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ABSTRACT 
 

Lake Whitefish are a commercially and ecologically valuable freshwater species in 

Lake Huron. Recent environmental changes have had broad impacts on current 

populations, which threaten the sustainability of this fishery. To properly conserve this 

resource, multiple sub-populations in the lake must be adequately represented in 

management regimes. Of special importance are adult spawning aggregations, which 

collectively contribute to the productivity of the fishery. However, spawning aggregations 

in Lake Huron are perceived to represent multiple stocks, adding complexity to fisheries 

management. The current population structure for adult Lake Whitefish is not well 

understood at the lake wide scale, and previous assessments have primarily used only 

evolutionary markers (e.g., genetic and phenotypic markers). A shorter-term, food web 

based marker would be beneficial for understanding the current population structure of 

spawning aggregations based on ecological relationships. Stable isotopes are integrated 

food web tracers that encompass patterns in consumer resource use (i.e., prey, location, 

habitat). In this study, I used δ13C and δ15N stable isotope analysis to compare pre-

spawning resource use by 32 spawning aggregations spanning most of Lake Huron. I found 

large isotopic variation across aggregations (ranges: δ13C  = 10.2 ‰, δ15N = 5.5 ‰), and 

spatial heterogeneity in resource use identity and diversity (SEAC = 1.02 – 4.27‰2), 

indicating that aggregations in different lake areas used more local food webs. I used the 

isotopic structure of the population to classify individuals into 1 of 4 isotopically distinct 

clusters. Aggregations were composed of individuals from multiple clusters, indicating 

highly mixed populations. Aggregations in the Main Basin were particularly mixed (3+ 

clusters), while those in the North Channel and Georgian Bay represented fewer, and 
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different clusters. To aid interpretation of isotopic structure I investigated factors of 

location, diet, sampling date, fish sex, and fish size as potential mechanisms of isotopic 

structuring. Analyses of summer fish and prey baseline variation across lake areas indicate 

locational feeding patterns are likely the primary mechanism driving ecological structuring. 

For example, δ13C values of summer assemblages explained 82% of the variation in 

spawning aggregations at overlapping locations. Lastly, to present an overall view of 

ecological population structure, I grouped spawning aggregations according to like 

compositions. To this end, spawning aggregations were divided into 6 putative ecological 

sub populations that reflect regions of local resource use in the lake. Comparison to the 

current management scheme suggests that current management units are too small and 

numerous to reflect the ecology of Lake Whitefish. Stable isotopes provided a powerful 

approach for identifying ecologically based population structure and composition in an 

inter-mixed freshwater fishery.  
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1. GENERAL BACKGROUND 
 

1.1 The life history and ecology of Lake Whitefish  
 

The Lake Whitefish (Coregonus clupeaformis) is a post-glacial relict species, native 

to, and ubiquitous across, freshwater systems in Canada and parts of the Northern United 

States (Scott and Crossman 1973). The genus Coregonus refers to the “true whitefishes” of 

the subfamily Coregoninae, within the broader Salmonidae family (Bernatchez et al. 1991). 

Lake Whitefish have adapted to live in an array of geographically and environmentally 

diverse systems, making them the subject of evolutionary studies (Bernatchez and Dodson 

1991; Foote et al. 1992; Bodaly et al. 1992; Bernatchez et al. 2010). The existence of 

various subspecies and ecotypes throughout their range makes this species diverse and 

complex (reviewed in Mee et al. 2015). In general, Lake Whitefish can be characterized as 

an elongate, laterally compressed, silvery fish, with cycloid scales coated in mucus, lightly 

pigmented fins including an adipose fin (Salmonid feature), an inferior mouth, and an 

overhanging snout (Scott and Crossman 1973; Fig. 1). However, coloration, body shape, 

gill raker count, and size can vary among populations (Bodaly 1979; Casselman et al. 1981; 

Ihssen et al. 1981). Across their range, Lake Whitefish are known for their high quality 

flesh, and as such are the second most commercially valuable freshwater fish species in 

Canada (DFO 2013). Ecologically speaking, Lake Whitefish are valuable components of 

freshwater ecosystems because they act as energy couplers between benthic and pelagic 

food webs (Nalepa et al. 2005), and are depredated by various other fish (Loftus and 

Hulsman 1986). 

Lake Whitefish are a cold-water, fall spawning fish. They typically mature by age 5 

(but this can vary largely by location), and spawn in aggregations during November and 
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Figure 1. Photograph of an adult Lake Whitefish (Coregonus clupeaformis) collected from 

Northern Georgian Bay in Lake Huron. Disruption in scale patterns corresponds with marks 

of previous gill net wounds. Fin color pigment in this individual appears reddish, but can be 

grey or clear in different populations. Similarly, this fish is pale and silvery while some 

individuals can have pale green to grey sheens. A slight hump is noted behind the head; this 

hump becomes exaggerated with increasing size and is the reason Great Lakes whitefish are 

commonly referred to as “humpback whitefish.” 
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December when water temperatures are below 6oC. Egg deposition occurs near shore 

(depth < 10m) over boulder, cobble, or sandy substrate (Koelz 1929; Wang et al. 2008). 

Embryos incubate under the cover of ice and typically hatch in April and May (Koelz 

1929; Claramunt et al. 2010). Upon hatch, larval Lake Whitefish feed on phytoplankton 

and small zooplankton in nursery grounds, and move offshore by age-1 to feed on larger 

benthic prey items (Pothoven and Nalepa 2006; Claramunt et al. 2010). In the spring and 

summer, adults prefer deep (< 70 m), offshore, well-oxygenated waters (Ebener et al. 

2010). Adult Lake Whitefish are considered generalist benthivores with amphipods, 

chironomids, and zooplankton as common prey items (e.g., Pothoven et al. 2006; McNickle 

et al. 2006), in addition to opportunistic feeding on small fish and fish eggs (e.g., Herbst et 

al. 2013; Pothoven and Madenjian 2013). Throughout their lives, Lake Whitefish condition 

and survival is linked to prey availability, prey quality, and their ability to find these 

resources (Brown and Taylor 1992; Rennie et al. 2009a; Rennie et al. 2012). They typically 

feed and move in large schools near prominent shoals, making them vulnerable to 

exploitation, which they become subject to by the time they reach ~ 1 kg (Scott and 

Crossman 1973).  

1.2 Value and history of Lake Whitefish in the Great Lakes  
 

Lake Whitefish support the largest commercial fishery on the Laurentian Great Lakes, 

with a total value of over 18 million dollars in the year 2000 (Kinnunen 2003; Mohr and 

Nalepa 2005). Approximately 60% of Lake Whitefish harvested come from Lake Huron 

alone (5.8 million Kg in 2000), with the remaining 24%, 9%, 6%, and 1% from Lakes 

Michigan, Superior, Ontario, and Erie, respectively (Kinnunen 2003). Dockside value 

varies among lakes and seasons, but typically ranges from $1-3 per Kg (Kinnunen 2003; 
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Ebener et al. 2008). In addition to their commercial fishery value, Lake Whitefish support 

traditional aboriginal fisheries throughout the Great Lakes region (Harford et al. 2007; 

CORA 2015). Due to their value, significant effort has been made to manage Lake 

Whitefish fisheries in the Great Lakes. To this end, the Great Lakes are divided into 94 

jurisdictional Lake Whitefish management units based on 56 putative stocks identified 

throughout the region (Ebener et al. 1997; Ebener et al. 2008; Ebener et al. 2010).  

Lake Whitefish populations have undergone significant crashes and recoveries 

throughout the history of the Great Lakes fishery. Populations declined over 80% between 

1880-1960 due to growing commercial pressure, loss of habitat, pollution, and predation by 

Sea Lamprey (reviewed in Ebener et al. 2008). In response to these declines, efforts to 

reduce commercial harvest, control Sea Lamprey proliferation, and promote habitat 

restoration were employed, and Great Lakes Whitefish were considered successfully 

rehabilitated by the 1990s (Ebener et al. 1997; Mohr and Nalepa 2005; Ebener et al. 2010). 

However, since the 1990s Lake Whitefish body condition has declined in all lakes but Lake 

Erie, and abundance has also declined in recent years (Hoyle et al. 1999; Pothoven et al. 

2001; Pothoven et al. 2006; Mohr and Nalepa 2005; Lumb et al. 2007; Herbst et al. 2013). 

Decreasing body condition (up to 40%) is hypothesized to be a result of collapsing 

populations of the lipid-rich amphipod, Diporeia, and the invasion of Zebra and Quagga 

mussels (Dreissena), a poorer quality prey item (reviewed in Mohr and Nalepa 2005). 

However, more recent research recognizes that additional factors such as over harvest, 

climate change, and productivity also influenced these declines (Rennie et al. 2009a; Fera 

et al. 2015; Gobin et al. 2015). Concern for future sustainability of Lake Whitefish in the 

Great Lakes has prompted investigations of population dynamics and structure, and their 
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congruency with existing management unit schemes (e.g., Bernard et al. 2009; VanDeHey 

et al. 2009; Ebener et al. 2010; Wagner et al. 2010; Brenden et al. 2010; Stott et al. 2012).  

1.1 State of Lake Whitefish in Lake Huron 
 

Food web changes have had broad impacts on Lake Huron Lake Whitefish. Since 1999, 

commercial yields in Lake Huron have declined 35%, with harvests averaging 3.2 million 

kg per-year during 2005-2010 (Ebener 2012). Body condition has also declined drastically 

compared to historical populations (Pothoven et al. 2006). Contemporary populations are 

relying on lower quality prey than historically, and making larger migrations, presumably 

to find higher quality resources (Ebener et al. 2010; Rennie et al. 2012). In addition, recent 

research documents slowed growth rates, which could ultimately affect age at maturity, 

recruitment, and thereby the overall productivity of the Lake Huron fishery (Fera et al. 

2015; Gobin et al. 2015). A primary concern for managers is that the mobility of Lake 

Whitefish may be causing stocks to experience multiple periods of harvest. For instance, 

populations that spend the summer months and experience summer harvest pressure in one 

management unit, may migrate to spawn in other management units where they experience 

additional fall harvest pressure (Brenden et al. 2010; Ebener et al. 2010; Ebener 2012). 

Tagging and genetic studies confirm that some Lake Whitefish populations likely undergo 

substantial degrees of fish mixing (Casselman et al. 1981; Ebener et al. 2010; Stott et al. 

2010; Stott et al. 2012), and models show harvest schemes may need to be altered to 

account for this (Molton et al. 2012; Molton et al. 2013; Li et al. 2014). However, the 

population structure of Lake Whitefish in Lake Huron at the lake-wide scale is still not well 

understood or characterized for contemporary populations, and is a priority for future 

research  (Brenden et al. 2010).  
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 1.3 Purpose of current work  
 

The overall purpose of the current work is to provide a lake-wide perspective on the 

population structure of Lake Whitefish spawning aggregations in Lake Huron that can be 

used to aid management. To date, previous studies have used long-term, evolutionary 

markers to assess structure. Due to high inter-stock mixing and recent changes to the food 

web, an assessment of ecological structure based on resource use would be beneficial. My 

over-arching hypothesis is that resource use is heterogeneous among Lake Whitefish 

spawning aggregations. I predicted that groups spawning in different areas would generally 

be comprised of individuals from more local lake food webs; however due to fish mixing I 

also predicted that aggregations would contain some individuals from a variety of lake 

locations. Specific objectives outlining major steps in my thesis are briefly detailed below.  

