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ABSTRACT

Freshwater eutrophication in Canada poses significant threats to ecosystem health and
community wellbeing, particularly in large lake systems like the upper Manitoba Great Lakes
(uMBGL). Lakes Winnipegosis, Waterhen, and Manitoba form a critical buffer system within
the Nelson River watershed, processing nutrients before they reach Lake Winnipeg and
ultimately Hudson Bay and the North Atlantic Ocean. Despite their importance, these lakes
remain severely understudied, with minimal spatial and temporal data available about nutrient
dynamics and phytoplankton communities. This knowledge gap hinders evidence-based
management decisions necessary to protect these valuable freshwater resources from
eutrophication driven by modern challenges such as land use management and accelerated
climate change.

This study provides the first spatially comprehensive, multi-year assessment of offshore
water quality in the upperMBGL system. Over three open-water seasons (2016-2017), I collected
and analyzed physical, chemical, and biological data across multiple basins to: (1) characterize
in-situ offshore biogeochemical and physical conditions; (2) examine spatial and temporal
variation through geostatistical analysis; and (3) document phytoplankton diversity and
distribution patterns.

Results indicate that all three lakes are consistently mesotrophic to eutrophic. Nutrient
concentrations generally increased from north to south in both Lakes Winnipegosis and
Manitoba during the open water season. Filamentous cyanobacteria dominated summer

phytoplankton biomass in both lakes, while cyanobacterial picoplankton dominated by



abundance. Significant differences between years and basins suggest limited inter-basin mixing
and differential impacts from local land use.

This research establishes a critical western science-based baseline for understanding
water quality dynamics in the Upper Manitoba Great Lakes system, and highlights the urgent
need for continued monitoring, community-engaged research, and the weaving of traditional
ecological knowledge with western science approaches to ensure these lakes can continue

functioning as effective nutrient buffers for Lake Winnipeg.
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1. INTRODUCTION

Freshwater is critical to human and animal health, yet only 3% of the earth’s water is
freshwater, and of that, only 0.5% is accessible (World Meteorological Organization 2021).
Canada is home to 20% of the world’s available freshwater resources, and just 7% of the world’s
renewable freshwater supply (i.e. that not retained in lakes, underground aquifers and glaciers)
(Government of Canada, 2024). We must therefore take great care to ensure our valuable and
limited freshwater resources are protected and maintained to the highest standard possible.

Globally, over the past two decades, freshwater lakes around the world have been
subjected increasingly to multiple stressors, including land use (agricultural, industrial), resource
extraction and climate pressures (McCullough et al., 2012; Michalak et al., 2013).
Eutrophication, which is an increase in nutrient inputs into a waterbody, is slow naturally, but
can be greatly accelerated due to human (anthropogenic) activity (Khan & Ansari, 2005). In
large freshwater lakes such as Lakes Erie and Winnipeg in Canada, Lake Victoria in Africa and
Lake Taihu in China, signs of lake stress are manifesting in symptoms like eutrophication,
resulting in negative impacts such as an increasing algal presence, often in the form of surface
blooms (Paerl et al., 2011). In aquatic ecosystems, human induced eutrophication has been
shown to cause a multitude of problems, including a decrease in water clarity, oxygen depletion
(from senescing blooms), fish kills and a loss of biodiversity (Carpenter et al., 1998;
Environment Canada & Manitoba Water Stewardship, 2011; Kotak & Zurawell, 2007; Orihel et
al., 2017; Paerl, 1988), leading to economic loss for communities (Environment Canada &

Manitoba Water Stewardship, 2011; Kolker et al., 2013).



1.1 Eutrophication in the Canadian context

Eutrophication in Canada is leading to a demonstrated decrease in water quality in large
and small water bodies that are critical to the health and welfare of humans and animals
(Environment Canada & Manitoba Water Stewardship, 2011; Michalak et al., 2013). Rapid
eutrophication of Canadian great lakes such as Winnipeg (Manitoba) and Erie (Ontario), are
causing increased algal production and a decrease in algal species diversity, favouring potential
toxin producing cyanobacterial species (Environment et al., 2020; Manitoba Clean Environment
Commission, 2015; Schindler et al., 2012). In addition, the size and duration of algal blooms are
not only aesthetically unappealing but can produce noxious taste and odours (Kotak & Zurawell,
2007), and compounds (cyanotoxins) toxic to humans, wildlife and aquatic biota (Kotak &
Zurawell, 2007; Lewtas et al., 2015). Cyanotoxins are known to accumulate in aquatic species
such as fish or bivalves, as well as in crops that are watered with contaminated water sources or
via groundwater leaching. Consumption of either can lead to chronic issues such as permanent
liver damage or a suppressed immune system in humans (Cheung et al., 2013; Lee et al., 2017).
This is of particular concern in First Nation and other communities situated near the lakes, who
may use them directly as their irrigation, recreation or drinking source. Human exposure to algal
toxins at low levels via contaminated drinking water is an additional source of concern in First
Nation or other communities whose water treatment plants may need repair, does not have the
appropriate equipment to remove algal toxins (Chorus & Welker, 2021). Chronic or short-term
exposure can result in a decrease in human and animal health and an increase in costs of water
treatment and health care (Dodds et al., 2009; Kotak & Zurawell, 2007). A study conducted

across Canada by Orihel (2012) on the concentrations of the algal toxin microcystin in 246



eutrophic lakes, ponds and reservoirs, found that over a 10-year period microcystin
concentrations in eutrophic lakes was increasingly common, with the highest concentrations
occurring when the nitrogen (N) to phosphorus (P) molar ratio was lower than 23.

In Lake Erie this eutrophication trend has resulted in a shift in cyanobacterial species
dominance (from Anabaena sp. and Aphanizomenon sp. to Microcystis sp.), an increase in
intensity and size of blooms, the introduction of aquatic invasive species such as benthic harmful
algal blooms (e.g. Cladophera) and zebra mussels (Dreissena polymorpha), and a shift in trophic
status within the littoral and pelagic regions (Binding et al., 2018; Hecky et al., 2004; Watson &
Kling, 2017). In Lake Winnipeg there has been a rapid acceleration of eutrophication since the
1990s, resulting in total phosphorus concentrations that are double the current provincial
objective of 0.05 mg L"!, leading to an increase in algal bloom presence and size (Environment et
al., 2020). The introduction of invasive species like zebra mussels has the potential to exacerbate
eutrophication in Lake Winnipeg through effects like the phosphorus shunt (Hecky et al., 2004).

