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ABSTRACT 

Invasive species are a threat to global aquatic ecosystems. Nonetheless, their impacts can be 

heterogeneous across systems. Recent reports suggest Saskatchewan (SK) prairie lakes are 

highly prone to zebra and quagga mussels (ZQM) given their proximity to invasive corridors of 

Manitoba and three US states (Montana, North Dakota, and Minnesota) where they have been 

reported. As the effect of ZQM on native species is variable and context-dependent across 

locations and time, an understanding of prevailing biological, physical and chemical conditions 

supporting various cohorts of fish communities is necessary for prioritizing mitigation efforts to 

address the potential effects of these dreissenids in uninvaded systems. To gain these important 

insights, I investigated diet composition and body conditions of three ecologically and 

recreationally important gamefishes; walleye (Sander vitreus), northern pike (Esox lucius), and 

yellow perch (Perca flavescens) sampled from 18 SK prairie lakes. In addition, I assessed the 

impact of fish size and environmental variables on gamefish body conditions.  

Twenty-three prey taxa were found in the diets of these fishes. While both invertebrates 

(amphipods) and fish formed significant constituents of walleye diets, pike concentrated more on 

fish prey, whereas perch relied more on invertebrates (chironomids and amphipods). 

Zooplankton was only a minor contributor to the diets of all three gamefish species. Body 

conditions of walleye and pike decreased with size, but yellow perch populations were in 

consistently good condition across all size groups. These results suggest preferred fish prey of 

larger piscivores (i.e., pike and walleye) may be present in insufficient quantity. Lake 

productivity and alkalinity influenced body conditions of large-sized walleye and yellow perch. 

The scarcity of pelagic zooplankton prey in the diets of small-sized gamefishes implies these 

populations may be less threatened by future ZQM invasion than previously assumed.  
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Next, I contrasted stomach content data and Carbon (C), Nitrogen (N), with Sulfur (S) stable 

isotope analyses to better quantify the relative importance of various foraging habitats to the 

three gamefish species. Bayesian Mixing models predicted that in about 70% of our study lakes 

> 55% of gamefish diets were sourced from the littoral region, whereas in ~30% of surveyed 

lakes, > 55% of gamefishes diets was sourced from the pelagic habitat. General evidence of 

similar reliance on sediment S sources in lakes where two species co-occurred (walleye and pike 

or walleye and perch) was observed. Overall, the three predominant gamefishes exhibited 

comparable dependence on the three feeding habitats (littoral, pelagic, sediment) across SK 

prairie lakes.  Findings of stomach content analysis (SCA) and stable isotope analysis (SIA) were 

assessed to determine how the two techniques corroborate, contradict or complement each other. 

Results indicated a lack of correspondence between the two methods utilized in examining 

walleye diets, suggesting the need to use both techniques as complements for more robust 

results. Finally, because future invasion by ZQM is expected to significantly impact energy 

sources of gamefishes, I examined the current environmental controls of reliance on pelagic, 

littoral, and sediment-based diets. Walleye reliance on pelagic energy sources increased with the 

maximum depth of lakes and decreased with total dissolved solids (TDS) concentrations, 

implying the contribution of pelagic diets increase for fish populations in deeper and less saline 

lakes. However, sediment-based diets were not influenced by any of the selected environmental 

parameters. 

Integrating SCA and SIA overall helped to advance our understanding of feeding habits of 

gamefish populations in SK prairie lakes and demonstrates the value of combining these analyses 

for a comprehensive understanding of feeding interactions within aquatic ecosystems.  
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1. GENERAL INTRODUCTION 

1.1 Distribution of Dreissenids 

Over the past five decades, the impacts of biological invasions on ecosystems have become a 

very important environmental issue (Gurevitch & Padilla, 2004) with invasive species ranked 

only second to habitat destruction as threats to biodiversity (Simberloff & Gibbons, 2004).  

Intentional and unintentional human activities such as recreation, transportation, and food 

production facilitate the spread of invasive species from their native habitats to new regions 

(Cook et al. 2013).  In freshwater systems, the impacts of invasive species now require new 

management approaches as aquatic invasive species (AIS) have significantly altered ecological 

interactions within ecosystems and caused massive damage to local food webs (Ricciardi & 

MacIsaac 2000; Cucherousset & Olden, 2011). 

Two AIS that have had enormous economic and ecological impacts on invaded waters in the 

northern Hemisphere (and are considered the most aggressive freshwater invasives in this region) 

are Dreissena polymorpha (Pallas, 1771), (zebra mussel) and Dreissena rostriformis 

bugensis (Andrusov, 1897), (quagga mussel) (Karatayev et al. 2002; Nalepa & Schloesser, 

2019). Zebra and Quagga Mussels (ZQM) are native to the Ponto-Caspian basin in Europe but 

were introduced to several other parts of Europe, Asia, and North America (Higgins & Zanden, 

2010; CABI, 2020). While their initial mode of dispersal is unclear, some believe they invaded 

River Neman and Curonian Lagoon in the southeast Baltic from the Dnieper via the Oginskii 

Canal about 200 years ago (Olenin, 2005); others think their introduction may have been through 

canals using the Volga and its tributaries and lakes Onega and Ladoga in the early 18th century. 

These exotic mussels continued to spread across Europe and had invaded most inland water 

systems of western and central Europe by the mid-19th century (CABI, 2020).   



17 
 

In North America, ZQM got first introduced to Lake Erie in the 1980s (Mills et al. 1993; Carlton, 

2008). Aside from colonizing the Great Lakes, ZQM spread into at least 772 inland lakes, 

reservoirs, impoundments, and quarries in the USA and Canada by 2010 (Benson, 2013). Having 

invaded the Great Lakes as well as rivers and lakes in several states in the USA and two 

Canadian provinces (Ontario and Quebec), studies by Gollasch et al. (1999) and Ram and 

McMahon (1996) rightly predicted the continued spread of the zebra mussels into uninvaded 

rivers and inland lakes. Evidence for this assertion is the recent ZQM invasion into Lake 

Winnipeg, Manitoba. This situation has raised concerns among western North American states 

and Canadian provinces about the risk of further westward spread of these invasive mussels. The 

continual exposure of inland waters to impacts of climate change and other anthropogenic 

activities likely makes them more susceptible to the effects of invasive species (Ehrenfeld, 2010; 

Strayer, 2010). 

1.2 Aquatic Invasive Species and Economic impacts 

Among the several pathways/vectors by which AIS are introduced, the transportation of goods is 

the principal conduit for their introductions (Ruiz & Carlton, 2003). Measures that help reduce 

the risk of invasion may be broadly grouped into mitigation and adaptation strategies. While the 

former includes measures that prevent the likelihood of species invasion, the latter involves 

behavioral responses that limit the effects of introduction, establishment, or spread of AIS after 

invasion and establishment (Lovell et al. 2006).  

 

Mitigation strategies use biosecurity measures comprised of activities that prevent the 

introduction or manage the spread of AIS to lessen their impacts (Caffrey et al. 2014). These 

measures include the regulation of intentional (including illegal) and unintentional introductions 
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and the management of weeds and animal pests by central and local government, industry, and 

other stakeholders (Wittenberg & Cock, 2001).  Biosecurity measures are well recognized as the 

most cost-effective means of reducing impacts of invasives and are central to international 

agreements, including the Convention on Biological Diversity (CBD), European Union 

Regulation 1143/2014 on the Prevention and Management of Invasive Alien Species, and 

Invasive Non-Native Species Strategy for Great Britain (Perrings et al. 2009; Dunn & Hatcher 

2015). 

The cost of preventing/managing the introduction/spread of AIS is not well understood (Lovell et 

al. 2006; Connelly et al. 2007). Where invasive species are introduced and become established, it 

is nearly impossible or cost-prohibitive to eradicate them, particularly in the case of AIS due to 

the concealing nature of the aquatic environment (Pimentel et al. 2000; Barbour et al. 2013; 

Tidbury et al. 2016). The United States (US), bears an annual economic cost of over $US 1 

billion for about 88 introduced and established mollusk species (Pimentel et al. 2001). Of this 

number, the zebra mussel is one of the most studied and well-known (Lovell et al. 2006). ZQM 

invasion in North America has affected power generation and water treatment facilities that 

depend on surface water intakes (MacIsaac, 1996). Fouling intake pipes and other equipment 

resulted in severely impeded flows, which necessitated the construction of new intake pipes and 

undertaking biosecurity measures such as physical removal of mussel accumulation and 

chemical treatment.  

Without considering the costs of mussel invasions on navigation, natural resources such as 

fisheries, or recreational boating and tourism, Connelly et al. (2007) estimated a total economic 

impact of $267 million on drinking water treatment and electric generation facilities in North 

America between 1989 and 2004. In an attempt to estimate the cost of ZQM impacts in the US, 
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Lovell et al. (2006) also assessed some theoretical (included studies with general principles or 

potential application to AIS) and empirical studies in a review that adjusted the dollar figures in 

Table 1.1 from their respective sources to the dollar value in the year 2003 using the annual 

average CPI index (US Bureau of Labor, 2005). This review, however, was in its early stages 

and was not comprehensive enough to estimate the national or regional economic impacts of 

these invasives. That notwithstanding, the estimates indicate high costs of preventing and 

controlling the effects of ZQM invasions. 

 

Table 1.1: Summary of Selected Studies Providing Empirical Estimates (to the dollar value in 

the year 2003).  

Authors Duration 

Covered 

Geographic 

Area 

Estimated Cost Outcomes 

Armour, Tsou, 

and Wiancko 

(1993)a 

 Great Lakes $127 million 

annually 

Costs to 

approximately 

46 power plants 

Cataldo (2001)a 10 years Great Lakes $3.2 billion over 

the entire period 

 

Hushak and 

Deng (1997) 

1992-1994  $10.9 million 

annually 

Research 

expenditures 

Hushak, Deng 

and Bielen 

(1995a)a 

1989-1994 Great Lakes 

tributaries and 

inland waters 

$509,000 for the 

entire period 

Monitoring and 

control costs for 

125 industrial 

facilities 

O'Neill (1997) 1989-1995 35 U.S. states 

and 3 Canadian 

provinces  

$83 million and 

a mean of 

$248,000 per 

facility 

Total 

expenditures of 

339 facilities 

O'Neill (1997) 1995  $21.5 million Total annual 

costs for 339 

facilities 

Park and Hushak 

(1999) 

1989-1994 Great Lakes $149 million for 

the entire period 

or $37 million  

Based on a 

survey of 142 

facilities 
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annually 

between 1992 

and 1994 

Ruetter (1997) a  Great Lakes $400,000-

$460,000 

annually 

Estimated 

control costs of 

average large 

water user 

Sun (1994) 1990-2000 Great Lakes $6.5 billion over 

10 years 

U.S. Fish and 

Wildlife 

estimate 

U.S. Geological 

Survey (as cited 

in Jenkins 2001) 

a 

 Great Lakes $92,000 per 

plant per year 

(hydroelectric);  

$160,000 per 

plant per year 

(fossil-fuel); 

$908,000 per 

plant per year 

(nuclear plants) 

U.S. Geological 

Survey estimates 

aTime period covered is ambiguous; date of publication used for indexing dollar values. If the 

original study did not state what year dollar values were measured in, the year of publication was 

used to index the values. (Source: Lovell et al. 2006) 

 

1.3 Ecological Impacts of Zebra and Quagga Mussels Invasion 

1.3.1 Nutrient Cycling 

Depending on the composition of their pseudofeces and feces, ZQM may increase or decrease 

nutrient pools. Species of the family Dreissenidae (Gray, 1840) consume N and P associated with 

seston (i.e., living (e.g. plankton) and non-living matter (e.g. plant debris)). While some of the N 

and P are assimilated, some are retained in their tissues at relatively constant concentrations 

whereas some and excreted as PO4 and NH4. The unassimilated P and N get egested as feces and 

may be immobilized into the sediment pool. Pseudo feces may trap and immobilize nutrients 

from the water column however; agitations may result in the suspension of feces and 

mineralization of nutrients in invaded systems. Due to the ability of ZQM to homeostatically 
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maintain constant nutrient concentrations in their tissues, they can increase P limitation when P 

is limiting and increase P availability when P is not limiting (Vanderploeg et al. 2002).  

After establishing their populations, ZQM usually decrease phytoplankton density (chlorophyll 

concentration) and primary productivity (Karatayev et al. 2007a; Higgins & Vander Zanden, 

2010; Kelley et al. 2010). The impact of ZQM on phytoplankton can be direct, top-down control 

via filter-feeding on planktonic algae and indirect, bottom-up by sequestering phosphorous that 

otherwise would have been utilized by phytoplankton (Bunnell et al. 2014). Declines in the 

abundance of phytoplankton can also result in a concomitant change in phytoplankton 

composition (Kelley et al. 2010). For example, blooms of toxic cyanobacteria Microcystis have 

been attributed to the selective feeding of ZQM on algae or the release of soluble nutrients by 

ZQM (Vanderploeg et al. 2009). Yet, other studies found that ZQM may consume and reduce 

densities of Microcystis (Strayer et al. 1999; Baker & Levinton, 2003). 

1.3.2 Littoral Zone 

As sessile suspension feeders, ZQM function as ecosystem engineers that increase habitat 

complexity. By attaching to substrates with byssal threads, ZQM form druses that provide shelter 

and food for the benthic invertebrate community, alter community stability, diversity, and 

interspecies interactions. ZQM form reef-like three-dimensional structures that serve as refugia 

to protect benthos from predation and other aquatic stressors (e.g. hydrologic regime alteration, 

desiccation among others) (Beekey et al. 2004; Karatayev et al. 2007a; Burlakova et al. 2012).  

 

The habitat heterogeneity and food resources that zebra mussels provide can enhance the 

population of native epifaunal invertebrates (e.g., amphipods, isopods, leeches, turbellarians, 

hydrozoans, and some oligochaetes and chironomids) in the littoral zone (Cobb & Watzin, 2002; 
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Beekey et al. 2004; Karatayev et al. 2007a; Burlakova et al. 2012). On the contrary, high 

concentrations of organic matter from ZQM feces and pseudofaeces may cause oxygen depletion 

that negatively impacts populations of oligochaetes, chironomids, and other burrowing 

organisms (Caraco et al. 2000). Overall, ZQM druses in the littoral zones have higher density 

and biomass of native invertebrates relative to nearby bare sediments (Higgins & Vander Zanden 

2010; Burlakova et al. 2012).  

1.3.3 Profundal Zone 

The soft substrate of the profundal zone does not support the creation of large druses attached to 

hard-substrates like those in the littoral zone. Instead, ZQM live individually or float on the 

surface of soft silt in small aggregations and are usually separated by the length of their siphons 

(Dermott & Kerec, 1997). Most benthic invertebrates in the profundal zone are less mobile and 

are negatively impacted by ZQM through spatial competition (Burlakova et al. 2014) and limited 

food resources (Karatayev et al. 2015), thereby negatively impacting diversity, density, and 

biomass of benthic invertebrates.  

1.3.4 Light 

Due to their efficient filter/suspension-feeding activities, ZQM increase water clarity and light 

penetration. This allows macrophytes, periphyton, and benthic algae to grow deeper and cover 

extensive portions of the bottom of invaded water bodies (Vanderploeg et al. 2002; Hunter & 

Simons, 2004; Karatayev et al. 2007a; Higgins & Vander Zanden, 2010). Despite the positive 

impacts that such environmental changes have on vascular plants and Chara in the littoral zone 

of most inland lakes, increased water transparency and phosphorus concentrations have caused 

the reestablishment of several nuisances filamentous algae such as Cladophora and Lyngbya in 

the Great Lakes (Hunter & Simons, 2004; Ibelings et al. 2007; Bridgeman & Penamon, 2010). 
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1.3.5 Zooplankton 

The impact of ZQM on zooplankton is less understood, but most studies suggest that density and 

biomass of zooplankton decline after ZQM invasion along with changes in zooplankton 

community structure (Karatayev et al. 2007b; Vanderploeg et al. 2002; Higgins & Vander 

Zanden 2010; Kelley et al. 2010). This decline may be associated with several factors, including 

the impact of direct consumption of zooplankton by ZQM, reduction of food resources available 

to zooplankton as ZQM utilize seston, enhanced predation by planktivorous fishes facilitated by 

improved water clarity and prey visibility, or increase in the populations of benthivores whose 

larvae feed on zooplankton (Karatayev et al. 1997, 2007 a, b; Kelley et al. 2010). 

1.3.6 Fish 

Based on the feeding modes of fish and the morphology of the invaded water bodies, the overall 

impacts of ZQM on fish vary (Karatayev et al. 2002; Strayer et al. 2004). Some studies report a 

general increase in the populations of benthivorous fishes in the littoral zone and have attributed 

this to the increase in biomass of native benthic invertebrates in this zone because of the habitat 

complexity that ZQM create in invaded waters (Strayer et al. 2004; Karatayev et al. 2007a; 

Kelley et al. 2010). Others have shown a decline in populations of planktivorous fishes after 

ZQM invasion owing to the suspension-feeding habits of ZQM that cause a decrease in the 

density of phyto- and zooplankton, or the increased visibility and vulnerability of the larvae of 

planktivorous fishes under increased water clarity (Strayer et al. 2004).  

The invasion of the Great Lakes by ZQM has resulted in a drastic decline in the abundance of 

amphipod Diporeia spp. in the profundal zone and had a negative impact on the abundance of 

lake whitefish (Coregonus clupeaformis) (Hoyle et al. 1999; Nalepa, 2010). The ramification of 

the massive decrease in the density of Diporeia spp. has been the shift in the diet of medium and 
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large whitefish from Diporeia spp. to quagga mussels, which has caused a decline of lake 

whitefish condition, growth, and abundance (Nalepa et al. 2009). Also, the decline in Diporeia 

spp. resulted in the decrease in populations of alewife, sculpin, bloater, and other fishes that are 

preyed on by larger piscivores such as salmon and trout (Nalepa, 2010). Past research in eastern 

Lake Ontario found that populations of lake whitefish and walleye show drastic, negative 

responses to ZQM invasion. Chief among the findings was that populations established new 

equilibriums driven by a lower growth rate for lake whitefish and decreased early life history 

survival for walleye. Considering the current ecosystem status in eastern Lake Ontario, recovery 

of the lake whitefish and walleye populations to pre ZQM invasion levels will be difficult (Hoyle 

et al. 2008).  

Dreissenids are a source of abundant food resource for fishes in European and North American 

waters. About 27 and 14 fish species in Europe and North America, respectively, feed on ZQM. 

These include three species that occur on both continents: common carp (Cyprinus carpio, native 

to Eurasia), pumpkinseed (Lepomis gibbosus, native to North America), and round goby 

(Neogobius melanostomus, native to Eurasia), as well as lake sturgeon (Acipenser fulvescens) in 

North America (Molloy et al. 1997). In their native range, up to 90% of ZQM annual production 

(130,000 tonnes) is consumed by fish (Molloy et al. 1997). Considering the extent to which the 

round goby actively consumes ZQM in North America, several studies have suggested gobies as 

a potential control for ZQM populations in the Great Lakes (Barton et al. 2005; Patterson et al. 

2005; Wilson et al. 2006; Lederer et al. 2008). 

1.4 Likelihood of Zebra and Quagga mussel (ZQM) establishment in Saskatchewan 

The water quality of several drainages across southern and central Saskatchewan (SK) is likely to 

support populations of zebra and quagga mussels.  Therriault et al. (2013) reported that calcium 
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concentrations > 25 mg/L are suitable for the proliferation of zebra and quagga mussels. 

Alarmingly, calcium concentrations recorded for most of the study lakes are above 25 mg/L 

(Table 2.1), suggesting the suitability of these lakes to support the thriving of zebra and quagga 

mussels in the event that they are introduced.  

Across south-central Saskatchewan, Therriault et al. (2013) discovered that drainages are not 

temperature limiting, thus promoting ZQM invasion. ZQM rapidly disperse to novel habitats 

across broad geographic scales and demonstrate robust tolerances to environmental variables, 

especially temperature and salinity (Therriault & Orlova, 2010), so they are likely to adapt to the 

ecological conditions of SK prairie lakes. Lakes with suitable calcium and temperature 

conditions, road access and boat ramps, and those in proximity to city centers and 

provincial/international borders and popular for fishing, boating, swimming, recreational 

activities are especially likely to be the ones susceptible to ZQM invasion. 

Most of these high-risk drainages are in proximity to other invaded systems, particularly 

Manitoba bordering SK to the east (LWF, 2020) and three US states (Montana, North Dakota, 

and Minnesota) which are considered high-risk vectors for Dreissenid mussels' entry into SK 

(SAISPMP, 2021). Considering the geographic location of SK to invasive corridors (Provincial 

Auditor, 2016), the fact that several AIS are already present in SK, and the poor stakeholder 

knowledge of AIS (Nanayakkara et al. 2018), this region is highly vulnerable to ZQM invasion. 