1) Use stable isotope analysis of carbon and nitrogen from muscle tissue to assess the 

resource use heterogeneity of Lake Whitefish spawning aggregations at a lake-wide 

scale. 

2) Determine the isotopic population structure of spawning adult Lake Whitefish, and use 

this structure to calculate the relative compositions of isotopic clusters in spawning 

aggregations. 

3) Determine the underlying mechanisms that drive isotopic variation in Lake Whitefish 

aggregations. Specifically assess the influence of a) variation in isotopic baseline across 

lake locations, b) diet, c) fish sex, d) sampling date, and e) fish size.  

4) Compare ecological structure based on resource use with existing management units. 
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2. INTRODUCTION 
 

Fish populations can be composed of distinct functional groups or stocks within the 

same ecosystem. Productivity and demography can vary across stocks within the same 

lake, so understanding population structure is integral to effective fisheries management 

(Begg and Waldman 1999; Stephenson 1999). To prevent depletion, population structure 

assessments are used to identify relevant management and conservation units (e.g., Cook et 

al. 2007; VanDeHey et al. 2009; Newman et al. 2011). Population discrimination of 

spawning aggregations is particularly important because they represent spatial units 

contributing to future generations, but often have complex compositions (Begg et al. 

1999a; Stephenson 1999; Berger et al. 2009; Benson et al. 2015). Population structure is 

most commonly based on relatedness, as determined by genetic (e.g., Spidle et al. 2001; 

Stott et al. 2010; Moore et al. 2014; Duncan et al. 2015) and phenotypic markers (e.g., 

Begg et al. 1999b, Tzeng 2004; Murta et al. 2008). However, these evolutionary subunits 

do not necessarily represent discrete ecological groupings, such as those defined by distinct 

prey, habitat, or location-use, which are also important for fisheries management (Douglas 

and Matthews 1992; Waldman 1999; Campana and Thorrold 2001; Berger et al. 2012; 

Chouvelon et al. 2014). Furthermore, in populations with sufficient genetic exchange, 

genetic or phenotypic structure may be undetectable (Bernard et al. 2009), necessitating 

shorter-term ecological markers.  

Stable isotopes are food web-based markers that are suitable for ecological 

population structure assessment. Stable isotope ratios measured from animal tissue can 

provide tracers of habitat use, diet, and location, collectively termed “resource use” 

(Newsome et al. 2007). Stable isotope analysis (SIA) of otoliths is a common approach for 
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determining fish population structure, based on location-specific values incorporated over 

individual lifetimes (Edmonds et al. 1999; Campana and Thorrold 2001; McKeown et al. 

2015). However, SIA of otoliths may not offer sufficient resolution in systems where 

populations have substantial geographic overlap over their lifetimes. SIA of soft tissues 

(e.g., muscle, liver) offers much finer resolution and insight into a shorter time window 

(order of months; Dalerum and Angerbjörn 2005; Weidel et al. 2011). In this case, 

between-group isotopic variation would suggest differences in resource use (diet, habitat, 

location) in the period preceding spawning, providing insight into ecological groupings that 

genetic and phenotypic metrics may not resolve. SIA of soft tissues has been used 

extensively to determine interspecies ecological structuring (Chouvelon et al. 2014; Guzzo 

et al. 2015; Pettitt-Wade et al. 2015; Yuille et al. 2015), but an increasing volume of 

literature is showing the utility of assessing structure within species, provided that baseline 

food resources are sufficiently isotopically variable (Borrell et al. 2006; Cook et al. 2007; 

Witteveen et al. 2009; Flynn and Kloser 2012; Præbel et al. 2013; Munroe et al. 2015). 

This approach has been used to distinguish spawning aggregations of Lake Biwa Catfish at 

an ecological scale (Takai and Sakamoto 1999), but to our knowledge it has yet to be 

applied to large-scale population structure analysis of any other freshwater fishery.  

For Lake Whitefish (Coregonus clupeaformis) in Lake Huron, a contemporary view 

of population structure is of high priority (Mohr and Ebener 2005; Nalepa et al. 2005; 

Brenden et al. 2010; Stott et al. 2010; Riley 2013). Lake Huron supports the largest 

commercial Lake Whitefish fishery in the Great Lakes, with annual harvests of 

approximately 3.2 million kg (Ebener 2012); however, recent declines in abundance and 

body condition in response to mussel invasion, displacement of native prey, and 



9	  

exploitation, threaten this fishery (Mohr and Nalepa 2005; Pothoven et al. 2006; Pothoven 

and Madenjian 2008; Rennie et al. 2009a; Ebener 2012; Gobin et al. 2015; Fera et al. 

2015). Harvest occurs year round, but heavily in the fall when fish aggregate to spawn near 

shore (Ebener et al. 2008). Spawning aggregations occur at easily defined and spatially 

discrete areas in the lake (Goodyear et al. 1982; Crawford 2001). However, spawning and 

feeding locations can be spatially unlinked, as fish may travel extensively from summer 

habitats to spawning areas and undergo substantial inter-stock mixing (Ebener et al. 2010, 

Stott et al. 2010; Stott et al. 2012). Thus, a primary concern for managers is that Lake 

Whitefish populations may experience multiple periods of harvest pressure that may not be 

accounted for in assessment.   

Lake Whitefish in Lake Huron are currently managed as 25 geographic units (17 

Canadian, 8 American), which vary in size, habitat, fishing pressure, and political 

jurisdiction (Ebener et al. 2008; Ebener et al. 2010). These management units were 

designed to reflect historic life history and genetic patterns, spawning grounds, mark-

recapture data, and fishing operations (Budd 1957; Cucin and Reiger 1966; Casselman et al 

1981), and are in turn used to manage commercial fisheries (Ebener et al. 2008). However, 

subsequent to changes in resource availability, studies have documented changes in Lake 

Whitefish diet, movement, and distribution (Ebener et al. 2008; Rennie et al. 2009b; 

Ebener et al. 2010; Pothoven and Madenjian 2013), potentially changing population 

structure from historical regimes. To date, evidence suggests that current management units 

encompass multiple populations, and a multi-disciplinary approach to assessing Lake 

Whitefish structure at different scales has been recommended (Nalepa et al. 2005; Berger et 

al. 2009; Brenden et al. 2010; Stott et al. 2010; Riley 2012). Given that Lake Whitefish 
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condition is linked to their ability to find quality resources (Rennie et al. 2012), a lake-wide 

assessment of population structure based on resource use prior to spawning would provide 

both a contemporary and ecologically relevant view spawning group structure.  

Here I use stable isotope analysis of C and N from spawning aggregations to assess 

the resource use and ecological population structure of Lake Huron Lake Whitefish. My 

over-arching hypothesis is that resource use is heterogeneous across Lake Whitefish 

spawning aggregations. I tested this hypothesis by comparing resource use identity and 

diversity with δ13C and δ15N SIA of muscle tissue. I predicted that groups spawning in 

different areas of the lake would generally be comprised of individuals from more local 

lake food webs. However, based on previous tag-and-recapture studies, I also predicted fish 

mixing, such that spawning aggregations would contain some individuals from multiple 

lake locations. To determine spawning group composition, I classified individuals into 

distinct isotopic clusters. Lastly, for proper interpretation of ecological structure I 

investigated various potential underlying mechanisms, with a particular focus on food web 

baselines changing with geographic location. In brief, I assessed the effect of location by 

analyzing isotopic variation in both baseline prey and summer feeding assemblages. Like 

other large lakes (e.g., Guzzo et al. 2011; Hobson et al. 2012), I predicted that Lake Huron 

food webs would be isotopically variable across locations. My work provides the first lake-

wide view of the ecological population structure of Lake Whitefish and valuable insight 

into their ecology and management.  
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3. MATERIALS & METHODS 

 

3.1 Sample collection  

3.1.2 Collection of spawning aggregations  
 

To acquire a lake-wide collection of Lake Whitefish from spawning aggregations I 

collaborated with the University of Guelph and the United States Geological Survey to 

obtain samples from commercial fishermen, fish processing plants, and fisheries 

management groups (collectively termed “harvesters”) in the fall of 2012. Harvesters were 

given a sampling guide, which indicated the goals of the collection. Briefly, harvesters 

were asked to target adult Lake Whitefish with gill nets and trap nets in areas known from 

their experience to host large numbers of spawning Lake Whitefish at a given time 

(October- December). This was done to obtain the best representation of spatially distinct 

spawning aggregations. As a result, 32 spawning aggregation sites were sampled, spanning 

the majority of Lake Whitefish management units (Fig. 2). Harvesters were asked to 

reserve 50 whole mature individuals on ice, preferably 25 males and 25 females, from their 

catch as part of this project. After collection, Lake Whitefish were assessed for sexual 

maturity, total length, mass, and sex, and sampling data (GPS, depth, gear type) was 

collected from the harvesters. A small piece of dorsal muscle was collected from each 

individual for this study. I chose muscle tissue for my analyses as it reflects several months 

of diet incorporation in Whitefish, and only during periods of growth (Perga and Gerdeaux 

2005; Hesslein et al. 1993). This ensured that I represented resource use by fish during the 

summer growing period prior to spawn. Muscle samples were immediately frozen until 

stable isotope analysis at the University of Regina.   
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Figure 2. Collection sites in Lake Huron for Lake Whitefish resource use and population 

structure assessment. Insets show the relative location of Lake Huron in the Great Lakes 

systems. Labeled circles (1-32) indicate spawning aggregations sampled for muscle tissue 

in fall 2012. Dashed areas (A1-A8) indicate summer assemblages sampled for muscle 

tissue and diet in late summer 2014, as well as sites of baseline prey item (Bythotrephes, 

Dreissena, Chironomidae) collection. Whitefish management units in both Canadian (e.g., 

4-5) and American (e.g., WFH-05) waters are labeled. Major basins of Lake Huron are 

shown as well as national water borders.   
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3.1.3 Collection of summer assemblages, baseline, and diet 
	  

To acquire tissue from summer Lake Whitefish assemblages I sampled using 

methods similar to those for spawning aggregations; however, sampling was done in the 

late summer of 2014 prior to the fall spawning season (July – September). I aimed to work 

with fishing boats that operated in distinct regions of the lake, resulting in 8 sampling 

locations (Fig. 2), which overlapped with our spawning collection except that fish were 

targeted in deeper (> 20 m) offshore waters characteristic of summer habitat use, and in 

Canadian waters only. In this case, I conducted my sampling onboard fishing vessels 

simultaneously with net hauls (gill nets and trap nets) or within fish processing plants, with 

a goal of collecting samples from 25 fish per area.  To ensure I was comparing adults that 

had not yet entered spawn, I assessed fish for presence of mature gonads that were unripe. I 

removed whole stomachs from fish when available and froze them until stomach contents 

were analyzed. Upon analysis, a subset of stomachs (n= 10) from each site was thawed, and 

the contents were removed, rinsed, and identified into broad taxonomic groups (family or 

genus).  