In Canada, the major drivers of eutrophication are excess nutrients, with excess
phosphorus of primary consideration (Orihel et al., 2012; Schindler et al., 2008, 2012).
Phosphorus induced cultural eutrophication is associated with four main causes: (a) increased
erosion and runoff due to the conversion of forests and grasslands to cropland and for urban
development; (b) recycling of organic wastes in agriculture; (c) urban sewage; and (d) use of
inorganic fertilizers (Smil, 2000). In the Canadian Prairies, the main categories of high
phosphorus loading into lakes can be divided into point source (discrete sources such as a
wastewater treatment plant or combined sewer overflow systems); or non-point source (resulting
from land use change from forest and grassland to agriculture or urban landscapes) (Schindler et

al., 2012).



1.2 Agricultural Land Use Change

With the intensification of agricultural farming practices (McCullough et al., 2012), land
use practices and animal husbandry (McCullough et al., 2012), a clearer understanding of the
relative contribution of nitrogen and phosphorous and how their fractions interact in waterbodies
is necessary to develop and implement effective land management practices for Canadian
freshwater systems. Agricultural land use records show a distinct shift in many areas in Canada
and the US in both the type and intensity of use (Dumanski et al., 2015; Rattan et al., 2017).
From the 1920’s onward, systematic drainage of wetlands (Dumanski et al., 2015; Khan &
Ansari, 2005; Rattan et al., 2017) and construction of drainage channels was a common practice
used to increase viable agricultural land. The draining of wetlands to make drainage channels
establishes permanent surface water connections between isolated wetlands, ditches and streams,
thereby increasing contributing areas and runoff volume (land no longer storing water long term)
which, in turn, can increase flow and magnitude of flooding (Dumanski et al., 2015; Khan &
Ansari, 2005). Runoff from flooded agricultural land also tends to be higher in soluble reactive
phosphorous, (SRP) (the most biologically available portion of dissolved phosphorous (DP)
(McCullough et al., 2012).

In addition, large-scale conversion of land cover type to agricultural use has caused a
shift in nutrient flows to waterbodies by allowing increased nutrient input at vulnerable times of
the year, such as during snowmelt or high precipitation events in the spring and fall (Rodgers,
2022). Both snowmelt and high precipitation events (which may also cause flooding for short
periods of time), carry the capacity for increasing phosphorus input into a water body. Snowmelt

runoff accounts for 80% of the annual surface runoff for Prairie streams (Khan & Ansari, 2005),



resulting in a higher dissolved portion of phosphorus in spring, while runoff from rainfall
travelling over non-frozen ground in summer and fall can pick up a higher portion of particulates
(McCullough et al., 2012). The particulate form of phosphorous may be less bio-available but
could impact other parameters such as water clarity which in turn impacts the rest of the food
chain. These changes in land use exacerbate the effects of climate change on waterbodies, where
increased precipitation events, particularly in the spring, coupled with increased surface water
temperature and length of the open water season, can lead to higher total nutrient inputs into
lakes, as well as causing temporary connectivity between non-contributing and contributing
drainage basins (Ali & English, 2019; Donald et al., 2015).

Beusen et al. (2016) used a coupled nutrient-input-hydrology-in stream nutrient retention
model to track the changes in the global freshwater nitrogen (N) and phosphorus (P) cycles over
the 20" century and found that although in-stream retention and removal of N and P increased,
nutrient delivery to rivers and the ocean was still greater than retention. They concluded that
while the greatest retention of nutrients globally was due mainly to the creation of reservoirs,
agriculture was still the dominant source of non-point nutrient inputs to surface waters,
exceeding retention of nutrients globally.

1.2.1 Management Practices

While type of crop matters when identifying landscape impacts on phosphorus inputs,
farming practices (type of tillage, planting methods and location), coupled with weather and land
characteristics, have the most influence on reducing the impacts of soil erosion (Government of
Canada). In Ontario for example, over the past 30 years, crop production has shifted from corn to
soybean, and in 2025 soybeans were Manitoba’s third largest crop, increasing 5-five-fold since

2007 (Ontario and Quebec producing the most soybean crops (Province of Manitoba, 2025).



With conventional tillage practices, soybean farming leaves behind less crop residue, which
means that there is no soil cover in the winter and into spring (Lobb et al., 2024). This change in
landscape use and the timing of fallow soil could shift the proportion of dissolved to particulate
phosphorous running off the landscape (Michalak et al., 2013). Yet, since 1981, soil erosion risk
overall in Canada has only increased slightly, with the most marked improvements effected by
an increase in conservation tillage (most common tillage type in the Prairies), and adoption of
no-till practices used on cereal crops, thereby reducing soil movement and preserving crop
residue on the soil, preventing further erosion (Province of Manitoba, 2025).

Identifying agricultural nutrient management practices and how they relate to land
management practices is important in understanding nutrient transport and mobilization through
the watershed. On the prairies, dissolved N and P in snow melt may be higher than expected
based on the type of fertilization regime, land type and management practices. For example,
using conservation tillage practices as mentioned previously, leaving crop residue on top of the
soil, or relying on a riparian zone with old vegetation coupled with freeze/thaw cycling occurring
in spring can lyse vegetation on the soil and release higher than expected amounts of dissolved N
and P into the system. This can cause a cascade effect which may carry nutrients further through
the watershed than expected due to extended connectivity of water systems on the frozen
landscape and lack of protection from the riparian zone buffer pre-spring vegetation growth
(Michalak et al., 2013).

The type of fertilizer applied is also an important consideration. Since the 1930’s, global
consumption of inorganic phosphorus fertilizer has steadily increased. Inorganic fertilizer use has
increased from 1 Mt P/year to 16.5 Mt P/year in 1988, with the 1988 peak expected to have been

reached again by 2005 (Smil, 2000). The commonly used form of inorganic phosphorus,



ordinary superphosphate (OSP) contained on average 8.7% available P, which is an order of
magnitude more than the commonly recycled P-rich manures (Smil, 2000).