Additionally, the ideal water chemistry of these lakes (Therriault et al. 2013) and the identified 

risky watercraft use habits further highlight gamefishes’ vulnerability to Dreissenid mussels 

(Koob & McGuire, 2013) and the likelihood of zebra and quagga mussels’ establishment in SK 

prairie lakes. 
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1.5 Research Needs 

Presently, there is lack of information about what the potential impacts of ZQM invasion will be 

on important fish populations in prairie lakes due to the unique hydrology and water chemistry of 

prairie aquatic systems that differ from better-studied /temperate ecosystems. Lakes of the 

Northern Great Plains are typically shallow, alkaline, and lack thermal stratification and this 

increases the susceptibility of fish populations to interactive effects of environmental changes 

including thermal stress and invasive species unlike deep stratified boreal systems (Starks et al. 

2014; Nanayakkara et al. 2021). Studies have suggested that the effects of ZQM are 

heterogeneous across systems and/species and often varying through time (Hansen et al. 2020). 

While impacts of zebra mussels on fish populations were much pronounced in the Great lakes 

region, it was less dramatic on fish communities in boreal lakes (Nienhuis et al. 2014). 

 

It is less clear how these AIS and other filter feeders will impact prey availability of gamefishes 

in prairie lakes. Fishes are useful indicators of ecosystem health and drivers of regional 

economy. In North America, walleye (Sander vitreus), northern pike (Esox Lucius) and yellow 

perch (Perca flavescens) are the three predominant gamefishes with high economic, ecological 

(major top predators), and recreational value (Brown et al. 2009; Hartman 2009; Harvey 2009). 

Ecological success of these fishes depends on food availability for growth and nutrition 

(Adewumi, 2018). Dietary preferences, energy sources, and feeding habitats maintaining these 

important gamefishes are not fully understood. Also, there is limited knowledge on the current 

body conditions of gamefish populations and how they will respond to environmental changes. 

Evaluating current diets and understanding crucial foraging habits of gamefish communities will 

especially provide valuable insights into how fish communities may respond to environmental 
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changes e.g., prey availability. Also assessing controls of fish condition will help better 

understand how variations in abiotic and biotic characteristics of lakes will impact their health. 

1.6 Objectives and Relevance 

The primary goal of the second chapter was to quantitatively assess dietary composition to 

estimate the relative importance of prey items to small and large size groups of three 

recreationally and ecologically important game fish species (walleye S. vitreus, northern pike E. 

lucius, and yellow perch P. flavescens) in prairie lakes using their stomach contents prior zebra 

and quagga mussel (ZQM) invasion. The presence of ontogenetic shifts in diet in these fishes 

was also investigated. Because there is a concern that ZQM invasion may reduce body condition 

of these gamefishes I also assessed existing trends of gamefish body conditions using length-

weight metrics and random effects models, and identified their environmental controls. 

 

The third chapter employed a combination of stomach content and Carbon, Nitrogen, and Sulfur 

stable isotopes integrated with Bayesian isotopic mixing models to estimate the relative 

contribution of feeding habitats to help identify important foraging habitats and energy sources 

to gamefish communities. ZQM are well-known for reducing pelagic primary productivity in 

lakes, which subsequently affect growth and condition of higher trophic levels. To quantify the 

relative importance of these habitats I assessed diet contributions coming from the littoral vs 

pelagic pathways. Additionally, I quantified contributions of the sediment habitat to these fishes. 

To evaluate robustness of results employed from the two dietary analytical approaches (stomach 

contents and stable isotopes) from chapters 2 and 3, I compared findings of these analyses.  
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Chapter 4 provides a synthesis, discusses implications, and highlights gaps in knowledge where 

future studies should focus on. Overall, this study provides critical baseline information on the 

feeding dynamics and health of highly prized gamefish species against which future studies can 

juxtapose to establish and predict changes in feeding ecology and the general well-being of 

fishes. 
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2. WOULD FUTURE ZEBRA/QUAGGA MUSSEL INVASION ELIMINATE GAMEFISH 

POPULATIONS FROM PRAIRIE LAKES? 

2.1 INTRODUCTION 

Lakes in the Northern Great Plains support three predominant recreational and commercially 

targeted gamefish species, comprising walleye (Sander vitreus) (Mitchill, 1818), northern 

pike Esox lucius (Linnaeus, 1758), and yellow perch Perca flavescens (Mitchill, 1814) (GOS, 

2010). These gamefishes are also essential consumers in ecological food webs. As juveniles, they 

are known to feed on macroinvertebrates, while they switch to piscivory once their mouth gape 

becomes wide enough to swallow/handle small fish (Lott et al. 1996; Slipke & Duffy, 1997; Liao, 

2001; Galarowicz et al. 2006; Uphoff et al. 2019). Availability of suitable prey throughout their 

ontogeny is believed to influence growth, body condition, survival, and year-class strength (Stein 

et al. 2017). Previous studies have documented strong links (either negative/positive) between 

these fish condition and prey availability (Porath & Peters, 1997; VanDeValk et al. 2008). Yet, 

no study has been conducted to access size-specific dietary preferences of gamefishes in southern 

Saskatchewan prairie lakes and prevailing trends in fish condition.  

 

With the recent introduction of the Zebra mussel (Dreissena polymorpha Pallas, 1771) and 

Quagga mussel (Dreissena bugensis Andrusov, 1897) into waters of its bordering province and 

states, especially Lake Manitoba, the fisheries in of SK, has the potential of being invaded and 

extensively altered by changes in the food web. Zebra mussel and Quagga mussels are notorious 

aquatic invasive species (AIS) that have modified and reconstructed food webs across continents 

(CABI, 2020). These exotic bivalves are efficient filter feeders that enhance the water clarity of 

invaded systems and reduce pelagic primary productivity (Hansen et al. 2020). Ecologically, their 
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impacts propagate rapidly along food web networks by significantly altering interactions within 

aquatic ecosystems (Mills et al. 2000; Karatayev et al. 2002: Higgins & Vander Zanden, 2010; 

Karatayev et al. 2012; Ozersky et al. 2012).  

 

Mounting evidence suggests that effects of zebra and quagga mussel (hereafter referred to as 

ZQM) on local food webs can be system/region or species-specific (Hansen et al. 2020). Hansen 

et al. (2020) found that following the introduction of invasive filter feeders, walleye (S. 

vitreus) demonstrated a slowed growth relative to yellow perch (P. flavescens). Also, ZQM 

invasion in the Great Lakes not only caused drastic declines in populations of phytoplankton and 

zooplankton that form the basis of the aquatic food web upon which most native juvenile fish 

depend for survival (Pace et al. 1998; Higgins & Vander Zanden, 2010), but also collapsed 

populations of other invertebrates (e.g., Diporeia). ZQM resulted in the loss of an important diet 

item, negative growth, poor body conditions, and nutritional consequences on planktivores 

alewife Alosa pseudoharengus, and first-year life stages of higher trophic levels including 

walleye, yellow perch, and lake whitefish, Coregonus clupeaformis (Hoyle et al. 1999; Pothoven 

et al. 2001, Madenjian et al. 2006; McNickle et al. 2006; Hoyle et al. 2008; Mavrin & 

Strel’nikova 2011; Hansen et al. 2020). In contrast, the effect of zebra mussel invasion on 

resident fish communities (walleye, smallmouth bass Micropterus dolomieu, northern pike Esox 

lucius, and lake trout Salvelinus namaycush) in Southern Ontario boreal lakes was less dramatic 

compared to those reported in the Great lakes region (Nienhuis et al. 2014).  

 

The heterogeneous impacts of ZQM in invaded waters make it particularly challenging to predict 

their potential effects and prioritize management efforts to provide uninvaded systems with 

buffers against impacts of future invasion. Critical to prioritizing efforts to mitigate the effects of 
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AIS is an understanding of the prevailing biological, physical and chemical conditions that 

support various cohorts of fish communities. Nanayakkara et al. (2021) undertook essential first 

steps to evaluate the status and potential resilience of gamefishes in prairie lakes by exploring 

resource use, body condition, and parasite load and found that gamefish populations, especially 

walleye, are more stressed than other native gamefishes (i.e., northern pike and yellow perch) 

recording high tapeworm loads and poorer body condition. The increased productivity, thermal 

stress and the risk of winterkills (Starks et al. 2014) in these lakes also threaten these gamefishes, 

making them more susceptible to interactive effects of environmental changes and invasive 

species (Nanayakkara et al. 2021). 

 

Feeding variability between size groups is often overlooked in trophic studies, but it is pertinent 

to our understanding of population ecology. Currently, little is known about gamefish diet 

composition and their relative importance to existing size groups/cohorts in Saskatchewan (SK) 

prairie lakes and, it is not clear how foraging activities of invasive filter feeders will impact the 

availability of preferred diets and health of gamefish communities. Against this background, I 

explore and quantify the importance of gamefish diet and investigate the presence of ontogenetic 

shifts in diet, while assessing gamefish body condition and associated environmental controls to 

advance our understanding of trophic interactions and feeding dynamics. The present study will 

provide important insights into the current ecological state of gamefish communities and provide 

reference information for future studies to assess environmental changes and corresponding 

impacts on aquatic ecosystems. 

 

The overarching goal of this study was to provide baseline information on the dietary 

preferences, health conditions, and underlying controls of the body condition of walleye (S. 
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vitreus), northern pike (E. lucius), and yellow perch (P. flavescens). These three gamefish 

populations are the most desired in southern Saskatchewan, with high economic value and great 

ecological and recreational importance.  

Specifically, I hypothesized that 1) gamefishes switch feeding habits from planktivory 

/invertivory to piscivory with size, and 2) body conditions of gamefish cohorts depend on the 

availability of preferred diets and physicochemical variables and become poorer with size.  

To test these hypotheses, I used a diverse set of 18 fish-bearing lakes spanning-orders-of-

magnitude in physical, chemical and biological properties to quantitatively assess diet 

composition to ascertain the relative importance of prey items and physicochemical variables to 

the well-being of gamefish communities. This study is especially timely as it provides important 

insights into feeding dynamics and current body conditions of major gamefish communities in 

SK prairie aquatic systems that are highly prone to ZQM invasion, given their proximity to 

invasive corridors of Manitoba (LWF, 2020) and three US states (Montana, North Dakota, and 

Minnesota); all of which have reported the presence of ZQM in their waters. 

2.2 METHODS 

2.2.1 Study Area 

The Canadian Prairies in Western Canada are part of the Northern Great Plains (NGP) and span 

across three provinces, namely Alberta, Saskatchewan and Manitoba. The NGP (49-53°N, 103-

109°W) transition from a semi-arid climate in the southwest to a sub-humid climate in the 

northeast and cover an area of 520 000 square kilometres (Ecological Framework of Canada, 

(EFC), 2020). Prairie lakes demonstrate varying levels of salinity with concentrations that range 

from fresh (0–3g TDSL-1) to saline (3–30g TDSL-1) to hypersaline (>30g TDSL-1g) (Wissel et al. 

2011), a range that no other region in the world can match (Last & Ginn, 2005). These lakes also 
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have a characteristically shallow depth of mostly < 3 m Mean depth (Sauchyn & Kulshreshtha, 

2008). Trophic state spans from mesotrophic to hypereutrophic conditions, with some lakes 

receiving high nutrient loads from agricultural runoffs (Wissel et al. 2011).  

This study was conducted in 18 smaller fish-bearing lakes across south-central Saskatchewan 

(Figure 2.1). This area demonstrates highly variable weather conditions with annual temperatures 

varying between extremes of -40 ºC to +35 ºC (SaskAdapt, 2021). Mean annual precipitation is 

350 mm year-1 (Saskatoon), but fluctuates from < 250 to > 600 mm year-1. Average summer 

temperatures range between 13 and 15 °C (May to September) with mean summer precipitation 

varying from ~118 mm in the southwest to ~240 mm in the northeast. Relative humidity in the 

growing season barely exceeds 50%, with extensive hours of sunshine (> 2000) and low 

precipitation, which results in evaporative deficits for most years (Last & Ginn, 2005). 

Of the 18 sampled lakes, twelve are in hydrologically-closed basins (endorheic) that lack 

channelized surface inflow or outflow and mainly are sustained through winter precipitation, 

while the remaining six are exoheirc (open basins) that drain into downstream systems (Table 

2.1). Surface area of study lakes ranged between 0.35 to 33.0 km2, with maximum depth ranging 

from 4.4 to 38.0 m (Table 2.1). 
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Figure 2.1: A) Map of Canada highlighting the proximity of Saskatchewan (SK) to zebra and 

quagga mussels (ZQM) infested provinces particularly Manitoba which bounds it to the east. B) 

Location of the 18 study lakes in south-central Saskatchewan. Lakes are coded by ecoregions in 

stars, Red = MMG moist mixed grassland, Blue = AP Aspen Parkland, Green = BTZ boreal 

transitional zone, White = MG mixed grassland. Black circles indicate the major urban cities. 
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Table 2.1: Characteristics of the 18 study lakes surveyed between May and August of 2019. Ecoregions are abbreviated as and MMG 

(moist mixed grassland), MG (mixed grassland), AP (aspen parkland), and BTZ (boreal transitional zone).  

Lake  Ecoregion Maximum 

depth (m) 

Surface area  

(km2) 

Chl a 

(µgL-1) 

Alkalinity 

( mgL-1) 

 

Calcium 

(mgL-1) 

TP 

(mgL-1) 

TDS 

(mgL-1) 

Type of 

basin 

Kenosee MMG 7.8 8.4 12.8 368 23.7 0.007 1342 closed 

White Bear MMG 9.5 12.4 1.5 447 22.6 0.010 2299 closed 

Assiniboa MG 8.5 0.3 2.3 296 34.7 0.300 1646 open 

Thompson MG 8.5 9.6 2.7 147 28.9 0.560 600 open 

Antelope MG 9.8 15.4 2.7 485 39.1 0.200 6693 closed 

Cookson MG 8.2 8.1 4.6 218 23.5 0.020 1099 open 

Codette BTZ 38 33.0 5.5 110 35.7 0.240 257 open 

Fishing AP 11.8 32.1 8.8 176 25.0 0.010 1625 closed 

Kipabiskau AP 7.4 5.2 16.6 150 22.8 0.020 524 closed 

Marean AP 15.5 7.19 3.0 123 26.0 0.009 544 open 

Pelletier MG 9.2 1.0 29.4 278 27.2 0.020 456 closed 

Lenore  AP 9 10.0 18.9 263 49.4 0.090 2130 closed 

St.Brieux AP 9.9 0.5 99.0 232 22.7 0.030 1940 closed 

Humboldt AP 6.8 19.1 33.0 168 27.9 0.180 2651 closed 

Wakaw AP 10.5 10.7 10.6 124 51.7 0.009 1634 closed 

Grenfell MMG 8.5 0.1 37.7 166 - 0.030 1152 open 

From MMG 4.4 0.1 19.2 - - - 642 closed 

Shannon AP 12.2 1.0 8.8 254 38.0 0.030 1694 closed 
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Nine of the study lakes are part of a 21-lake Long-Term Ecological-Research program being 

conducted in most drainage basins across southern Saskatchewan since 2002. The remaining nine 

lakes are part of the lakes used by the Ministry of Environment, Government of Saskatchewan for 

fisheries assessment in Saskatoon and Prince Albert areas. Of the 18 lakes, five lakes are located 

in the southwestern semi-arid ecoregion, four in the moist mixed grassland interior plains of 

Canada, eight in the Aspen Parkland, and one in the boreal transitional zone (Figure 2.1, Table 

2.1). 

Fifteen of the study sites had high fish complexity (forage fishes, benthivores, and game fishes). 

Of these, 10 were mainly sustained by provincial stocking programs to replenish walleye 

populations stressed by angling pressure and low recruitment (Saskatchewan Stocked Waters 

Guides (SSWG) 2017, 2019). The remaining three of the 18 sampled lakes had low fish 

complexity (only forage fishes, i.e., fish that are potential prey of gamefishes in high complexity 

lakes and other fishes found in low complexity lakes (Essington et al. 2015)). Two of the low fish 

complexity lakes (From and Grenfell) were hypothesized to have suffered recent summer or 

winterkills (SFF, 2019) while Shannon Lake was thought to be anoxic at the time of sampling. 

Hence, these three low fish complexity lakes were excluded from further analyses. 

Due to their small size the selected lakes are exposed to large seasonal and inter-annual variations 

(Sauchyn & Kulshreshtha, 2008) and represent ideal systems for this study as their small sizes 

makes them more sensitive to the impacts of climate change and ZQM invasion and therefore 

represent early-warning systems. 
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2.2.2 Lake Sampling 

2.2.2.1 Integrated Water Samples  

The methods described by Cooper and Wissel (2012a, 2012b) and Starks et al. (2014) were 

adopted in collecting water samples from May to August of 2019. Lake depths were recorded 

using an electronic depth meter, model 71624. With the aid of a GPS, samples for water 

chemistry assessment were collected at a central location and maximum depth of each lake. 

Using a YSI model 556, vertical profiles of temperature (°C), specific conductivity (μS cm-1), 

total dissolved solids (mg TDS L-1), salinity (ppt), dissolved oxygen (mg O2 L
-1 ) and pH were 

recorded at 0.5 m intervals for shallow lakes (< 10 m) and 1 m intervals for deep lakes (> 10 m). 

Water transparency was measured with a 20 cm diameter black and white Secchi disk. 

  

2.2.2.2 Gamefish Samples 

To obtain representative samples of the different sizes of game fish species, I employed multi-

panel gill nets (24.7 m long x 1.5 m deep; mesh sizes; 11/2, 2, 2 1/2, 3, 31/2, 4, 41/2 and 5 inches) to 

collect fish samples between May and August of 2019. Gamefishes were captured using 

overnight sets of multi-panel gill nets set perpendicular to shore. Fish samples were retrieved 

after 16-20 hours.  

Fish were identified to species (Scott & Crossman, 1973) and their sexes determined. This was 

followed by in-situ length (Total length (cm), fork length (cm), standard length (cm)) and weight 

(g) measurements. After measurements, fish samples were placed immediately on ice to reduce 

decomposition of stomach contents and stored at -15 °C (Zacharia et al. 2004) until stomach 

content analyses were performed.
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2.3 STUDY SPECIES 

Four (4) of the 13 identified fish species were generally recurring across study lakes. This 

included walleye (S. vitreus), yellow perch (P. flavescens), northern pike (E. lucius) and white 

sucker (Catostomus commersoni). Of these, walleye occurred in all 15 high complexity lakes, 

perch in 10, pike in 7, and white sucker in 4 lakes.  

Lake Codette demonstrated the most diverse fish community with nine additional species: sauger 

(Stizostedion canadense), longnose sucker (Catostomus catostomus), shorthead redhorse 

(Moxostoma macrolepidotum), silver redhorse (Moxostoma anisurum), lake whitefish 

(Coregonus clupeaformis), quillback (Carpiodes cyprinus), mooneye (Hiodon tergisus), goldeye 

(Hiodon alosoides) and Burbot (Lota lota). 

2.4 ETHICS STATEMENT 

Animal sampling in this study was conducted under approved animal use protocols from Animal 

Care Committee of the University of Regina, and in accordance with special collection research 

permits provided by Government of Saskatchewan, Ministry of Environment to B. Wissel 

(SCP2019/AR08/FWLB).  

2.5 LABORATORY ANALYSIS 

2.5.1 Water Chemistry 

Depth integrated water samples were pre-screened using 80 μm mesh prior to filtration for water 

chemistry analyses. These samples were further filtered through a 0.45-μm pore sterile membrane 

filter and refrigerated for 2-4 weeks and analyzed for nitrate (NO3), nitrite (NO2), ammonium 

(NH4
+), total nitrogen (TN), soluble reactive phosphorous (SRP), total phosphorous (TP) (μg L-1), 

Ca (mg L-1), and Cl (mg L-1) following standard methods described by Pham et al. (2008). Total 
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inorganic carbon (TIC) and total organic carbon (TOC) were quantified using an OI Analytical 

Aurora 1030W TOC analyzer. Algal biomass (Chl a) was quantified by filtering 1 L onto GF/C 

filters and stored at -15 °C until extraction with acetone: methanol : water (80: 15 : 5). 

Concentrations were quantified using a spectrophotometer (Hewlett-Packard model 84452A) 

(Wetzel & Likens, 1996; Cooper & Wissel, 2012a). All laboratory analyses were conducted at the 

Institute of Environmental Change and Society (IECS) at the University of Regina. 