To compare isotopic variation in baseline food webs across Lake Huron, I sub-

sampled 3 major prey items of Lake Whitefish: Bythotrephes (Spiny Water Flea), 

Dreissena (Zebra and Quagga mussels) and Chironomidae (larvae and pupae), from the 

stomachs of fish from each area (Fig. 2). Only fully intact prey items were used for stable 

isotope analysis. In addition to stomach contents, I also performed vertical zooplankton net 

tows (250 μm mesh) for collection of Bythotrephes and chironomids at Lake Whitefish 

collection depths when weather allowed. Lastly, I surveyed incoming gillnets for 

Dreissenid mussels that had become snagged in the net during the set for Lake Whitefish. 
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Prey samples were frozen immediately until stable isotope analysis at the University of 

Regina. In addition to being major prey items (supported in our study), these prey items 

were chosen to quantify baseline variation in the lake as they represent a diversity of 

primary and secondary consumers. Bythotrephes (Spiny Water Flea) are invasive predators 

of zooplankton in the Great Lakes (Barbiero and Tuchman 2004), while Chironomids 

(aquatic stages) and invasive Dreissenids (Zebra and Quagga mussels) are effective 

phytoplankton filter feeders (Johnson 1985; Fishman et al. 2009). 

3.3 Stable Isotope Analysis  
 

Muscle samples were rinsed twice with distilled water, dried in an oven at 50°C for  

~ 5 days, ground to a fine powder using a dental amalgamator, and weighed (0.5-1.0 mg) 

into tin capsules. Fully intact Bythotrephes, Chironomids, and Dreissena were thoroughly 

rinsed and weighed (0.3- 0.5 mg) into tin capsules (dried in capsules). To achieve this 

required mass, 5-10 individuals of each prey item from the same stomach were combined. I 

used only the soft tissue of the Dreissenid mussels to avoid sampling the inorganic carbon 

of the shell. We removed non-muscle debris from the Dreissenids soft tissue, such as 

obvious glands and digestive tracts before weighing. All samples were analyzed for C and 

N stable isotopes at the Institute of Environmental Change and Society (IECS) at the 

University of Regina using a Thermo Finnigan Delta V isotope ratio mass spectrometer. 

Unknowns, laboratory standards of wheat and bovine liver, and replicates of both 

unknowns and standards in each batch were analyzed for quality control.  Isotope values 

are reported as delta values (relative to δ 13CVPDB and δ 15NAIR) in units of per mil (‰) 

following the guidelines of Bond and Hobson (2012). I used the McConnaughey and 
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McRoy (1979) model to arithmetically correct all δ13C values (fish and prey) for lipids 

when C/N ratios were > 3.5.  

3.4 Statistical Analysis  
	  

3.4.1 Resource use identity and diversity of spawning aggregations 
	  
 Isotopic niches were constructed using Bayesian standard ellipses, which 

encompass the core (40%) of the isotopic data for all fish at each site. Overlapping ellipses 

indicate similar core resource use, while non-overlapping ellipses indicate distinct resource 

use (e.g., Jackson et al. 2012; Guzzo et al. 2015). For each isotopic niche I calculated the 

mean and standard deviation for δ13C and δ15N (resource use identity), the Standard Ellipse 

Area (SEA), and tested overlap with other niches. SEA is measure of niche size and is 

directly related to resource use diversity, such that SEA increases with use of isotopically 

diverse resources (Jackson et al. 2011; Syväranta et al. 2013). In this case, increased 

resource diversity could be reflective of multiple locations being used prior to spawn (i.e. 

fish mixing), as well as wider prey variety. I used SEA corrected for small sample size 

(SEAC) as some sites had smaller sample sizes than targeted (Jackson et al. 2011). I 

conducted all isotopic niche analysis using SIBER metrics in the SIAR package for R 

(Parnell and Jackson 2015; R Core Development Team 2015). This method is being 

increasingly used for describing and comparing isotopic niches, as standard ellipses are less 

biased by sample size than traditional niche metrics (Jackson et al. 2011; Syväranta et al. 

2013). I additionally displayed isotopic niche means and SEAC cartographically to assess 

spatial trends in resource use identity and diversity.  

3.4.2 Spawning aggregation structure and composition  
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 To determine ecological population structure of Lake Whitefish spawning 

aggregations based on resource use, I assigned individuals to distinct isotopic clusters. 

Clusters were determined by performing unsupervised clustering of our δ13C and δ15N data; 

thus, resultant groups were based on statistically distinct isotopic groupings. A lack of 

clustering would imply homogenous isotopic data. I used model-based clustering in the 

MCLUST package for R (Fraley et al. 2012; R Core Development Team 2015), which tests 

several bivariate normal mixture models with variable covariance structures and numbers 

of components, and selects a top model based on Bayesian Information Criterion (BIC) 

values for each of the tested models. After model selection I classified individuals of each 

spawning aggregation to a cluster based on highest probability; thus, population structure is 

presented as the proportion of clusters each spawning aggregation is composed of. 

Similarly, I displayed this isotopic structure cartographically to assess spawning group 

composition spatially and across management units.    

3.4.3 Primary mechanisms of isotopic structure 
	  

Location 
	  

To determine whether ecological structuring of spawning aggregations reflected use 

of different lake locations and food webs prior to spawn, I first examined the isotopic 

variation of both: (1) summer Lake Whitefish assemblages; and (2) baseline prey items 

(Bythotrephes, Dreissena, Chironomidae) collected from distinct lake locations during the 

summer (Fig. 2). Isotopic variation among summer assemblages would indicate that Lake 

Whitefish feeding in different lake areas are isotopically different, implying an effect of 

location. High isotopic variation in baseline prey would indicate that local foods webs are 

also isotopically different. I used the same isotopic niche analysis as described for 
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spawning fish to assess isotopic variation across summer sampling locations. Secondly, I 

formally tested for the effect of location on mean δ13C and δ15N values of Lake Whitefish 

using linear regression. Here I conducted linear regressions between the mean δ13C and 

δ15N values of: (1) spawning aggregations vs. nearest summer assemblage; and (2) summer 

assemblages vs. baseline prey items. Linear regressions were conducted using the package 

stats in R (R Core Development Team 2015). 

Diet 
	  

To test whether differences in prey consumption might explain resource use 

variation across Lake Whitefish, I assessed the diet of summer fish collected from various 

locations. Specifically, I determined prey prevalence across summer assemblages by 

calculating the number of individual stomachs that an individual prey type (e.g., fish) 

occurred. Only full stomachs were used for this analysis. I qualitatively compared whether 

prey type variation corresponded with isotopic variation across like assemblages.  

Date, fish sex, and fish size   
	  

Isotopic values can vary with factors such as seasonality, body size, and sex 

(Overman et al. 2001; Perga and Gerdeaux 2005; Bearhop et al. 2006; Jennings et al. 2008; 

Guzzo et al. 2011; Chouvelon et al. 2014). Our collection aimed to minimize these 

influences by sampling similarly sized mature adults of both sexes over a short period of 

time. However, to assess the potential effects of these variables as driving mechanisms for 

isotopic variation, I constructed Linear Mixed Effect (LME) models for δ13C and δ15N 

using day of year (DOY), total length, mass, and sex as fixed effect variables, and site as a 

random effect. I used random intercepts and slopes for mass and length because 

exploratory data analysis suggested variability in their effects across sites. In addition, I 
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centered mass and length by their respective means to reduce correlation in fixed and 

random effects and rescaled from grams to kilograms (e.g., Centered Mass = Mass / 1000 – 

Mean Mass / 1000). Fixed effect variables were removed one by one in order of t-value 

size to create candidate models. The top model for δ13C and δ15N was chosen by 

statistically comparing candidate models with a likelihood ratio test. Residuals of fitted top 

models were compared against observed and fitted values, and random effects were 

assessed for normality. All LME analysis and model selection was conducted using the 

package LME4 (Bates et al. 2015; R Core Development Team 2015). 

 
4. RESULTS 

	  

4.1 Collection of spawning aggregations  
 

A total of 1474 adult Lake Whitefish (678 females, 796 males) were collected from 

the 32 spawning aggregations in fall 2012 (Table 1). The vast majority of collections 

occurred over the 4-week span of November (29/32 sites), with fish from Meaford (Site 10) 

collected in early December, and North Island (Site 24) and North Point (Site 27) in late 

October (Table 1). For the areas of Cape Hurd, Stokes Bay, and Howdenvale, we collected 

an early and late November ‘run’, which were perceived by fishermen to be separate 

spawning aggregations (Sites 13-18; Table 1). The majority of aggregations were netted in 

less than 2-12m of water, while some were captured deeper (max = 38m; Appendix 1). For 

most sites we were successful in obtaining 50 individuals, with 25 males and 25 females; 

however, some sites had fewer individuals (Table 1). Interestingly, at Scougall Bank (Site 

19), McRae Point (Site 20), North Island (Site 24), and East Tawas (Site 25), sufficient 

numbers of Lake Whitefish were caught but there were substantially more males than  
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Table	  1.	  Collection dates and details for Lake Whitefish sampled for muscle tissue from 

spawning aggregation sites throughout Lake Huron in the fall of 2012 (see Fig. 2). Total 

fish sampled and breakdown of females (F) and males (M) sampled is reported. Total 

length (TL) and Mass are recorded as mean ± standard deviation for each site. 

Site Lake Location Date 
Collected 

Total 
(n) 

F/M 
(n) 

TL 
(mm) 

Mass 
(g) 

1 Thessalon Nov. 8 50 25/25 532 ± 23 1168 ± 148 
2 Vidal Bay Nov. 9 50 25/25 523 ± 22 1054 ± 148 
3 Blind River Nov. 21 44 25/19 564 ± 43 1201 ± 338 
4 Bedford Island Nov. 10 36 25/11 541 ± 35 1288 ± 234 
5 Wiki-Smith Bay Nov. 15 50 25/25 526 ± 23 1153 ± 181 
6 Bad River Nov. 22 45 20/25 549 ± 31 1404 ± 294 
7 Henvey Inlet Nov. 16 49 25/24 608 ± 48 2063 ± 484 
8 Christian Island Nov. 28 48 23/25 590 ± 27 1729 ± 246 
9 Maurice Point Nov. 16 50 25/25 604 ± 30 1804 ± 272 
10 Meaford Dec. 7 50 25/25 565 ± 29 1458 ± 207 
11 Cape Croker South Nov. 29 48 24/24 575 ± 22 1595 ± 212 
12 Sydney Bay Nov. 21 50 25/25 558 ± 21 1405 ± 188 
13 Cape Hurd Nov. 5 49 24/25 569 ± 34 1566 ± 304 
14 Cape Hurd Nov. 19 50 25/25 553 ± 39 1316 ± 287 
15 Stokes Bay Nov. 6 50 25/25 560 ± 36 1448 ± 277 
16 Stokes Bay Nov. 17 49 25/24 552 ± 22 1414 ± 204 
17 Howdenvale Nov. 7 50 25/25 552 ± 23 1337 ± 189 
18 Howdenvale Nov. 17 50 25/25 554 ± 22 1427 ± 236 
19 Scougall Bank Nov. 6-18 50 6/44 543 ± 40 1584 ± 398 
20 McRae Point Nov. 7-18 43 4/39 536 ± 31 1474 ± 296 
21 Kettle Point Nov. 14 20 5/15 518 ± 35 1186 ± 226 
22 Sarnia Nov. 30 48 25/23 515 ± 28 1095 ± 230 
23 Outer Saginaw Bay Oct. 16 46 21/25 536 ± 24 1473 ± 258 
24 North Island Nov. 15 26 2/24 545 ± 36 1558 ± 390 
25 East Tawas Nov. 13 30 5/25 555 ± 25 1591 ± 261 
26 Alpena Oct. 20 49 24/25 527 ± 19 1263 ± 141 
27 North Point Nov. 1 50 25/25 561 ± 31 1746 ± 363 
28 Hammond Bay Nov. 4 49 24/25 551 ± 26 1595 ± 245 
29 Search Bay Nov. 2 50 25/25 534 ± 25 1355 ± 268 
30 South Cockburn Nov. 8 50 25/25 531 ± 26 1174 ± 165 
31 Burnt Island Nov. 9 45 21/24 562 ± 20 1462 ± 164 
32 Providence Bay Nov. 9 50 25/25 565 ± 22 1472 ± 196 

  
   Overall 1474 678/796 552 ± 36 1432 ± 342 
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females within the catch (Table 1). It is possible that these sites do not represent exact 

spawning locations, or that the females had not arrived yet to spawn. In either case, these 

sites represented aggregations of fish in spawning condition at appropriate spawning depths 

(5-10m), which were spatially distinct from others in our collection. Mean total length and 

mass across sites ranged from 515 - 608 mm, and 1054 - 2063 g, respectively (Table 1). 

