecosystem goods and 

services benefits of cattail harvest, provides $8,014.00/hectare of retention basin/year. The 

province of Manitoba would be realizing these benefits as the province has yet to develop a 

market providing farmers with nitrogen and phosphorus capture credits. However, the actual 

realized values of cattail harvest allows the farmer to invest in retention basin and irrigation 

infrastructure enabling crop production stabilization and risk reduction in the face of predicted 

changes to precipitation and temperature in the future (Hassanzadeh et al., 2014; Pittman et al., 

2011).  

The removal of phosphorus, nitrogen, carbon, and avoided flooding damages of the 

retention basin itself provided an estimated additional $2,160,000/hectare of retention basin/year 

using a conservative valuation of avoided flooding damages. A conservative estimate was also 

used for wetland phosphorus absorption of 80 kg/hectare/year. Olewiler (2004) estimated 

wetlands can remove anywhere from 80 to 770 kg/hectare/year of phosphorus. Using a value of 

$60.00/kg for phosphorus removed, a higher wetland phosphorus absorption rate would greatly 

increase the value of the multi-purpose retention system at Pelly’s Lake, MB. There was also 

substantial variance in wetland nitrogen removal amounts and values. Nitrogen removal amounts 

ranged from 350 to 32,000 kg/hectare/year, while removal rates ranged from $7.45/kg to 

$140.10/kg (Collins and Gillies, 2014; Olewiler, 2004; S. Wilson, 2008). For this research, the 

low end nitrogen removal rate and a moderate value estimate of $36.34/kg for nitrogen removal 

from a constructed wetland was used. As with phosphorus, increasing these estimated rates 

would increase the value of the retention system at Pelly’s Lake, MB.  

Using multi-purpose retention basins for avoided flood damages, nutrient retention, and 

biomass production is not only economically beneficial to the farmer and government, but also to 

the environment. The province of Manitoba is committed to reducing downstream nutrient 

loading and have expressed interest in retention basins as a nutrient abatement option (Bourne et 

al., 2002; Government of Manitoba, 2014a; Grosshans et al., 2014; Lake Winnipeg Stewardship 

Board, 2006). Manitoba’s Surface Water Management Strategy (2014a) states that water storage 

and associated release strategies should optimize production and harvest of biomass resources to 

remove phosphorus from the aquatic environment. Removing these nutrients from the landscape 
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via harvest reduces downstream nutrient loading. Additionally, the removal of phosphorus 

during cattail harvest increases the wetlands ability to store more phosphorus, benefiting 

downstream loading. This is essential for combating algal blooms and increasing water quality in 

aquatic environments such as Lake Winnipeg, Manitoba (Grosshans et al., 2014).  

As the South Tobacco Creek Watershed has illustrated, a series of retention systems on 

the Manitoba landscape has the potential to reduce downstream loading of phosphorus and 

nitrogen. Over a nine year period from 1999-2007, the retention system network decreased 

downstream nutrient loading above the Manitoba governments targets of 10% and 13% for 

phosphorus and nitrogen, respectively (Tiessen et al., 2011). As the average phosphorus and 

nitrogen concentrations in the watershed were still in excess of recommended levels in the 

Canadian Prairies, Tiessen et al. (2011) suggested using the reservoirs for local benefits, such as 

irrigation, would reduce downstream nutrient loading further. With the addition of cattail 

harvest, downstream loading of phosphorus and nitrogen would be further reduced.  

As part of the retention system network in the South Tobacco Creek Watershed, 

Manitoba, a multi-purpose dam reduced peak flow caused by spring snowmelt by an average of 

72% per year, with a range of 38% to 100% peak flow reduction/year. Summer rainfall generated 

peak flow was reduced an average of 48% per year by the same multi-purpose dam. The multi-

purpose retention system at Pelly’s Lake has only been operational for two years. However, in 

2016, Pelly’s Lake was already required to retain runoff from intense storm events in 

southwestern Manitoba. The reservoir at Pelly’s Lake was full all summer and into the fall. As 

you can see in Figure 4-1, spring melt runoff can often overwhelm the storage capacity of the 

downstream reservoir at Pelly’s Lake. There is discussion about constructing a second upstream 

reservoir which would increase storage capacity by 1,600,000 m3. This would greatly improve 

the retention systems ability to retain the majority or full volume of spring melt runoff. 
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Figure 4-1. Reservoir capacities and initial reservoir volumes under (a) MESH and (b) RO/SCS-
CN hydrologic inputs. 

Not all benefits of retention basins were included in this analysis. Reductions to 

downstream flooding also reduces damage to livestock, machinery, infrastructure, and crop 

lands. Retention basins also provide wildlife habitat and recreational services. At Pelly’s Lake, 

the retention site is being used in a public education capacity. These benefits were not monetized 

in the current study as it is very difficult to determine an accurate value. However, inclusion of 

these benefits in the economic assessment would further increase the value of multi-purpose 

retention systems on the Manitoba landscape. 

The retention basin installation at Pelly’s Lake, with a total cost of $551,288 could be 

paid off soon after installation when all the benefits of the retention pond are considered. 

Investing in multiple on-farm multi-purpose retention systems also has the potential to provide 

environmental and social benefits to the province of Manitoba. The reductions in phosphorus and 

nitrogen multi-purpose retention systems provide can aid in Manitoba’s goal of reducing 

nitrogen and phosphorus concentrations by 50% to Lake Winnipeg (Government of Manitoba, 

2014a). Rural municipalities and landowners benefit from the savings associated with avoided 

flooding damages while the province of Manitoba and its population benefit from the reduction 

to downstream nutrient loading and carbon storage providing climate regulation.  

The last objective explored the economic advantages of multi-purpose retention pond 

installation and use for irrigation under future climatic conditions. The middle of the century, 
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2050-2059, and the end of the century, 2090-2099, were simulated under three radiative forcing 

scenarios and using two modeling techniques. Irrigated crops utilizing water abstractions from 

the reservoir experienced a decrease in net revenue when compared to net revenue without 

irrigation and the associated infrastructure for both simulation periods, both techniques, and 

under all radiative forcing scenarios. To cover the costs of the irrigation and reservoir 

infrastructure, the farmer would have to pay $143.00 to $149.00/hectare/year in the 2050s and 

$144.00 to $149.00/hectare/year in the 2090s. 