2.5.2 Stomach Content of Gamefishes  

Fish stomachs were removed and stored in 70% ethanol (Jobling et al. 2001) until contents were 

analyzed. To ascertain the relative importance of prey items to gamefish populations, preserved 

stomachs of  13 gamefish species comprising 188 walleye, 65 yellow perch, 30 northern pike , 21 

white sucker , 8 sauger , 7 lake whitefish , 5 longnose sucker , 5 shorthead redhorse , 5 silver 

redhorse , 5 quillback , 5 mooneye, 5 goldeye  and 1 burbot  were dissected and contents 

examined under a dissecting microscope (SZX12 Olympus model).  

Of these, the three (3) common and preferred game fishes (walleye, pike and perch) were retained 

for further analyses. Prey items found in gamefish stomachs were identified to the lowest 

practical taxonomic resolution, mostly species level for fish following the keys of guide of the 

Saskatchewan Watershed Authority (SWA), (2010) and family level for macroinvertebrates using 

keys and procedures described by Peckarsky (1990) and Thorp & Rogers (2010).  

 

To estimate the relative importance of the identified prey items to game fish populations, 

individuals of each taxa were counted and their volumes determined by displacement method 

according to the procedures of Pinkas et al. (1971), Hyslop (1980) and Manko (2016). 
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For objective interpretation of results, advanced compound indexes that are representative and 

better known to capture more information than single component measures were employed to 

ascertain the importance of food items (Gelwick & Matthews, 2006; Chipps & Garvey, 2007). 

The composite index comprised three standard dietary measures; Numerical percentage (%Ni), 

Volumetric percentage (%Vi), and Frequency of occurrence (%Fi) as described by Pinkas et al. 

(1971) and Prince (1975). These were employed in estimating the Index of Relative Importance 

(IRI) of prey items. IRI was calculated by the formula:                  

                     

                                            IRIi = (%Ni + %Vi) × %Fi,                   (1) 

 

Where IRIi is the index of relative importance of the food item i, %Ni = Numerical percentage of 

specific food category; %Vi = Volumetric percentage of specific food category %Fi = Frequency 

of occurrence.  

 

The single index for extrapolating IRIi was calculated as follows: 

%𝑵 =  𝑵i/𝑵t 𝒙𝟏𝟎𝟎,                            (2) 

%𝑽 =  𝑽i/𝑽t 𝒙𝟏𝟎𝟎,                             (3) 

%𝑭 =  𝑭i/𝑭t 𝒙 𝟏𝟎𝟎,                            (4) 

 

Where Ni = the number of food category i and Nt = the total number of individuals in all food 

categories, Vi = the volume of food category i and Vt = the total volume for all food categories in 

all individuals and Fi = number of fish containing food category i and Ft = the number of fish 

with food in their stomachs.  

 

IRI values were then expressed in percentages for possible comparison among food items based 

on Cortés et al. (1997) and Desmond et al. (2002). Hence the percent index of relative importance 
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%IRI for a specific food category i (IRIi) was estimated from total IRI values summed across all 

prey items; given by the formula: 

 

%𝑰𝑹𝑰𝒊 = 𝟏𝟎𝟎 𝐱 
𝑰𝑹𝑰𝒊

∑ 𝑰𝑹𝑰𝒊𝒏
𝒊=𝟏

                        (5) 

 

Where %IRIi is the percent index of relative importance of food item i, IRIi is the index of 

relative importance of food items i and n is the total number of food categories calculated at a 

given taxonomic level.  

 

For %IRI calculation, the three (3) gamefishes were categorized into two length groups each; 

small and large size groups based on their total lengths i.e., (≤ 40 cm and > 40 cm; for walleye), 

(≤ 60 cm and > 60 cm; for northern pike); and (≤ 22.5 cm and > 22.5 cm; for yellow perch), 

respectively. These length groups were chosen to ensure adequate sample size were attainable for 

each length group. 

 

The %IRI of prey items of small size groups of game fishes were then computed and compared to 

that of the large sizes. Food items were grouped according to dominant taxa; (fish, amphipods, 

chironomids, other invertebrates, plant matter, unidentified) for further dietary analyses. 

2.5.3 Fish Condition  

Relative weight (Wr) condition indices were computed for the 514 gamefishes comprising 317 

walleye, 41 pike and 156 perch (Table 2.2) caught during the sampling period (May – August 

2019)  and reported as a whole number using equations described by Willis (1989), Willis et al. 

(1990), Murphy et al. (1991) and Blackwell et al. (2000).   
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Table 2.2: The number (N), total length (TL) and weight (W) of examined walleye, northern pike 

and yellow perch species caught from May – August 2019, from 15 Prairie lakes for the 

calculation of body condition. 

 Walleye Northern Pike Yellow perch 

Metrics TL (cm) W (g) TL (cm) W (g) TL (cm) W (g) 

Mean 41.3 790.9 60.3 1433.6 21.1 161.9 

Range 16.4-75.2 40.0-3760.0 30.9-86.2 180.0-3910.0 14.1-32.5 28.0-666.0 

N 317  41  156  

 

Wr of gamefish populations was estimated using the following equation: 

𝐖𝐫 =  (𝐖/𝐖𝐬) ×  𝟏𝟎𝟎                   (6)  

 

Where Wr = relative weight; W = actual weight and Ws = standard weight for fish of the same 

length. Ws values were calculated for each fish exceeding the required minimum total length 

(walleye > 150 mm, pike > 100 mm, perch > 100 mm). Parameters for Ws were derived from the 

regression equations of Blackwell et al. (2000).Values of Wr = 95–105 indicate good condition, 

whereas scores near 80 indicate poor health due to adverse environmental conditions or lack of 

food and extremely high scores (> 115) suggest excess energy reserves (Murphy et al. 1990; 

Blackwell et al. 2000). 

2.6 STATISTICAL ANALYSIS  

2.6.1 Relative Importance of Prey Items to Gamefishes 

I performed a multivariate analysis of variance (MANOVA) based on  Redundancy Analysis 

(RDA) to test for significant differences in the prey item composition (diet data) between small 

and large size groups of the three gamefish species. RDA models were fitted for diet composition 

of fishes using the ‘rda’ function () of package ‘vegan’, where “size group” was considered as the 

main factor and “lake” was used as a covariate. The diet data were square root-transformed to 
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achieve normality. Prior to analyses, I performed PERMDISP2 test (Anderson, 2006) using 

betadisper () of package vegan to evaluate multivariate homogeneity of size groups.  

RDA based on MANOVA provides an elegant alternative over traditional MANOVA because 

conditions of application are less stringent for RDA-based MANOVA compared to traditional 

MANOVA (e.g. RDA-based MANOVA does not need to meet the condition of multivariate 

normality of groups). Besides its versatility of permutation tests, it includes a triplot 

representation of results (Borcard et al. 2018). However, both approaches require condition of 

homogeneity of the variance-covariance matrices to be met.   

2.6.2 Effects of Body Size on Fish Condition 

Linear mixed effects (lme) modelling fit by restricted maximum likelihood (REML) was used to 

assess the significance of fish body size (total length) in explaining variations in body condition, 

while controlling for lake (site) effects. I performed lme analysis using the lmer function from the 

R package lme4 with total length set as a fixed effect and site (lake) as random effect. 

Three models were evaluated for each of the three game fish species; as follows 1) random 

intercept and fixed slope model (Table 2.3; models 1, 4 and 7), uncorrelated random slope and 

random intercept model (Table 2.3; models 2, 5 and 8) and correlated random slope and random 

intercept model (Table 2.3; models 3, 6 and 9). 

To facilitate model convergence the "bobyqa" optimisation routine in the R package “optimix” 

version 2020-4.2 was implemented. I assumed a Gaussian distribution and checked the normal 

distribution of model residuals to confirm goodness of fit. To ensure all linear regression 

assumptions were met, I performed standard diagnostic tests. 

Final model selection to obtain the best-fit model while maintaining model parsimony was 

determined using Akaike Information Criterion corrected for small sample sizes (AICc).  



44 
 

Given the small sample sizes, Luke (2017), the significance of model coefficient (size/total 

length) explaining variation in fish condition was tested with t-tests using the Satterthwaite 

approximations to denominator degrees of freedom using the anova function from R package 

lmerTest (Kuznetsova et al. 2017). The conditional and marginal coefficient of determination, (R 

squared values) were also calculated following procedures of Nakagawa & Schielzeth, (2013) 

and Nakagawa et al. (2017), using the r.squared GLMM function from the R package “MuMIn” 

version 1.43.17 (Barton, 2020). 

  

Table 2.3: Results of AIC analysis of competing linear mixed-effect models for the three 

gamefish species (walleye, pike and perch). Models 1, 4 and 7 included random intercepts and 

fixed slopes. Models 2, 5 and 8 included random intercepts and random slopes; whereas 

intercepts and slopes are uncorrelated. Models 3, 6 and 9 included random intercepts and random 

slopes; whereas intercepts and slopes are correlated. 

Species Model number Mathematical form of the linear mixed models AICc 

Walleye 1 yij = (β0 + u0i) + β1 * xij + εij 2190.7 

Walleye 2 yij = (β0 + u0i) + (β1 + u0i) * xij + εij 2186.8 

Walleye 3 yij = β0 + u0i + w0j + (β1 +u1i + w1j) * xij + εij 2182.2* 

Pike 4 yij = (β0 + u0i) + β1 * xij + εij 306.5* 

Pike 5 yij = (β0 + u0i) + (β1 + u0i) * xij + εij 309.1 

Pike 6 yij = β0 + u0i + w0j + (β1 +u1i + w1j) * xij + εij 311.5 

Perch 7 yij = (β0 + u0i) + β1 * xij + εij 1444.8* 

Perch 8 yij = (β0 + u0i) + (β1 + u0i) * xij + εij 1451.6 

Perch 9 yij = β0 + u0i + w0j + (β1 +u1i + w1j) * xij + εij 1446.8 

Note: * Models 3, 4 and 7 were the best fitted models for walleye, pike and perch, respectively 

(i.e., models with smallest AICc values that were retained for linear mixed effects modelling). 

AICc = Akaike’s Information Criterion corrected values. 

 

In table 2.3, yij refers to the dependent variable (body condition index (Wr)), the subscripts i 

stand for lake and j for species (either walleye, pike, or perch), the by-lake and by-species 

intercepts are u0,i and w0,j respectively, and the corresponding slopes are  u1,i and w1,j. The fixed 

effects are β0 (grand mean estimate of body condition index of fish populations (i.e., walleye, 
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pike or perch) across the sampled lakes (constant/intercept)), and β1 = slope. εij = residual error 

term, xij = Total length (cm) for gamefishes in study lakes. Mathematical lme equation formats 

presented in Table 2.3 were adopted from Vasishth et al. (2021). 

2.6.3 Environmental Controls of Fish Condition 

Eighteen (18) environmental variables were measured and multiple regression analyses were 

conducted to assess factors that influence the condition of game fish populations. Considering the 

practical difficulty in including all environmental variables in the analyses, I first performed 

principal component analysis (PCA) using standardized (scaled to unit variance) environmental 

variables to evaluate the correlations among them. Surface area, maximum depth, elevation and 

temperature were included as supplementary variables in the PCA. 

Based on the results of PCA (Figure 2.9), five environmental variables (surface area, maximum 

depth, alkalinity, chlorophyll a, and total phosphorus) were selected as explanatory variables for 

the regression models. To quantify the relative importance of the five selected regressors, the 

“lmg” metric of the R package “relaimpo” was used (Groemping & Matthias, 2018) was used. 

The “lmg” metric decomposes R2 into non-negative contributions attributable to each regressor 

based on averaging over all orderings of regressors in a multiple regression setting (Grömping, 

2006). Bootstrapping of regression models was done using functions boot and boot.ci from R 

package boot (Davison & Hinkley, 1997) with 1000 bootsrap runs. Due to the small sample size 

for pike species, both small and large size groups were combined for this analysis. All analyses 

were performed using R version 4.0.3. (R Core Team, 2020).
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2.7 RESULTS 

2.7.1 Diet Composition and Ontogenetic Shifts 

Based on the examination of 283 stomachs from the three predominant gamefish species, I 

identified a total of 23 prey taxa, comprising two Amphipoda genera (Gammarus and Hyallela), 

seven fish species: Brook stickleback (Culaea inconstans), Ninespine stickleback (Pungitius 

pungitius), walleye (S. vitreus) fry, yellow perch (P. flavescens) fry, fathead minnow 

(Pimephales promelas), northern pike (E. lucius) fry, and Johnny darter (Etheostoma nigrum),  

13 taxa of benthic macroinvertebrates; Chironomidae (Coffman & Ferrington, 1996), Corixidae 

(Hilsenhoff, 1984), Physidae (Taylor, 2003), Planorbidae (Rafinesque, 1815), Asilidae (Latreille, 

1802), Lestidae (Walker & Corbet, 2017), Cambaridae (Hobbs, 1942), Diptera (World Register 

of Marine Species, (WoRMS), 2021), Odonata (Walker & Corbet, 2017), Hirudinea (Sket & 

Trontelj, 2007), Oligochaeta (Brinkhurst, 1986), Nematoda (Bezerra et al. 2021) and Notonecta 

(Hungerford, 1933), one predatory zooplankton species; Chaoborus punctipennis, and plant 

matter. Stones as well as unidentified items were also found. 

Of the 82 and 106 small and large walleye stomachs, respectively examined, 26 (32%) and 31 

(29%) were empty. Five (33%) of the 15 small sized pike had empty stomachs and 8 (53%) of the 

15 large pike had empty stomachs. Fourteen (48%) of 29 small perch stomachs were empty 

relative to 10 (28%) of 36 for large perch (Tables 2.4, 2.5 & 2.6).  

 

Table 2.4: Mean Estimates ± Standard Error of Percentage Index of Relative Importance (%IRI) 

of Prey Items of Small and Large Size Groups of Walleye Populations in Prairie Lakes. 

Constituents of prey taxa comprised Fish: Brook stickleback, Ninespine stickleback, walleye fry, 

perch fry, fathead minnow, pike fry, Johnny darter and fish remains. Amphipods: Gammarus 
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and Hyallela. Other invertebrates: Chironomidae, Oligochaeta, Corixidae, Diptera, Nematoda, 

Hirudinea, Asilidae, Lestidae, Odonata, C. punctipennis and Physidae. 

 

 

Table 2.5: Mean Estimates ± Standard Error of the Percentage Index of Relative Importance 

(%IRI) of Prey Items of Small and Large Size Groups of Northern Pike Populations in Prairie 

Lakes. Constituents of prey taxa comprised Fish: Brook stickleback, Ninespine stickleback, 

walleye fry, perch fry, and fish remains. Amphipods: Gammarus. Other invertebrates: Diptera, 

Chironomidae, Physidae, Planorbidae, Oligochaeta, Corixidae, Cambaridae and Nematoda.  

 %IRI of size groups of northern pike Total # stomachs (%empty) 

Prey items Small (≤ 60 cm) Large (> 60 cm) Small Large 

Fish 41.50±20.82 51.26±21.32 15 (33.3%) 15 (53.3%) 

Amphipods  6.26±6.26 8.12±8.12   

Other invertebrates 18.97±14.11 20.70±12.46   

Plant matter ─ 4.57±4.57   

Stones 2.51±2.51 ─   

Unidentified 30.76±20.20 15.36±11.57   

 

 

Table 2.6: Mean estimates ± Standard Error of the Percentage Index of Relative Importance 

(%IRI) of Prey Items of Small and Large Size Groups of Yellow Perch Populations in Prairie 

Lakes. Constituents of prey taxa comprised; Fish: Brook stickleback, Juvenile fish and fish 

 %IRI of size groups of walleye Total # stomachs (%empty) 

Prey items Small (≤ 40 cm) Large (> 40 cm) Small Large 

Fish 31.05±10.41 38.07±11.20 82 (31.7%) 106 (29.2%) 

Amphipods 41.91±10.54 26.53±9.77   

Other invertebrates 15.09±4.83 11.38±4.35   

Plant matter 0.32±0.26 0.35±0.20   

Unidentified 11.63±7.52 23.66±9.62   
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remains. Other invertebrates: Notonecta, Lestidae, Diptera, Cambaridae, C. punctipennis, 

Oligochaeta, Planorbidae and Hirudinea. 

 

 

According to %IRI estimation, amphipods (41.91±10.54) were the most important prey items for 

small-sized walleye (≤ 40 cm in length). This was followed by fish (31.05±10.41), and other 

invertebrates (15.09±4.83). %IRI for large walleye (> 40 cm) revealed that fish (38.07±11.20) 

was the most important prey item, followed by amphipods (26.53±9.77) and other invertebrates 

(11.38±4.35) (Table 2.4).  

Overall, game fish populations across the prairies lakes relied on a very broad range of taxa (Plate 

2.1; Tables 2.4, 2.5 & 2.6). The most important prey item for both small (≤ 60 cm) and large (> 

60 cm) size groups of pikes was fish (41.50±20.82%IRI and 51.26±21.32%IRI respectively). A 

proportion of the prey item found in the stomach of pikes was unidentifiable (Table 2.5). 

Chironomids were found to be the major constituent of the diet of small (≤ 22.5 cm)  size groups 

of perch contributing (61.21±18.40) while amphipods and chironomids formed the bulk of the 

diet of large size groups of perch (> 22.5 cm) contributing (27.81.±17.49%IRI) and 

(25.28±16.51%IRI) of stomach content respectively (Table 2.6).  

 %IRI of size groups of yellow perch Total # stomachs (%empty) 

Prey items Small (≤ 22.5 cm) Large (> 22.5 cm) Small Large 

Amphipods 0.00±0.00 27.81±17.49 29 (48.3%) 36 (27.8%) 

Fish 9.97±8.55 16.58±14.09   

Chironomidae 61.21±18.40 25.28±16.51   

Corixidae 20.86±13.43 15.13±10.84   

Other invertebrates 0.00±0.00 12.39±9.10   

Unidentified 7.95±7.95 2.82±2.52   
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Plate 2.1 (a – h): A display of some identified prey items. Dietary items of perch, walleye, and 

pike were dominated by Chironomids, Gammarus and Small fish, respectively. 

 

Multivariate analysis of variance (MANOVA) using RDA to evaluate significance of relative 

importance of prey items to gamefishes revealed that there was a significant difference in the 

prey items found in the diets of small and large size groups of walleye (p = 0.028), but no 

observable difference in the diet of pike (p = 1.00) and perch size groups (p = 1.00) existed across 

prairie lakes. Generally, there was large between-group variability in diet data than within-group 

variability for the three species (Figures 2.2, 2.3 & 2.4). 
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Figure 2.2: Redundancy analysis (RDA) biplot representing the output of an RDA performed on 

diet data from 188 walleye (S. vitreus) samples from 15 populations. Closed squares represent the 

size-group clusters (small = 1 and Large = 2). The numbers are observations (lakes) and blue 

lines show their dispersion from centroids of the corresponding two size-group clusters. Diet 

items (response variables) are in red. Significance of RDA was assessed using multivariate 

analysis of variance (MANOVA).  
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Figure 2.3: Redundancy analysis (RDA) biplot representing the output of an RDA performed on 

diet data from 30 northern pike (E. lucius) samples from 7 populations. Closed squares represent 

the size-group clusters (small = 1 and Large = 2). The numbers are observations (lakes) and blue 

lines show their dispersion from centroids of the corresponding two size-group clusters. Diet 

items (response variables) are in red. Significance of RDA was assessed using multivariate 

analysis of variance (MANOVA).  

 

 
 

Figure 2.4: Redundancy analysis (RDA) biplot representing the output of an RDA performed on 

diet data from 65 yellow perch (P. flavescens) samples from 10 populations. Closed squares 

represent the size-group clusters (small = 1 and Large = 2). The numbers are observations (lakes) 

and blue lines show their dispersion from centroids of the corresponding two size-group clusters. 

Diet items (response variables) are in red. Significance of RDA was assessed using multivariate 

analysis of variance (MANOVA).  

Overall, a shift in walleye diet was observed as feeding on amphipods by the smaller size group 

changed to more fish-based diets in the larger size group. There was little to no reliance of 
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walleye on zooplankton prey for all lakes, except Lake Assiniboia where zooplankton (C. 

punctipennis) comprised 16% and 25% IRI of prey items consumed for small and large walleye 

respectively. The small and large size groups of pike however showed preference for a similar 

prey, i.e. small fishes. Similarly, both of the size groups of yellow perch consumed similar food 

items, comprised chironomids, corixids and small fish (Table 2.6).  

Although no ontogenetic dietary shifts were recorded for perch and pike, a visual observation of 

diet plots revealed patterns in diet variability between small and large groups of gamefishes. 