The Soil and Water Assessment Tool (SWAT) model was applied to factors that were
observed leading up to the 2011 Lake Erie algal bloom (Michalak et al., 2013) to assess the
impact of agricultural nutrient management practices on the lake. It showed that management
practices such as fertilizer addition timing and type of tillage (e.g. no-till), combined with high
rainfall events, would support the increase of dissolved phosphorus into the lake. The SWAT
model showed that current management practices common within the Lake Erie watershed
(autumn fertilizer application, fertilizer broadcast onto the surface as opposed to injected, and
conservation tillage) should be re-evaluated in the light of the high dissolved portion of

phosphorous being delivered to the lake (Michalak et al., 2013).

1.3 Climate Change Effects

Climate change is the second leading cause of biodiversity change globally, second only
to land use (Lemmen et al., 2007). However, the effects of climate change in shallow, polymictic
lakes (Bartosiewicz et al., 2019) like those that cover the Canadian western and central prairies,
are not well studied, leading to a gap in our ability to make science-based management decisions.
Both direct climate effects such as increased surface and air temperature, and indirect ones such
as altered precipitation events or decreased wind days and speeds, can lead to a change in both
lake biogeochemistry and phytoplankton community distribution, ultimately favouring
cyanobacteria. Increased surface temperature due to climate change may also cause shifts, either
short or long term, to the mixing status of lakes, particularly polymictic ones, resulting in
increased stratification and microstratification and decreased CO» availability (Bartosiewicz et

al., 2019; Carey et al., 2012; Hanson et al., 2008). Climate warming may not only affect lakes



with earlier, stronger and longer stratification, but may even cause a fundamental shift in lake
stratification processes, for example, causing polymictic lakes to become dimictic for long
periods of time, dimictic lakes to become warm monomictic lakes and monomictic lakes to
become oligomictic (Carey et al., 2012; Gerten & Adrian, 2000).

Eutrophication will also be exacerbated by a changing climate. Increasing air temperature
has historically been shown to result in a decrease of in streamflow in response to increased
evaporation coupled with decreased precipitation. This ultimately results in a decrease in the
ability of streams to dilute nutrients (Lemmen et al., 2007), and due to decreasing lake levels and
stream flow into and out of lakes, an increase in lake residence time. In other cases, increasing
seasonal precipitation and/or increasing intensity and duration of precipitation may lead to an
increase in flood frequency and magnitude, resulting in increased nutrient loading to lakes
(McCullough et al., 2012; Schindler et al., 2012). Increased periods of droughts, due to higher
and longer air temperatures, and flooding caused by an increase in high precipitation events, may
increase erosion into streams, resulting in increased sediment loads and therefore nutrient inputs
(Lemmen et al., 2007; Ontkean et al., 2005). Drought conditions also favour increased forest fire
extents, leading to loss of vegetation and soil cover and therefore the ability of soils to store
water locally. With no buffer for the runoff from soils, there will be an increase in the amount of
nutrients released into streams and their associated lakes (Lemmen et al., 2007).

1.4 The Nelson River Watershed
The Nelson River watershed (NRW) (Figure 1.1), which includes the Lake Winnipeg

basin, is over 1 million km?, and is the second largest basin in Canada by population, with nearly



7 million people! (Delong et al., 2023). Zubrycki et.al. developed a framework dividing the
benefits provided by the NRW and Churchill watershed into four categories; 1) provisioning
services such as food, freshwater, hydroelectricity, minerals and metals, i1) regulating services
such as flood and drought management, water quality regulation, and erosion control, iii) cultural
services which include recreational and aesthetic services and value to Indigenous communities
and 1v) supporting services such as habitat for fish, waterfowl and wildlife, and biodiversity.
Their report highlights the value of freshwater in Canada, as a drinking and recreational water
source, for hydroelectricity, as a commercial and sustenance fishery (valued at over 1.77 million
2011-2012), as a carbon sink, a spiritual source for Indigenous communities, for tourism and as

important habitat supporting aquatic biodiversity and wildlife.

Uhttps://www.gov.mb.ca/sd/water/lakes-beaches-rivers/lake-
winnipeg.html#:~:text=Nearly%20seven%20million%20people%20live,First%20Nation%20and%20M%C3%A9tis
%20communities.
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Figure 1.1. Nelson River watershed outlined in red, with the Lake Winnipegosis and Lake Manitoba
watershed coloured blue and the Lake Winnipeg Major Basin outlined in purple
Within the NRW lies a series of interconnected lakes (Winnipegosis, Manitoba and

Waterhen), which collectively form the upper Manitoba Great Lakes System (uMBGL). Lake
Winnipegosis, the northernmost lake in the series, empties into Lake Waterhen, which in turn
drains into Lake Manitoba. While multiple sub-basins exist within the NRW, all three upper
MBGL lakes are situated within the Lake Winnipegosis and Lake Manitoba sub-basin
(Agriculture and Agri-Food Canada, 2013), which extends from Manitoba into eastern
Saskatchewan. These lakes ultimately feed, via the Fairford River, into Lake Winnipeg, forming
another major basin (Lake Winnipeg), within the NRW (Agriculture and Agri-Food Canada,
2013). Lake Winnipeg is the only outlet in the NRW that flows into Hudson Bay, where

freshwater and marine systems meet and are transformed before flowing into the arctic. The
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Lake Winnipeg basin lakes are used extensively by the communities around them, both for
sustenance and commercial fishing, as well as for recreation and drinking water (Figure 1.1,

Figure 1.2) .
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Figure 1.2. Nelson-Churchill River watershed highlighting the Lake Winnipegosis and Lake Manitoba
sub-basin
Millions of dollars are spent each year protecting Canadian lakes, rivers and streams from

urban and agricultural pollutants, excess nutrient input and in keeping fisheries healthy, yet we
have large gaps in our understanding of the biogeochemical processes that occur within key
drainage basins like the uMBGL. It has been well documented (Donald et al., 2015; Koiv et al.,
2011) that large lakes can effectively sequester nitrogen and phosphorus, acting as nutrient filters
for lakes downstream, but there are very few studies containing nutrient or phytoplankton data

spatially and temporally on Lake Manitoba, one study on Lake Winnipegosis and none on Lake
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Waterhen. Therefore, the effects on the aquatic food chain, including the relationship between
phytoplankton and nutrients are not well understood. Current nutrient management strategies
assume either that nitrogen (N) and phosphorus (P) co-limit primary productivity or that
phosphorus is the main limiter to productivity in lakes, and that the relationship of chlorophyll to
N and/or P is linear. It has, however, been demonstrated that particularly in lakes where the
surrounding landscape is highly disturbed due to practices such as agriculture, the N and P
biogeochemical processes may be disturbed and the relationship between nutrients, chlorophyll
and primary productivity is also affected by the effects of light and algal composition (Dubourg

et al., 2015; Filstrup & Downing, 2017).