Future climate scenarios did however provide an increase in gross crop revenue when 

irrigation was applied for each simulation year. This was not the case for the 2002-2014 

simulation period. Average annual gross crop revenue increases under irrigation ranged from 

$11.66 to $16.90/hectare/year for the 2050s simulation period, with RCP8.5 providing the largest 

increase. For the 2090s, the range was $11.62 to $16.20/hectare/year with RCP2.6 providing the 

largest increase to average annual gross crop revenue under irrigation. Irrigation use decreased 

under the RO/SCS-CN simulations for both simulation periods and all RCPs when compared to 

the 2002-2014 irrigation use. However, an increase in irrigation use was experienced for the 

RCP4.5 MESH simulations. As the future MESH simulations were based on the 2005-2014 

climate data, weather patterns differ from the RO/SCS-CN simulations, and subsequently 

irrigation application need differed.  

The multi model ensemble future climate scenarios indicated precipitation increases will 

occur in the 2050s and 2090s under each RCP scenario. Precipitation increases were higher for 

winter than summer. Several studies have predicted a general trend of increasing precipitation 

over Canada (Bonsal et al., 2011; Nyirfa and Harron, 2001; Sauchyn et al., 2002; Venema et al., 

2010) The higher projected increases to precipitation for winter months was also supported in the 

literature for future climate change over Canada (Bonsal et al., 2011; IPCC, 2007a; Venema et 

al., 2010; Warren and Lemmon, 2014). The increased winter precipitation resulted in the 

reservoir filling to capacity each year for the 2050s and 2090s under RO/SCS-CN simulations. 

The predicted changes to the precipitation regime will affect crop productivity and returns of 

annual crops. Future MESH simulations resulted in the reservoir only filling to capacity at the 

beginning of the growing season for five years in the 2050s and six years in the 2090s. However, 

under both the RO/SCS-CN and MESH simulations, when the reservoir did fill to capacity there 

was substantial flow produced from spring melt that exceeded the capacity of the reservoir 
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(Figures A-1 to A-10). This indicated that the middle and end of the century will require 

strategies to reduce flood damages from large spring runoff volumes. Constructing an upstream 

reservoir at Pelly’s Lake, with 1,600,000 m3 additional capacity could help capture these higher 

predicted spring runoff volumes. A network of several multi-purpose retention systems, similar 

to the installed network in the South Tobacco Creek Watershed may be required to deal with the 

future increases to spring runoff volumes. The predicted increases in spring runoff volumes also 

suggest retention basins flood mitigating benefits may increase in value while the value of their 

use for irrigation may decrease or remain stable in the future. 

The twelve-year present day time period of this study highlighted the extreme variation in 

water availability to which Manitoba farmers are required to adapt. As witnessed in 2005 and 

2006, precipitation amounts ranged from one extreme to the next ,(491 mm, 2005 - 127 mm, 

2006) requiring farmers to be prepared for flood and drought conditions each year. The nutrient 

retention, flood damage reductions, carbon sequestration, and biomass production capacity of 

multi-purpose retention systems may provide the necessary economic and environmental benefits 

for their widespread adoption. Farmers, even without government subsidies, can afford retention 

system installation to support irrigation practices if they choose to harvest cattails for biomass. 

Due to the economic and environmental gains multi-purpose retention systems provide to the 

province, subsidies could also be provided to incentivize widespread adoption. The predicted 

changes in precipitation amounts and timing on the Canadian Prairies due to climate change 

suggest that retention systems may prove even more economically feasible under future climate 

scenarios (Bonsal et al., 2011; Mailhot et al., 2010; Pacific Climate Impacts Consortium, 2014; 

Venema et al., 2010).  

The current strategy for quickly removing water from the Manitoba landscape via a series 

of ditches and drains, increases downstream flood peaks and decreases water quality. This 

method is only sustainable when there is adequate access to water and land use practices do not 

create nutrient pollution issues (Venema et al., 2010). This quick drainage is already proving 

problematic for downstream nutrient loading into Lake Winnipeg. Future predictions of 

increased spring runoff volumes indicate increased issues with this strategy due to increased 

downstream flood peaks and increased nutrient loading. As drought severity and duration are 

predicted to increase in the future, drainage will exacerbate drought conditions by depleting 

groundwater reserves normally drawn upon during times of drought  (Bonsal et al., 2011; 
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Venema et al., 2010). Moving forward, investing in multi-purpose retention systems decreases 

flood peaks, increases water quality, while also providing water security during times of drought, 

as well as opportunities for biomass production and irrigation development. 

4.1.1 Potential Policy Recommendations 

The results of this research lend themselves to several recommendations for policy 

makers to consider: 

1) The substantial ecosystem goods and service benefits of multi-purpose retention 

systems merit subsidization of the cost of reservoir construction and yearly maintenance. This 

would increase their adoption rate and could be implemented via Manitoba’s Conservation 

District Program. 

2) Irrigation infrastructure investment is too high for farmers in Manitoba. To promote 

adoption of irrigation practices to reduce risk under climate change, subsidization of the cost of 

irrigation infrastructure installation could be offered through provincial agricultural best 

management practice incentives.  

3) A system could be developed to provide farmers with direct payments for carbon 

sequestration and nutrient removal benefits from on-farm multi-purpose retention systems 

through initiatives such as ALUS or via trading systems for carbon or nutrient credits. 

4) To ensure maximum ecological benefits of multi-purpose retention systems, guidelines 

and criteria for their design should be developed. This would require a team consisting of 

engineers, conservation district managers, and specialists on wetland management. 

5) Assessments should be undertaken to determine the appropriate location, size, and 

number of retention system each watershed requires to ensure widespread adoption is tailored to 

maximize economic and environmental benefits. 

4.2 Conclusions 

4.2.1 Limitations 

This research was limited by gaps in research as well as data availability. Irrigation 

pricing information for the province of Manitoba was limited, as was access to continuous 

historical meteorological data sets for Pelly’s Lake, MB. This could not be avoided and would be 

problematic regardless of study site location on the Prairies. A large knowledge gap exists 

regarding groundwater. On the Prairies, where groundwater is often the only water source 
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available to alleviate drought conditions, there is limited data on groundwater allocations, 

withdrawals, or available volumes. It thus becomes difficult to determine the efficacy of water 

management strategies on the Prairies without knowing what water reserves are available for use 

(Bonsal et al., 2011). While this did not directly constrain this research, it did not allow for the 

water storage capacity of retention systems to be compared to existing water availability. 