There was a decrease in reliance on chironomids from small to large perch, an increase in 

foraging on fish from small to large pikes, and a switch from feeding on amphipods to fish in 

small to large walleye (Figure 2.5). 

 

 
 

Figure 2.5: Dietary items consumed by three predominant gamefishes (perch, pike, and walleye) 

from May to August of 2019. Gamefish species were grouped as small ≤ 22.5 cm and large perch 
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> 22.5 cm; small ≤ 60 cm and large pike > 60 cm; small ≤ 40 cm and large walleye > 40 cm. 

Colored legend depicts prey items within each size group of fish stomachs.  

2.7.2 Effects of Body Size on Fish Condition 

2.7.2.1 Optimal Models 

There was an evidence that the relationship between relative weights and total lengths of walleye 

and pike populations varied among lakes (Tables 2.7 & 2.8), whereas this relationship was 

constant across lakes for perch (Table 2.9). 

 

Table 2.7: The coefficients of linear mixed-effects model of walleye condition  assessing how 

body condition of walleye changes with increasing total length (body size), while controlling for 

the effects of lakes (sites). 

Model 3: yij = β0 + u0i + w0j + (β1 +u1i + w1j) * xij + εij  

Fixed Effects      

Co-efficient  Estimate Std. Error Df t-value Pr(>|t|) 

Intercept 101.9408      3.8218 12.6566 26.674 1.67e-12 

*** 

Total.Length.cm   -0.2414      0.1015 10.7105 -2.378     0.037 *   

Random 

Effects 

     

Groups  Name Variance  Std. Dev.  

Lakes     (Intercept)      107.33480  10.3603         

Total.Length.cm    0.09167    0.3028    

Residual                    46.65052    6.8301         

Marginal R-Squared   Conditional R-Squared 

0.05147    0.5509  

* p-value significant at 0.05. 
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Table 2.8: The coefficients of linear mixed effects model assessing how body condition of 

northern pike changes with increasing total length (body size), while controlling for the effects of 

lakes (sites). 

Model 4: yij = (β0 + u0i) + β1 * xij + εij   

Fixed Effects      

Co-efficient  Estimate Std. Error Df t-value Pr(>|t|) 

Intercept 107.6276      8.2001   34.4722 13.125 5.73e-15***  

Total.Length.cm   -0. 3147  0.1256   38.4282 -2.505 0.017 * 

Random 

Effects 

     

Groups  Name Variance  Std. Dev.  

Lakes      (Intercept)      42.44  6.515      

Residual                    74.17       8.612   

Marginal R-Squared   Conditional R-Squared 

0.1099    0.4339  

* p-value significant at 0.05. 

 

Table 2.9: The coefficients of linear mixed effects model assessing how body condition of 

yellow perch changes with increasing total length (body size), while controlling for the effects of 

lakes (sites). 

Model 7: yij = (β0 + u0i) + β1 * xij + εij  

Fixed Effects      

Co-efficient  Estimate Std. Error Df t-value Pr(>|t|) 

Intercept   114.1848 11.6133  72.4098 9.832 5.67e-15***  

Total.Length.cm     -0.5516 0.4835 141.4491 -1.141 0.256 

Random 

Effects 

     

Groups  Name Variance  Std. Dev.  

Lakes     (Intercept)      129.3  11.37  

Residual                    569.9   23.87  

Marginal R-Squared   Conditional R-Squared 

0.009706    0.1929  

* p-value significant at 0.05. 
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2.7.2.2 Relationship between Total length (body size) and Fish Condition  

Condition assessments were based on 514 fishes (comprising 317 walleye, 41 pike and 156 

yellow perch) which ranged from 14-86 cm total length and 28-3760 g weight (Table 2.2).  The 

average body condition (Wr) values were 92, 87 and 105 for walleye, northern pike, and yellow 

perch populations, respectively. 

Results of lme modelling showed that after accounting for the variation in lakes (sites), there was 

a significant negative relationship between total length (body size) and condition of walleye 

populations p = 0.04, and pike populations p = 0.02, across prairie lakes decreasing condition by 

about -0.24 %Wr ± 0.10 SE, and 0.31% Wr ± 0.13 SE respectively, (Tables 2.7 & 2.8; Figures 

2.6 & 2.7).  

However, there was no significant relationship between body size and condition of yellow perch 

p = 0.26 (Table 2.9; Figure 2.8). Thus, condition of walleye and pike species became poorer with 

age (i.e., ontogenetic shifts in condition) while perch condition was not related to size (age). 

Estimated Marginal R2 and Conditional R2 values were 0.05, 0.55 respectively for walleye (Table 

2.7; model 3); 0.11 and 0.43 respectively for pike (Table 2.8; model 4), and 0.01 and 0.19 

respectively for perch (Table 2.9; model 7). There was a large unexplained variance (over 80%) 

in the perch model compared to walleye and pike models which significantly accounted for 

relatively large variability in the response. 
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Figure 2.1: Linear mixed-effects model (shown in Table 2.7) of predicted fit of the relationship 

between walleye body condition (Wr) and total length (size). Each point represents the average 

Wr of walleye individuals computed for each lake and the corresponding average of length 

measurements made for that size group. The light grey area around the line depicts standard error, 

and the colored dots represent lakes (sites) sampled during the study from May to August of 

2019.  
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Figure 2.2: Linear mixed-effects model (shown in Table 2.8) of predicted fit of the relationship 

between northern pike body condition and total length (size). Each point represents the average 

Wr of northern pike individuals computed for each lake and the corresponding average of length 

measurements made for that size group. The light grey area around the line depicts standard error, 

and the colored dots represent lakes (sites) sampled during the study from May to August of 

2019. 
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Figure 2.3: Linear mixed effects model (shown in Table 2.9) of predicted fit of the relationship 

between yellow perch body condition and total length (size). Each point represents the average 

Wr of yellow perch individuals computed for each lake and the corresponding average of length 

measurements made for that size group. The light grey area around the line depicts standard error, 

and the colored dots represent lakes (sites) sampled during the study from May to August of 

2019.  

2.7.3 Relative Importance of Environmental Regressors to Fish Body Condition 

Lakes from the Prairie region of southern SK displayed a wide range of physical, chemical and 

biological properties (Table 2.1). The first two PCs explained 61.3% of the variability in the 

environmental dataset (Figure 2.9), with no significant correlation observed between 

environmental variables and supplementary variables p > 0.05. Assessment of the relative 

importance of the five regressors to influencing fish condition showed that the condition of adult 

walleye and perch individuals was positively correlated to chlorophyll a (lake productivity). 
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However, alkalinity negatively correlated to the body condition of adult perch while positively 

related to the body condition of adult walleye (Figures 2.10 & 2.11).  

Specifically, lake productivity and alkalinity contributed to explaining 50% vs. 16% respectively, 

of the variability in body condition of walleye species (Adj R2 = 0.68) as opposed to 37% and 

51% respectively, in perch species (Adj R2 = 0.91). Interestingly, the condition of their smaller 

size groups was not related to any of the 5 factors (Figures 2.12 & 2.13). The condition of pike 

populations was also not significantly correlated to these parameters, where the model explained 

only 7% of the variability in the response (Figure 2.14). 

 

 
  

Figure 2.4: Principal Composition Analysis (PCA) biplot of unit scaled environmental variables. 

Blue arrows/variables were supplementary variables included in PCA. 



60 
 

 
 

Figure 2.5: Bar plot of the “LMG” metric quantifying the relative contribution of the five 

selected environmental variables to the body condition of large size groups of walleye. Vertical 

lines represent 90% bootstrap confidence intervals. Proportion of variance explained by model, 

R2 = 82.5%. Chlorophyll a (lake productivity) and Alkalinity were the significant variables (p < 

0.05). Metrics were not normalized. 
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Figure 2.6: Bar plot of the “LMG” metric quantifying the relative contribution of the five 

selected environmental variables to body condition of large size groups of yellow perch. Vertical 

lines represent 90% bootstrap confidence intervals. Proportion of variance explained by model, 

R2 = 97.4%. Alkalinity and Chlorophyll a (lake productivity) were significant (p < 0.05). Metrics 

were not normalized. 
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Figure 2.7: Bar plot of the “LMG” metric quantifying the relative contribution of the five 

selected environmental variables to the body condition of small size groups of walleye. Vertical 

lines represent 90% bootstrap confidence intervals. Proportion of variance explained by model, 

R2 = 39.4%. None of the variables was significant, p > 0.05. 
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Figure 2.8: Bar plot of the “LMG” metric quantifying the relative contribution of environmental 

variables to body condition of small size groups of yellow perch. Vertical lines represent 90% 

bootstrap confidence intervals. Proportion of variance explained by model, R2 = 91%. None of 

the variables were significant (p > 0.05). Metrics were not normalized.  

  

 
 

Figure 2.9: Bar plot of the “LMG” metric quantifying the relative contribution of the five 

selected environmental variables to the body condition of small size and large groups of northern 

pike. Vertical lines represent 90% bootstrap confidence intervals. Proportion of variance 

explained by model, R2 = 58.9%. None of the variables were significant (p > 0.05). Metrics were 

not normalized.  
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2.8 DISCUSSION 

To establish baseline conditions of trophic interactions and health of gamefish communities in 

SK prairie lakes, I investigated the composition and relative importance of dietary items of small 

and large size groups and assessed the occurrence of ontogenetic shifts. In addition, I assessed the 

impact of fish size and environmental variables on gamefish body conditions.  

Dietary analysis revealed that gamefishes rely on a broad range of prey taxa, highlighting their 

tendency to utilize a wide range of resources to thrive in changing environmental conditions.  

Composition of dietary items varied considerably between size groups of walleye but less so 

between size classes of northern pike and yellow perch. While both invertebrates (amphipods) 

and fish formed significant constituents of walleye diets, pike favored fish prey, with perch 

relying more on invertebrates (chironomids). Interestingly, zooplankton was only a minor 

contributor to the diet of all three gamefishes despite their very high abundance within study 

lakes. This observation is plausible given that the small sizes of zooplankton may be too small to 

be retained by the gill rakers (Gill, 2003) of the relatively large gamefishes that I sampled for this 

study, (small walleye (17.1 – 40.0 cm), small pike (30.9 – 58.2 cm), and small perch (14.3 - 22.4 

cm)). 

  

The negative relationship observed between relative weight (Wr) and size of walleye and pike 

indicates poorer conditions of these populations as they age. This growth pattern is typical of fish 

populations whose preferred prey items are unavailable or scarce to access. Conversely, no 

correlation was found between perch size and Wr as they maintained a consistent state of body 

condition across all size classes, suggesting that size is not a significant predictor of perch 

condition. I posit that the relatively good body condition across small size groups of the three 

gamefish species and large-sized perch is likely due to the availability of their preferred diets and 
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accessibility of suitable and energetically profitable prey items. Beyond these, the body 

conditions of large-size groups of walleye and yellow perch were affected by levels of 

productivity and alkalinity in lakes. Meanwhile, small size groups of walleye and perch and both 

size groups of pike did not demonstrate any trends with the physicochemical variables measured. 

These observations imply that the general well-being of these gamefish size groups is perhaps 

sensitive to other variables such as turbidity, thermal stress, and parasite loads that emerged as 

important indicators in other studies (Sammons et al. 1994; Flinders & Bonar, 2007; 

Nanayakkara et al. 2021) but were not the focus of this study. 

2.8.1 Dietary Importance 

It was not surprising that small walleye and both size groups of yellow perch demonstrated high 

invertivory as their body size and mouth gape justify their preference for these small-sized prey 

items. While the former fed more on benthic macroinvertebrates of genera Gammarus and 

Hyallela, the latter mainly consumed chironomids, amphipods and corixids. Chironomids and 

other aquatic invertebrates were also the preferred food for perch populations in New Brunswick, 

South Dakota lakes, and Lake St. Clair, Michigan (Peterson & Martin-Robichaud, 1982; Lott et 

al. 1996; Thomas & Hass, 1998). Piscivory in perch usually depends on the relative availability 

of invertebrates rather than the availability of prey fish (Knight et al. 1984; Hayward & Margraf, 

1987; Hayes et al. 1990); hence, the dominance of chironomids in perch diet in this study may be 

indicative of their abundance and availability.     

 

Large walleye and pike populations exhibited elevated levels of piscivory. Unlike populations of 

northern pike that generally demonstrated high reliance on fish prey (juvenile walleye, yellow 

perch fry, brook stickleback, and nine spine stickleback) in both small and large size groups; 
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vertebrate prey (brook stickleback, nine spine stickleback, walleye fry, perch fry, fathead 

minnow, pike fry, and Johnny darter) became increasingly essential to walleye with size, which 

suggests increasing piscivory as walleye grow. The high proportion of forage fish in the diets of 

large walleye and pike populations is typical of piscivores which usually demonstrate high 

preference for such energetically beneficial prey items (Galarowicz & Wahl 2005; Graeb et al. 

2005; Uphoff et al. 2019).  

 

Despite the decline in consumption of invertebrates for large walleye, this prey type still made a 

considerable contribution to their diet (as the second-most consumed prey), an observation that 

suggests limited availability of their preferred fish prey. Similar trends were observed for the diet 

composition of populations of pike that utilized more macroinvertebrates compared to findings 

reported in other prairie systems (Sammons et al. 1994; Liao, 2001). The trends suggest that 

piscivores in prairie lakes may have adopted an opportunistic or generalist feeding strategy due to 

inadequate supply or inaccessibility of preferred prey. For example, Gammarus was the most 

abundant taxon found in nearshore regions of study lakes. Hence, their considerable contribution 

to the diets of adult walleye may be indicative of the opportunistic feeding habits of walleye 

when their choice preys are scarce or unavailable (Kaufman et al. 2009).  

 

Also, diel horizontal movements of forage fishes (i.e., moving inshore during the day and 

offshore at night) could be influencing their availability to adult walleye that are known to 

predominantly forage in the shallow littoral zones at night (Wang et al. 2007; Nunn et al. 2010). 

The evidence of cannibalism that I observed in adult walleye (42.6 – 50 cm Total length) also 

supports the assumption that forage fishes are limited in our systems. Cannibalism was also 

reported in Lake Oneida, New York, during the late summers of 1969 and 1970, when prey 
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density was low for walleye. Yet, cannibalism was limited when prey density was high (Forney, 

1974). Previous studies have described yellow perch as the main prey for walleye (Forney, 1974;  

Liao, 2001) and propose that increasing the densities of young perch could mitigate cannibalism 

on young walleye to maintain populations (Forney, 1974).   

 

Contrary to what I hypothesized, zooplankton rarely contributed to the diets of small-sized 

groups of all three gamefishes, despite their high abundance in our study lakes. This observation 

may be attributable to the relatively large sizes of the fishes sampled for this study, small walleye 

(17.1 – 40.0 cm), small pike (30.9 - 58.2 cm), and small perch (14.3 - 22.4 cm). A recent 

observation made during a Long-Term-Ecological-Research program suggests juvenile walleyes 

(< 5 cm) from Lake St. Brieux actively feed on pelagic zooplankton (E. Hillis & S. Davies, 

personal communication, July 21, 2020), implying that I may have missed the size class of 

gamefish that utilize zooplankton prey. Also, small zooplankton might be too small to be retained 

by the gill rakers, or energetically too expensive to be consumed by these larger predators (Gill, 

2003).  

 

Our findings demonstrate a high degree of flexibility of adult walleye and pike with their trophic 

activities, supplementing their diets with smaller invertebrates when their choice fish prey taxa 

are probably limited. More importantly, this trophic plasticity implies that these gamefishes will 

be capable of adapting to the absence of fish prey, but such a diet may impose a trophic 

bottleneck that can lead to stunting (Venturelli & Tonn, 2006; VanDeValk et al. 2008). Overall, 

this study shows that gamefish communities in the NGP are flexible in their diets demands, 

foraging on diverse prey items in these lakes. Despite the trophic flexibility of these fishes, the 

complex interaction of predation, cannibalism and, shared prey means that changes in the 
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abundance of one prey species may affect the survival, growth, and condition of these large 

predators (Forney, 1974). I assume the probable lack of forage fishes will also have severe 

growth consequences on higher trophic levels and increase their vulnerability to invasive species 

and other environmental stressors. Cannibalism in walleye can additionally affect recruitment and 

limit the population size of these vulnerable populations (Forney, 1976). 

2.8.2 Ontogenetic Dietary Shift  

I observed an ontogenetic diet shift (ODS) in walleye but not in perch or pike species. While 

amphipods dominated the diets of small-sized walleye, the diet of large walleye changed to 

comprise more fish prey, though accompanied by significant usage of invertebrates, supporting 

the view that walleye continue to utilize invertebrates to complement their more preferred fish 

prey items as they increase in size. In contrast, pike and perch were predominantly piscivorous 

and invertivorous, respectively, for both size classes and did not demonstrate any clear size-

related shift in diet. Overall, the difference in dietary preferences between size-groups of walleye 

suggests reduced competition, which can promote the ecological success of walleye populations; 

however, the shared dietary items between size-groups of pike and perch may be indicative of 

intra-species-specific competition (Venturelli & Tonn, 2006). Furthermore, the lack of ODS in 

perch and pike populations may reduce their energy reserves, growth, and overwinter survival 

(Sogard & Olla, 2000; Grausgruber & Weber, 2021). 

 

Feeding dynamics in this study are consistent with observations made in other systems for 

walleye (Paradis et al. 2006), perch (Laarman & Schneider 1972; Lott et al. 1996), and pike 

(Allen, 1935; Liao, 2001; Amundsen et al. 2003). In Sammons et al. (1994), pike mainly 

demonstrated size-related shifts in their preference for fish prey items, in contrast to shifting 
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feeding habits (from planktivory, benthivory, or piscivory), confirming pike is a gape-limited 

predator that optimizes larger and beneficial fish prey with increasing size. 

 

Previous studies suggest zooplanktivory is a dietary stepping-stone for initiating 

invertivory/benthivory in these gamefishes (Frost 1954; Mathias & Li 1982; Slipke & Duffy, 

1997; Amundsen et al. 2003; Galarowicz & Wahl, 2005; Galarowicz et al. 2006); however, this 

was not the case in our systems. While this study supports the hypothesis that gamefishes 

particularly, walleye, undergo a dietary shift from invertivory to piscivory, it is less clear on the 

relevance of zooplankton prey to the diet of early stages. Bulkley et al. (1976) found that even at 

the early life stage, rotifers and nauplii make a negligible contribution to the diets of walleye fry; 

an observation which Mathias & Li (1982) asserted that rotifers and nauplii plus other planktons 

are too small to be seen and trapped. The relatively large cladocerans and copepods alternately 

formed major constituents of diets of walleye fry in the study by Bulkley et al. (1976), 

highlighting the relevance of prey size in walleye foraging activities.  

2.8.3 Body Condition of Gamefishes 

It is critical to note that only yellow perch population among the gamefish communities was in 

good condition, whereas walleye and pike were below the general target range of 95 – 105 

(optimal Wr range) of healthy populations (Murphy et al. 1991; Blackwell et al. 2000). Our 

results concur with previous findings (VanDeValk et al. 2008; Willis, 1989). Nevertheless, I 

recorded much lower Wr values for walleye and pike and higher Wr values for perch populations 

than gamefish populations in other North American systems (Porath & Peters, 1997; Flinder & 

Bonar, 2008; D’Arco et al. 2015).  
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Our dietary analyses revealed that forage fishes could be lacking in prairie lakes. This inference 

may explain the declining body condition (Wr) of adult walleye and pike populations. Similar 

declines in Wr of walleye across three-length classes over 23 years (1961–1983) were observed 

in Oneida Lake, New York, and were linked to the reliance of walleye on age-0 fish (VanDeValk 

et al. 2008). In contrast, the Wr of walleye positively increased with length-class in Lake 

McConaughy, Nebraska, because most prey fishes consumed were 160 –200 mm long and due to 

low abundance of age-0 fish (Porath & Peters, 1997). Again, the declining body condition of 

walleye as they age is reasonable since forage fishes consumed in this study (22 to 183 mm TL) 

were relatively smaller than those in Lake McConaughy, Nebraska, which promoted the well-

being of walleye. Also, higher activity costs of catching more but smaller prey (a mix of many 

invertebrates) that are energetically expensive to consume may be the reason for the declining 

body condition of adult walleye populations. 