1.5 Project Motivation

The majority of research conducted on the effects of a changing climate on nutrient
processes and algal species diversity have occurred on lakes that are deeper than 9 metres and
regularly stratify. Previous findings that nutrient concentrations are the key drivers for
cyanobacterial dominance (Rigosi et al., 2014; Taranu et al., 2015) do not necessarily hold true
for shallower polymictic lakes (Bartosiewicz et al., 2019). In shallow polymictic lakes, the
effects of climate change-such as the impact of increasing water and air temperature-coupled
with periods of intense heat (heat wave enhanced) that often coincide with calmer wind
conditions, can lead to increased stratification in these lakes. Persistent stratification for longer
periods of time can lead to epilimnetic carbon dioxide (COy) depletion, as well as altering the
depth of light penetration, potentially favouring buoyant cyanobacteria which can utilize
atmospheric N> and can move to access increased light and nutrients located deeper in the water
column, or cyanobacteria which can use photoacclimation to maximize the amount of available

light (Carey et al., 2012).
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At present, management of the Lake Winnipeg watershed is heavily focused on
decreasing phosphorus inputs into the lake but does not consider the large role lakes such as the
uMBGL play in acting as nutrient sinks. We therefore have minimal science that can be used to
make evidence-based decisions on whole lake ecosystem management, which is necessary to
ensure the uMBGL and associated lakes can continue to act as buffers to prevent additional
nutrients entering Lake Winnipeg. This thesis begins to address the lack of spatial and temporal
data for two lakes on the uMBGL- Lakes Winnipegosis and Manitoba, and examines the
relationships between in-situ nutrient concentrations and algal diversity for the open water
season, to improve our understanding of how these lakes vary seasonally and annually, and how
the effects of changing land use and climate may be impacting these lakes now and into the
future.

1.6 Project Objectives

The goal of this thesis is to provide the first ever spatially comprehensive three-season
(spring, summer, fall), multi-year report on offshore nutrient and biogeochemical data for Lakes
Winnipegosis, Manitoba, and Waterhen. This will be accomplished by analyzing physical,
chemical, and stoichiometric variables on the uMBGL and compare with algal taxa distribution
to answer. Specifically, the sub-objectives of this project are to:

1. Provide an overview of selected in-situ off-shore biogeochemical and physical
characteristics for the uMBGL- Lakes Winnipegosis, Waterhen and Manitoba.;

2. Conduct a geostatistical analysis to examine the spatial and temporal biogeochemical
variation; and

3. Provide an overview of in-situ off-shore phytoplankton diversity for Lakes Winnipegosis

and Manitoba
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2. Review of the Upper Manitoba Great Lakes Study Area

2.1 Location

Lake Winnipegosis is located northwest of Lake Manitoba, and with an area of 5,403
km?, is the 2" largest lake in Manitoba, the 7™ largest in Canada and the 12" largest lake in
North America (Corkery, 1996) (Table 2.1). At its south end, Lake Winnipegosis drains into
Lake Waterhen via the Little Waterhen and West Waterhen Rivers (Figure 2.1).

Waterhen Lake, with an area of 259 km? is the smallest of the uMBGL and is located
north of Lake Manitoba and southeast of Lake Winnipegosis (Bajkov, 1930; Klein & Galbraith,
2017) (Figure 2.1). Waterhen Lake drains south, via the East Waterhen River, into the north
basin of Lake Manitoba (Klein & Galbraith, 2017).

Lake Manitoba, with an area of 4,600 km? (McCullough, 2023), is the 3™ largest lake in
Manitoba, 9'" largest freshwater lake in Canada (Manitoba Fisheries, n.d.) and 14" largest lake in
North America (Table 2.1). Lake Manitoba drains via the Fairford River through Pineimuta Lake
into Lake St. Martin, before reaching its final destination in Anama Bay, Lake Winnipeg through

the Dauphin River (Figure 2.1).
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Table 2.1. Upper Manitoba Great Lakes (MBGL) morphometry and Canadian size rankings

Elevation Area Length  Width Maximum Manitoba Canadian

bake (m) (km?) (km) (km) Depth (m) Ranking Ranking
Winnipegosis  253.10  5,403.00 195.00 25.00 12.00 2.00 7.00
Manitoba 24740  4,600.00 197.00 47.00 3.00 9.00
Waterhen 250.00 259.00  34.00  8.00 4.40
Winnipeg 217.30  24,390.00 436.00 111.00 18.00 1.00 3.00

Last (1980) reported an elevation of 252.9 m for Lake Winnipegosis.

2.2 Geomorphology

The Lake Winnipegosis and Lake Manitoba sub-basin is part of the Canadian Great
Plains (CGP) geomorphic province of North America (F. M. Last & Last, 2012; W. M. Last &
Ginn, 2005), the USA portion which was first described by Fenneman (1917). The CGP are part
of the Great Plains, which are physiographic provinces based on landforms instead of climate or
vegetation. The Great Plains encompasses ~3.6 million km?, including 11 US states and 3
Canadian provinces. The CGP region of the Great Plains stretches ~ 450,000 km? from the
Precambrian Shield east of Winnipeg, MB, west to the foothills of the Rocky Mountains.
Commonly known as the prairie pothole region, the CGP is characterized by millions of mainly
small (<100 km?), shallow (zmax <10 m) and saline lakes, with some of the richest agricultural
soils in the country and is characterized by flat to gently rolling topography (Last & Last, 2012).
The actual number of lakes in this region varies depending on the minimum lake area included in

the reporting and the hydroclimatic conditions at the time.
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2.3 Geology

In the uMBGL, a thick sequence of glacial sediments deposited during the Pleistocene
continental glaciation overlays the Paleozoic rock (Corkery, 1996), forming a thick layer of
unconsolidated glacial, glaciofluvial and glaciolacustrine sediment (predominantly clay). This
glacial deposition contributed to the formation of features such as The Pas end moraine,
deposited at the edge of the glacial ice sheet, extending south from near The Pas, eastwards
between Cedar Lake and Lake Winnipegosis, and forming Long Point in Lake Winnipeg
(Figure 2.1) (Corkery, 1996).