Extended sampling location information (e.g., depth) for spawning aggregations is 

available in Appendix 1. 

4.2 Resource use identity and diversity of spawning aggregations 
	  

Isotopic niche analyses showed that spawning aggregations were highly variable 

(Table 2), largely due to high δ13C variation (Fig. 3). Mean δ13C ranged from -22.76 ± 1.11 

‰ for Vidal Bay fish (Site 2) to -16.6 ± 1.0 ‰ for fish at Henvey Inlet (Site 7; Fig. 3; 

Table 2), while δ13C ranged 10.2 ‰ across individuals from all sites (-25.0 ‰ to -14.8 ‰). 

Within sites, δ13C range also varied markedly from a minimum of 2.8 ‰ for fish at Outer 

Saginaw Bay (Site 23), to a maximum of 7.7 ‰ for those in the early run at Cape Hurd 

(Site 13; Table 2). δ15N varied less among sites, with site means ranging from 10.0 ± 0.7 ‰ 

for fish from Kettle Point (Site 21), to 11.9 ± 0.3 ‰ for Bedford Island (Site 4; Table 2), 

and a total δ15N range of 5.5 ‰ across all fish  (8.6 ‰ to 14.1 ‰; Fig. 3). Within sites, 

δ15N ranges were variable, from 1.5 ‰ for Bedford Island (Site 4), to 5.5 ‰ for the early 

run at Cape Hurd (Site 13; Table 2). Core niche size as calculated by SEAC varied 

substantially across spawning aggregations. For instance, SEAC was only 1.02 ‰2 for fish 

from Sydney Bay (Site 12), but over 4-fold greater (4.27‰2) for those from Scougall Bank 

(Site 19; Table 2). The variation in isotopic niche means and size resulted in variable niche  
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Table	  2.	  Niche metrics for Lake Whitefish spawning aggregations based on δ13C and δ15N 

stable isotope analysis of muscle tissue. Isotopic Mean ± standard deviation, total ranges, 

and C:N ratios are reported for each site. Standard Ellipse Area corrected for sample size 

(SEAC) is a measure of niche size and is directly related to resource use diversity.  

Site Mean ± SD (‰) Range (‰) SEAC 
(‰2) C:N 

δ13C δ15N δ13C δ15N 
1 -22.5  ± 1.3 10.6 ± 0.9 5.7 3.6 3.61 4.50 ± 0.33 
2 -22.8  ± 1.1   11.3 ± 0.5 6.4 2.4 1.87 5.11 ± 0.92 
3 -21.8  ± 1.5 11.4 ± 0.8 5.7 4.5 3.78 4.26 ± 0.35 
4 -19.4  ± 1.2 11.9 ± 0.3 5.6 1.4 1.14 4.56 ± 0.26 
5 -18.4  ± 1.1 10.3 ± 0.5 5.4 2.5 1.70 4.38 ± 0.26 
6 -17.7 ± 1.3 10.7 ± 0.5 6.1 3.0 2.23 4.84 ± 0.61 
7 -16.6 ± 1.0 10.9 ± 0.5 5.3 2.7 1.64 4.39 ± 0.48 
8 -20.4 ± 1.2 10.6 ± 0.4 4.5 1.9 1.32 4.75 ± 0.78 
9 -20.3 ± 1.3 10.7 ± 0.4 5.3 2.3 1.73 4.50 ± 0.46 
10 -21.1 ±0.9 10.4 ± 0.5 4.5 2.4 1.44 4.79 ± 0.69 
11 -20.3 ± 1.3 10.8 ± 0.5 4.4 2.7 2.01 4.81 ± 0.84 
12 -19.7 ± 1.1 10.7 ± 0.3 4.5 1.6 1.02 4.37 ± 0.31 
13 -20.4 ± 1.7 10.8 ± 0.8 7.7 5.5 4.12 4.84 ± 0.68 
14 -20.9 ± 1.3 10.7 ± 0.7 4.4 3.3 2.86 4.25 ± 0.46 
15 -21.0 ± 1.5 10.6 ± 0.8 6.7 4.1 3.75 4.54 ± 0.29 
16 -21.1 ± 1.3 10.8 ± 0.6 5.5 2.7 2.57 4.36 ± 0.44 
17 -21.5 ± 1.5 10.9 ± 0.7 6.9 2.9 2.79 4.34 ± 0.35 
18 -21.6 ± 1.4 11.1 ± 0.7 6.1 2.7 3.37 4.25 ± 0.28 
19 -21.4 ± 1.6 10.5 ± 0.8 6.7 3.6 4.27 4.09 ± 0.91 
20 -21.8 ± 1.2 10.6 ± 0.7 5.1 3.0 2.49 4.00 ± 0.20 
21 -21.8 ± 1.1 10.0 ± 0.7 3.6 2.8 2.49 4.24 ± 0.24 
22 -22.0 ± 0.8 10.1 ± 0.7 4.0 3.1 1.86 4.00 ± 0.18 
23 -22.5 ± 0.7 10.9 ± 0.7 2.8 3.4 1.64 4.30 ± 0.30 
24 -21.9 ± 1.3 10.9 ± 1.0 5.7 4.0 3.70 4.65 ± 0.49 
25 -22.3 ± 0.8 10.8 ± 0.6 3.1 2.5 1.51 4.26 ± 0.26 
26 -22.5 ± 0.7 11.0 ± 0.8 3.6 4.2 1.95 4.20 ± 0.29 
27 -21.9 ± 1.0 10.9 ± 0.6 4.3 2.8 2.02 4.15 ± 0.22 
28 -21.9 ± 1.2 11.2 ± 0.7 4.7 3.2 2.50 4.21 ± 0.23 
29 -20.8 ± 1.4 11.0 ± 0.7 6.5 3.6 2.84 4.14 ± 0.18 
30 -22.0 ± 1.1 10.4 ± 0.5 4.9 2.1 1.70 4.74 ± 0.40 
31 -20.5 ± 1.6 10.4 ± 0.7 6.2 2.9 3.10 4.48 ± 0.33 
32 -20.8 ± 1.7 10.4 ± 0.7 7.2 3.0 3.73 4.68 ± 0.75 
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Figure	  3.	  Bayesian standard ellipses representing the core (40%) isotopic niches (δ15N vs. 

δ13C) of 32 Lake Whitefish spawning aggregations from Lake Huron in fall 2012. Only the 

outermost isotopically distinct ellipses are labeled with site numbers for ease of 

comparison. Isotopic niches represent resource use by aggregations several months prior to 

spawn. Overlapping ellipses indicate similar resource use, while non-overlapping ellipses 

indicate distinct resource use. Convex hulls (light dashed lines) outline outermost data 

points to illustrate raw ranges of δ13C and δ15N for each aggregation.  
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overlap, from extremely high overlap (e.g. Sites 13, 31, 32), to extremely low (Sites 6-7). 

Bedford Island (Site 4) had no niche overlap with any other aggregation (Fig. 4). 

Isotopic niche means and size varied geographically (Fig. 5), with spatial patterns in 

δ15N less pronounced than δ13C. Spawning aggregations using the most δ15N-enriched 

resources occurred in the northwestern Main Basin (e.g., Sites 24, 26, 28, 29) and North 

Channel (Sites 2-3); however, spatial patterns in δ15N beyond this were not readily 

apparent (Fig. 5a). δ13C resource use followed more pronounced spatial patterns (Fig. 5b); 

δ13C-depleted fish largely occurred in western Lake Huron (e.g., Sites 1, 2, 26, 23), while 

δ13C-enriched fish occurred in Georgian Bay (e.g., Sites 6-9) and the eastern North 

Channel (Sites 4-5). Aggregations with intermediate δ13C values occurred in the eastern 

Main Basin (e.g., Sites 13, 16, 19, 32). Aggregations with the largest SEAC values were 

aligned along the northeastern Main Basin and parts of the North Channel (see sites: 

1,3,13,16,18,19,31), while aggregations with smaller niches occurred throughout other 

areas of Lake Huron (e.g., Site 8; Fig. 5). Lastly, while δ13C and δ15N isotopic niche means 

remained similar between early and late run sites, more diverse resources were used in both 

the late runs at Stokes Bay (Site 16) and Howdenvale (Site 18), than that of the earlier runs 

(Site 13 & 17 respectively), while the opposite occurred for the early and late runs at Cape 

Hurd (Sites 13-14; Fig. 5).  

4.3 Spawning aggregation structure and composition 
	  

The top model for spawning Lake Whitefish contained 4 clusters of equal volume 

and shape (Table 3).  Clusters 2-4 were primarily defined by distinct δ13C, such that cluster 

2 contained individuals using the most δ13C-depleted resources, cluster 3 contained 

intermediate individuals, and cluster 4 contained individuals relying on distinctly δ13C- 
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Figure 4. Isotopic niche overlap occurrence (how many times the niche overlapped with 

another in the data set) between 32 Lake Whitefish spawning aggregations sites based on 

overlap of Bayesian Standard Ellipses. Lack of overlap indicates distinct resource use from 

all other sites while increasing overlap occurrence indicates increasingly similar resource 

use with other spawning aggregations. 
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Figure	  5.	  Lake-scape view of resource use by Lake Whitefish spawning aggregations from 

Lake Huron collected in the fall of 2012. Isotopic means of a) δ15N and b) δ13C values for 

each aggregation (circles) are represented as colour gradients of isotopic enrichment. 

Increasing circle size corresponds with increasing niche size or resource use diversity by 

each aggregation. Site numbers are removed for visualization but can be referred to in 

Figure 2.  
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enriched resources. In contrast, cluster 1 was composed of δ15N-enriched individuals 

relative to others, with similar δ13C as cluster 2 (Fig. 6; Table 3). Individuals of each cluster 

ranged approximately 3-4‰ and 3-5‰ in δ13C and δ15N respectively (Fig. 6). The majority 

of individuals were assigned to cluster 2 (41.9 %) or 3 (31.6 %), while 16.5 belonged to 

cluster 1, and only 10 % of individuals were assigned to cluster 4 (Fig 6; Table 3). Model 

performances are available in Appendix 2.  