 

Flinder & Bonar (2008) found similar significant negative regressions between Wr and total 

length for northern pike populations in Upper Lake Mary, Arizona. However, positive 

relationships were reported in Long and Parker Canyon lakes in Arizona and attributed to the 

availability of catchable-sized rainbow trout (> 200 mm TL). Additionally, in boreal lakes of 

northeast Alberta, adult pike (> 45 cm) had low growth while juveniles (< 30 cm) exhibited 

exceptional growth as they relied on leeches and invertebrates (including the amphipod Hyallela 

azteca, zygopterans, and glossiphoniid leeches), respectively (Venturelli & Tonn, 2006). The 

slow growth in adult pike resulted from the sudden shift from piscivory to invertivory owing to 

the effect of winterkills implying that invertebrate diets are not an ideal food for adult pike.  

I also think the marked proportion of the less preferred invertebrates in diets of adult pike could 

have influenced the decline in their body condition. The decline in condition (stunting) of pike 



71 
 

populations may also be attributed to the lack of thermal refugia in our study lakes during the 

summer (Diana, 1987). 

On the other hand, the similarity in dietary preference for perch, predominantly benthic prey 

chironomids, could explain their consistently good condition across all size groups. Similar 

growth patterns have been found in lakes in South Dakota (Lott et al. 1996) and are linked to the 

increasing importance of macroinvertebrates (chironomids, amphipods, and corixids) in perch 

diet, which is consistent with findings of Laarman & Schneider (1972), and Hayes &Taylor 

(1990). 

These results offer compelling evidence that larger piscivorous fishes (i.e., pike and walleye) 

optimize net energy by feeding on a larger size of prey as they age. Yellow perch do not 

necessarily require larger vertebrate prey to maintain a high Wr; alternatively, their body 

condition may be affected by the availability/abundance of macroinvertebrates like those 

documented by Lott et al. (1996). Not only does Wr seem to reflect changes in prey fish 

availability in Prairie Lakes, but also size-specific patterns in Wr may be vital for inferring 

characteristics of the prey fish population in terms of relative benefits to large and small-sized 

predators. 

2.8.4 Environmental Controls of Fish Condition 

Widespread evidence of the effects of environmental factors on body condition of fishes have 

been documented in previous studies (Rudstam et al. 1996; Katzenmeyer, 2010; Rueda et al. 

2015). In our study, gamefish body conditions showed contrasting species-and-size-specific 

responses to the measured environmental variables. Particularly, chlorophyll-a concentration (Chl 

a), otherwise known as lake productivity correlated positively with body condition of adult 

walleye and perch populations. This observation is consistent with a previous study conducted in 
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North America by Rudstam et al. (1996).The decline in body condition of walleye despite the 

high productivity recorded in our study lakes may be traced to the effects of high alkalinity levels 

in the surveyed lakes. Alkalinity range between 75 and 200 mg/l has been described as desirable 

for fish populations (Wurts, 2002). Beyond this range, decrease in primary productivity of lakes 

has been reported (Wurts, 2002).  Walleye lakes were highly alkaline (110 - 485 mg/l; mean = 

239) compared to lakes sampled for perch (110 - 368 mg/l; mean = 208). The statistically 

significant difference in alkalinity in walleye and perch sampled lakes (p = 0.015) could mean 

high alkalinity levels in lakes sampled for walleye may be impacting primary productivity, 

subsequently affecting body conditions of walleye as they age. In contrast, the low alkalinity 

levels in lakes sampled for perch could be enhancing productivity, consequently promoting good 

body conditions in adult perch.  

 

Interestingly, no relationship existed between any of the five environmental parameters (Chl a, 

alkalinity, maximum lake depth, surface area, and total phosphorus) and the body condition of 

younger walleye and perch and pike populations. This observation implies that the general well-

being of these cohorts may be instead sensitive to other variables such as turbidity (secchi depth), 

thermal stress, and parasite loads that were useful indicators in other studies (Sammons et al. 

1994; Flinders & Bonar, 2007; Nanayakkara et al. 2021), but were not the focus of our study.  

Northern pike is a visual feeder and, poor growth of this fish is often associated with turbidity 

(poor water clarity) that impedes feeding by these visual predators (Sammons et al. 1994; 

Flinders & Bonar, 2007).  
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Overall, these findings prove the sensitivity of different life stages of fish species to biochemical 

properties of lakes that synergistically interact to impact gamefish health in prairie lakes.  

I anticipate that any future reduction in chlorophyll-a concentration associated with ZQM or other 

invasive filter feeders will have detrimental effects on adult gamefish populations particularly, 

walleye. Excessively high alkalinity can also expose them to severe problems (e.g.) difficulty in 

breathing and, over prolonged periods, can also dissolve the protective mucus layer that covers 

fish, making them vulnerable to bacterial attack and infections (Quarters, 2017). All of these 

factors can increase gamefishes’ vulnerability to aquatic stressors, including invasive species. 

2.9 IMPLICATIONS OF FUTURE ZQM INVASION  

Dietary analyses revealed that gamefish communities in prairie lakes have overlapping preference 

for prey items. Invertebrates (amphipods) and fish were the main constituents of walleye diets, 

while fish was the principal food item for pike species. Meanwhile, perch preferred chironomids 

and amphipods. The capability of walleye to supplement their diet with invertebrates when their 

preferred fish prey is lacking suggests they may cope in the absence of their choice prey; 

however, such feeding may lead to reduced growth or stunting (Galarowicz 2005; VanDeValk et 

al. 2008). Overall, the body condition of walleye declined as they aged, probably due to 

synergistic impacts of inadequate vertebrate prey and high levels of alkalinity, which tends to 

lower the productivity of lakes. Meanwhile, the body condition of pike declined due to their diets 

that comprised a considerable amount of invertebrates which are energetically costly to feed, and 

the lack of thermal refugia during the summer (Diana, 1987).  

 

In the event of ZQM invasion, I infer that growth and body condition of adult walleye and yellow 

perch may further decline below prevailing states because lake productivity crucial to the health 
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of these gamefish is likely to be impacted (Higgins et al. 2011). However, the body condition of 

smaller-sized gamefishes will be less impacted than previously thought because zooplankton prey 

was not an essential component of their diet. While it is still uncertain what will happen to 

planktivorous forage fishes that typically rely on planktonic prey, I posit they may experience 

low survival rates as filter-feeding activities of ZQM will likely make zooplankton and 

invertebrates prey unavailable to them (Stewart & Haynes 1994; Pace et al. 1998; McNickle et al. 

2006). The decline in planktivorous fishes will lead to starvation of these high trophic levels 

(gamefishes). Ultimately, this will result in stunted growth and body poor conditions of gamefish 

populations that mainly depend on open or deep-water forage fishes and further eliminate them 

from these lakes. Moreover, fish populations that depend on littoral diets may thrive or increase 

in abundance (Therriault et al. 2013; Strayer et al. 2014; Hansen et al. 2020) as the impact of 

ZQM is usually mild in this region.  

Given the disappearance of the benthic amphipod Diporeia in Lake eastern Ontario (Hoyle et al. 

2008) and declines in abundances of Gammarus in Southwestern Lake Ontario following 

invasion by zebra mussels (Barbiero et al. 2011), it is likely that populations of Gammarus, the 

most dominant and preferred food item of walleye in SK prairie lakes will decline post-ZQM 

invasion. This could affect their feeding dynamics and overall condition as they may switch to 

consume low-energy Dreissinids as reported in other studies (Hoyle et al. 2008). 
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3. CRITICAL FEEDING HABITATS OF PRAIRIE GAMEFISHES: IMPLICATIONS OF 

FUTURE ZEBRA MUSSELS INVASION 

3.1 INTRODUCTION 

Characterizing food-web dynamics is a vital tool for ecosystem management and sustainable use 

of resources (Bearhop et al. 2004; Braga et al. 2012; Pothoven et al. 2017; Tagliaferro et al. 

2020). As holistic ecological macro-descriptors, food webs are instrumental in understanding 

nutrient cycling, quantifying energy sources, and explaining trophic relationships among complex 

natural communities in ecosystems (Polis & Winemiller 1996; Moore & De Rutter, 2012; Fetahi 

et al. 2018). Yet, thorough and quantitative analyses of food webs require detailed information 

about the available sources of primary production and their subsequent use by consumers 

(Banašek-Richter, 2004; Neres‐Lima et al. 2016).  

 

Food sources, trophic levels, trophic niches and networks in food-web analyses have historically 

been assessed from stomach, gut (Bearhop et al. 2004; Layman et al. 2005), or fecal content 

composition (Happel et al. 2015). The classical method of stomach content analysis (SCA) has 

proven integral in fish trophic ecology, despite its limitations in identifying prey items that have 

undergone partial digestion or disintegration (Michener & Kaufman, 2007). SCA also represents 

a “snapshot” of diet, i.e., only characterizes prey consumed within a short period preceding 

capture. In addition, SCA can be highly variable as prey availability may differ in time and space 

(Overman et al. 2001; Dodds, 2002; Tierney, 2009). SCA generally provides the highest degree 

of taxonomic resolution that can rarely be achieved otherwise (Jobling et al. 2001; Chipps & 

Garvey, 2006). However, short-term feeding irregularities, individual dietary preferences, 

seasonal/diel sampling periods, and ambient conditions such as temperature that affect rate of 
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digestion highlight the need for a more time-integrated dietary assessment approach (Legler et al. 

2010; Happel et al. 2015). 

 

Indirect techniques that utilize state-of-the-art biomarkers, such as stable isotopes, have been 

used in dietary studies to provide information on both long and short-term foraging patterns 

(Vinson & Budy 2011; Happel et al. 2015; Fetahi et al. 2018). For example, muscle, liver and 

blood samples roughly integrate diet over time-periods of months, weeks and days, respectively 

(Sponheimer et al. 2006; German & Miles, 2010; Carter et al. 2019). Hence, based on the 

question, individual or combined tissue types can be used in various studies. Preferably, stable 

isotope analysis (SIA) and Bayesian Stable Isotope Mixing Models (Beaudoin et al. 2001, Tripp-

Valdez et al. 2015; Moraes & Henry-Silva, 2018; Tagliaferro et al. 2020) are being utilized to 

complement traditional gut/stomach content analysis. As a versatile tool, stable isotopes have 

received numerous applications in aspects of fish ecology, including migration, resource use, 

trophic-level estimation, and reconstruction of food webs (Fry 2006; Bouillon et al. 2012).  

 

Stable isotopes are particularly useful because they provide time-integrated insights into 

consumer-assimilated diets. Because carbon (C) stable isotopes (δ13C) exhibit little or no trophic 

level enrichment (0.0-1.0‰) in 13C (heavy isotope) with increasing trophic level, ratios of 13C/12C 

in animals reflect the isotopic composition of their diet based on the principle, “you are what you 

eat” (DeNiro & Epstein, 1978). Nitrogen stable isotope ratios (δ15N), however, consistently 

enrich (increase) by 3-4‰ with trophic transfer along a food chain (Minagawa &Wada 1984; 

Peterson & Fry 1987; Cabana & Rasmussen, 1996) due to preferential catabolism and excretion 

of the lighter nitrogen isotope. Thus in food-web studies, stable isotopes of nitrogen are used to 

estimate the relative trophic positions of consumers (Gearing, 1991; France, 1995; Vander 
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Zanden & Rasmussen, 1999), while carbon stable isotopes are employed to assess various carbon 

sources that are sustaining populations of consumers (Peterson & Fry, 1987; Beaudoin et al. 

2001; Davis et al. 2012), such as the relative importance of littoral versus pelagic energy sources 

(France 1995; Vander Zanden et al. 1999). Sulfur stable isotopes (δ34S) serve as potent 

complementary tools to C, N isotope analysis to identify the importance of sedimentary diet 

sources (Fry 1986; Croisetiere et al. 2009). After gleaning prior information of dietary sources, 

isotopic mixing models may be used to comprehensively quantify the origin of consumer diet 

(habitats). Bayesian stable isotope mixing models like MixSIAR are becoming prevalent in 

determining the relative contribution of specific dietary sources to consumers (Stock & 

Semmens, 2016; Stock et al. 2018). 

 

Lakes in the Northern Great Plains differ significantly from better-studied boreal systems in 

morphometry, hydrology and biogeochemistry. Hence, the origin and energy sources (feeding 

habitat) of commercially important game fishes (walleye Sander vitreus, northern pike Esox 

lucius, and yellow perch Perca flavescens) remain poorly understood. While recent studies have 

used stable isotopes to understand trophic interactions among these gamefishes (Overman & 

Parrish, 2001; Galster et al. 2012; Turschak et al. 2014; Turschak & Bootsma, 2015), food and 

foraging ecology of these fishes have been investigated primarily with traditional stomach 

content analysis (Frost 1954; Mathias & Li 1982; Wu & Culver 1992; Galarowicz et al. 2006; 

Uphoff et al. 2019). These studies have reported that perch are invertivorous, whereas walleye 

and pike are piscivorous, and indicated that these species predominantly rely on pelagic plankton 

during their early life stages. Our SCA suggests that littoral, benthic and sediment-based diets are 

important energy sources to these fish populations in Saskatchewan (SK) prairie lakes (C.B. 

Ofosu, University of Regina, unpublished data), an observation that needs to be validated by a 
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more robust technique. This has necessitated the adoption of multiple approaches rather than a 

single method to ascertain the relative importance of feeding habitats and energy sources to gain 

insights into the energy pathways of key gamefish populations (Happel et al. 2015; Colborne et 

al. 2016; Fetahi et al. 2018). This is particularly important in the context of the looming invasion 

of prairie lakes by zebra and quagga mussels (ZQM) (LWF, 2020), which would have a high 

potential for restructuring gamefish feeding ecology and local food webs in general (Mills et al. 

2000; Pothoven et al. 2001; McNickle et al. 2006; Hoyle et al. 2008; Ozersky et al. 2012; CABI, 

2020; Hansen et al. 2020; Whitinger, 2020). A good understanding of current feeding behaviors 

and habitat preferences of gamefishes will facilitate to anticipate the potential impacts of ZQM 

invasion. 

 

In this study, I contrast previously analyzed stomach content data (C.B. Ofosu, University of 

Regina, unpublished data) and C, N, with S stable isotope analyses to better quantify the relative 

importance of various foraging habitats for the diets of three common gamefish species across 18 

Saskatchewan prairie lakes. Specifically, I want to answer the following five questions: 1) What 

is the relative importance of littoral versus pelagic-based diet for gamefish communities? 2) What 

is the contribution of sediment-based diet to gamefish diets? 3) What are the environmental 

controls of reliance on littoral, pelagic or sediment-based diets? 4) To what extent do SCA and 

SIA results corroborate, contradict or complement? 5) What novel information (in addition to 

SCA) is provided to assess the impact of future ZQM invasions? 

 

The focal species of this study is walleye because it is most desired by recreational fishermen in 

these lakes, yet this vulnerable taxon is maintained by provincial stocking programs 

(Saskatchewan Stocked Waters Guides (SSWG) 2017, 2019). Since walleye are open-water 
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gamefishes, I hypothesized that they will typically rely on more pelagic energy sources than 

littoral alternatives. In particular, I expected that C, N isotope mixing models would indicate 

more dietary contributions from pelagic sources for this gamefish. This paper integrates stomach 

content and isotopic analyses to understand the feeding ecology of gamefish populations in SK 

prairie lakes and demonstrates the value of combining these analyses for resolving feeding 

ecology.  

3.2 MATERIALS AND METHODS 

3.2.1 Study Sites 

Eighteen fish bearing-lakes in the Northern Great Plains across south central Saskatchewan, 

Canada, were sampled between May and August of 2019 to examine the relative importance of 

feeding habitats (energy sources) to diets of important gamefish communities. Surveyed lakes 

intersect the prairie and boreal plains ecozones and spread across four ecoregions (Figure 3.1). 

The climate in the study domain is continental, with mean annual temperatures varying between 

extremes of -40 ºC to +35 ºC (SaskAdapt, 2021). Study lakes vary considerably in water 

chemistry, physical, and biological properties. Surface area ranged between 0.3 to 33.0 km2, with 

maximum lake depth ranging from 6.8 to 38.0 m (Table 3.1). 

 

Fifteen study sites had high fish-complexity (forage fishes, benthivores, and game fishes, see 

Starks et al. 2014 for details), while three had low fish-complexity (only forage fish).  Of these, 

10 were mainly sustained by provincial stocking programs to replenish walleye populations 

stressed by angling pressure and low recruitment, ( (SSWG, 2017, 2019). From and Grenfell 

Lakes (two of the low fish-complexity lakes) were hypothesized to have suffered recent summer 

or winterkills (SFF, 2019), while Shannon Lake was thought to be anoxic at the time of 
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sampling. Hence, these three low fish-complexity lakes were excluded from further analyses. 

Walleye occurred in all high-complexity lakes, whereas yellow perch inhabited ten lakes, and 

northern pike occurred in seven.   

 

 

Figure 3.1: Location of the 18 study lakes in south central Saskatchewan. Lakes are coded by 

ecoregions in stars, Red = MMG moist mixed grassland, Blue = AP Aspen Parkland, Green = 

BTZ boreal transitional zone, White = MG mixed grassland. Black circles indicate the major 

urban cities.  
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Table 3.1: Minimum, 25th percentile, median, 75th percentile, and maximum values of environmental parameters for the 15 study 

lakes that were included in fisheries survey between                                                                                                                                                                                                   

May and August of 2019. 

 Max 

depth(m) 

S_area 

(km2) 

Sal 

(ppt) 

Secchi 

(cm) 

Chl a 

(µgL-1) 

pH Cond 

(µScm-1) 

TN 

(µgL-1) 

NO3/NO2 

(µgL-1) 

Alkalinity 

(mgL-1) 

Minimum  6.8 0.3 0.2 26.3 1.5 8.0 385.9 492.4 1.0 110.1 

25th percentile 8.4 6.2 0.4 77.0 2.8 8.2 762.2 960.6 2.2 148.6 

Median  9.2 9.6 1.3 114.3 8.8 8.5 2112.8 1230.0 3.0 218.3 

Mean    11.4 11.5 1.4 166.8 16.8 8.5 2115.6 1221.2 29.6 239.0 

75th percentile 10.2 13.9 1.6 199.2 17.7 8.7 2630.8 1420.0 22.3 287.0 

Maximum 38.0 33.0 5.9 520.0 99.0 8.9 8649.7 1950.0 161.5 485.1 

           

 SRP 

(mgL-1) 

TP 

(mgL-1) 

TIC 

(mgL-1) 

TOC 

(mgL-1) 

TDS 

(mgL-1) 

NH4 

(mgL-1) 

DO  

(mgL-1) 

Cl  

(mgL-1) 

SO4  

(mgL-1) 

Ca  

(mgL-1) 

Minimum 0.001 0.01 27.1 9.2 257.4 0.0 4.6 9.0 101.5 22.6 

25th percentile 0.004 0.01 36.6 15.0 572.3 0.02 6.7 13.0 324.8 23.6 

Median 0.010 0.02 47.8 19.0 1625.3 0.03 7.7 33.5 854.4 27.2 

Mean 0.041 0.11 50.2 19.5 1696.2 0.04 7.7 48.0 1246.2 30.7 

75th percentile 0.045 0.19 58.2 22.8 2035.3 0.06 8.5 51.6 1339.5 35.2 

Maximum 0.250 0.56 87.1 32.7 6693.4 0.14 10.1 258.7 7574.7 51.7 

Max depth, Maximum depth, S_area, Surface area; Sal, Salinity; Chl a, chlorophyll a; Cond, Conductivity; TN, total nitrogen; NO3, 

nitrate; NO2, nitrite; SRP, soluble reactive phosphorous; TP, Total phosphorus, TIC, Total inorganic nitrogen; TOC, Total organic 

nitrogen; TDS, Total dissolved solids, NH4, ammonium; DO, Dissolved oxygen; Cl, Chloride; SO4, sulfate; Ca, Calcium. 
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3.3 ETHICS STATEMENT 

An approved animal use protocol from the University of Regina’s Animal Care Committee was 

used as a guide for fish sampling. This protocol accords with special collection research permits 

that the Government of Saskatchewan, Ministry of Environment issued to B. Wissel 

(SCP2019/AR08/FWLB). 