Additionally, evapotranspiration processes on the Prairies remain poorly understood and access 

to climate data required to estimate evapotranspiration is very limited. The values used for 

evaporation were 1981-2010 mean monthly values at Brandon, MB. As we did not have the data 

required to estimate evapotranspiration within the modelling system, the future climate scenarios 

did not account for temperature increases impacting evapotranspiration levels (Bonsal et al., 

2011). The current understanding of climate conditions remains uncertain, leading to 

uncertainties in global climate model simulations and future climate change projections. 

Uncertainty is also present in RCPs as future technological advancements, socio-economic and 

demographic conditions remain uncertain. RCPs were run within multiple GCMs and averaged 

to create a multi-model ensemble considered to be a more probable future climate scenario. The 

economic model developed for the study was also simplistic. It did not account for the dynamic 

decision making farmers may include in their cropping decisions, such as choosing different crop 

rotations based on variables such as environmental conditions, output prices, and input prices.  

4.2.2 Future Work 

The modeling system developed for this research could be easily adapted to additional 

reservoirs within the catchment area, enabling regionalization. The RO/SCS-CN method 

hydrologic performance was reasonable, confirming it as a feasible and simple method for 

regionalization. The MESH hydrologic performance was also reasonable, however the method 

would require more substantive time and resources than the RO/SCS-CN method. As the current 

study is localized, it is difficult to state how well retention systems would work throughout the 

Red River Valley landscape. Regionalization of the study would also allow for the calculation of 

flow reductions over a larger area due to the installation of multiple retention systems. 

Comparisons could then be drawn between the effectiveness of water retention systems vs. 

current drainage systems on the Red River Valley landscape. Finally, regionalization of the study 

would allow for further sensitivity analyses to reduce uncertainty in the models performance and 

resulting outputs.  
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The modeling system could also be easily expanded to include additional modules of 

interest to the researcher. Water samples are being collected for Pelly’s Lake, upstream and 

downstream of the reservoir. Inclusion of a module on sediment and nutrient levels would allow 

for a more accurate economic assessment based on the amount of phosphorus and nitrogen 

loading Pelly’s Lake is reducing. 

4.2.3 Sustainability 

This research informs water management and policy on adaptation strategies in the face 

of climate change. The results contribute to several areas of priority within the Lake Winnipeg 

Basin: a) management of peak flows, b) agricultural nutrient loading reduction, and c) 

developing drought resilience on farm (Venema et al., 2010). Alternative sources of energy, such 

as cattails, are explored for their environmental benefits as well as their economic feasibility. 

This study adds to the literature focused on identifying and valuing the natural capital retention 

basins can provide. This research also impacts decision making at the farm level. Supporting on-

farm surface water retention systems requires placement on potentially arable land. Providing 

knowledge on the economic and environmental benefits of this practice enables farmers to make 

informed decisions regarding land use on their property. 

4.2.4 Scholarly and Societal Relevance 

This research is relevant to society, as it provides an economic assessment valuable in 

informing policy on water management strategies. The knowledge gained from this research will 

inform the decision making process involved in determining whether widespread adoption of 

surface water retention systems should be implemented in the province of Manitoba. 

Provincial agricultural bodies are gaining knowledge on the current and potential future 

state of Prairie water supplies and the affordability of irrigation. The benefits gained by installing 

retention pond systems due to their multi-purpose use is provided as an option for dealing with 

the uncertainties associated with future climate change. The modeling system produced from this 

research is generic enough to be adaptable for answering varying questions (such as biomass 

development) on the Prairies. In addition to furthering the literature on water management 

strategies, the analysis of future climate change effects adds to the body of research dedicated to 

predicting the impacts climate change will bring.  

The research is part of a broader project based out of the University of Manitoba entitled 

“Innovative surface water and nutrient management initiatives on farm” aiming to explore 
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options for storing water that also reduce nutrient and water release downstream. Subsequently, 

results from this study are informing collaboration efforts with researchers from the University 

of Waterloo and University of Manitoba where researchers are researching runoff and nutrient 

exports from agricultural fields and forage flooding tolerances, respectively.  

  



85 
 

REFERENCES 

Agriculture and Agri-Food Canada, 2012. Positive Effects of Small Dams and Reservoirs: Water 

quality and quantity findings from a Prairie watershed. WEBS Fact Sheet #7. 

Ali, G., English, C.C., Randall, S., Sheppard, S., 2013. Keeping water on the land : how , where 

and when? Watershed Systems Research Program ( WSRP ). 

APSIM Initiative, 2016. APSIM Model [WWW Document]. APSIM. URL 

https://www.apsim.info/AboutUs/APSIMModel.aspx (accessed 6.4.16). 

Armstrong, R.N., Pomeroy, J.W., Martz, L.W., 2010. Estimating evaporation in a prairie 

landscape under drought conditions. Can. Water Resour. J. 35, 173–186. 

doi:10.4296/cwrj3502173 

Badiou, P., McDougal, R., Pennock, D., Clark, B., 2011. Greenhouse gas emissions and carbon 

sequestration potential in restored wetlands of the Canadian prairie pothole region. Wetl. 

Ecol. Manag. 19, 237–256. doi:10.1007/s11273-011-9214-6 

Baker, J.M., Griffis, T.J., Ochsner, T.E., 2012. Coupling landscape water storage and 

supplemental irrigation to increase productivity and improve environmental stewardship in 

the U.S. Midwest. Water Resour. Res. 48, 1–12. doi:10.1029/2011WR011780 

Belcher, K., 1999. Agroecosystem sustainability: An integrated modeling approach. University 

of Saskatchewan. 

Belcher, K.W., Boehm, M.M., Fulton, M.E., 2004. Agroecosystem sustainability: A system 

simulation model approach. Agric. Syst. 79, 225–241. doi:10.1016/S0308-521X(03)00072-

6 

Belcher, K.W., Boehm, M.M., Zentner, R.P., 2003. The Economic Value of Soil Quality under 

Alternative Management in the Canadian Prairies. Can. J. Agric. Econ. 51, 175–196. 

doi:10.1111/j.1744-7976.2003.tb00172.x 

Bonsal, B.R., Prowse, T.D., 2006. Regional assessment of GCM-simulated current climate over 

northern Canada. Arctic 59, 115–128. 