Starting at the north end of Lake Winnipegosis and stretching south-east and along the
eastern shores of the uMBGL to the south basin of Lake Manitoba, the upper layers of bedrock
are comprised of shale and argillaceous dolomite (Ashern Formation) and fossiliferous and
anhydritic dolomite of the Winnipegosis and East Arm (Interlake) formations (Figure 2.2). In the
Lake Manitoba area, these formations were quarried as a source of limestone and aggregate
(Last, 1980). Overlaying these sediments and descending from Overflowing Bay along the west
shore of Lake Winnipegosis, terminating on the south-west side of Lake Manitoba, lies the
Dawson Bay and Souris River formations, composed mainly of a shale carbonate sequence with
minor evaporitic beds (Figure 2.2) (Last, 1980). The south-west basin of Lake Manitoba is
underlain by the Jurassic Amaranth, Reston and Melita formations, which are not exposed to the
surface (W. M. Last, 1980). These formations range from gypsum, anhydrite and shale
(Amaranth) to sand, shale and minor carbonates, with minor amounts of carbonaceous shale and
coal (Reston and Melita). The gypsum and anhydrite from the Amaranth formation have been
mined for over 75 years at several locations around Lake Manitoba, including 20 km northeast of

the Fairford River outlet (Figure 2.2) (Last, 1980). Overlying this is a thick sequence of
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siliceous, bentonitic and carbonaceous shales from the Cretaceous, with many of the formations
exposed along the Manitoba Escarpment, a pre-glacial feature about 650 m thick, characterized
by hard Odanah shale (Corkery, 1996), and lies along the eastern edge of Cretaceous rocks in
Manitoba, creating a sharp break between the Manitoba Lowland Westlake/Interlake Plain and
the Western Upland Plain (Last, 1980).

The Manitoba Lowlands (also called the Manitoba Lowland Saline Waterbelt) (Petch,
1990) are one of four physiographic regions in Manitoba. They extend from The Pas, along the
western shore of Lake Winnipegosis and Lake Manitoba and include areas along the western
bank of the Red River. They are bounded on the west by the Manitoba Escarpment (Corkery,
1996). The Manitoba Lowlands contain four sub-regions - the Interlake-Westlake Plain, the Red
River Plain, the Lower Assiniboine Delta and the Southeast Section. To the south-east of Lake
Manitoba, silty clay overlies bedrock, creating some of the most prosperous farming areas in
Canada (Corkery, 1996). Pleistocene deposited silt and clay rich glacial tills as well as the
glaciolacustrine sediment (mostly clay) form a low-permeability cap of varying thickness over

the aquifer (Grasby & Betcher, 2002).
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Figure 2.2. Upper Manitoba Great Lakes Lithology

2.4 Hydrogeology

With the exception of the southwest portion of Lake Manitoba, the uMBGL is underlain
by limestone and dolomite rocks deposited during several periods of the Paleozoic era (Corkery,
1996). As part of the Paleozoic outcrop belt in Manitoba, the uMBGL overlay a carbonate rock

aquifer (Grasby, 2000), which is divided into fresh and saline portions along a north-south
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hydraulic divide (Grasby & Betcher, 2002). The aquifer is, in fact, a series of aquifers forming a
continuous system, and in a series of west-dipping Middle Ordovician to Middle Devonian
carbonates with minor shales and evaporites (Grasby & Betcher, 2002), which Grasby (2000)
suggested occurred due to a hydrological head created by a significant influx of glacial meltwater
during the Pleistocene. Follow up work by Grasby and Betcher (2002) found three dominant
flow systems, caused by (i) a strong eastward gradient in the southwest related to the flow of
saline waters from the Williston Basin; (i) in the southeast, a northwest gradient related to the
freshwater recharge from the Sandilands; and (iii) a westward and downdip flow of groundwater
related to recharge in the Interlake. Salinity classified as per Hem (1985) along the aquifer,
ranges from brine (>35,000 mg L) to saline (10,000 — 35,000 mg L ') and brackish (2,000 —
10,000 mg L) to freshwater (< 2000mg L!). Using the freshwater threshold of 2,000 mg L! as
a cutoff, the carbonate aquifer demonstrates a clear freshwater to saline water boundary which
closely follows the topographic lows defined by the Rat, Red, Saskatchewan and Assiniboine
rivers, and lakes Manitoba and Winnipegosis (Grasby & Betcher, 2002), suggesting that glacial
erosion of weaker geological beds created the current topography that defines the uMBGL
morphology. The underlying carbonate geology supports the high carbonate values found in the
uMBGL lakes compared to Lake Winnipeg, and the high saline groundwater input supports the
saline characteristics and gradient that can be seen in the lakes from north to south (Bajkov,

1928; McKillop et al., 1992).

2.5 Lake Morphometry
The uMBGL were formed in a lowland basin consisting of limestone and shale bedrock
which was scoured out by continental glaciers during the Pleistocene. 12,000 years ago, the basin

was filled by glacial Lake Agassiz (Figure 2.3), which eventually drained, exposing the glacial
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lake bottom and leaving remnants, such as Lakes Winnipegosis and Manitoba, which appeared in
their current form about 8,100 years ago (Teller et al., 1996). Additional large remnant lakes in

the region include Cedar and Winnipeg (Welsted, Everitt, et al., 1996).
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Figure 2.3. Map of Glacial Lake Agassiz
Note: Map from Corkery (1996).
Literature values for morphometric data on the uMBGL lakes can vary considerably with
the source. Previous to the map created by McCullough (2023) for Lake Manitoba, Last (1980)
provided one of the two documented methods for lake area calculations. Messager et.al. (2016)

created the most comprehensive dataset for the uMBGL in the course of developing a database
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using a geo-statistical model to calculate morphological characteristics of freshwater lakes with a
surface area of 10 ha or more.