In all cases, spawning aggregations were composed of fish assigned to two or more 

clusters, but the specific clusters represented varied regionally both between and within 

basins. Aggregations in the Main Basin had the most diverse compositions (3-4 clusters), 

but this diversity was concentrated along the Northeastern shore of the Main Basin from 

Burnt Island and Providence Bay, south to Cape Hurd, Stokes Bay, Howdenvale and 

Scougall Bank (Sites 29, 31-32, and 13-19; Fig. 7). In addition, Search Bay (Site 29), 

shared similar composition with these eastern aggregations (Fig. 7). Thus, management 

units WHF-01, 4-2 to 4-4, and 4-7 contained aggregations representative of all isotopic 

clusters. In contrast, aggregations in the Southwestern Main Basin region from Sarnia and 

Kettle Point (Sites 21-22) to Saginaw Bay sites (Sites 23-25), and north to Hammond Bay, 

North Point, and Alpena (Sites 26-28) were less diverse (<3 clusters), and primarily 

composed of cluster 2 (Fig. 7). Thus, management units 4-1, WFH-01, WHF-04 to WHF-

08, and 4-5 contained spawning aggregations mostly representative of the δ13C-depleted 

cluster 2, but also clusters 1 and 3. This division is particularly pronounced between South 

Cockburn (Site 30) and Burnt Island (Site 31; Fig. 7). General cluster representation was 

similar in the North Channel to the Western Main Basin; however, North Channel 

aggregations were composed of more fish assigned to cluster 1 than other clusters (Fig. 7).  
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Figure	  6.	  Classification of Lake Whitefish individuals into statistically distinct isotopic 

clusters represented by the population. Clusters are based on multivariate mixture model 

with 4 components of equal shape and volume. Individuals within each cluster are coded 

by colour and cluster numbers are labeled.  
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Table 3. Parameters of distinct isotopic clusters identified by clustering analysis of δ13C 

and δ15N Lake Whitefish data points. The top multivariate mixture model contained 4 

diagonal clusters of equal size and shape thus Standard Deviation (SD) values are the same 

for each cluster. Mean δ15N and δ13C are reported for each cluster. Population proportion 

refers to the percent of individuals from the total population sampled (n = 1474) that were 

assigned based on highest probability to a given cluster. Assignment certainty refers to the 

percent mean ± standard deviation confidence of individual assignment to each cluster. 

Cluster Mean (‰) SD (‰) Population 
Proportion 

(%) 

Assignment 
Certainty 

(%) δ13C δ15N δ13C δ15N 
1 -22.66 11.45 0.75 0.44 16.48 83 ± 15 
2 -22.02 10.50 0.75 0.44 41.90 78 ± 15 
3 -19.83 10.75 0.75 0.44 31.57 73 ± 15 
4 -17.23 10.65 0.75 0.44 10.05 89 ± 14 
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Figure	  7.	  The	  isotopic compositions of Lake Whitefish spawning aggregations in Lake 

Huron. Individuals of 32 spawning aggregations (pie charts) are assigned to 1 of 4 distinct 

summer feeding groups based on previously identified δ15N and δ13C isotopic structuring of 

this data (cluster assignment) and highest probability of assignment. Population structure is 

represented in pie charts as proportions of total individuals assigned to each cluster. Lake 

Whitefish management units are overlaid. Labels of management units are removed for 

clarity but available in Figure 2.  
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Within the North Channel structure was more pronounced; aggregations at Thessalon, 

Vidal Bay, and Blind River (Sites 1-3) within management unit 6-1 were largely composed  

of individuals from cluster 1. In contrast, fish at Bedford Island (Site 4), also in 

management unit 6-1, were primarily assigned to cluster 3, with few assigned to cluster 1 

(Fig. 7).  

Lastly, spawning aggregations in Georgian Bay were isotopically distinct from the 

North Channel and Main Basin due to the complete absence of individuals from cluster 1 

(Fig. 7). Within Georgian Bay, there were pronounced differences between Northern and 

Southern spawning aggregations. Southern Georgian Bay aggregations from Christian 

Island to Sydney Bay (Sites 8-12), in management units 5-6, 5-7, 5-8 and 5-9, were largely 

composed of individuals assigned to clusters 2 and 3 (Fig. 7). In contrast, Northern 

Georgian Bay aggregations at Bad River, Wiki-Smith Bay, and Henvey Inlet (Sites 5-7), in 

management units 5-1 and 5-2, were composed almost completely of individuals assigned 

to cluster 4(Site 7; Fig. 7). These aggregations contained nearly all of the 10% of the 

population that was assigned to cluster 4, indicating distinctly δ13C-enriched individuals, 

compared to nearly all other aggregations.  

4.4 Collection of summer assemblages, baseline and diet 
	  
 A total of 220 pre-spawning Lake Whitefish were collected over the late summer of 

2014 from the 8 areas targeted (Table 4).  All fish were collected at similar offshore depths 

(21-34 m) during July and August (well before spawning), with the exception of fish in 

Area 7 that were netted on October 9th, but still had unripe gonads. For 6 out of 8 areas 

sampled, I collected muscle from 25 or more individuals, while fewer were collected from  
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Table	  4.	  Collection dates and details for Lake Whitefish sampled for muscle tissue and 

stomach contents from summer assemblages in 8 areas of Lake Huron in the late summer 

of 2014. Total fish sampled and breakdown of females (F) and males (M) sampled is 

reported. The number of full stomachs (i.e. useable stomachs) compared to the total 

numbers of stomachs analyzed from each assemblage is reported. Total length (TL) and 

Mass are recorded as mean ± standard deviation for each site.   

 

Area Date 
Collected 

Total  
(n) 

F/M 
(n) 

Full 
Stomachs 
/ Total (n) 

TL  
(mm) 

Mass 
 (g) 

1 Jul. 29 40 13/27 19/25 502 ± 27  1176 ± 176 
2 Jul. 30 25 11/11* 5/10 472 ± 33  1154 ± 273 
3 Aug. 1 25 12/13 8/15 574 ± 56 1937 ± 576 
4 Aug. 5 18 11/6* 9/10 610 ± 49 2221 ± 617 
5 Jul. 30 50 21/28* 2/30 536 ± 45 1451 ± 374 
6 Aug. 28 23 12/11 10/13 556 ± 27 1743 ± 488 
7 Oct. 9 25 4/14*a 8/15 571 ± 50 1526 ± 346 
8 Jul. 29 14 6/8 7/14 533 ± 34 1395 ± 214 
  Overall 220 90/118 68/132 544 ± 44 1483 ± 284.93 

*. Indicates that sex of one or more individuals was unknown 
a. Presence of intersex individual; details in Appendix 3.  
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Area 4 and 8 (Table 4). Mean total length and mass were similar to that of spawning fish, 

ranging from 472 – 610 mm, and 1154 – 2201 g, respectively (Table 4). Only 52% of the  

stomachs analyzed were full. Therefore, more than the original subset of 10 stomachs was 

analyzed to obtain a minimum of 5 stomachs to assess diet from each sampling area. For 

fish in Area 5, only 2 stomachs were full out of the 30 analyzed, so I excluded this area 

from diet comparisons. I completed SIA of Dreissena at all locations, Bythotrephes at 6 out 

of 8 areas, and Chironomids at 5 out of 8 areas. Extended sampling location information is 

available in Appendix 1.  

4.5 Primary mechanisms of isotopic structuring 

4.5.1 Location 
	  

The isotopic niches of Lake Whitefish collected from different lake locations in the 

summer of 2014 were highly variable (Table 5). Like spawning fish, this variation was 

largely in δ13C (7.7 ‰ total range) rather than δ15N (4.3 ‰ total range), and overlap was 

varied (Fig. 8). SEAC ranged from 0.65 ‰2 (Area 2) to 4.08 ‰2 (Area 5; Fig. 8; Table 5). 

Baseline prey items also varied isotopically across locations (Table 5; Fig. 9). Total δ13C 

variation was substantial for each baseline prey item, ranging a total of 10.5 ‰ for 

Bythotrephes, 13.2 ‰ for Chironomids, and 9.6 ‰ for Dreissenids. Thus, δ13C ranges in 

isotopic baselines were similar to, or exceeded, the variation in summer fish assemblages 

sampled in the same areas (7.8 ‰), as well as spawning aggregations sampled at a larger 

spatial scale (10.2 ‰). Similarly, δ15N variation ranged a total of 4.2 ‰, 6.6 ‰, and 4.7 ‰, 

for Bythotrephes, Chironomidae, and Dreissena respectively, which approximately reflects 

the total δ15N range of summer fish (4.3‰) and spawning aggregations (5.5 ‰). In some 

cases, mean δ13C and δ15N did not differ between areas; however, for Areas 1 and 2,  
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Table	  5.	  Isotopic means (δ13C and δ15N) and niche metrics for Lake Whitefish summer 

assemblages and baseline prey items collected from 8 locations throughout Lake Huron in 

the late summer of 2014. Stable isotope analysis was performed on muscle tissue from 

Lake Whitefish, whole bodies of Bythotrephes and Chironomidae, and only the soft tissue 

(i.e., no shell) of Dreissena. Standard Ellipse Area corrected for sample size (SEAC) is a 

measure of niche size and is directly related to resource use diversity.  

 
Area 

  1 2 3 4 5 6 7 8 
 Mean δ13C (‰) 

        Lake Whitefish -22.3 -18.0 -18.9 -19.9 -20.1 -21.6 -22.4 -20.5 
Bythotrephes -27.1 -24.1 -17.6 -23.9 - -23.9 -24.4 - 

Chironomidae -25.1 -22.6 -17.4 - - -16.1 - -14.1 
Dreissena -28.8 -28.8 -25.8 -24.9 -25.4 -25.2 -22.0 -25.7 

Mean δ15N (‰) 
        Lake Whitefish 11.3 11.6 11.4 10.8 10.6 10.8 10.5 10.3 

Bythotrephes 6.1 4.7 6.9 3.6 - 4.0 4.6 - 
Chironomidae 8.8 9.9 6.8 - - 5.7 - 4.3 

Dreissena 6.4 5.4 2.9 2.4 2.3 2.9 1.9 3.7 
SEAC (‰2) 

        Lake Whitefish 2.04 0.65 1.94 0.83 4.08 1.97 2.09 2.68 
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Figure	  8.	  Bayesian standard ellipses representing the core (40%) isotopic niches (vs. δ13C) 

of Lake Whitefish summer assemblages from 8 major areas across Lake Huron during late 

summer of 2014 (see legend). Overlapping ellipses indicate similar resource use, while 

non-overlapping ellipses suggest distinct resource use. Convex hulls (light dashed lines) 

outline outermost data points to illustrate total ranges of δ15N and δ13C for each 

assemblage.  
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Figure	  9.	  Isotopic (δ15N vs. δ13C) baseline variation across 8 major areas of Lake Huron as 

quantified by 3 baseline prey types: a) Bythotrephes, b) Chironomidae and c) Dreissena. 

Symbols correspond with mean isotopic values from each area sampled (see Legend) and 

error bars represent positive and negative standard deviation from the mean for each 

isotope. 
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isotopic baseline seemed to be consistently more δ15N-enriched and δ13C-depleted than 

other locations (Fig. 9; Table 5). 

There was a significant positive relationship between δ13C of summer fish and 

spawning fish, such that the δ13C values of summer assemblages at different lake locations 

explained 82% of the variation the δ13C values of spawning fish at proximal locations (DF 

= 6, r2 = 0.823, P = 0.001; Fig. 10). A positive relationship was also found for δ15N, with 

31% of variation explained; however, it was not statistically significant and the α = 0.05 

level (DF = 6, r2 = 0.30, P = 0.088; Fig.10). Relationships between mean δ13C values of 

summer assemblages and baseline prey items were variable and not statistically significant 

(Fig. 11). Lake Whitefish δ13C was only weakly positively related to Dreissena δ13C (DF = 

6, r2 = 0.126, P = 0.206), and Bythotrephes (DF = 4, r2 = 0.024, P = 0.349), and showed a 

slight negative relationship with Chironomidae (DF = 3, r2 = -0.333, P = 0.991). In contrast, 

mean δ15N values of summer assemblages were positively related to baseline prey δ15N 

values (Fig. 11). Chironomidae δ15N values explained 89% of the δ15N variation in summer 

Lake Whitefish assemblages across locations (DF = 3, r2 = 0.891, P = 0.010*), but positive 

relationships were not statistically significant for Dreissena (DF = 6, r2 = 0.324, P = 0.082) 

or Bythotrephes (DF = 4, r2 = 0.139, P = 0.249).  