Bonsal, B.R., Wheaton, E.E., Chipanshi, A.C., Lin, C., Sauchyn, D.J., Wen, L., 2011. Drought 

research in Canada: A review. Atmosphere-Ocean 49, 303–319. 

doi:10.1080/07055900.2011.555103 

Bourne, A., Armstrong, N., Jones, G., 2002. A preliminary estimate of total nitrogen and total 



86 
 

phosphorus loading to streams in Manitoba, Canada. 

Bower, S.S., 2010. Natural and unnatural complexities: flood control along Manitoba’s 

Assiniboine River. J. Hist. Geogr. 36, 57–67. doi:10.1016/j.jhg.2009.04.017 

Bower, S.S., 2007. Watersheds: Conceptualizing Manitoba’s Drained Landscape, 1985-1950. 

Environ. Hist. Durh. N. C. 12, 796–819. 

Brander, L., Brouwer, R., Wagtendonk, A., 2013. Economic valuation of regulating services 

provided by wetlands in agricultural landscapes: A meta-analysis. Ecol. Eng. 56, 89–96. 

doi:10.1016/j.ecoleng.2012.12.104 

Charron, I., 2014. A Guidebook on Climate Scenarios: Using Climate Information to Guide 

Adaptation Research and Decisions. Ouranos. 

Chen, Z., Wei, S., 2014. Application of System Dynamics to Water Security Research. Water 

Resour. Manag. 28, 287–300. doi:10.1007/s11269-013-0496-8 

Chrétien, F., Gagnon, P., Thériault, G., Guillou, M., 2016. Performance analysis of a wet-

retention pond in a small agricultural catchment. J. Environ. Eng. 142, 4016005. 

doi:10.1017/CBO9781107415324.004 

Clarkson, R., Deyes, K., 2002. Estimating the Social Cost of Carbon Emissions, Economic 

Service. London. 

Collins, A.R., Gillies, N., 2014. Constructed Wetland Treatment of Nitrates: Removal 

Effectiveness and Cost Efficiency. J. Am. Water Resour. Assoc. 50, 898–908. 

doi:10.1111/jawr.12145 

Costanza, R., Duplisea, D., Kautsky, U., 1998. Ecological Modelling on modelling ecological 

and economic systems with STELLA. Ecol. Modell. 110, 1–4. 

Costanza, R., Voinov, A., Boumans, R., Maxwell, T., Villa, F., Wainger, L., Voinov, H., 2002. 

Integrated Ecological Economic Modeling of the Patuxent River Watershed , Maryland. 

Ecol. Monogr. 72, 203–231. 

Costanza, R., Wainger, L., Folke, C., Maler, K.-G., 1993. Modeling complex ecological 

economic systems: Toward an evolutionary, dynamic understanding of human and nature. 

Bioscience 43, 545–555. doi:10.2307/1311949 

Côté, J., Desmarais, J.-G., Gravel, S., Methot, A., Patoine, A., Roch, M., Staniforth, A., 1998. 

The operational CMC – MRB Global Environmental Multiscale ( GEM ) Model. Part II: 



87 
 

Results. Mon. Wea. Rev 126, 1397–1418. doi:http://dx.doi.org/10.1175/1520-

0493(1998)126<1397:TOCMGE>2.0.CO;2 

DDSAT Foundation, 2016. DDSAT Overview [WWW Document]. DDSAT. URL 

http://dssat.net/about (accessed 6.4.16). 

Dion, J., McCandless, M., 2013. Cost-benefit analysis of three proposed distributed water 

storage options for manitoba. Winnipeg, Manitoba. 

Dubbe, D.R., Garver, E.G., Pratt, D.C., 1988. Production of cattail (Typha spp.) biomass in 

Minnesota, USA. Biomass 17, 79–104. doi:10.1016/0144-4565(88)90073-X 

Fang, X., Minke, A., Pomeroy, J., Brown, T., Westbrook, C., Guo, X., Guangul, S., 2007. A 

Review of Canadian Prairie Hydrology : Principles , Modelling and Response to Land Use 

and Drainage Change. Saskatoon, SK. 

Förster, S., Kuhlmann, B., Lindenschmidt, K.-E., Bronstert,  a., 2008. Assessing flood risk for a 

rural detention area. Nat. Hazards Earth Syst. Sci. 8, 311–322. 

Gaia Consulting Limited, 2007. 2006 Manitoba Irrigation Survey. Manitoba Agric. Food Rural 

Initiat. 1–20. 

Glavan, M., Pintar, M., 2012. Strengths, weaknesses, opportunities and threats of catchment 

modelling with Soil and Water Assessment Tool (SWAT) model, Water Resources 

Management and Modeling. InTech. 

Gohar, A.A., Ward, F.A., Amer, S.A., 2013. Economic performance of water storage capacity 

expansion for food security. J. Hydrol. 484, 16–25. doi:10.1016/j.jhydrol.2013.01.005 

Government of Canada, 2016. Geospatial Data Extraction [WWW Document]. Nat. Resour. 

Canada. URL http://geogratis.gc.ca/site/eng/extraction (accessed 8.1.14). 

Government of Canada, 2015a. Daily Data Report [WWW Document]. Hist. Clim. Data. URL 

http://climate.weather.gc.ca/ (accessed 8.1.15). 

Government of Canada, 2015b. Statistics Canada 2–6. 

Government of Canada, 2015c. Historical Climate Data [WWW Document]. Climate. URL 

http://climate.weather.gc.ca/ 

Government of Canada, 2014. Historical Hydrometric Data [WWW Document]. Wateroffice. 

URL https://wateroffice.ec.gc.ca/mainmenu/historical_data_index_e.html (accessed 

4.20.08). 



88 
 

Government of Canada, 2013. Geomatics [WWW Document]. Nat. Resour. Canada. URL 

http://www.nrcan.gc.ca/earth-sciences/geomatics/10776 (accessed 7.26.16). 

Government of Canada, 2011. Census of Agriculture [WWW Document]. CANSIM 2011. URL 

http://www.statcan.gc.ca/eng/ca2011/index (accessed 8.1.14). 

Government of Manitoba, 2016. The Manitoba Advantage [WWW Document]. Commod. Spec. 

Crop. URL http://www.gov.mb.ca/trade/globaltrade/agrifood/commodity/potatoes.html 

(accessed 6.1.16). 

Government of Manitoba, 2015a. Guidelines for Estimating Crop Production Costs 2015. 

Winnipeg, Manitoba. 

Government of Manitoba, 2015b. About Growing Forward 2 [WWW Document]. Manitoba 

Agric. Food Rural Dev. URL http://www.gov.mb.ca/agriculture/growing-forward-

2/about.html (accessed 11.30.15). 