Each lake in the uMBGL is here described using a series of common morphometric
indicators to describe the physical properties of freshwater. Morphometric parameters allow
comparison between lakes based on a set of standard metrics such as nutrient loading rates,
thermal stability of the water column, and biological productivity. These parameters are vital to
informing management techniques both at the lake and the watershed scale (Wetzel & Likens,
1991). General morphometric parameters described in this thesis can be divided into two
categories - in terms of their physical and biological potential. Physical characteristics include
lake length, width, depth, area and volume. Biological potential parameters discussed are
shoreline development index (SDI), the watershed to lake area ratio (WA:LA), the dynamic
sediment ratio (DR), and Carlson’s trophic state index (TSI).

The uMBGL lakes are classified as continuous polymictic lakes as they may exhibit daily
stratification but not stratification persisting through intervals of days to weeks. In comparison,
Lake Winnipeg’s south basin is generally considered continuous polymictic, but there is
evidence the north basin may be discontinuous polymictic - stratifying at intervals of days
(Environment and Climate Change Canada, 2020). Stratification patterns are important as they
also inform the biology of a lake, for example, stratification persisting for days to weeks will
affect the dispersion of biological organisms in the water column and their access to their energy
sources differently than a lake which turns over completely daily (mixing surface to bottom
waters) (Lewis Jr, 1983). Tables 2.3, 2.4 and 2.5 summarize the morphometric data for each lake.

The shoreline development index (SDI) is the ratio of shoreline length (Si) relative to the

length of the circumference of a circle whose area (Ao) is equal to that of the lake
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(Wetzel & Likens, 1991). The more complex the shoreline is, the more the SDI deviates

SDI =

(2.1)

from one, which is the value of a perfect circle. The SDI is used as an indicator of the extent of
the littoral zone in a lake (the area of the lake presumed to be most productive); the higher the
SDI value, the greater the potential for littoral zone development and the larger an area through
which nutrient runoff from land may enter the lake (Page, 2011; Schwartz, 1982).

The watershed area to lake area ratio (WA:LA) is a morphological indicator used to
provide an idea of the nutrient loading capability to a lake, as the larger the WA:LA ratio, the
greater the amount of nutrients and sediments from river and stream inflows and runoff
associated to the waterbody (Page, 2011).

The dynamic ratio (DR) model,

DR = (2.2)

B

as defined by Hakanson (1982), where a= lake area (km?) and D = mean depth (m), is a
measure used for lakes ranging from >1 km? to ~5000 km? to identify the percentage of a lake
bottom area that is dominated by either fine particle (medium or finer silt) sediment erosion and
transportation processes or sediment accumulation processes (Page, 2011). Hakanson (1982)
divided the DR into 5 classes, with lakes with a DR of < 1.1 having less than 33% of areas of
erosion and transportation, making the lake effectively a sediment trap, while lakes with DR >
3.8 are 100% dominated by resuspension activities. In shallow lakes, the resuspension of fine
sediment particles can contribute to the water quality (e.g. water clarity, nutrient concentrations).

The Carlson TSI (CTSI) is a numerical trophic state index that uses multiple indices-

Secchi disk depth (m), surface phosphorus (ug L) and surface chlorophyll (ng L)
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concentrations-as predictors of algal biomass, and ultimately as proxies to classify a lake’s

trophic state (Carlson, 1977), where:

InSD
TSI(SD) = 10 [6 _ W] (2.3)

2.04 — 0.68InChl
TSI(ChI) = 10 [6 _ ] (2.4)
In2
48
lnﬁ
TSI(TP) = 10| 6 — —=— (2.5)
In2

The TSI scale ranges from 0 to 100, with a mean TSI of <30 indicative of an oligotrophic
lake, to a TSI of greater than 70 indicating a hypertrophic lake. Oligotrophic lakes typically have
high water clarity, and primary and secondary productivity may be limited by a shortage of
major nutrients, primarily nitrogen and phosphorus in temperate lakes (Environment et al., 2020;
Khan & Ansari, 2005). As lakes become more productive, water clarity decreases and the
amount of phosphorus and chlorophyll increases (Khan & Ansari, 2005; Schindler, 1974;
Wetzel, 1975). Each indice can be plotted to compare seasonal or annual trends in lake trophic
state between indices. The overall mean TSI for a lake is calculated by calculating the mean for
all three indices. The eutrophication potential (EP) (Equation 2.6) of a lake is also calculated
from the TSI. The EP is the potential of the lake, based on the current CTSI indice values, to stay
eutrophic. The TSI and EP provides a simple empirical method to evaluate the potential for

productivity of a lake and allows standardized comparisons across different waterbodies.

Number of CTSI > 50
Number of CTSI

Eutophication Potential (EP) = ( ) X 100% (2.6)
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2.6 Hydrology

Lake morphological data is supplemented by and supports watershed modelling, which is
critical in relating patterns in water quality to external and internal processes such as human
activities and natural lake processes respectively (Benoy et al., 2016), thus enabling better
support for science-based watershed management decisions (Wellen et al., 2015). Watersheds are
natural hydrological units that capture all inputs and impacts (e.g. precipitation, runoff,
groundwater, and stream flows), that affect the waterbodies contained within it. There are at least
two major watershed classification systems in Canada that have been commonly used to
delineate the hydrological networks and inform both physical and biological morphological data
for freshwater systems. It is unclear from most works cited in this thesis which watershed
classification system was used for any given dataset, therefore I summarize both below and in
Table 2.2.

The National Scale Frameworks Hydrology-Drainage Areas classification is a
compilation of the Water Survey of Canada and the National Atlas datasets designed to create a
third dataset, the Fundamental Drainage Areas (FDA), which allow data to be aggregated to
either of the two classification systems (Natural Resources Canada, 2009). This dataset allows
analysis at the sub-sub-drainage basin level and higher (Statistics Canada, 2017). Under this
classification, the uMBGL fall within the Lake Winnipegosis and Lake Manitoba drainage
region, with an area of 82,719 km? (Figure 1.2, Table 2.2).