 4.5.2 Diet 
	  

Most prey items identified were prevalent across all summer fish analyzed (Fig. 

12). Bythotrephes was documented in stomachs of fish from all 7 areas, Dreissenids, non-

Dreissenid molluscs, chironomids, and zooplankton (other than Bythotrephes) were found 

in 5 out of 7 areas. Insects (other than chironomids) were found in 6 out of 7 areas. 

Diporeia and fish (all Gobiidae) were only recorded in areas 2 and 3, respectively (Fig. 12). 
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Figure 10. Linear regression plots assessing relationships between mean a) δ13C and b) 

δ15N values of spawning aggregations (2012) and nearest summer assemblages (2014). 

Lake areas are coded by symbol (see Legend) and 95% confidence intervals are shaded in 

grey.  
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Figure 11. Linear regression plots assessing relationships between mean δ13C and δ15N 

values of summer Lake Whitefish assemblages (WF) and baseline prey collected from 8 

major areas (different symbols) in Lake Huron. Baseline prey includes Dreissena (a-b), 

Bythotrephes (c-d) and Chironomidae (e-f). 95% confidence intervals are shaded in grey 

around regression lines (black line). 
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Figure 12. Prevalence of diet items across Lake Whitefish collected from 8 majors areas of 

Lake Huron in the late summer of 2014. Prey items are classified to broad taxonomic 

groups. A minimum of 10 stomachs were analyzed from each area. Note: area 5 is omitted 

due to a high rate of empty stomachs. 
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4.5.3 Date, fish sex and fish size  
	  

The top models for δ13C and δ15N each contained only one variable, which was a 

positive effect of mass (Table 6). However, the effect of mass on δ15N was negligible, as 

with every unit increase in mass (kg), δ15N only increased by 0.22 ‰ (Effect Size = 0.22 

‰, t = 2.32). Mass had a larger influence on δ13C, such that for every 1 Kg increase, δ13C 

increased by 0.89 ‰ (Effect Size = 0.89 ‰, t = 4.22). However, this effect was still very 

small given that mass only varied ~ 1 kg among all fish, and δ13C varied 10.19 ‰. 

Furthermore, the effect of mass on δ13C was highly variable and not consistently positive 

across sites, such that δ13C increased with fish size at some sites, but decreased at others 

(Fig. 13). For both δ13C and δ15N models, the random effect of site was not normally 

distributed, and the intercepts of site were more variable than that of mass intercepts (Fig. 

13). Based on these findings, there does not appear to be a strong or consistent relationship 

between body size and δ13C and δ15N data, nor with fish sex or sampling date. Candidate 

model comparisons and residual plots are available in Appendix 4.  

 
5. DISCUSSION 

	  

5.1 Resource use identity and diversity of spawning aggregations  
	  

Resource use among and within spawning aggregations in Lake Huron was diverse. 

Among aggregations, Lake Whitefish spanned 10.19 ‰ in δ13C, and 5.45 ‰ in δ15N. In 

comparison, Yuille et al. (2015) found 5 Lake Ontario Salmonids (Brown Trout, Chinook 

Salmon, Coho Salmon, Lake Trout and Rainbow Trout) combined produced a δ13C range 

of < 4 ‰, and δ15N range of ~ 6 ‰. Thus, the isotopic variation I observed in Lake 

Whitefish in Lake Huron was larger in δ13C, and nearly equal in δ15N, to that of a whole  
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Table	  6.	  Top Linear Mixed Effect models for δ15N and δ13C values from Lake Whitefish 

muscle tissue. Site and mass intercepts and slopes are included as random effects. Both top 

models only contained fixed effects of mass. Mass in Kilograms was previously centered to 

the mean for model convergence thus notated as “cMass”. 

 

Random Effects  
	  

Fixed Effects 

	  
Variance  

Std. 
Deviation 

	  
Estimate 

Std. 
Error t - value 

δ15N model 	  	   	  	  
	  

	  	   	  	   	  	  
Site 

  	         intercept  0.1145 0.3384 
	  

10.7532 0.063 170.57 
   cMass 0.1417 0.3765 

	  
0.2222 0.0959 2.32 

Residual  0.4192 0.6475 
	      δ13C model     
	  

      
Site 

  	        intercept  1.9094 1.3818 
	  

20.9585 0.2474 -84.72 
  cMass 0.8105 0.9003 

	  
0.8858 0.2099 4.22 

Residual  1.4766 1.2152 	      
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Figure 13. Random effect plots for a) δ15N and b) δ13C Linear Mixed Effect models. The 

left side of the plots illustrates the variability in the intercept of spawning aggregation site 

from the mean (‰), while the right side of the plots illustrates the variability in the effect 

of centered mass on each isotope (slopes) at each respective site. 
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Great Lakes fish community. High isotopic diversity is however, typical of Great Lakes 

Whitefish. Fagan et al. (2012) found δ13C and δ15N among 4 populations of Lake Michigan 

Lake Whitefish ranged over 10 ‰ and 5 ‰, respectively. SEAC was variable (1.02 – 4.27 

‰2) among my aggregations, indicating that aggregations contributed differently to the 

total diversity. These SEAC values are consistent with other freshwater generalists, 

including White Perch (SEAC 0.89 – 3.20 ‰2), Yellow Perch (SEAC 0.05 – 4.67 ‰2; 

Guzzo et al. 2013), and Common Carp (SEAC 2.30 - 3.58 ‰2; Jackson et al. 2012), but 

larger than more specialized salmonids and sedentary gobies (Yuille et al. 2012; Guzzo et 

al. 2015; Pettitt-Wade et al. 2015). Overall, my findings support the widely held view that 

Lake Whitefish are generalist benthivores capable of using a wide range of resources 

(Pothoven and Nalepa 2006; Pothoven and Madenjian 2008; Fagan et al. 2012), and 

extends this conclusion to a lake-wide scale in Lake Huron. Similar to Lake Whitefish in 

Lake Michigan, more variability in δ13C than δ15N suggests that Lake Whitefish fed on a 

variety of prey sources, but at similar trophic levels throughout the system (Fagan et al. 

2012). 

I found spatial heterogeneity in Lake Whitefish resource use identity and diversity. 

Major differences in resource use occurred for aggregations in Northern Georgian Bay 

(Bad River, Wiki-Smith Bay, and Henvey Inlet), which collectively occupied a distinct 

δ13C-enriched range compared to others. I observed distinct resource use by the Bedford 

Island fish (Site 4), which had no isotopic niche overlap with other aggregations. 

Remaining aggregations were largely overlapping, but resource use identity and diversity 

still varied spatially. For δ13C, patterns in spatial heterogeneity were more pronounced, 

with δ13C-enrichment generally occurring in the Southwest to Northeast direction across 



45	  

the lake. δ15N values varied throughout the lake, but were less spatially patterned. SEAC 

values were also spatially heterogeneous; the largest values (highest resource use diversity) 

were concentrated along the eastern shore of the Main Basin, and parts of the North 

Channel. These findings support my hypothesis that resource use by Lake Whitefish is 

heterogeneous, and also indicate that resource use identity is largely dependent on lake 

location. Fagan et al. (2012) also documented spatial δ13C heterogeneity across 4 Lake 

Whitefish aggregations in Lake Michigan, and concluded that feeding habitats of Lake 

Whitefish varied regionally. I show that the feeding habits of Lake Whitefish in Lake 

Huron also vary regionally, but document this using a much larger number of spawning 

aggregations sampled at higher resolution.  

Spatial heterogeneity in resource use has been documented in various freshwater 

fish species assemblages. For example, Takai and Sakamoto (1999) found Northern and 

Southern catfish aggregations used distinct δ13C and δ15N prey sources in Lake Biwa. 

Guzzo et al. (2011) found resource use identity of White and Yellow perch varied across 4 

locations in Lake Erie. Lastly, Pettitt-Wade et al. (2015) found differential resource use 

identity and diversity by two species of gobies from contrasting locations of Lake St. Clair. 

Identified mechanisms driving spatial resource use heterogeneity in fish include geographic 

baseline variation in both δ13C and δ15N  (Takai and Sakamoto 1999; Guzzo et al. 2011; 

Flynn and Kloser 2012; Hobson et al. 2012; Munroe et al. 2015), temporal variability in 

baseline (Guzzo et al 2011; Munroe et al. 2015), differences in prey choices (Guzzo et al. 

2013), and size-related feeding regimes (Chouvelon et al. 2014; Pettitt-Wade et al. 2015). 

The geographic trends that I observed in δ13C and δ15N values of Lake Whitefish suggest 
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patterns in resource use are likely reflective of geographic baseline variation in Lake Huron 

(see below).  

5.2 Spawning aggregation composition and structure 
	  

Spawning adult Lake Whitefish from all of Lake Huron were composed of 4 

distinct isotopic clusters. As expected based on niche analyses, these clusters were 

primarily distinguished based on δ13C. Each cluster spanned 3-4 ‰ in δ13C, consistent with 

the δ13C variation that could be expected for fish using local food webs. For example, 

South Bay Lake Whitefish are a well known locally feeding population, which ranged ~3 

‰ in δ13C in 2005 (Rennie et al. 2009b). Takai and Sakamoto (1999) found a local group 

of catfish ranged 3-4 ‰ in δ13C. Clusters ranged 3-5 ‰ in δ15N, typical for the 

representation of one to two trophic levels (DeNiro and Epstein 1981; Minagawa and Wada 

1984). Indeed, Great Lakes Lake Whitefish feed on a variety of lower (e.g., zooplankton, 

amphipods) and higher (e.g., small fish) trophic level prey items (Pothoven and Madenjian 

2013). The distinction of 3 δ13C-based clusters suggests 3 windows of pelagic offshore 

(δ13C-depleted) to benthic nearshore (δ13C-enriched) prey sources (France et al. 1995; 

Rennie et al. 2009b; Rennie et al. 2013). The division of the most δ13C-depleted fish into 

two δ15N clusters (cluster 1-2) might reflect depth-related isotopic variation across fish 

feeding in δ13C-depleted environments.  In Lake Huron and other systems δ15N enriches 

with depth (Sierszen et al. 2006; Rennie et al. 2009b). Thus, it is possible that Lake 

Whitefish using offshore summer habitats may experience more depth variation over the 

season compared to fish using more nearshore or benthic sources.  

All spawning aggregations were composed of individuals assigned to 2 or more 

isotopic clusters. This finding supports my hypothesis that Lake Whitefish aggregations are 
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composed of individuals from multiple locations and food webs. This finding is also 

congruent with previous research, which characterizes Lake Huron Lake Whitefish as an 

inter-mixed fishery, with geographic overlap of multiple populations (Cucin and Reiger 

1966; Ebener et al. 2010; Stott et al. 2010). Despite this fish mixing, large-scale spatial 

structure reflective of local food web use was identified (schematic in Fig. 14). 