Government of Manitoba, 2014a. Surface Water Management Strategy. 

Government of Manitoba, 2014b. Geography [WWW Document]. Manitoba Bus. Facts. URL 

http://www.gov.mb.ca/jec/invest/busfacts/overviews/geography.html (accessed 2.2.15). 

Government of Manitoba, 2014c. Core Maps - Data Warehouse [WWW Document]. Manitoba 

L. Initiat. 

Government of Manitoba, 2011. Growing Green: The Manitoba Bioproducts Strategy. 

Grinder, B., 2000. Alberta’s Irrigation Infrastructure. Lethbridge, Alberta. 

Grosshans, R., 2013. Technical and economic viability of cattail (typha spp.) biomass: A novel 

renewable and sustainable feedstock in the Manitoba bioeconomy. Winnipeg, Manitoba. 

Grosshans, R., Grieger, L., Ackerman, J., Gauthier, S., Swystun, K., Gass, P., Roy, D., 2014. 

Cattail biomass in a watershed-based bioeconomy : Commercial-scale harvesting and 

processing for nutrient capture, biocarbon and high-value bioproducts. Winnipeg, Manitoba. 

Grosshans, R., Zubrycki, K., Hope, A., Roy, D., Venema, H.D., 2011. Netley-Libau Nutrient-

Bioenergy Project, Sustainable Development. 

Grosshans, R.E., Venema, H.D., Cicek, N., Goldsborough, G., 2011. Cattail farming for water 

quality: Harvesting cattails for nutrient removal and phosphorus recovery in the watershed, 

in: WEF-IWA Nutrient Recovery and Management. Miami, Florida. 

Grosshans, Gass, P., Dohan, R., Roy, D., Venema, H.D., McCandless, M., 2012a. Cattail 



89 
 

harvesting for carbon offsets and nutrient capture : A “ lake friendly” greenhouse gas 

project. Winnipeg, Manitoba. 

Grosshans, Venema, D., Oborne, B., 2012b. Advancing Netley-Libau Marsh Restoration Efforts: 

Cattail biomass and nutrient survey of Netley-Libau Marsh. 

Group, 2004. Part 630 Hydrology National Engineering Handbook Chapter 10 Estimation of 

Direct Runoff from Storm Rainfall, in: Group. 

Gupta, H. V., Kling, H., Yilmaz, K.K., Martinez, G.F., 2009. Decomposition of the mean 

squared error and NSE performance criteria: Implications for improving hydrological 

modelling. J. Hydrol. 377, 80–91. doi:10.1016/j.jhydrol.2009.08.003 

Hassanzadeh, E., Elshorbagy, A., Wheater, H., Gober, P., 2014. Managing water in complex 

systems: An integrated water resources model for Saskatchewan, Canada. Environ. Model. 

Softw. 58, 12–26. doi:10.1016/j.envsoft.2014.03.015 

Hearne, R.R., 2007. Evolving water management institutions in the Red River Basin. Environ. 

Manage. 40, 842–852. doi:10.1007/s00267-007-9026-x 

Intergovernmental Panel on Climate, 2014. Representative Concentration Pathways (RCPs) 

[WWW Document]. Scenar. Process AR5. URL http://sedac.ipcc-

data.org/ddc/ar5_scenario_process/RCPs.html (accessed 5.20.11). 

IPCC, 2014. Summary for Policymakers, Climate Change 2014 Synthesis Report. 

doi:10.1017/CBO9781107415324 

IPCC, 2007a. Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II, 

and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. 

IPCC, Geneva, Switzerland. doi:10.1256/004316502320517344 

IPCC, 2007b. Summary for Policymakers, in: Solomon, S., Manning, M., Chen, Z., Marquis, M., 

Averyt, K.B., Tignor, M., Miller, H.L. (Eds.), Climate Change 2007: The Physical Science 

Basis. Contribution of Working Group 1 to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, 

United Kingdom and New York, NY. doi:10.1038/446727a 

IPCC-TGICA, 2007a. General Guidelines on the Use of Scenario Data for Climate Impact and 

Adaptation Assessment, Prepared by T.R. Carter on behalf of the Intergovernmental Panel 

on Climate Change, Task Group on Data and Scenario Support for Impact and Climate 



90 
 

Assessment. doi:10.1144/SP312.4 

IPCC-TGICA, 2007b. General Guidelines on the Use of Scenario Data for Climate Impact and 

Adaptation Assessment, Prepared by T.R. Carter on behalf of the Intergovernmental Panel 

on Climate Change, Task Group on Data and Scenario Support for Impact and Climate 

Assessment. doi:10.1144/SP312.4 

ISEE, 2016. Model Building & Simulation Tutorials [WWW Document]. STELLA Softw. URL 

http://www.iseesystems.com/community/downloads/tutorials/ModelBuilding.aspx 

(accessed 3.9.16). 

Jothiprakash, V., Garg, V., 2008. Re-look to conventional techniques for trapping efficiency 

estimation of a reservoir. Int. J. Sediment Res. 23, 76–84. doi:10.1016/S1001-

6279(08)60007-4 

Keating, B.A., Carberry, P.S., Hammer, G.L., Probert, M.E., Robertson, M.J., Holzworth, D., 

Huth, N.I., Smith, C.J., 2003. An overview of APSIM, a model designed for farming 

systems simulation. Eur. J. Agron. 18, 267–288. 

Kennedy, M., Wilson, J., 2009. Natural Credit: Estimating the Value of Natural Capital in the 

Credit River Watershed. 

King, K.W., Arnold, J.G., Bingner, R.L., 1999. Comparison of Green-Ampt and Curve number 

methods on Goodwin Creek Watershed using SWAT. Am. Soc. Agric. Eng. 42, 919–925. 

doi:10.13031/2013.13272 

Klein, K.K., Yan, W., Le Roy, D.G.G., 2012. Estimating the Incremental Gross Margins due to 

Irrigation Water in Southern Alberta. Can. Water Resour. J. 37, 89–103. 

doi:10.4296/cwrj3702930 

Kouwen, N., ASCE, M., Soulis, E.D., Pietroniro, A., Donald, J., Harrington, R.A., 1993. 

Grouped Response Units for Distributed Hydrologic Modeling. J. Water Resour. Plan. 