The Standard Drainage Area Classification (SDAC) and its variant - Drainage Area
Classification (DAC) were created as a result of a partnership between Natural Resources
Canada and Statistics Canada (Statistics Canada, 2018; Water Rangers, 2025) and were derived

from the Water Survey of Canada’s watershed boundary layer. The SDAC, created in 2003,
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provides the boundaries for the 11 major drainage, 164 sub-drainage and 974 sub-sub drainage
areas in Canada, while the variant DAC can be built-up from the sub-sub-drainage areas of the
SDAC. The SDAC and DAC were developed to provide more accurate boundaries and a refined
watershed hierarchy which are used in reporting by Statistics Canada and allows a more
standardized comparison with statistical data such as agricultural or population. Under this
system, Lake Winnipegosis is contained within the Lake Winnipegosis watershed, and Lakes
Manitoba and Waterhen are within the Lake Manitoba watershed (Table 2.2, Figure 2.4). To
compare the SDAC watershed area to the FDA, the Lake Dauphin watershed should also be
included, as it is in the Lake Winnipegosis-Lake Manitoba watershed (Table 2.2) FDA
classification, creating a combined uMBGL watershed area of 82,860 km?. Agriculture and Agri-
Food Canada (AAFC) (Agriculture and Agri-Food Canada, 2016) used this SDAC classification
for their AAFC Watershed Project, and the AAFC abbreviation is used to refer to the dataset in
this thesis (Statistics Canada, 2018). When calculating watershed drainage areas, the AAFC
effective drainage areas and non-contributing drainage areas should be considered (Figure 2.5).
The effective drainage area is the area of the watershed that is expected to contribute to surface
runoff under average runoff conditions, while the non-contributing drainage areas are areas that
do not contribute to surface runoftf during average runoff conditions and would only do so during
years of high precipitation and discharge (Agriculture and Agri-Food Canada, 2013; Donald et
al., 2015). Each of the three SDAC sub-watersheds contains regions of non-contribution drainage

arcas.
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Table 2.2. Upper Manitoba Great Lakes watershed sizes according to the Agriculture and Agri-Food
Canada (AAFC) SDAC and Water Survey of Canada (WSC) databases. The total area for the AAFC
drainage basin is calculated by adding all three watershed areas together for a total drainage area of

82,860 km2.
WSC Watershed Lake AAFC WSC
Lake AAFC Watershed Area
Layer Area WA:LA WA:LA

Winnipegosis 46,355.1 82,746.6 5,403 9 15

Manitoba 27,795.2 82,746.6 4,600 6 18

Included in Winnipegosis
Waterhen 82,746.6 2591 179 319
watershed
Dauphin 8,709.9 N/A 519.311 17 N/A
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Source: Sub-basins of the AAFC watersheds project - 2013

Figure 2.4. Map of Agriculture and Agri-Food Canada (AAFC) sub-sub-districts
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Figure 2.5. Map of non-contributing drainage areas within total gross drainage areas of the AAFC
watersheds project (2013)

2.6.1 Lake Winnipegosis
2.6.1.1 Physical.

Lake Winnipegosis, at an elevation of 253.1 metres above sea level (m.a.s.l), has an area
of approximately 5,403 km? (Bajkov, 1930) (Table 2.1). The lake is elongated along a north-west
to south-east axis, with a reported length of between 195-200 km long and 25-27 km wide
(Herdendorf, 1984; Resources & Northern Development, 2022) and a shoreline length of 957 km
(Herdendorf, 1984). Bajkov reported an average Secchi depth of 1.75 m. The Province of

Manitoba recorded Secchi depths across the lake ranging from 0.78 - 4.1 m, similar to the
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Coordinated Aquatic Monitoring Program (CAMP) values of 0.75-3.9 m (Coordinated Aquatic
Monitoring Program, 2014) for the open-water season. For the purposes of this study, based on
lake morphometry, I divided Lake Winnipegosis into four sub-basins: north-west (NW), south-
east (SE), south-west (SW) and south-east east (SEE) (Figure 2.6).

Published values for Lake Winnipegosis range from a mean depth of 3 m in the south
basin to a maximum depth of 18 m (Bajkov, 1930; Herdendorf, 1990; Resources & Northern
Development, n.d.) in the north basin. In the south basin, Bajkov (1930) reported a maximum

depth of 4 - 5 m (Table 2.3).

2.6.1.2 Biological.

There is no reported SDI value or WA:LA ratio for Lake Winnipegosis, therefore I
calculated the WA:LA ratio from both the AAFC watershed sub-sub-basin and the WSC layers.
The WA:LA for Lake Winnipegosis ranges from 9 to 15 depending on whether the ratio is
calculated using the AAFC watershed layer (WA:LA = 9) or the WSC watershed layer (WA:LA
= 15) (Table 2.2).

Herdendorf (1984) reported a DR value for Lake Winnipegosis of 3.7, indicating the lake
is almost 100% dominated by resuspension. As the lake can be divided into basins, however,
each basin should have the DR calculated separately to identify differences based on basin

morphology.
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Table 2.3. Lake Winnipegosis morphometric data

Units

Whole Lake Herbert
Watershed Area (Km?) 54,000! 46,3552
Lake Area (Km?) 54033 54014
Maximum Length (Km?) 200°
Maximum Width (Km) 253
Shoreline Length (Km) 957¢
Wetlands/km shoreline (Km?) 0.800
Mean Depth (m) 7.0
Max Depth (m) 123 9.7
Depth Ratio (z:zm) - 0.73
DR - 10
Shoreline Development Index 3.7¢
Watershed:Lake Area Ratio (WA:LA) - 9
Estimated Volume (Km?) 16°

Wetlands/km shoreline from Watchorn et.al. (2012). Values from Herbert table were used for
calculations in this thesis and unless otherwise cited were generated from this research. Lake
statistics are for the entire lake as most statistics per basin do not exist, with the exception of Bajkov
(1930b) who reported a south basin mean depth of 4-5 m. 'Last(1980),
2AAFC(2013),°Bajkov(1930),*Atlas of Canada(2013),°Klein&Galbraith(2017), ®Herdendorf(1984)




2.6.2 Lake Waterhen
2.6.2.1 Physical.

Waterhen Lake is located east and downstream of Lake Winnipegosis and northwest and
upstream of Lake Manitoba (Figure 2.1). At 34 km long and 8 km wide (Galbraith et al., 2017),
it is short and narrow compared to the other two lakes in this study. It is also very shallow, with a
maximum depth of 4.4. m (Galbraith et al., 2017) (Table 2.1). Messager et al. (2016) calculated
the area of Waterhen Lake to be 160 km?, which is half the area reported by Bajkov (1930) of

259 km?.