3.4 FIELD SAMPLING  

3.4.1 Water Samples 

Depth-integrated water samples were collected for nutrients analysis by deploying a 7-m tygon 

tube sampler (5 cm diameter). For lakes with depth < 7 m, tubing was lowered to 1 m above the 

sediment surface and only the upper 7 m were sampled for deeper lakes (Cooper & Wissel, 2012 

a, b; Starks et al. 2014). Excluding bottom waters from analyses was acceptable as all lakes were 

well mixed at the time of sampling, which was confirmed by vertical profiles of physicochemical 

parameters. To measure physicochemical parameters, vertical profiles of temperature (°C), 

conductivity (μS cm-1), total dissolved solids (mg TDSL-1), salinity (g TDS L-1), dissolved 

oxygen (mg OL-1), and pH were recorded with a YSI model 556 probe at 0.5 m intervals for 

shallow lakes (< 10 m) and 1 m intervals for deep lakes (> 10 m). Lake depths were recorded 

using an electronic depth meter, model 71624. Water transparency was measured with a 20 cm 

diameter black and white Secchi disk. Generally, sampling for water chemistry and zooplankton 

was conducted at the location of maximum depth in the central area of each lake with the aid of a 

GPS.  
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3.4.2 Aquatic Biota Samples (Gamefishes)  

Gamefishes were netted overnight using a multi-panel gill net (1.5 m x 24.7 m, mesh sizes; 11/2, 

2, 2 1/2, 3, 31/2, 4, 41/2, and 5 inches), set perpendicular to shore from a starting depth of 2 meters 

(C.B. Ofosu, University of Regina, unpublished data). Mesh sizes were selected to obtain 

representative samples of the various sizes of gamefish species as much as possible at all sites. 

Fish samples were retrieved after 16-20 hours, identified to species (Scott & Crossman, 1973; 

Somers & Morris, 2015) and sexed followed by in-situ and length and weight measurements 

(Standard length (cm), total length (cm), fork length (cm), and weight (g)). Fish specimens were 

then iced and frozen at -15 °C before stable isotope analyses. 

3.4.3 Potential Energy Sources 

3.4.3.1 Particulate Organic Matter 

Particulate organic matter (POM) was collected by filtering sufficient particulate matter from 

depth-integrated water onto pre-combusted (at 450°C) Whatman GF/F filters. Filters were dried 

at 65°C and six hole punches were packed into tins cups for stable isotope analysis (Wissel & 

Fry, 2003, Wissel et al. 2005). 

3.4.3.2 Pelagic Zooplankton 

Pelagic zooplankton were sampled using 30 cm and 50 cm diameter plankton nets with mesh 

sizes of 80 μm and 500 μm, respectively, towed vertically to the surface from about 1 m above 

the lake bottom. A combined sample from small and large plankton nets was preserved on ice and 

stored at -15 °C prior to taxonomic identification (Haney et al. 2013) and stable isotopic analyses. 
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3.4.2.3 Littoral Macroinvertebrates  

Littoral macroinvertebrates were sampled using a 500 μm sweep net (46 cm x 26 cm, 0.12 m2) at 

depth < 1 m for each lake. Benthic macroinvertebrates assemblages were pooled from nearshore 

habitats (aquatic macrophyte, vegetation, marshes, woody debris, and rocks) to obtain a 

representative group of the benthic taxa for each lake. Benthic fauna was stored in lake water iced 

and frozen at -15 °C until taxonomic identification and stable isotope analysis were performed. 

3.4.2.4 Littoral Forage Fishes 

Near-shore forage fishes were sampled using a (2 m x 30 m) beach seine net with 10-mm mesh 

size during daytime from shore to a depth of 2 meters (Cooper & Wissel, 2012a). After capture 

fishes were immediately moved into a large bucket and anesthetized with tricaine 

methanesulfonate (MS-222). Fishes were identified to species (Scott & Crossman 1973; Somers 

& Morris, 2015) and frozen at -15° C prior further analyses. 

3.4.2.5 Sediment Organic Matter 

Sediment in the profundal zone was sampled with an Ekman Grab deployed to the maximum 

depth of each lake. A scoop of the top layer of sediment sample (~0.5 cm) was taken into a 

ziplock bag and stored at -15 °C prior isotopic analysis. 

3.5 LABORATORY ANALYSES 

3.5.1 Water Chemistry Analysis 

Depth integrated water samples were pre-screened using 80 μm mesh before filtration for water 

chemistry analyses. These samples were further filtered through a 0.45-μm pore sterile membrane 

filter and refrigerated (frozen for NH4) until analysis. Within 1 to 2 months of sampling, samples 

were analyzed for nitrate (NO3), nitrite (NO2), ammonium (NH4+), total nitrogen (TN), soluble 
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reactive phosphorous (SRP), total phosphorous (TP), on a Lachat QuickChem 8500, and Calcium 

(Ca+2) and Chloride (Cl-1) on a Unity SmartChem 200. Total inorganic carbon (TIC) and total 

organic carbon (TOC) were quantified using an OI Analytical Aurora 1030W TOC analyzer.  

 

Algal biomass as chlorophyll (Chl a) was quantified by filtering 1 L of lake water onto GF/C 

filters (nominal pore size 1.2 µm) (stored at -15 °C) and subsequent extraction with acetone: 

methanol: water (80: 15: 5). Concentrations were quantified using a spectrophotometer (Hewlett-

Packard model 84452A) (Wetzel & Likens, 1996; Cooper & Wissel, 2012a). All analyses were 

conducted at the Institute of Environmental Change and Society (IECS) at the University of 

Regina. 

3.5.2 Stable Isotope Analysis 

Following identification and measurements, a small amount (~2 g) of white muscle tissue was 

taken above the lateral line (Pinnegar & Polunin, 1999) from each of the three predominant 

gamefish species (~1-20 individuals per lake) for stable isotope analyses. Fish muscle samples, 

abundant taxa from large-bodied littoral macroinvertebrates (~1-3 individuals) and bulk 

zooplankton (~2-5 subsamples per lake) were rinsed with deionized water, dried to fixed mass at 

65° C for at least 48 hours, and packed for C, N and S stable isotope measurements. Sediment 

samples were processed for SIA following protocols outlined in the Standard Field and 

Laboratory Procedures of the Limnology Laboratory of the University of Regina (Ignatiuk & 

Quinones-Rivera, 2013). All samples were homogenized using a Digital Wig-L-Bug® ball pestle 

amalgamator and grinding vials (plastic/stainless steel) and then packed into tin capsules (5 x 8 

mm). To help combustion for combined C, N, and S analysis, about 5-6 mg of Vanadium 

pentoxide were added to all tins before closing them. 
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Combustion was done using an EA IsoLink (CNS configuration) connected to a Thermo 

Finnigan Delta V isotope ratio mass spectrometer (IRMS). Internal laboratory standards of 

bovine liver and wheat were used as reference materials. Stable isotope analyses for Carbon 

(13C/12C), Nitrogen  (15N/14N), and Sulfur (34S/32S) were conducted at the IECS at the University 

of Regina. Isotopic ratios were reported in the conventional δ notation as parts per thousand (per 

mil units, ‰) according to the following equation: 

  

                                δ X = [(Rsample / Rstandard) – 1] × 1000, 

 

Where X is 13C, 15N or 34S and R is the corresponding ratio; (13C/12C), (15N/14N), and (34S/32S), 

Rstandard values were based on international standards Vienna Pee Dee Belemnite (for Carbon), 

atmospheric N2 (for Nitrogen), and Vienna Cañon Diablo troilite (VCDT) (for Sulfur) (Peterson 

& Fry, 1987; Fry, 2006). Sample precision was 0.1‰, 0.2‰ and 0.5‰ for δ13C, δ15N and δ34S, 

respectively. 

 

Carbon stable isotope analysis was used to quantify the relative importance of littoral versus 

pelagic habitats to gamefish communities, whereas sulfur stable isotope analysis was used to 

assess the contribution of the sediment sources to gamefish diets. The use of carbon isotopes to 

distinguish sources sustaining consumers (Peterson & Fry, 1987)  depends on established trophic 

relationships in which consumers reflect the C isotopes values of primary producers and where 

periphyton (benthic primary producers) are enriched in 13C due to diffusion processes within the 

cellular boundary layer (Hecky & Hesslein, 1995; Vander Zanden & Vadeboncoeur, 2002). 
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Sulfate in the bulk sediments is more depleted compared to sulfur in the water column 

(pelagic/littoral) hence S isotopes are useful to distinguish food sources based on sedimentary 

detritus (Croisetiere et al. 2009). Nitrogen stable isotopes (δ15N) were used to determine the 

relative trophic positions of consumers. The primary consumers’ amphipods (littoral) and bulk 

zooplankton (i.e., cladocerans and copepods) (pelagic) were used as end members in the mixing 

model instead of primary producers to circumvent the high variability in phytoplankton samples, 

sampling bias and high temporal and, lake-to-lake variability (Vadeboncoeur et al. 2003, Vander 

Zanden et al. 2011).  

3.5.2.1 Estimation of missing stable isotope values  

Because zooplankton samples from lakes Marean and Thompson; and amphipods (benthos) from 

Cookson Lake were insufficient to perform isotopic analyses, stable isotope values of these 

endmembers were estimated from lakes with sufficient samples to allow further analyses.  

That is for lakes missing one end member; I used the mean difference between endmembers 

across all other lakes, and subtracted that from the endmember present.  

3.6 STATISTICAL ANALYSES 

3.6.1 Stable Isotope Analysis 

To quantify the relative proportion of various energy sources supporting food webs of prairie 

lakes, I ran separate Bayesian mixing models (i.e., C, N models for pelagic vs. littoral 

contributions; and C, S models for sediment-based diet contributions) using the MixSIAR package 

(Stock & Semmens, 2016a) available in the R statistical software (version 4.0.3; R Development 

Core Team 2020). Trophic Discrimination Factors (TDFs) used were 0.0 ± 0.5‰ for Carbon 

(Vander Zanden & Vadeboncoeur, 2002), 3.5 ± 0.5 ‰ for Nitrogen (Vander Zanden & 
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Rasmussen, 2001) and 0.0 ± 0.0‰ for Sulfur (Peterson & Fry, 1987). To account for potential 

lipid biases in δ13C among consumers and their sources, I incorporated concentration dependence 

data into the mixing model to correct for differences in lipid concentrations (Phillips & Koch, 

2002; Phillips et al. 2014). 

 

Preliminary analyses showed sufficient isotopic separation between end-members (> 3‰) to 

obtain robust results. As a result, variability in isotope values were accounted for by including 

process errors (e.g., variability in consumer isotope values due to sampling process/chance) and 

residual errors (e.g., individual differences in the rate of assimilation) into the mixing model 

configuration (Stock & Semmens, 2016 a, b). Mixing model analyses were performed on two 

size groups of the three gamefish species (small ≤ 22.5 cm and large perch > 22.5 cm; small ≤ 60 

cm and large pike > 60 cm; small ≤ 40 cm and large walleye > 40 cm). Since mixing model 

results did not significantly differ between size groups for any of the three gamefish species, fish 

samples were combined and analyzed by population. 

 

To obtain accurate posterior distributions, models comprised of 3 Markov Chain Monte Carlo 

(MCMC) chains that were run at “long” (300,000, burn-in 200,000), “very long” (1,000,000, 

burn-in 500,000) or “extreme” (3,000,000, burn-in 1,500,000) and thinning = 100 parameters. All 

models passed the Gelman-Rubin and Gewke diagnostic tests for model convergence on the 

posterior distributions (Stock & Semmens, 2016a). Mean (%) estimates were employed to 

describe the contributions from each habitat (energy source). 

 

Study lakes were further categorized as littoral dominant (if > 55% of consumer dietary 

contributions came from the littoral zone) or pelagic dominant (if > 55% dietary contributions 



89 
 

came from the pelagic zone). Accordingly, the contribution of sediment food sources to fish 

populations were considered as high (if contributions were > 30%) or low (if contributions were 

< 30%).  

3.6.2 Environmental Controls of Trophic Dynamics 

For all subsequent analyses, only walleye was considered due to its larger sample size, and 

similarity in feeding patterns of all three gamefishes in lakes where they co-occurred. To 

investigate the environmental controls of habitat-related variables (pelagic, littoral and sediment), 

I first performed principal component analysis (PCA) on standardized (scaled to unit variance) 

environmental variables to reduce the magnitude and complexity of the environmental dataset for 

further statistical analysis. In all, twenty physicochemical variables were used for the PCA (Table 

3.1), in addition to three habitat-based (pelagic, littoral, and sediment) and two lake-morphometry 

parameters (maximum lake depth, surface area), included as supplementary variables. Based on 

the correlation structure (Figure 3.2, Table 3.2) and Variance Inflation Factors (VIF) values (i.e., 

VIF < 10) among the variables (Field, 2013), I selected five parameters comprising lake 

morphometry (maximum lake depth, surface area), nutrients (Total Nitrogen and Total 

Phosphorus), and salinity-related (Total dissolved solids) measures as explanatory variables for 

further multiple linear regression (MLR) analyses.  

 

Essentially, MLR was employed to investigate whether the selected environmental parameters 

significantly influence the trophic dynamics of walleye. I assessed the significance of predictors 

and their relative importance using the standardized regression coefficients. The standardized 

regression coefficient’ metric assesses the relative importance of regressors, assuming that 

regressors are not correlated. Before utilizing model results, I conducted diagnostic tests to ensure 
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all linear regression assumptions were satisfied. All analyses were performed using the R 

statistical software (version 4.0.3; R Development Core Team, 2020). 

 

 
 

Figure 3.2: Principal Composition Analysis (PCA) biplot showing unit scaled environmental 

variables along the first two principal axes (PCs explain 63% of variability in the dataset). Blue 

arrows/variables were supplementary variables included in PCA. Vector labels refer to the 

percentage mean Pelagic, Littoral and Sediment energy source contributions inferred from stable 

isotopes, maximum lake depth = (Max_depth), Surface area = (surf_area) are point estimates. 

 

Table 3.2: Pearson correlation coefficients (r) among the five selected environmental parameters 

included in the multiple regression analyses.  
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 Surface area Max depth TP TN TDS 

Surface area 1 .610* .052 -.235 .041 

Max depth .610* 1 .128 -.666** -.286 

TP .052 .128 1 .119 .015 

TN -.235 -.666** .119 1 .755** 

TDS .041 -.286 .015 .755** 1 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

Note: Max depth = maximum lake depth, TP = Total Phosphorus, TN = Total Nitrogen, TDS = 

Total Dissolved Solids. 

 

3.6.3 Comparison between SCA and SIA 

3.6.3.1 Stomach Content Analysis 

Stomach content analysis was conducted on 15 walleye populations across SK prairie lakes (C.B. 

Ofosu, University of Regina, unpublished data). Fish samples were thawed and whole stomachs 

were removed and preserved in 70% ethanol (Jobling et al. 2001). Stomach contents of walleye 

were later examined. Prey items were identified to the lowest possible taxonomic resolution using 

a dissecting microscope (SZX12 Olympus model), mostly species level for fish following the 

guide of the Saskatchewan Watershed Authority (SWA), (2010), and family level for 

macroinvertebrates using keys and procedures described by Peckarsky (1990) and Thorp & 

Rogers (2010) at the University of Regina. I assessed the diet composition of walleye by 

calculating the percentage Index of Relative Importance (IRI) (Pinkas et al. 1971; Hyslop, 1980; 

Manko, 2016) of prey items, as follows: 

 

  IRIi = (%Ni + %Vi) × %Fi                (1) 

 

Where IRIi is the index of relative importance of the food item i, %Ni = Numerical percentage of 

specific food category; %Vi = Volumetric percentage of specific food category %Fi = Frequency 
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of occurrence. The IRIi for each specific food category was then expressed as a percentage of the 

sum of IRI values for all food categories (%IRIi). 

3.6.3.2 Multivariate Analyses 

To analyze conformity between the findings of SCA and SIA, the 15 walleye populations were 

first categorized by their diet composition items (stomach contents) using hierarchical clustering 

analyses. Diet items from stomach contents analysis were classified by three habitat types 

including, Littoral: Gammarus, Hyallela, Ninespine stickleback, Brook stickleback, Walleye fry, 

Perch fry, Fathead minnow, Pike fry Johnny Darter, Fish remains, Corixidae, Crayfish, Asilidae, 

Lestidae, Odonata Plant matter, and Physidae, Pelagic: Chaoborus punctipennis, and Sediment: 

Chironomidae, Oligochaeta, Nematoda, and Hirudinea. To obtain a robust clustering model, I 

explored four agglomerative clustering techniques (Single, Complete, Ward’s minimum variance 

and Unweighted Pair-Group Method using arithmetic Averages (UPGMA)) and the two statistics; 

Gower’s distance and cophenetic’s correlation also referred to as Pearson’s r correlation computed 

to investigate coherence in clustering results. Gower’s distance metric favors the clustering model 

with the smallest distance as the best model, while the Pearson’s r correlation favors the method 

with the highest correlation (Borcard et al. 2018). The optimal number of clusters was determined 

using the elbow method (Bholowalia & Kumar, 2014). Due to the practical challenge of 

performing further analyses on the six diet clusters generated, I grouped observations from the 

dendrogram (Figure 3.5) into two major clusters based on a visual examination. This approach is 

feasible as cluster analysis employs a multivariate exploratory method to classify objects 

assigning them into internally homogeneous and heterogeneous groups (Scoltock, 1982; Borcard 

et al. 2018). 
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Following cluster analysis, I employed a multivariate analysis of variance (MANOVA) based on 

Redundancy Analysis (RDA) to test for significant differences between the two dietary analytical 

approaches (SCA vs. SIA). RDA models were fitted for habitat contributions (inferred from stable 

isotopes of walleye) using the ‘rda’ function () of package ‘vegan’ where “diet cluster (stomach 

content data)” was considered as the main factor. Before analyses, I evaluated multivariate 

homogeneity of diet clusters using the betadisper function () of package vegan.  

RDA based on MANOVA provides an elegant alternative over traditional MANOVA because 

conditions of applications are less stringent (e.g., conditions such as multivariate normality of 

groups do not need to be met in RDA-based MANOVA models). Besides its versatility, it includes 

permutation tests and a triplot representation of results (Borcard et al. 2018). Due to the centroid 

shift detected by sediment SIA on RDA1 axes, I further examined if the two diet clusters differed 

in their reliance on the sediment-based diets as inferred from stable isotopes using Mann-Whitney 

test. 

3.7 RESULTS 

3.7.1 Stable Isotope Analysis 

There was notable variability in isotopic composition among baselines (sources) and consumers 

(gamefishes), (Figure 3.3; Tables 3.3 & 3.4). In general, δ15N was enriched with increasing trophic 

level across groups (Tables 3.3 & 3.4). Typically, δ15N was higher at higher trophic levels as δ15N 

of amphipods was 3.88 to 12.77‰; zooplankton (planktonic invertebrates) 4.67 to 14.39‰, and 

gamefishes 9.56 to 19.14‰.  

 

Del13C ranged from -21.71‰ to -29.54‰ for benthic invertebrates (amphipods), -26.83‰ to -

33.20‰ for zooplankton and -20.44‰ to -33.25‰ gamefishes. δ34S of sediment was more 
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depleted than δ34S of open water (zooplankton) and shallow water (amphipods) sources. δ34S of 

amphipods ranged from 1.22 to -11.02, zooplankton from 3.05 to -17.58, sediment -15.24 to -

43.99, and gamefishes from 1.85 to -24.69 (Tables 3.3 & 3.4). Standard Ellipse Area (SEA) of 

walleye revealed huge variability in δ13C–δ15N bi-plot space (niche space) (Figure 3.3), possibly 

because of the differences in feeding across various habitats (zones), the foraging at different 

trophic levels, or the different feeding strategies exhibited by walleye across prairie lakes. 

 
 

Figure 3.3: Carbon and nitrogen stable isotope biplot (95% confidence ellipses) of 14 walleye 

populations across SK prairie lakes (spread across four ecoregions) refer to Figure 3.1 for 

location information. Lake Pelletier was excluded from the analyses due to the small sample size 

of walleye (n=2). Fish were sampled between May to August of 2019. 

 



95 
 

Table 3.3: δ13C, δ15N and δ34S composition of energy sources (zooplankton, amphipods, 

sediment) (mean±SE) across 15 SK prairie lakes. 