Manag. 119, 289–305. doi:http://dx.doi.org/10.1061/(ASCE)0733-9496(1993)119:3(289) 

Krause, P., Boyle, D.P., Base, F., 2005. Comparison of different efficiency criteria for 

hydrological model assessment. Adv. Geosci. 5, 89–97. 

La Salle Redboine Conservation District, 2015a. La Salle Redboine Conservation District: About 

[WWW Document]. URL www.lasalleredboine.com/about (accessed 11.24.15). 

La Salle Redboine Conservation District, 2015b. La Salle Redboine Conservation District 



91 
 

[WWW Document]. URL http://www.lasalleredboine.com/ 

La Salle Redboine Conservation District, 2013. Pelly’s Lake Watershed Management Area. 

La Salle Redboine Conservation District, 2007. La Salle River Watershed: State of the 

Watershed Report. 

Laffont-Schwob, I., Triboit, F., Prudent, P., Soulié-Märsche, I., Rabier, J., Despréaux, M., 

Thiéry, A., 2015. Trace metal extraction and biomass production by spontaneous vegetation 

in temporary Mediterranean stormwater highway retention ponds: Freshwater macroalgae 

(Chara spp.) vs. cattails (Typha spp.). Ecol. Eng. 81, 173–181. 

doi:10.1016/j.ecoleng.2015.04.052 

Lake Winnipeg Stewardship Board, 2006. Reducing nutrient loading to Lake Winnipeg and its 

watershed: Our collective responsibility and commitment to action. 

Langman, M.., 1986. Soils of the Rural Municipality of Lorne. Winnipeg, Manitoba. 

Langman, M.N., 1989. Soils of the R.M. of Victoria. Winnipeg, Manitoba. 

Low, B., Costanza, R., Ostrom, E., Wilson, J., Simon, C.P., 1999. Human – ecosystem 

interactions: a dynamic integrated model. Ecol. Econ. 31, 227–242. doi:doi:10.1016/S0921-

8009(99)00081-6 

Maddison, M., Soosaar, K., L˜hmus, K., Mander, Ü., 2005. Cattail Population in Wastewater 

Treatment Wetlands in Estonia: Biomass Production, Retention of Nutrients, and Heavy 

Metals in Phytomass. J. Environ. Sci. Heal. Part A 40, 1157–1166. doi:10.1081/ESE-

200055624 

Mahfouf, J.-F., Brasnett, B., Gagnon, S., 2007. A Canadian Precipitation Analysis (CaPA) 

project: Description and preliminary results. Atmosphere-Ocean 45, 1–17. 

doi:10.3137/ao.v450101 

Mailhot, A., Kingumbi, A., Talbot, G., Poulin, A., 2010. Future changes in intensity and seasonal 

pattern of occurrence of daily and multi-day annual maximum precipitation over Canada. J. 

Hydrol. 388, 173–185. doi:10.1016/j.jhydrol.2010.04.038 

Manitoba Agricultural Services Corporation, 2016. Current MASC Lending Rates [WWW 

Document]. MASC Lend. URL http://www.masc.mb.ca/masc.nsf/lending_rates.html 

(accessed 3.4.16). 

Manitoba Agricultural Services Corporation, 2015. MMPP AgriInsurance Cause of Loss Data 



92 
 

Browser [WWW Document]. Manitoba Manag. Plus Progr. URL 

http://www.mmpp.com/mmpp.nsf/mmpp_browser_cause_of_loss.html (accessed 9.3.14). 

Manitoba Conservation District Association, 2014. Regional Site Network. 

Manitoba Government, 2014. Conservation and Water Stewardship [WWW Document]. 

Manitoba L. Initiat. URL http://mli2.gov.mb.ca/ 

Manitoba Liquor and Lotteries Corporation, 2016. Environmental Innovation [WWW 

Document]. Entertain. Good. URL http://www.mbll.ca/content/environmental-innovation 

(accessed 12.12.16). 

Mekonnen, M.A., Wheater, H.S., Ireson, A.M., Spence, C., Davison, B., Pietroniro, A., 2014. 

Towards an improved land surface scheme for prairie landscapes. J. Hydrol. 511, 105–116. 

doi:10.1016/j.jhydrol.2014.01.020 

Mengistu, S.G., Spence, C., 2016. Testing the ability of a semidistributed hydrological model to 

simulate contributing area. Water Resour. Res. 52, 4399–4415. 

doi:10.1002/2016WR018760 

Mirchi, A., Madani, K., Watkins, D., Ahmad, S., 2012. Synthesis of System Dynamics Tools for 

Holistic Conceptualization of Water Resources Problems. Water Resour. Manag. 26, 2421–

2442. doi:10.1007/s11269-012-0024-2 

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L., 2007. 

Model evaluation guidelines for systematic quantification of accuracy in watershed 

simulations. Trans. ASABE 50, 885–900. doi:10.13031/2013.23153 

Nash, J., Sutcliffe, J. V., 1970. River flow forecasting through conceptual models part 1 - A 

discussion of principles. J. Hydrol. 10, 282–290. 

National Research Center, 2013. Prairies - Canada in a Changing Climate, Prairies - Canada in a 

Changing Climate. Ottawa, Canada. 

Natural Resources Canada, 2016a. Bioenergy from biomass [WWW Document]. Forests. URL 

http://www.nrcan.gc.ca/forests/industry/bioproducts/13323 (accessed 6.22.16). 

Natural Resources Canada, 2016b. Renewables [WWW Document]. Energy. URL 

http://www.nrcan.gc.ca/energy/renewable-electricity/7293 (accessed 6.22.16). 

Natural Resources Canada, 2016c. Bioenergy Systems [WWW Document]. Energy. URL 

http://www.nrcan.gc.ca/energy/renewable-electricity/bioenergy-systems/7311 (accessed 



93 
 

6.22.16). 

NRCS, 1986. Urban Hydrology for Small Watersheds TR-55. USDA Nat. Resour. Conserv. 

Serv. Conserv. Engeneering Div. Tech. Release 55 164. doi:Technical Release 55 

Nyirfa, W., Harron, B., 2001. Assessment of Climate Change on the Agricultural Resources of 

the Canadian Prairies. Regina, Saskatchewan, Saskatchewan. 

Olewiler, N., 2004. The Value of Natural Capital in Settled Areas of Canada. 