Aggregations in the Main Basin were diverse, but could be broadly divided into a 

Southwestern Main Basin group (Kettle Point, Sarnia, Outer Saginaw Bay, North Island, 

East Tawas, Alpena, North Point, and Hammond Bay, South Cockburn and Search Bay), 

and a Northeastern Main Basin group (Burnt Island, Providence Bay, Cape Hurd, Stokes 

Bay, Howdenvale, Scougall Bank, and McRae Point). North Channel aggregations were 

distinguished from others based largely on local δ15N-enriched resource use, but 

differences between Western aggregations (Thessalon, Vidal Bay, and Blind River) and the 

eastern Bedford Island aggregation were present within. Lastly, Georgian Bay aggregations 

were distinguished from all other basins based use of more local δ13C-enriched food webs, 

but further divided into a Northern group (Wiki-Smith Bay, Bad River and Henvey Inlet) 

and Southern group (Christian Island, Maurice Point, Meaford, Cape Croker South, and 

Sydney Bay).  

  Aggregations in the Main Basin had diverse compositions, suggesting substantial 

population mixing throughout. However, the aggregations in the Northeastern Main Basin 

were more diverse than the Southwestern Main Basin. A concentration of the most diverse 

aggregations along the northeastern shoreline (3-4 clusters each, and largest SEAC values) 

suggests that this area in particular, is a place where fish from multiple isotopic sources of 

the lake congregate (Fig. 14). This finding supports previous studies showing that this area  
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Figure 14. Schematic of putative ecological groupings of Lake Whitefish spawning 

aggregations in Lake Huron based on local and more similar resource use according to 

isotopic (δ13C and δ15N) compositions. Red lines surrounding ecological groups are either: 

broken, single, or double lined, corresponding with: weak, intermediate, or strong 

distinction, respectively, from other ecological groups in the Lake. Black lines correspond 

with management unit boundaries. General lake regions of these ecological groups are 

notated with labeled arrows.  
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supports Lake Whitefish in large numbers and is genetically mixed (Ebener et al. 2008; 

Stott et al. 2010; Stott et al. 2012). In addition, my findings correspond with two  

historic Lake Whitefish migration routes proposed along the northeastern shore (Budd 

1957; Casselman 1981). In addition, Ebener et al. (2010) found the Detour Stock, nearest to 

my Search Bay aggregation, was mobile between Lake Michigan and Lake Huron, 

indicating diverse resource use. Overall, my data show that the northeastern shores of the 

Main Basin are a source of Lake Whitefish population diversity, at least during the fall 

spawning period.  

In contrast to the Eastern Main Basin, aggregations in the Southwestern Main Basin 

were less diverse (2-3 clusters, smaller SEAC values) and lacked the highly δ13C-enriched 

fish (cluster 4) that were present on the western side. My data suggest that the fish 

composing these aggregations were not as highly mixed as their eastern counterparts 

(except Search Bay; Site 29), and that this is an area where fish using more local δ13C-

depleted food webs aggregate (Fig. 14). These findings support those of Stott et al. (2012), 

who found aggregations at Thunder Bay and Duncan Bay (Western Basin) were more 

closely related to each other than to Fishing Islands and Cape Hurd populations. Similarly, 

the Cheboygan Stock of Ebener et al. (2010), while highly mobile, used mostly locations 

along the Western shoreline. Similarly, the aggregations in the Southwestern Main Basin in 

my study were more local to the western Main Basin, than the east (Fig. 14). Aggregations 

at Kettle Point and Sarnia in the Southern Main Basin were largely composed of one 

cluster, suggesting this area is not as diverse as other spawning sites. This area is known for 

low spawning aggregation occurrence due to lack of suitable habitat (Goodyear 1982; 

Crawford 2001; Ebener et al. 2010). My data support the conclusion that spawning grounds 
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at Kettle Point and Sarnia do not attract fish from multiple food webs to the same degree as 

areas further north.  

Western North Channel aggregations were composed of large proportions of 

individuals assigned to cluster 1. Fish assigned to cluster 1 were found in the Main Basin in 

smaller proportions, but not in Georgian Bay. Thus, fish aggregating in Western North 

Channel primarily use δ15N-enriched and δ13C-depleted food webs, distinct from Georgian 

Bay, but not from populations in the Main Basin. Intermixing between the North Channel 

and Main Basin is well documented (Casselman et al. 1981; Ebener et al. 2010). I found 

the eastern North Channel aggregation at Bedford Island was completely isotopically 

unique; thus, Lake Whitefish that aggregate in this area come from distinct local food 

webs, separate from those nearby in the Eastern North Channel. The Bedford Island δ13C 

source (primarily cluster 3) was more similar to aggregations in Georgian Bay than others 

in the North Channel. In support of this finding, historic tag-and-recapture data also 

suggest that Western North Channel and Bedford Island do not overlap in range 

(Casselman et al. 1981).  

Georgian Bay aggregations used more local δ13C-enriched food webs than those in 

other basins. However, fish composing Northern Georgian Bay aggregations (Wiki-Smith 

Bay, Bad River, and Henvey Inlet) were distinctly composed of cluster 4 compared to all 

other aggregations. The highly δ13C-enriched values of these fish suggest they used more 

near shore, littoral habitats prior to spawn. For example, δ13C values of Henvey Inlet fish 

(mean δ13C = -16.3 ‰) are similar to what is seen for littoral Round Whitefish (Eberts et al. 

in press). Shifts to more δ13C-enriched resources have been documented for Lake 

Whitefish in South Bay in Lake Huron (Rennie et al. 2009b), and Lake Simcoe (Rennie et 
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al. 2013); thus, similar shifts may have occurred in Northern Georgian Bay. In addition, 

Coregonids are known to segregate into near-shore and offshore feeding groups (Præbel et 

al. 2013). There are two lines of evidence in addition to my study, that suggest fish in 

Northern Georgian Bay use local resources. First, Lake Whitefish from the outer basin of 

South Bay are a discrete summer stock that at least partially migrates to Northern Georgian 

Bay in the fall (Budd 1957; Casselman et al. 1981; Ihssen et al. 1981). Secondly, Budd 

(1957) found that Northern Georgian Bay fish never left this basin, and Cucin and Reiger 

(1966) later found that Northern and Southern aggregations did not mix. My study 

confirms that contemporary Georgian Bay Lake Whitefish are segregated by local resource 

use within the basin, and from both the Main Basin and North Channel.  

5.3 Primary mechanisms of isotopic structuring  
	  

The geographic structuring in spawning aggregations suggested that aggregations in 

different areas of the lake use local food webs, which vary isotopically. My analysis of 

isotopic baseline confirms that baseline variation is a primary mechanism for isotopic 

structuring of Lake Whitefish in Lake Huron. Evidence supporting this conclusion 

includes: (1) geographic δ13C and δ15N variation in baseline prey and summer Lake 

Whitefish assemblages; and (2) positive relationships between δ13C and δ15N of summer 

Lake Whitefish assemblages and spawning aggregations sampled in similar areas. There 

was also some suggestion of relationships between δ13C and δ15N of baseline prey items 

and summer Lake Whitefish assemblages, however this support was not strong. Isotopic 

baseline differences have explained regional isotopic patterns in other fish such as gobies 

(Pettitt-Wade et al. 2015), Yellow Perch (Yuille et al. 2012), Walleye (Hobson et al. 2012) 
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and Slimy Sculpin (Harvey and Kitchell 2000). To my knowledge I am the first to show 

these relationships between freshwater fish feeding and spawning aggregations. 

δ13C and δ15N values of both summer Lake Whitefish assemblages and baseline 

prey items varied substantially across major lake areas. Therefore, my hypotheses that 

baseline prey and the Lake Whitefish that feed on these food webs would vary isotopically 

across locations were supported. To my knowledge, baseline δ13C and δ15N variation in 

Lake Huron has not been formerly documented at this scale, but is well documented in 

other large freshwater lakes (e.g., Hobson et al. 2012; Guzzo et al. 2011). Guzzo et al. 

(2011) cautioned that isotopic variation in the lower food webs of large lakes could lead to 

misinterpretation of trophic relationships if ignored. In my study, the isotopic variation 

across food webs was ultimately used to distinguish same-species assemblages. However, 

this indicates that future studies investigating food web relationships in this lake should 

take the effect of location into account, and consider area-specific baseline corrections if 

removing this effect is needed (Vander Zanden and Rasmussen 1999; Post et al. 2002). 

Importantly, baseline prey items captured different ranges in δ13C across locations. Similar 

to Grey et al. (2004), chironomids in particular showed high δ13C variation both between 

and within sites, while Bythotrephes and Dreissena were less variable but more comparable 

to each other (Guzzo et al. 2011; Yuille et al. 2015). Given different levels of baseline prey 

variation, applying baseline corrections for δ13C may not be as straightforward as 

procedures commonly used for δ15N corrections (Post et al. 2002).  

Spawning aggregation δ13C and δ15N values were linked to values of summer Lake 

Whitefish assemblages occurring in nearby areas. For δ13C, mean values of summer Lake 

Whitefish explained a significant amount of variation (82%) in mean values of spawning 
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aggregations at nearby areas. This relationship was positive, but not significant for δ15N 

(30% variation explained), which is likely due to fact that δ15N was not nearly as spatially 

variable as δ13C. In regards to baseline variation, these relationships confirm that the 

location in which Lake Whitefish feed and grow largely influences their isotopic values. 

However, these relationships also indicate that Lake Whitefish spawning and feeding 

grounds are in fact spatially linked, at least on a broad scale. Links between habitats seems 

intuitive given the sheer size of Lake Huron, but Lake Whitefish are known to make lake-

wide, and between lake migrations (Budd 1957; Casselman et al. 1981; Ebener et al. 2010). 

Understanding how to group Lake Whitefish at a relevant scale given varying degrees of 

fish mixing is one of the main challenges for Lake Whitefish management (Bernard et al. 

2009; Brenden et al. 2010). My study shows that Lake Whitefish populations can be 

grouped in broad regional units based on their use of resources in regional food webs. 

Lastly, this relationship also suggests that the spatial structuring I present has been 

maintained for at least 3 years (2012-2014), suggesting that resource use strategies among 

populations are relatively stable for Lake Huron Lake Whitefish.  

 I attempted to link isotopic values of Lake Whitefish to baseline prey values in the 

same area; however relationships were mostly weak and only δ15N relationships were 

consistent. δ15N values of summer Lake Whitefish assemblages were positively related to 

all baseline prey items (Bythotrephes, Dreissena, Chironomidae). The relationship between 

values of chironomids and Lake Whitefish was in fact highly significant, likely as a result 

of chironomids capturing the most δ15N variation across areas out of all prey types. This 

particular relationship does provide additional evidence that isotopic variation in food webs 

across lake locations is a primary mechanism for the geographic isotopic structuring 
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observed in Lake Whitefish. However remaining δ15N relationships were not significant. 

For δ13C, all relationships were weak, and were also variable, despite the significant 

relationship previously discussed between δ13C values of summer and spawning Lake 

Whitefish. It is possible that my baseline sampling was too coarse; Hobson et al. (2012) 

used a finer scale baseline sampling to establish isotopic relationships between Walleye 

and location in Lake Winnipeg. It is also possible that the combination of the high within 

and between site δ13C variation, and the extended period of diet incorporation present in 

muscle tissue (Perga and Gerdeaux 2005; Hesslein et al. 1993) prevented the resolution 

needed to define these relationships. In contrast, my comparison of summer Lake Whitefish 

and spawning Lake Whitefish compared like tissues, which encompassed within site diet 

and habitat use variation.  