Sources Lake δ13C δ15N δ34S n 

Zooplankton Assiniboia -33.00±0.20 11.22±0.06 -4.73±0.25 2 

Antelope -30.95±0.21 12.60±0.14 3.05±0.07 2 

Codette -28.19±0.01 8.19±0.01 -6.60±0.01 2 

Cookson -32.51±0.05 14.39±0.26 -3.05±0.08 2 

Fishing -29.51±0.83 7.64±0.52 -11.06±0.94 3 

Humboldt -26.83±0.63 11.57±1.76 -10.35±3.92 3 

Kenosee -30.23±0.37 9.87±1.58 -14.43±2.66 3 

Kipabiskau -32.95±0.02 6.82±0.07 -17.58±0.05 2 

Lenore -28.26±0.11 7.97±0.28 -4.55±1.86 3 

Marean -27.84±2.34 8.93±0.93 -14.00±2.62 * 

Pelletier -28.27±0.06 4.67±0.25 -5.86±0.61 2 

St Brieux -29.49±0.65 9.63±0.28 -11.30±4.76 3 

Thompson -31.61±2.34 12.17±0.93 -11.34±2.62 * 

Wakaw -33.20±0.28 9.87±0.05 -8.08±0.95 4 

White Bear -28.93±0.14 6.08±1.96 -8.16±1.32 3 

Amphipods Assiniboia -24.82±0.38 7.88±0.88 -1.89±1.45 11 

Antelope -24.97±1.17 10.02±0.75 1.22±1.39 6 

Codette -25.41±0.01 6.66±0.01 0.54±0.01 2 

Cookson -27.29±2.34 12.77±0.93 0.81±2.62 * 

Fishing -25.18±0.34 9.13±1.06 -10.27±0.87 4 

Humboldt -22.83±2.34 11.97±0.06 -4.04±2.54 4 

Kenosee -29.54±0.73 7.42±0.50 -8.14±0.56 8 

Kipabiskau -23.70±3.48 6.1±0.77 -11.02±0.21 2 

Lenore -22.45±0.60 6.90±0.12 -0.19±1.59 4 

Marean -22.48±0.52 7.26±0.26 -9.68±2.36 6 

Pelletier -21.71±0.01 3.88±0.01 -2.76±0.01 2 

St Brieux -25.32±0.64 7.25±0.80 -4.92±1.80 4 

Thompson -26.34±0.62 10.54±0.36 -7.46±1.77 11 

Wakaw -26.59±0.39 7.88±0.12 -8.04±0.19 3 

White Bear -24.57±0.42 6.84±0.23 -8.93±1.61 9 

Sediment Assiniboia -21.96±0.14 10.73±0.11 -37.57±0.38 2 

Antelope -18.95±0.07 9.10±0.99 -31.30±1.84 2 

Codette -14.40±0.17 4.64±1.09 -15.24±0.20 2 

Cookson -16.70±0.92 11.57±0.20 -16.04±0.11 2 

Fishing -14.98±0.61 7.42±0.77 -17.63±1.43 2 

Humboldt -22.12±0.07 9.90±0.04 -38.25±0.19 2 

Kenosee -21.07±0.37 5.33±0.71 -41.01±1.34 4 

Kipabiskau -12.76±0.70 5.03±0.08 -30.69±0.80 2 

Lenore -24.62±0.13 7.18±0.15 -34.60±0.77 2 

Marean -25.86±0.17 5.69±0.02 -27.88±0.03 2 

Pelletier -13.97±0.29 4.12±0.01 -16.04±0.31 2 

St Brieux -26.05±0.03 6.15±0.07 -42.43±0.90 3 
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Thompson -27.58±0.09 6.15±0.17 -43.99±1.21 2 

Wakaw -9.49±0.18 7.70±0.01 -30.10±0.48 2 

White Bear -27.04±0.05 2.69±0.01 -35.31±1.59 2 

Note: * δ13C, δ15N and δ34S values were missing for sources; zooplankton in Marean and 

Thompson Lakes and amphipods in Cookson Lake. Hence values for these sources were 

extrapolated with procedures described in methods; 3.6.2.1 Estimation of missing stable isotope 

values. 

 

Table 3.4: δ13C, δ15N and δ34S composition of gamefishes (mean±SE) and size ranges of fishes  

(Total length in cm) across 15 SK prairie lakes. 

Lake Fish species δ13C δ15N δ34S Size range (cm) n 

Assiniboia Walleye -24.48±2.18 15.18±0.50 -9.38±0.88 31.5-43.9 10 

Perch -24.42±0.66 14.35±0.23 -5.40±2.20 23.6-31.7 10 

Antelope Walleye -21.68±1.16 16.99±0.33 -2.27±1.30 17.1-50.8 12 

Pike -21.50±0.74 15.96±0.51 -3.10±1.19 46.4-86.2 5 

Codette Walleye -28.31±0.45 15.91±0.41 -0.02±1.01 25.5-59.5 10 

Pike -28.15±0.72 15.80±0.54 -0.39±1.34 42.3-77.5 9 

Perch -29.41±0.53 14.51±0.39 -1.18±0.97 16.2-29.1 6 

Cookson Walleye -27.13±0.76 17.46±1.85 -2.72±1.58 25.5-59.5 13 

Fishing Walleye -24.03±0.39 14.81±0.64 -19.26±1.48 30-53.3 15 

Humboldt Walleye -24.14±0.37 17.90±0.75 -11.13±1.43 24.3-46.2 11 

Perch -24.10 17.30 -8.90 30.3 1 

Kenosee Walleye -25.91±0.50 13.15±0.35 -15.68±0.51 31.1-54.4 20 

Perch -26.74±0.81 11.95±0.80 -18.26±0.98 15.3-31.4 9 

Kipabiskau Walleye -31.20±1.03 11.69±0.59 -17.18±0.95 18.4-42.9 7 

Pike -29.68±0.01 11.35±0.28 -14.52±0.49 61.1-62.5 2 

Perch -30.49±0.87 11.52±0.25 -12.19±2.37 14.8-22.4 3 

Lenore Walleye -24.57±1.12 15.08±0.20 -8.63±0.53 44.6-52.9 10 

Marean Walleye -25.47±0.58 15.04±0.69 -17.72±1.22 25.3-60 11 

Perch -25.14±0.42 12.28±0.85 -21.50±0.75 23.5-30 3 

Pelletier Walleye -22.60±0.13 13.01±0.32 -5.75±0.18 53-61 2 

Perch -23.51±0.71 10.52±0.55 -3.83±0.74 18.7-29.6 14 

Pike -24.56±0.06 11.86±0.58 1.04±0.75 30.9-58.2 5 

St Brieux Walleye -24.92±0.99 14.84±0.51 -11.63±1.41 21.5-50 15 

Pike -24.97±0.43 14.67±0.14 -10.82±1.28 57.9-73.5 3 

Perch -25.83±1.29 13.16±0.70 -12.92±0.98 16.3-32.5 3 

Thompson Walleye -28.73±0.72 15.80±0.55 -19.89±0.74 23.6-47.4 10 

Pike -26.67±1.35 15.15±0.37 -18.47±1.08 50.1-61.1 4 

Perch -28.60±0.48 14.59±0.43 -19.83±1.36 16.5-29.1 10 

Wakaw Walleye -25.99±0.74 16.01±1.08 -17.86±1.40 40.1-58.4 8 

Pike -24.69 15.41 -24.69 72 1 

White Bear Walleye -23.35±0.63 12.46±0.50 -17.41±2.06 36.2-49.4 20 
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Mixing models predicted that gamefishes (walleye, pike, and perch) in up to 70% of our study 

lakes had more than 55% of their diet contributions originating from littoral C sources (littoral 

dominant), with their diets comprising amphipods primarily of the genera Gammarus and 

Hyallela. In contrast, more than 55% of the dietary items of gamefishes in ~30% of surveyed lakes 

were from the pelagic region (Table 3.5, Figure 3.4). Food items for walleye in 11 of the 15 lakes 

(~77%) were littoral-dominant. However, littoral and pelagic habitats contributed equally to the 

diet of the walleye population in Lake Thompson. For perch, 7 of the 9 sampled lakes (~70%) had 

littoral-dominant food sources, whereas 5 of 7 (~71%) of the lakes sampled for pike had littoral-

dominant food sources (Table 3.5).  

 

In lakes where two species co-occurred (walleye and pike or walleye and perch), these gamefishes 

demonstrated similar reliance (low/high) on sediment S sources. This pattern was also generally 

consistent for lakes where the three species occurred (Table 3.6). An exception was Lake Pelletier, 

where walleye had a somewhat higher reliance on sediment sources than pike and perch. Overall, I 

found that the three predominant gamefishes exhibit comparable dependence on the three feeding 

habitats (littoral, pelagic, sediment) across SK prairie lakes.  

 

 

Table 3.5: The relative importance of littoral versus pelagic feeding habitats (energy sources) to 

the diet of predominant gamefish species (walleye, pike, and perch) sampled between May to 

August of 2019 across 15 SK prairie lakes. Littoral/benthic-dominant and pelagic-dominant lakes 

refer to surveyed lakes with more than 55% of their dietary contributions from these respective 

sources. 
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Species Total number 

of lakes with 

species present 

Littoral /Benthic 

dominant 

 

Pelagic  

dominant 

 

Balanced 

Littoral/Pelagic 

 

Walleye 15 11 (77.3%) 3 (20%) 1 (6.7%) 

Northern pike 7 5 (71.4%) 2 (28.6%)  

Yellow perch 9 7 (77.8%) 2 (22.3%)  
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Figure 3.4: Proportion of mean dietary contributions of energy sources (littoral vs. pelagic) to the 

three predominant gamefishes (A = walleye, B = Northern pike, C = Yellow perch) computed 

from Bayesian Isotopic Mixing models (MixSIAR) using Carbon and Nitrogen stable isotopes. 

 

Table 3.6: Results from Bayesian Mixing modeling used to determine percentage contribution of 

sediment S energy sources to co-occurring species walleye and northern pike, or walleye and 

yellow perch in SK prairie lakes between May to August of 2019. Observed patterns for co-

occurring species were also generally similar for most lakes where three gamefishes were 

present. High Reliance = > 30% energy source contributions from sedimentary pathways. Low 

Reliance = < 30% energy source contributions from sediment pathways. 

Lakes Species % Contribution Low/High Reliance 

Antelope Walleye 17.3 Low 

Pike 20.7 Low 

Codette Walleye 12.5 Low 

Pike 13.6 Low 

Perch 14.8 Low 

Kipabiskau Walleye 14.0 Low 

         Pike 8.1 Low 

Perch 10.0 Low 

Pelletier Walleye  33.0 High 

Pike 8.3 Low 

Perch 8.6 Low 

St. Brieux Walleye 10.8 Low 

Pike 9.0 Low 

Perch 12.6 Low 

Wakaw Walleye 63.7 High 

Pike 69.7 High 

Thompson Walleye 45.7 High 

Pike 39.9 High 

Perch 45.5 High 

Humboldt Walleye 12.0 Low 
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Perch 8.2 Low 

Marean Walleye 18.3 Low 

Perch 35.9 High 

Assiniboia Walleye 43.6 High 

Perch 23.7 Low 

Kenosee Walleye 19.1 Low 

Perch 24.9 Low 

White Bear Walleye 32.6 - 

Cookson Walleye  26.4 - 

Fishing Walleye 91.4 - 

Lenore Walleye 36.7 - 

 

3.7.2 Environmental Controls of Trophic Dynamics  

Prairie lakes in southern SK demonstrated a wide range of physical, chemical, and biological 

characteristics (Table 3.1). The first two PCs explained 63% of the variability in the 

environmental data (Figure 3.2), with a significant correlation observed between pelagic and 

littoral dietary contributions and PC1 (p < 0.05).  

The regression results indicated that walleye reliance on pelagic and littoral diets is a function of 

maximum lake depth and TDS, which together explained 65.9% of the total variance. (Adjusted 

R2 = 0.45, F (5, 8) = 3.10, p = 0.075). While maximum lake depth (p < 0.1) and TDS (p < 0.1) 

significantly contributed to the model with pelagic and littoral variables, TN, TP and surface area 

did not (p > 0.1) (Table 3.7). In particular, for each meter increase in maximum depth of a lake, 

walleye reliance on pelagic resources increased by 1.1 % whereas reliance on pelagic diets 

decreased by 0.94% for every 1 mg L-1 increase in TDS. In contrast, littoral reliance decreased by 

1.1% for every 1 meter increase in maximum lake depth while it increased by 0.94% for every 1 

mg L-1 increase in TDS (Table 3.7). However, the regression showed that the model did not 

significantly predict sediment-based dietary contributions (Adjusted R2 = 0.36, F (5, 8) = 2.48, p 

= 0.12).  
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Table 3.7: Regression Results of Walleye Trophic Dynamics (standardized regression 

coefficients). 

 Dependent variable: 

 Pelagic Littoral Sediment 
 (1) (2) (3) 

Surf_area -0.155 0.155 0.635** 
 (0.280) (0.280) (0.226) 

Max_depth 1.084* -1.084* -1.273** 
 (0.490) (0.490) (0.394) 

TN 0.768 -0.768 -1.119* 
 (0.616) (0.616) (0.496) 

TDS -0.941* 0.941* 0.352 
 (0.460) (0.460) (0.370) 

TP 0.141 -0.141 0.222 
 (0.240) (0.240) (0.193) 

Constant -0.020 1.020*** 0.727** 
 (0.278) (0.278) (0.224) 

Observations 14 14 14 

R2 0.659 0.659 0.608 

Adjusted R2 0.447 0.447 0.362 

Residual Std. Error (df = 8) 0.231 0.231 0.186 

F Statistic (df = 5; 8) 3.098* 3.098* 2.477 

Over. Model P 0.075* 0.075* 0.122 

Note: *p<0.1; **p<0.05; ***p<0.01 

    

 

Surf_area = surface area, Max_depth = maximum lake depth, TP = Total Phosphorus, TN = Total 

Nitrogen, TDS = Total Dissolved Solids. Standard errors are reported in parentheses. *, **, *** 

indicates significance at the 90%, 95%, and 99% level, respectively. Over. Model P refers to p-

value of overall model.   
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3.7.3 Comparison between SCA and SIA  

3.7.3.1 Stomach Content Analysis  

A total of 188 walleye stomachs were examined of which 131(representing ~70%) contained 

food. The mean ± SD total length of walleye was 41.0 ± 9.3 (Range =17.1 to 75.2), while mean ± 

SD weight was 758.1 ± 492.8 (Range = 45 to 3259). Walleye populations generally fed on a 

broad range of prey items (Plate 3.1 (a – h)). In all, twenty prey taxa were identified comprising 

seven fish species: Brook stickleback (Culaea inconstans), ninespine stickleback (Pungitius 

pungitius), perch fry, fathead minnow (Pimephales promelas), walleye fry, pike fry, Johnny 

darter (Etheostoma nigrum); two Amphipoda genera Gammarus and Hyallela, and ten taxa of 

benthic invertebrates; Chironomidae, Oligochaeta, Corixidae, Diptera, Nematoda, Hirudinea, 

Asilidae, Lestidae, Odonata, Chaoborus punctipennis, and Physidae. Amphipods were the main 

prey of walleye accounting for 36.80±10.27%IRI of their diet, followed by fish 

(35.31±10.32%IRI) among other invertebrates. There was also fair contribution of unidentified 

items (Table 3.8) while zooplankton remained a minor contributor to the diets of walleye.  
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Plate 3.1 (a – h): A display of some identified prey items. Dietary items of walleye were 

dominated by amphipods, primarily Gammarus, followed by small fish. 

 

Table 3.8: Diet composition of walleye populations expressed as mean estimates ± standard error 

of percentage index of relative importance (%IRI) of prey items. The percentage of walleye with 

food in their stomachs is in brackets. The mean total length and weight and the respective range 

of these measures are also reported in brackets.  

Food items %IRI+SE Stomachs 

examined 

Stomachs 

with food 

Total length 

(cm) 

Weight (g) 

Amphipods 36.80±10.27 188 131(69.7) 41.0 (17.1-75.2) 758.1 (45 - 3259) 

Fish 35.31±10.32 
   

 

Other invertebrates 9.21±3.17 
   

 

Plant matter 0.12±0.05 
   

 

Unidentified 18.57±8.00 
   

 

Constituents of prey taxa comprised Fish: Brook stickleback, Ninespine stickleback, perch fry, 

fathead minnow, walleye fry, pike fry, Johnny darter and fish remains. Amphipods: Gammarus 

and Hyallela. Other invertebrates: Chironomidae, Oligochaeta, Corixidae, Diptera, Nematoda, 

Hirudinea, Asilidae, Lestidae, Odonata, Chaoborus punctipennis and Physidae. Unidentified 

items comprised broken parts of prey and digested items. 
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3.7.3.2 Contradiction between SCA and SIA Approaches 

The Unweighted Pair-Group Method using arithmetic Averages (UPGMA) represented the best 

clustering model with the highest Pearson’s r correlation r = 0.943 and, least Gower distance (D 

Gower = 21190.98). In contrast, the complete (r = 0.938, D Gower = 77287.82), single (r = 

0.933, D Gower = 93613.67) and ward’s minimum variance methods (r = 0.916, D Gower = 

2562228) ranked as second, third and fourth models respectively. Figure 3.5 shows the two diet 

clusters utilized for the MANOVA-based RDA to test for differences between SCA and SIA in 

investigating walleye diets. The two diet clusters were distinguished mainly by their reliance on 

littoral and sediment-based diets. In particular, dietary items of walleye populations in cluster 1 

were dominated by littoral prey (91.3±7.2%IRI) relative to populations in cluster 2 

(34.8±29.3%IRI). In addition, walleye populations in diet cluster two had a relatively high 

reliance on sediment-based diets (13.5±16.4%IRI) compared to populations in cluster 1 

(4.6±4.5%IRI). Additionally, a large proportion of food items for populations in cluster 2 were 

unidentifiable (digested) (47±36.8%IRI) compared to cluster 1 (4.2±6.9%IRI). 
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Figure 3.5: Hierarchical clustering of 15 walleye populations based on Euclidean distances of 

walleye diets from SCA. Dendrogram shows boxes around the two grouped clusters. Marean, 

Assiniboia, Fishing, Wakaw and Codette were grouped as one cluster (i.e., the second cluster in 

Green) to allow further multivariate analysis of variance (MANOVA) based on Redundancy 

Analysis (RDA). 

Assuming these two clusters differed in their diet compositions (stomach contents) I expected 

that their SIA inferred dietary contributions (pelagic, littoral and sediment-based diets) would 

also differ. Yet, the result of MANOVA-based RDA was not significant (Adjusted R2 = 0.035; p > 

0.05) (Figure 3.6).  Mann-Whitney test also revealed that diet cluster 2 (Median = 43.6) did not 

significantly differ from diet cluster 1(Median = 22.8) in terms of SIA inferred sediment-based 

diets, U = 35.0, p = 0.254. Although I saw a grouping of observations based on SCA, I did not 
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see a corresponding grouping of observations based on SIA (which will indicate a significant 

difference in RDA). Thus, there is no correspondence between SCA and SIA results. 

 

 

 

 
 

Figure 3.6: Redundancy analysis (RDA) biplot representing the output of an RDA performed on 

stable isotope data from 188 walleye (S. vitreus) samples from 15 populations. Closed squares 

represent the diet clusters (stomach content data). The numbers are observations and blue lines 

show their dispersion from centroids of the corresponding two diet clusters. SIA-inferred diet 

contributions (response variables) from different zones are in red. Significance of RDA was 

assessed using multivariate analysis of variance (MANOVA).  

3.8 DISCUSSION 

To characterise food-web dynamics in SK prairie lakes, I quantitatively assessed dietary 

contributions of three recreationally and ecologically valuable gamefishes (walleye S. vitreus, 

https://www.biorxiv.org/content/biorxiv/early/2017/04/12/126912/F10.large.jpg?width=800&height=600&carousel=1
https://www.biorxiv.org/content/biorxiv/early/2017/04/12/126912/F10.large.jpg?width=800&height=600&carousel=1
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northern pike E. lucius, and yellow perch P. flavescens) from the littoral and pelagic habitats. 

Gamefish preference for sediment-based diets was also assessed. Additionally, I examined the 

environmental controls of reliance on pelagic, littoral and sediment-based diets. Conformity 

between the two approaches (SCA vs. SIA) utilized in examining walleye diets was also 

analyzed. Lastly, I evaluated information provided from SIA and SCA as well as environmental 

assessments to predict impact of future ZQM invasions on these gamefish populations. 

 

The three gamefish populations demonstrated similar reliance on the littoral, pelagic and 

sediment habitats. For most of our study lakes (~70%), the littoral habitat was the dominant 

contributor (> 55%) to gamefish diets.  These diets primarily comprised amphipods of the genera 

Gammarus and Hyallela. Gamefishes in the remaining ~30% of surveyed lakes were largely 

reliant on the pelagic habitat. 

 

Results of multivariate analysis of variance (MANOVA) based on Redundancy Analysis (RDA) 

revealed a lack of correspondence between the two methods utilized in examining walleye diets. 

This is plausible because SCA gives a “snapshot” of diet, i.e., only characterizes prey consumed 

within a short period before capture while SIA provides time-integrated insights into gamefish-

assimilated diets (Chipps & Garvey, 2006; Matley et al. 2018). This observation supports the 

need to combine these two methods especially for robust dietary inferences.  

 

Lake morphometry (maximum depth) and salinity (total dissolved solids (TDS)) were the two 

environmental controls influencing walleye reliance on pelagic resources. In particular, walleye 

reliance on pelagic energy sources increased with maximum depth of lakes and decreased with 

total dissolved solid concentrations, implying the contribution of pelagic diets increase for fish 
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populations in deeper and less saline lakes. This finding is supported by the exclusive reliance 

(100%) of all three gamefish species on pelagic diet in Lake Codette (the study lake with highest 

maximum depth and lowest salinity). In contrast, reliance on littoral regions increased in shallow 

lakes with higher TDS. However, sediment-based diets were not influenced by any of the 

selected environmental parameters. 