Ouyang, Y., Zhang, J.E., Lin, D., Liu, G.D., 2010. A STELLA model for the estimation of 

atrazine runoff, leaching, adsorption, and degradation from an agricultural land. J. Soils 

Sediments 10, 263–271. doi:10.1007/s11368-009-0107-8 

Pacific Climate Impacts Consortium, 2014. Statistically Downscaled Climate Scenarios [WWW 

Document]. Univ. Victoria. URL https://www.pacificclimate.org/data/statistically-

downscaled-climate-scenarios (accessed 7.1.16). 

Paul, L., 2003. Nutrient elimination in pre-dams: Results of long term studies. Hydrobiologia 

504, 289–295. doi:10.1023/B:HYDR.0000008528.34920.b2 

Pavelic, P., Srisuk, K., Saraphirom, P., Nadee, S., Pholkern, K., Chusanathas, S., Munyou, S., 

Tangsutthinon, T., Intarasut, T., Smakhtin, V., 2012. Balancing-out floods and droughts: 

Opportunities to utilize floodwater harvesting and groundwater storage for agricultural 

development in Thailand. J. Hydrol. 470–471, 55–64. doi:10.1016/j.jhydrol.2012.08.007 

Pietroniro, A., Fortin, V., Kouwen, N., Neal, C., Turcotte, R., Davison, B., Verseghy, D., Soulis, 

E.D., Caldwell, R., Evora, N., Pellerin, P., 2007. Development of the MESH modelling 

system for hydrological ensemble forecasting of the Laurentian Great Lakes at the regional 

scale. Hydrol. Earth Syst. Sci. 11, 1279–1294. doi:10.5194/hessd-3-2473-2006 

Pittman, J., Wittrock, V., Kulshreshtha, S., Wheaton, E., 2011. Vulnerability to climate change in 

rural Saskatchewan: Case study of the Rural Municipality of Rudy No. 284. J. Rural Stud. 

27, 83–94. doi:10.1016/j.jrurstud.2010.07.004 

Pomeroy, J., Fang, X., Williams, B., 2011. Modelling snow water conservation on the Canadian 

Prairies. Saskatoon, SK. 

Pomeroy, J., Stewart, R., Lawford, R., 2010. Drought research initiative special section on 

evapotranspiration. Can. Water Resour. J. 35, 155–156. 

Pomeroy, J.W., de Boer, D., Martz, L.W., 2005. Hydrology and Water Resources of 



94 
 

Saskatchewan. Saskatoon, SK. 

Pratt, D.C., Dubbe, D.R., Garver, E.G., Linton, P.J., 1984. Wetland Biomass Production: 

Emergent Aquatic Management Options and Evaluations. 

Qaiser, K., Ahmad, S., Johnson, W., Batista, J.R., 2013. Evaluating water conservation and reuse 

policies using a dynamic water balance model. Environ. Manage. 51, 449–58. 

doi:10.1007/s00267-012-9965-8 

Samarawickrema, A., Kulshreshtha, S., 2008. Value of irrigation water for drought proofing in 

the South Saskatchewan River Basin (Alberta). Can. Water Resour. J. 33, 273–282. 

doi:10.4296/cwrj3303273 

Sauchyn, D.J., Barrow, E.M., Hopkinson, R.F., Leavitt, P.R., 2002. Aridity on the Canadian 

Plains. Géographie Phys. Quat. 56, 247–259. doi:10.7202/009109ar 

Schuyt, K., Brander, L., 2004. The Economic Values of the World’s Wetlands, Living Waters: 

Conserving the source of life. Amsterdam. 

Simonovic, S.P., Li, L.H., 2004. Sensitivity of the Red River basin flood protection system to 

climate variability and change. Water Resour. Manag. 18, 89–110. 

doi:10.1023/B:WARM.0000024702.40031.b2 

Singh, P.K., Yaduvanshi, B.K., Patel, S., Ray, S., 2013. SCS-CN Based Quantification of 

Potential of Rooftop Catchments and Computation of ASRC for Rainwater Harvesting. 

Water Resour. Manag. 27, 2001–2012. doi:10.1007/s11269-013-0267-6 

Sohngen, B., King, K.W., Howard, G., Newton, J., Forster, D.L., 2015. Nutrient prices and 

concentrations in Midwestern agricultural watersheds. Ecol. Econ. 112, 141–149. 

doi:10.1016/j.ecolecon.2015.02.008 

Soulis, K.X., Valiantzas, J.D., 2012. SCS-CN parameter determination using rainfall-runoff data 

in heterogeneous watersheds–the two-CN system approach. Hydrol. Earth Syst. Sci. 16, 

1001–1015. doi:10.5194/hess-16-1001-2012 

Stanley Soil Management Association, 2000. Upper Hespler Watershed Assessment Project. 

Stephenfield Lake Watershed Round Table, 2005. Stephenfield lake watershed management 

plan. 

Sterman, J.D., 2000. Business Dynamics: Systems Thinking and Modeling for a Complex World. 

Tim McGraw-Hill Companies Inc. doi:10.1057/palgrave.jors.2601336 



95 
 

Tampier, M., Bibeau, E., Beauchemin, P. a, 2003. Identifying Environmentally Preferable Uses 

for Biomass Resources. 

Thompson, S.A., 1999. Hydrology for Water Management. A.A. Balkema Publishers, 

Rotterdam, Netherlands. 

Tiessen, K.H.D., Elliott, J. a., Stainton, M., Yarotski, J., Flaten, D.N., Lobb, D. a., 2011. The 

effectiveness of small-scale headwater storage dams and reservoirs on stream water quality 

and quantity in the Canadian Prairies. J. Soil Water Conserv. 66, 158–171. 

doi:10.2489/jswc.66.3.158 

Trzaska, S., Schnarr, E., 2014. A Review of downscaling methods for climate change 

projections. Tetra Tech ARD, Burlington, Vermont. 

University of Saskatchewan, 2015. MEC - Surface and Hydrology (MESH) [WWW Document]. 

URL http://www.usask.ca/ip3/models1/mesh.htm (accessed 10.15.15). 

Venema, H.D., Oborne, B., Neudoerffer, C., 2010. The Manitoba Challenge: Linking Water and 

Land Management for Climate Adaptation. International Institute for Sustainable 

Development, Winnipeg, Manitoba, Manitoba. 

Verseghy, D.L., 1991. CLASS - A Canadian Land Surface Scheme for GCMS. I. Soil Model. 