2.6.2.2 Biological.

Messager (2016) reported an SDI of 5.8, indicating the lake has the potential to be highly
productive (Table 2.3).

There is no reported DR or WA:LA for Lake Waterhen so I calculated them based on
data from (Table 2.3). The DR for Lake Waterhen was 4.2, indicating that Lake Waterhen has
the potential for 100% resuspension of sediment. Using both watershed layer data from
(Table 2.2), I calculated the WA:LA to vary from 179 (Agriculture and Agri-Food Canada,

2013) to 319.
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Table 2.4. Lake Waterhen morphometric data

Units

Lake
Watershed Area (Km?) 46,355!
Lake Area (Km?) 160>
Maximum Length (Km?) 34°
Maximum Width (Km) 83
Shoreline Length (Km) 2622
Wetlands/km shoreline5 (Km2) n.d.
Mean Depth (Km) 3.8
Max Depth (m) 4.43
Depth Ratio (z:zm)
DR 4.2
Shoreline Development Index 5.8
Watershed:Lake Area Ratio 289
Estimated Volume (Km?) 0.432

'Statistics Canada (2018)
2Messager et.al. (2016)
3Klein&Galbraith(2017)
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2.6.3 Lake Manitoba

Lake Manitoba is located between Dauphin Lake and Lake Winnipeg, to the southeast of
Lakes Waterhen and Winnipegosis (Figure 2.1). Though the most commonly reported surface
area of Lake Manitoba is 4,700 km?, McCullough (2023), using a digitized bathymetric map and
satellite data (McCullough, 2023), calculated the area of the lake to be 4,596 km?, not including
Ebb and Flow Lake, similar to that reported by the International Joint Commission (1977),
Bajkov (1930) and Donald et al. (2015) (Table 2.5). Depending on wind direction, Ebb and Flow
Lake exchanges water with the south basin of Lake Manitoba at the west side of the Narrows but
may not be included in all area calculations for Lake Manitoba, accounting for some of the
differences in reported lake area. For example, Messager et al. (2016) calculated the area of Lake
Manitoba to be 4,751 km?, including Ebb and Flow Lake. In this thesis, a rounded area of 4,600
km? will be used. Reports on the lake’s length range from 197 km (Page, 2011) to 225 km (Lake
Manitoba Regulation Review Advisory Committee, 2003). At its widest Lake Manitoba is
between 40 (Lake Manitoba Regulation Review Advisory Committee, 2003) and 47 km (Last,
1980) making it the 3™ largest lake in Manitoba, 9" in Canada and 14" in North America
(Table 2.1). For the purposes of this study, I will use a length of 197 km and maximum width of
47 km, as reported by Page (2011) (Table 2.5).

The north basin of Lake Manitoba has an area of 1,808 km? (McCullough, 2023),
accounts for 39% (McCullough, 2023) of the total lake surface area, and is made up of a very
irregular shoreline dominated by numerous, bedrock-controlled features such as islands,
peninsulas and straits (Last, 1980). The north basin is 92 km long and 22 km wide, with a total
shoreline length of 523 km (Lake Manitoba Regulation Review Advisory Committee, 2003;

Page, 2011) and runs along a NW-SE axis (Last & Teller, 2002). Page (2011) and McCullough
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(2023) divided the north basin into 3 smaller elongate sub-sub-basins, connected to the south
basin by a narrow strait southwest of Dolly Bay, referred to as “the Narrows” (Figure 2.1), which
is 4 km long and 0.8 - 1 km wide (Last & Teller, 2002; Page, 2011). The three northern sub-
basins are divided from each other by narrow straits created by land features, notably Peonan
Point between the south-east portion of the north-west basin (SE) and the west-north-west basin
(NW), collectively called the northwest basin with the third basin occurring to the northeast (NE)
(Table 2.5, Figure 2.1) (McCullough, 2023). For this study, I used these same divisions for the
north basin and considered the south basin as a single basin (Figure 2.7).

In contrast, the south basin of Lake Manitoba is slightly trough-shaped, with steeply
sloping sides and a flat, featureless bottom, characterized by a relatively smooth, regular, 392 km
shoreline with fewer islands than the northern basins (Last, 1980), that gradually converges north
towards the Narrows (Page, 2011). The south basin is 105 km long, 47 km wide and has a
shoreline length of 392 km (Last, 1980). The surface area of the south basin is reported by Page
and Last as 3,107 km? (70% of the total lake surface area), however, McCullough (2023)
reported the south basin surface area as 2,792 km? (61% of the total lake surface area) which is
the area that will be used in this study (Table 2.5).

Page reported an SDI of 1.98 for the south basin and 3.70 for the north basin. As
indicated by the higher SDI, the north basin of Lake Manitoba has a larger littoral zone, and
therefore a greater potential for biological productivity than many other Great Lakes in Canada.
Downing & Duarte (2009) and Herdendorf (1984), however, used a different shoreline length for
Lake Manitoba (810 km) to calculate SDI, and reported values for Lake Winnipeg of 2.5 and for
Lake Manitoba of 3.4 which, while lower than Page’s reported values still indicates that Lake

Manitoba has a greater potential for biological productivity than many large lakes in Canada.
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Page (2011) reported a WA:LA ratio of 40 for the north basin of Lake Manitoba, and a
WA:LA ratio of 6 for the south basin. When partial flow of the Assiniboine River is diverted into
the south basin of Lake Manitoba during floods (via the Assiniboine River Diversion (ARD)),

the WA:LA increases to 19.
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Table 2.5. Lake Manitoba morphometric data

South North South NE NW- Whole
Units
Basin Basin basin®  basin>  basin® Lake
Watershed Area (Km?) 17,343 62,956 80,299
Watershed Area (with ARD) (Km?) 58,843 62,956 121,799
Lake Area (Km?) 3,107! 1,593! 2,792 812 992 4,5962
Maximum Lengt