 

Overall, I found that the three gamefishes relied more on littoral energy sources. Yet, they are 

still flexible with their foraging activities and utilize diverse resources. Their reliance on the three 

spatially separated habitats highlights the pivotal role of these top predators in coupling habitats 

in these systems. Such habitat linkages could enhance stability of food webs (Vadeboncoeur et al. 

2005; Rooney et al. 2006). In event of ZQM invasion, gamefishes may be less impacted as they 

can exhibit generalist-feeding habits by exploiting alternative dietary sources in an altered 

environment. However, populations in deeper and less saline lakes may be particularly vulnerable 

due to their exclusive reliance on the pelagic region for nourishment. 

3.8.1 Important Feeding Habitats of Gamefishes 

There were large isotopic variations in the overall food web of SK prairie lakes. Distinctness 

between resource pools (i.e., littoral and pelagic) was apparent as nearshore benthic primary 

consumers (i.e., amphipods) were more enriched in δ13C than offshore primary consumers (i.e., 

zooplankton). This enhanced our ability to characterize gamefish dependence on the two feeding 

habitats, suggesting the two primary consumers (macroinvertebrates) utilized in this study are 

good integrators of trophic interactions (France, 1995; Beaudoin et al. 2001) within food webs of 

prairie lakes. Past studies of Canadian Shield and Boreal Plains lakes documented differentiation 

between isotopic values of littoral and pelagic organisms (France, 1995; Beaudoin et al. 2001) 
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and have linked such differences to respective reliance on periphyton and phytoplankton (France, 

1995).   

Similar to baseline taxa, consumers (gamefishes) demonstrated large variability in their δ13C 

values. The broad range of carbon values is suggestive of differences in gamefish habitat uses or 

reliance on different primary carbon sources (France, 1995). More importantly, our δ13C and δ15 

N mixing models estimated relatively high (> 55%) dietary contribution of amphipods to 

gamefishes (walleye, pike, and perch) assimilated diet in ~70% of surveyed lakes (fishes were 

littoral dominant). Conversely, zooplankton contributed > 55% of their assimilated diets (pelagic 

dominant) in ~30% of our study lakes. This finding suggests littoral/benthic energy sources are 

essential contributors to the diet of majority gamefish populations in SK prairie lakes. Hence, I 

reject our hypothesis that pelagic resources were primary contributors to gamefishes (especially 

open water walleye) diets across the studied lakes. Similarly, most north-temperate fish species 

that are generally considered pelagic have demonstrated heavy reliance on littoral/benthic diets 

(either directly or indirectly) (Vander Zanden & Vadeboncoeur, 2002). Due to their high 

dependence on littoral resources and mobility, they are principal couplers of pelagic and littoral 

habitats. Such foraging activity could affect prey composition and dynamics in both habitats, as 

well as the regulation of nutrients and energy flow (Schindler & Schirrell, 2002). As such, these 

gamefishes can play a crucial role in coupling and stabilizing prairie food webs (Vadeboncoeur et 

al. 2005). 

 

I also found that δ34S values of sediment were relatively depleted in δ34S compared to open water 

and nearshore sources. The underlying cause for the disparities in sedimentary and water column 

δ34S values arises from the discrimination of S isotopes during sulfate reduction by bacteria 

(Canfield, 2001). Typically, sulfate-reducing bacteria in anoxic sediment produce sulfide-
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depleted δ34S during their metabolism (Kaplan & Rittenberg, 1964). As such, sulfur stable 

isotopes were useful in determining gamefish reliance on sediment-based diet. Importantly, our 

δ13C and δ34S mixing models identified that reliance on sedimentary sources for co-occurring 

species (walleye and pike, or walleye and perch) was similar across the studied lakes, implying 

sediment-based-diets contribute equally to sustaining fish populations in these lakes. These 

results enhance our knowledge of the inclusion of stable sulfur isotopes in determining reliance 

of gamefish on sediment-based nutrition. 

3.8.2 Environmental Controls of Walleye Reliance on Feeding Habitats 

Maximum lake depth and total dissolved solids (TDS) were the two major environmental 

controls of walleye reliance on pelagic and littoral habitats. Specifically, I found that reliance on 

pelagic energy sources was higher in lakes with high maximum depth and lower TDS 

concentrations. Large lakes are usually deeper than small lakes, further decreasing the potential 

contribution of benthic and littoral habitats (Vander Zanden & Vadeboncoeur, 2002). This was 

confirmed by the exclusive reliance (100%) of the three gamefishes; walleye, pike and perch in 

Lake Codette (the study lake with the largest surface area, highest maximum depth, and lowest 

TDS) on pelagic resources. In contrast, littoral reliance increased in shallow lakes with higher 

TDS. Considering that the majority of lakes in the northern Hemisphere are small and shallow 

with extensive littoral zones (Wetzel, 1990), walleye populations that inhabit lakes in this region 

may typically rely on littoral resources. However, total nitrogen (TN), total phosphorus (TP) and 

surface area did not influence reliance on these two feeding habitats.  

Similarly, the dependence on sediment-based diets was not determined by any of the parameters 

(TN, TP, TDS, maximum lake depth and surface area). To our knowledge, there is limited 

information about the controls of sediment-based diets, further requiring investigation because 



112 
 

sediment diets make significant contribution to gamefishes diet in these lakes. Clearly, this study 

has demonstrated the relevance of lake morphometry and salinity in influencing dietary 

contributions from littoral and pelagic habitats in the prairies but could not determine controls of 

sediment-based diets. 

3.8.3 Comparison between SCA and SIA 

Statistical analysis with MANOVA-based on RDA showed no significance suggesting the two 

methods (SCA vs. SIA) for assessing diets provide differing details, leading to the question, to 

what extent do the two methods corroborate, contradict or complement? To answer this question I 

considered three observations about SCA and SIA findings. First, of the 15 walleye populations 

examined, analysis of their stomach contents (SCA) showed that 10 (66.7%) were highly reliant 

on littoral diets. This was comparable to observations made in the SIA (mixing models) which 

revealed high reliance (i.e., > 55% contribution from littoral sources) of 11 populations (77.3%) 

on littoral energy sources. Secondly, detection of pelagic source contributions to walleye diets 

(including reliance on zooplankton) was possible with SIA, though improbable with SCA. 

Specifically, mixing models indicated high dependence (i.e., > 55% contributions from pelagic 

sources) of three walleye populations (20%) on pelagic sources. Third, SIA revealed walleye 

reliance on sediment-based diets across lakes, which were somewhat inconspicuous using SCA 

alone. These observations suggest SIA can complement SCA to enhance our understanding of 

gamefish dietary sources. These findings were plausible because SCA is known to give a 

“snapshot” of diet, i.e., only characterized prey consumed within a short period of time 

proceeding capture (normally > 24 hours; (Chipps & Garvey, 2006)) while SIA provides time-

integrated insights into gamefish-assimilated diets (weeks to months (Matley et al. 2018) or even 

years in slow-growing populations (Hesslein et al. 1993)). Using tissues such as fish muscle that 
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informs us on integration of feeding activities over longer periods can help circumvent several 

temporal (e.g., short-term feeding irregularities, and seasonal availability of prey) and digestive 

biases (including resolving for unidentifiable items) and provide more reliable estimates of 

dietary sources of higher trophic levels (fishes) (Vinson & Budy, 2011). 

 

By utilising SIA, I was able to examine long-term dietary contributions from three diverse 

habitats (i.e., littoral, pelagic, sediment) to gamefishes, an activity that was challenging to 

perform with SCA. Specifically, Carbon mixing models were integral in quantifying the 

importance of feeding habitats based on littoral and pelagic, whereas sulfur-mixing models 

proved useful in revealing contributions of sediment-based diets to gamefishes. The use of stable 

isotopes in this study was instrumental in showing habitat coupling mediated by these top 

predators in prairie lakes, a finding that would have been impossible to glean without SIA. This 

observation indicates SIA is more efficient at identifying critical energy sources (foraging 

habitats) of gamefishes than SCA. 

  

SIA is sufficient to address questions when isotopically distinct groups or sources are identified, 

but does not give detailed information on the taxonomic composition of diets, which is 

achievable through visual examination of stomach contents (SCA). Results of SCA revealed that 

walleye relied on a broad mix of prey taxa ranging from invertebrates (primarily amphipods of 

genus Gammarus, the most preferred prey) to fish (i.e. seven species of forage fish). The 

flexibility in their diet selection and generalist feeding patterns suggest prairie food webs may be 

resilient to disturbance (Beaudoin et al. 2001).  
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The variability in isotopic signatures of δ15N and δ13C I observed is indicative of the broad mix of 

diets that walleye populations utilize across SK prairie lakes, implying that walleye populations 

forage across multiple trophic levels (i.e., invertebrates and fish as shown in SCA) with several 

basal sources. Davis et al. (2012) found partial agreement between SCA and SIA and estimates of 

trophic positions, and a size-related shift in diets inferred from SCA and SIA among tropical 

fishes which suggest that these two techniques may be useful in complementing each other when 

investigating fish diets.  

 

This study demonstrated the advantage of two approaches to characterize the diet of large 

predatory fish. Specifically, SIA were useful at revealing longer‐term dietary patterns of 

gamefish reliance on resources across several feeding habitats, when C, N and S were combined. 

SCA also provided high prey resolution despite its inability to identify disintegrated prey items 

(unidentifiable materials). Despite the lack of correspondence between SCA and SIA in this 

study, they complemented each other to allow a better appreciation of the foraging activities and 

dietary preferences of walleye populations in the prairies, highlighting the need to combine these 

two analytical techniques to provide robust, temporally, and spatially explicit information of diets 

when such level of accuracy is required. 

3.8.4 Potential Impacts of ZQM Invasion on Prairie Gamefish Populations   

Zebra and quagga mussels are prolific suspension feeders that alter the trophic dynamics of local 

food webs (Hansen et al. 2020; Whitinger, 2020). Through their filter-feeding activities, they 

adversely impact populations of zooplankton either indirectly or directly, further reducing pelagic 

productivity. At the same time, they increase the biomass of native invertebrates in littoral zones, 

which favors benthivorous fishes. As a result, they are known to redirect energy from pelagic 
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zones to benthic habitats, contributing to declines in pelagic productivity (Hecky et al. 2004; 

Turschak & Bootsma, 2015; Karatayev et al. 2015). 

 

Evidence gleaned from our stable isotope analysis suggests that most gamefish populations 

(walleye, pike, and perch) across SK prairie lakes are highly reliant on littoral energy sources 

mostly, feeding on benthic amphipods (Gammarus). Nonetheless, these fishes still show some 

preferences for pelagic and sediment–based nutrition. Our stomach content analysis indicates that 

walleye are flexible with their dietary characteristics usually relying on amphipods and forage 

fish, whereas zooplankton is a minor contributor to their diets.  

 

Considering gamefish reliance on the three spatially separated habitats (littoral, pelagic, and 

sediment) and their high trophic plasticity in dietary patterns, they may be less severely impacted 

by ZQM invasion than previously thought. This is because such habitat coupling and high trophic 

flexibility demonstrated by the three key gamefishes is presumed to ensure resilient and stable 

food webs (Beaudoin et al. 2001; Vadeboncoeur et al. 2005; Rooney et al. 2006). In addition, the 

habitat heterogeneity created by ZQM in benthic/littoral zones may increase food availability to 

gamefishes that rely on littoral resources in this region, as a result, gamefish populations may 

thrive in the presence of ZQM (Karatayev et al. 2015). However, gamefish communities in 

deeper and less saline lakes will be more susceptible to impacts of ZQM invasion because 

gamefishes in these lakes are highly dependent on pelagic resources. Suspension-feeding habits 

of ZQM may cause drastic declines in phyto-and zooplankton densities and reduce food 

availability to gamefishes that are planktivorous at some point in their developmental stage.  

Additionally, recruitment and early life survival for walleye, pike, and perch may decline 

dramatically following ZQM invasion and subsequently result in poor growth and body 
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conditions like previously documented for these fishes (MacIsaac, 1996; Hoyle et al. 2008; 

Fields-Sommers 2011; Hansen et al. 2020; Whitinger, 2020). 
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4. CONCLUSION 

4.1 SYNTHESIS 

Dreissinid (zebra and quagga) mussels are spreading across North America and have impacted 

freshwater ecosystems through bottom-up impacts (McNickle et al. 2006; Hoyle et al. 2008; 

Ozersky et al. 2012; Hansen et al. 2020; Whitinger, 2020). Lakes of the Northern Great Plains are 

known to be at risk of ZQM invasion due to their favorable water chemistry, poor stakeholder 

knowledge of AIS (Nanayakkara et al. 2018), and proximity to invasive corridors (Provincial 

Auditor 2016; LWF, 2020). This study was a proactive step to advance our knowledge of 

baseline environmental and trophic conditions supporting gamefish communities in 15 uninvaded 

lakes in south-central Saskatchewan to help understand future impacts of ZQM.  

 

Uninvaded prairie lakes in southern Saskatchewan served as excellent model systems to 

investigate the likely impacts of ZQM invasion as the characteristic small size lakes in this region 

increase the sensitivity of fish populations to the effects of environmental stressors (Sauchyn & 

Kulshreshtha, 2007; Starks et al. 2014). This study successfully examined trophic habits and 

responses of fish health conditions to changing environmental conditions. Diet preferences were 

assessed based on visual examination of stomach contents, while biomarkers (stable isotopes) 

helped determine the contribution of various energy sources to gamefish diets. This blend of 

comprehensive dietary analysis facilitated the evaluation of the relative importance of prey items 

and crucial feeding habitats to valuable gamefish communities. Relative weight condition indices 

served as a proxy of fish health. Developing a better understanding of the current controls of 

gamefish body-conditions and reliance on the available energy sources also helped to evaluate 
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their vulnerability to changing environmental conditions, including prey availability and the 

effects of habitat modification by invasive filter feeders. 

 

Invertebrates (amphipods, chironomids, and corixids) and forage fishes were the principal diet 

items of gamefishes in these lakes. Observations on gamefish reliance on feeding habitats may be 

universal and representative of freshwater ecosystems in the Northern Great Plains. In this 

system, key gamefishes (walleye, pike, and perch) were highly reliant on the littoral C energy 

sources. Pelagic C sources were primarily relevant to fish populations in relatively deeper and 

less saline lakes. Furthermore, dietary contributions from the benthic habitat to co-occurring 

gamefish species were indistinguishable.  

 

This study also revealed that body conditions of top predators (walleye and pike) are generally 

below their ideal ranges (Wr = 95 - 105), and are mostly declining with size. However, perch Wr 

are within the range of healthy populations and their body conditions are not affected by size. 

This is suggesting that perch are better adapted at utilizing prevailing prey items in SK prairie 

lakes relative to walleye and pike populations. Hence, pike and walleye may be more vulnerable 

to ecological alterations caused by future AIS invasion.  

 

Environmental variables most relevant to fish condition were nutrient concentrations and 

alkalinity. The variability in productivity levels across the studied lakes was significant enough to 

demonstrate how changes in this variable could negatively affect fish conditions. Similarly, the 

large variations in TDS and maximum depth of lakes also helped to identify which aquatic 

ecosystems (deeper-and-less saline lakes) would be more prone to ZQM impacts.  
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It is likely that gamefish populations in deeper freshwater lakes might be detrimentally affected 

by changes in pelagic primary productivity stemming from ZQM invasion as populations in such 

aquatic ecosystems largely depend on pelagic energy sources. In particular, a decreased 

availability of pelagic zooplankton resources in deeper lakes following ZQM invasion will result 

in reduced recruitment, further growth declines and poor body conditions of gamefish 

communities as has been previously reported (MacIsaac 1996; Hoyle et al. 2008; Fields-

Sommers 2011; Hansen et al. 2020; Whitinger, 2020). The interactive effects of lake 

productivity, temperature, and salinity control the ability of fish assemblages to thrive in prairie 

lakes (Starks et al. 2014), suggesting that habitability of gamefish populations will likely further 

decline post ZQM invasion. Dreissenids typically increase richness, diversity and complexity of 

benthic invertebrates in the benthic region (Karatayev et al. 2015), therefore, future ZQM 

invasion may favor gamefish populations that largely depend on littoral/benthic food resources in 

relatively shallow lakes. 

4.2 FUTURE RESEARCH DIRECTIONS 

This study was conducted to assess the dietary needs, important foraging habitats and current 

body conditions of gamefish populations in SK prairie lakes and evaluate potential threats of 

ZQM invasion on gamefish communities. The size-class ranges of small gamefishes (small 

walleye (17.1 - 40.0 cm), small pike (30.9 - 58.2 cm), and small perch (14.3 - 22.4 cm) examined 

here for their diet composition using SCA was relatively large. As a result, I possibly missed fish-

size categories that consumed zooplankton (a critical dietary item that gamefishes depend on at 

their early developmental stages). Increasing sampling efforts to capture all size classes of 

juvenile gamefishes (e.g., < 10 cm) and young-of-the-year (YOY) could help to establish 

gamefish reliance on pelagic zooplankton, similar to previous studies (Frost 1954; Bulkley et al. 
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1976; Mathias & Li 1982; Slipke & Duffy 1997; Galarowicz et al. 2006; E. Hillis & S. Davies, 

personal communication, July 21, 2020).  

 

Zooplankton play a pivotal role in ecosystem functioning and dynamics (Lomartire et al. 2021).  

In intricate networks of feeding relations in pelagic food webs, zooplankton transfer nutrients and 

energy produced by phytoplankton to higher trophic levels that are in turn exploited by humans. 

Understanding the dynamics and trophic interactions among functional groups (phytoplankton – 

zooplankton – fish) in aquatic ecosystems and the services they provide to humans may help 

increase awareness of their importance to preserve freshwater environments. The early life 

survival rate of fishes has been associated with zooplankton (Reid, 1894). A study to assess the 

relationship between zooplankton biomass and abundance and fish recruitment over multiple 

years could help make some predictions about how fish recruitment will respond to the likely 

decline in zooplankton (Lomartire et al. 2021) post ZQM invasion. This research will be helpful 

in informing management actions especially for uninvaded lakes. 

 

TDS and maximum depth determined fish reliance on littoral and pelagic prey resources in 

prairie lakes.  Future research focused on sampling deeper high-complexity lakes across the 

prairie region could help establish foraging patterns of gamefishes, particularly their preference 

for pelagic food sources. For example, lakes with sufficient depth like the Qu’Appelle Valley 

system will help determine the reliance of resident gamefishes on pelagic diets that are most 

likely to be impacted by ZQM invasion. Habitat-specific prey availability could also be 

influencing fish reliance on the different feeding habitats. Prey diversity, abundances and species 

have been found to vary with habitat, substrate type and depth (Schwartzkopf et al. 2017). Future 

studies may benefit from sampling substrates (e.g., sand, mud, water column) from various 
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habitats to evaluate if substrate variability could be driving differences in fish dependence on the 

sediment habitat. Utmost, such information would add to our knowledge of the existing drivers of 

trophic ecology. With the three different types of habitats (littoral, pelagic, and sediment) capable 

of supporting gamefish communities in prairie lakes, it is imperative to evaluate the functional 

role of the three habitat types in the life history of these valuable gamefish species and to 

incorporate any differences into management protection decisions. 

Large, deep freshwater lakes are the prime sites for recreational angling. In SK, recreational 

fishing represents the dominant lake use with walleye as the most preferred sport fish 

(Nanayakkara et al. 2018). Walleye are characterized as “eurybiont” and can survive a broad 

spectrum of physicochemical conditions (Scott & Crossman, 1973) except for their extreme 

sensitivity to light which ostensibly controls their distribution (Ryder, 1977). The preference of 

walleye for dim-light environments helps to decrease competition with other predatory fishes that 

typically depend on higher light intensities (Ali & Anctil, 1977; Bozek et al. 2011). As walleye 

depend on low light levels, post ZQM lake characteristics such as enhanced illumination may 

result in feeding inefficiencies, lack of effective reproduction, or higher rates of predation (Ryder, 

1977).  All of these may threaten the survival of walleye populations and by extension, the 

recreational angling industry. Continued research may benefit by focusing on the longer-term 

monitoring of abiotic (e.g. Secchi depth) and biotic metrics (e.g. chla) on these lakes. This study 

would help advance our understanding of how invasive filter feeders such as dreissenid mussel 

invasions might affect ecosystem processes and dynamics and the possible impacts on the 

recreational fishery. 
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