Int. J. Climatol. 11, 111–133. doi:10.1002/joc.3370110202 

Verseghy, D.L., McFarlane, N.A., Lazare, M., 1993. CLASS - A Canadian Land Surface 

Scheme for GCMS, II. Vegetation Model and Coupled Runs. Int. J. Climatol. 13, 347–370. 

doi:10.1002/joc.3370110202 

Viji, R., Prasanna, P.R., Ilangovan, R., 2015. Gis Based SCS - CN Method For Estimating 

Runoff In Kundahpalam Watershed, Nilgries District, Tamilnadu. Earth Sci. Res. J. 19, 59–

64. doi:10.15446/esrj.v19n1.44714 

Vincent, L.A., Wang, X.L., Milewska, E.J., Wan, H., Yang, F., Swail, V., 2012. A second 

generation of homogenized Canadian monthly surface air temperature for climate trend 

analysis. J. Geophys. Res. Atmos. 117(D18213), 1–16. doi:10.1029/2012JD017859 

Vorogushyn, S., Lindenschmidt, K.-E., Kreibich, H., Apel, H., Merz, B., 2012. Analysis of a 

detention basin impact on dike failure probabilities and flood risk for a channel-dike-

floodplain system along the river Elbe, Germany. J. Hydrol. 436–437, 120–131. 

doi:10.1016/j.jhydrol.2012.03.006 



96 
 

Waelti, C., Spuhler, D., 2012. Retention Basin [WWW Document]. Sustain. Sanit. Water Manag. 

URL http://www.sswm.info/content/retention-basin (accessed 8.14.14). 

Wall, E., Smit, B., 2005. Climate Change Adaptation in Light of Sustainable Agriculture. J. 

Sustain. Agric. 27, 113–123. doi:10.1300/J064v27n01 

Wall, E., Smit, B., Wandel, J. (Eds.), 2011. Farming in a changing climate: Agricultural 

adaptation in Canada. UBC Press. 

Warkentin, A.A., 1999. Hydrometeorologic Parameter Generated Floods for Design Purposes. 

Winnipeg, Manitoba. 

Warren, F.J., Lemmon, D.S. (Eds), 2014. Synthesis; in Canada in a Changing Climate: Sector 

Perspectives on Impacts and Adaptation. Government of Canada, Ottawa, Ontario. 

Werner, A.T., 2011. BCSD Downscaled Transient Climate Projections for Eight Select GCMs 

over British Columbia, Canada. Hydrologic Modelling Project Final Report (Part I). Pacific 

Clim. Impacts Consort. 63. 

Wheaton, E., Kulshreshtha, S., Wittrock, V., Koshida, G., 2008. Dry times: hard lessons from the 

Canadian drought of 2001 and 2002. Can. Geogr. 52, 241–262. doi:10.1111/j.1541-

0064.2008.00211.x 

Wilson, S., 2008. Ontario’s Wealth, Canada’s Future: Appreciating the Value of the Greenbelt’s 

Eco-Services. 

Wilson, S.J., 2008. Lake Simcoe Basin’s Natural Capital: The Value of the Watershed’s 

Ecosystem Services, Friends of the Greenbelt Foundation Occasional Paper. Vancouver. 

Wisser, D., Frolking, S., Douglas, E.M., Fekete, B.M., Schumann, A.H., Vörösmarty, C.J., 2010. 

The significance of local water resources captured in small reservoirs for crop production - 

A global-scale analysis. J. Hydrol. 384, 264–275. doi:10.1016/j.jhydrol.2009.07.032 

Woltemade, C.J., 2000. Ability of Restored Wetlands to Reduce Nitrogen and Phosphorus 

Concentrations in Agricultural Drainage Water. J. Soil Water Conserv. 55, 303–309. 

World Atlas, 2014. Geography [WWW Document]. World Map. URL 

http://www.worldatlas.com/webimage/countrys/namerica/province/mbzland.htm (accessed 

2.2.15). 

Yapo, P.O., Gupta, H. V., Sorooshian, S., 1996. Automatic calibration of conceptual rainfall-

runoff models: Sensitivity to calibration data. J. Hydrol. 181, 23–48. 



97 
 

Zhan, X., Huang, M.-L., 2004. ArcCN-Runoff: An ArcGIS tool for generating curve number and 

runoff maps. Environ. Model. Softw. 19, 875–879. doi:10.1016/j.envsoft.2004.03.001 

 

  



98 
 

APPENDIX A 

 

Figure A-1. Yearly 2050-2059 net crop revenue with and without irrigation application and 
yearly water availability for the CanESM2 climate model and each RCP. Reservoir levels from 
each RCP simulation are also provided. 

 

Figure A-2. Yearly 2050-2059 net crop revenue with and without irrigation application and 
yearly water availability for the GFDL-ESM2G climate model and each RCP. Reservoir levels 
from each RCP simulation are also provided. 
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Figure A-3. Yearly 2050-2059 net crop revenue with and without irrigation application and 
yearly water availability for the HADGEM2 climate model and each RCP. Reservoir levels from 
each RCP simulation are also provided. 

 

Figure A-4. Yearly net crop revenue with and without irrigation application and yearly water 
availability for the MPI-ESM-LR climate model and each RCP. Reservoir levels from each RCP 
simulation are also provided. 
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Figure A-5. Yearly 2050-2059 net crop revenue with and without irrigation application and 
yearly water availability using incremental precipitation and temperature increases in MESH for 
RCP4.5. Reservoir levels for RCP4.5 are also provided. 

 
Figure A-6. Yearly 2090-2099 net crop revenue with and without irrigation application and 
yearly water availability for the CanESM2 climate model and each RCP. Reservoir levels from 
each RCP simulation are also provided. 
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Figure A-7. Yearly 2090-2099 net crop revenue with and without irrigation application and 
yearly water availability for the GFDL-ESM2 climate model and each RCP. Reservoir levels 
from each RCP simulation are also provided. 

 
Figure A-8. Yearly 2090-2099 net crop revenue with and without irrigation application and 
yearly water availability for the HADGEM2 climate model and each RCP. Reservoir levels from 
each RCP simulation are also provided. 
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Figure A-9. Yearly 2090-2099 net crop revenue with and without irrigation application and 
yearly water availability for the MPI-ESM-LR climate model and each RCP. Reservoir levels 
from each RCP simulation are also provided. 

 
Figure A-10. Yearly 2090-2099 net crop revenue with and without irrigation application and 
yearly water availability using incremental precipitation and temperature increases for RCP4.5. 
Reservoir levels for RCP4.5 are also provided. 
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