 Given my analysis of prey prevalence, and the amount of isotopic variation I 

observed across aggregations, it is unlikely that diet in terms of prey type, is a primary 

mechanism for isotopic structuring. Thus, when distinguishing resource use across 

populations at a lake-wide scale, where a Lake Whitefish eats is more important than what 

it eats. Fagan et al. (2012) also found that differences in availability of the preferred prey 

item Diporeia, did not explain isotopic differences among Lake Whitefish assemblages in 

Lake Michigan, as hypothesized. Despite no major difference in prey prevalence, I found 

large isotopic variation within summer feeding assemblages, suggesting that a variety of 

prey sources are represented across individuals in these assemblages. Diet inevitably plays 

a role in inter-individual variation (Fink et al. 2012), therefore a more comprehensive 

stomach content analysis would aid in determining mechanisms of isotopic structure at a 

finer scale. I found Diporeia and fish were limited diet items, consistent with spotty 
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availability of Diporeia in Lake Huron (Mohr and Nalepa 2005), and opportunistic 

piscivory (Pothoven and Madenjian 2013). In contrast, invasive Bythotrephes and 

Dreissena were prevalent diet items. The nutritional prospects of Dreissena in replacement 

of Diporeia have been investigated (Pothoven et al. 2006). I suggest similar investigations 

for Bythotrephes, which appears to be consumed lake-wide prior to the energy intensive 

period of spawning.  

Date, fish sex, and fish size were not important explanatory variables for isotopic 

variation in spawning aggregations. Overall, this finding supports the effect of location as 

being the most important driver of isotopic variation. However, I can draw a number of 

additional conclusions based on my findings. First, I found resource use was not 

statistically different between male and female Lake Whitefish in Lake Huron, confirming 

patterns in resource use can be interpreted across sexes. Secondly, while temporal effects 

can be important in other systems (Guzzo et al. 2011), there was no temporal effect on 

isotopic structure of Lake Whitefish in Lake Huron. However, this is likely a result of 

minimizing the time window of sampling, rather than a lack of seasonality in isotope 

values over longer time periods, which are likely present (Perga and Gerdeaux 2005; 

Guzzo et al. 2011). Lastly, I found inconsistent relationships between fish size (mass in 

particular) and isotope values, confirming that there were no consistent size-related biases 

in isotopic values. Therefore, sampling similarly sized adults (e.g., 1-2 Kg in my study) 

from spawning aggregations is an appropriate strategy for comparing resource use by 

spawning adults. Size-isotope relationships should, however, be re-evaluated if multiple 

life stages (e.g., juveniles) are included in future analyses.  

5.4 Management implications 
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In Lake Huron, Lake Whitefish are characterized as an inter-mixed fishery with 

high degrees of geographic overlap between populations (Ebener et al. 2010; Stott et al. 

2012). To sustain multiple Lake Whitefish populations, the lake is divided into 25 

management units that reflect historical genetic, phenotypic, and tag-and-recapture 

evidence for population discrimination. I used an integrated ecological marker to assess 

whether management units adequately represent current ecological structure. My results 

show that aggregations within management units are composed of fish from multiple 

isotopic clusters. For example, fish assigned to cluster 1, 2, 3, and 4 were found in 12, 16, 

17 and 10 management units respectively. I determined that these clusters largely reflect 

fish using resources from different lake locations and food webs prior to spawn. Therefore, 

my results indicate that Lake Whitefish management units actually represent multiple sub-

populations, rather than distinct ecological populations. Therefore, it is possible that 

populations assessed in different management units could experience harvest pressure that 

is unaccounted for in multiple management units throughout the year. Overall, individual 

management units do not adequately capture or promote sustainability of the ecological 

population structure of contemporary Lake Whitefish.  

To adequately represent Lake Whitefish populations according to local resource 

use, 6 broader managements units could be used and applied as outlined in Figure 14. 

These ecological population sub-units are based on similar isotopic compositions, which 

encompass both geographic occurrences of aggregations, as well as the resource use by 

these units throughout the summer growing period. Most of these putative groups extend 

well-past management unit boundaries; however, they encompass adjacent management 

units (Fig. 14). Therefore, it should be feasible to conduct additional population 
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assessments of combined management units within each of my proposed groups as part of 

ongoing assessments. Multiple scales of population structure should be considered in 

fisheries stock assessment and management in order to preserve the resource as a whole 

(Waldman 1999; Bernard et al. 2009; Berger et al. 2012). In addition, conserving spawning 

stock biomass and productivity has been suggested as a primary strategy for sustaining 

Lake Whitefish populations in light of their inter-mixing (Molton et al. 2012; Molton et al. 

2013). Therefore, the ecological view of Lake Whitefish population structure that I present, 

should be used in combination with other population discrimination metrics; this would 

ensure that multiple scales of population structure are considered in Lake Whitefish 

management, and more specifically, provides a way of assessing populations according to 

general regions where they most likely experience harvest pressure throughout the entire 

year. 

The structure I identified using relatively short-term food web markers was 

generally congruent with previously described population discrimination attempts using 

long-term evolutionary markers and historical tag-and-recapture data. I showed that some 

aggregations used food webs from multiple regions of the lake, while others were more 

local. Budd (1957), Cucin and Reiger (1966), Casselman et al. (1981), and Ebener et al. 

(2010) also came to these conclusions for spawning aggregations they sampled from within 

the geographic areas identified here as housing distinct ecological groups. Genetically 

similar aggregations identified by Stott et al. (2010; 2012) are also generally congruent 

with the ecological groups identified by my work. Specifically, Western aggregations 

(Thunder Bay, Duncan Bay) were genetically divergent from Eastern aggregations (Fishing 

Islands, Cape Hurd) in these genetic studies; I also identified an Eastern-Western division 
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(Fig. 14). North Channel aggregations (Thessalon) were genetically divergent from others 

in the Main Basin in Stott et al. (2012), and I also identified North Channel aggregations as 

being ecologically distinct from those in the main basin (Fig. 14). Also congruent was the 

fact that genetic differentiation between such groups was relatively weak (Stott et al. 2010; 

2012). In my study, the main basin was the most highly mixed area, and could also only be 

weakly differentiated. I also found that isotopic values from fish of 2012 and 2014 were 

strongly related, suggesting that these ecological groupings may be long-term, extending at 

least 3 years based on my data, and potentially much longer based on comparisons to 

previous studies. Overall, these potential ecological-evolutionary linkages further support 

the value of considering ecological structuring in fisheries management. They also bring 

new opportunities for formal analyses using both stable isotopes and genetic markers, 

which could provide an even more robust spatially and temporally integrated view of 

population structure.  

One specific and direct application that my study currently addresses in Lake 

Whitefish management is the provenance of Whitefish aggregations spawning on the east 

shore of the Main Basin near Douglas Point. This area is home to the Bruce Power nuclear 

power facility, and has been the focus of ongoing investigations on potential impacts of 

thermal and other effluents produced by this major industrial operation (Mitz et al. 2014; 

Eme et al. 2015, Mueller et al. 2015; Thome et al. 2015; Sessions 2015; Stefanovic et al. in 

press). Part of understanding the extent of potential impacts on Lake Whitefish is knowing 

whether populations at Douglas Point represent a discrete population, or whether they are 

part of a larger group within the lake (Graham et al. submitted). In my assessment of 

spawning aggregation composition, I included aggregations at Scougall Bank (Site 19) and 
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McRae Point (Site 20), which are both in the Douglas Point area. My study shows that 

populations at Douglas Point are part of a larger ecological group in the Eastern Main 

Basin (Fig. 14) that is characterized by diverse compositions of Lake Whitefish from 

multiple populations throughout the lake. Therefore, any potential industrial impacts are 

not likely to affect a discrete ecological population of Lake Whitefish. However, the 

importance of spawning habitat and contributions of fish in the area to productivity of their 

overall subpopulation is currently unclear, and should be the subject of future 

investigations. 

On a broader perspective, my study indicates that Lake Whitefish occupy flexible 

niches and are able to use a variety of resources. Recent prey base collapses in Lake Huron 

have had a wide array of negative impacts on Lake Whitefish (Mohr and Nalepa 2005; 

Pothoven et al. 2006; Pothoven and Madenjian 2008; Rennie et al. 2009a; Ebener 2012; 

Gobin et al. 2015; Fera et al. 2015).  However, the ability for Lake Whitefish to respond to 

a heterogeneous prey base is also documented (e.g., Rennie et al. 2009b; Ebener et al. 

2010; Rennie et al. 2013), and has been linked to their health, and possibly their resilience 

(Rennie et al. 2012). I found that Lake Whitefish relied on a variety of resources, and were 

not overly geographically limited. The heterogeneous resource use discovered in my study 

provides some support for Lake Whitefish resilience to current and future environmental 

changes. Future research should investigate the relationships between ecological 

structuring and Lake Whitefish growth, condition, and productivity.  

5.5 Conclusions and application to freshwater fish ecology 
	  

In conclusion, my study provided valuable insight into both Lake Whitefish ecology 

and management in the Lake Huron. In addition, I provided the first large-scale view of 
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ecological structure of a freshwater fish species derived from stable isotope analysis of soft 

tissues, contributing to the general understanding of freshwater fish ecology. I showed that 

isotopic structure using soft tissues is a useful and powerful metric for delineating 

ecologically based sub populations; this metric integrates multiple levels of resource use 

(e.g., prey use, habitat use, location use) incorporated over a recent time period, unlike any 

other population metric currently used. I was able to delineate ecological groups using 

stable isotopes in Lake Whitefish, which are a fairly dynamic and complex species. 

Therefore, this approach could be applied to other spawning aggregations in inter-mixed 

fisheries. Once ecological population structure is outlined, changes at the population 

assemblage level could be monitored in the context of environmental impacts (e.g., 

invasives, climate change, and harvest) on freshwater fish (Schmidt et al. 2009; Jackson et 

al. 2012). I demonstrated how different mechanisms of isotopic structure could be assessed 

and provided evidence for isotopic baseline variation in Lake Huron. Finally, through this 

study I presented an ecological view of Lake Whitefish population structure that can be 

used as a basis for comparison and for testing hypotheses in concert with other 

assessments. Future research should investigate the linkages and congruencies between 

ecological and evolutionary structures to achieve an even fuller understanding Lake 

Whitefish structure.  
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7. APPENDICES 

 

Appendix 1: Extended whitefish collection information 
 
Table A 1. Extended collection details for whitefish sampled in the fall spawning season of 

2012, and during the late summer of 2014, as part of this population structure assessment. 

2014 locations also correspond with areas where baseline prey was sampled from whitefish 

collection depths. Nearest shoals and Latitude and Longitudes in Decimal Degrees are 

reported for each site sampled. Depth refers to the depth in meters that harvesters set their 

gear at for whitefish collection. Depths of fall collections correspond with near shore 

spawning aggregations while depth of summer collections correspond with deeper offshore 

summer assemblages. Gear used was either bottom set gillnets (G) or trap nets (T) with 

associated mesh sizes. Whitefish total length (TL) and mass are recorded as the mean ± 

standard deviation at lake location. Asterisks (*) indicate where sex of one or more 

individuals was unknown. For one of these instances (denoted by an “a”), an intersex 

individual whitefish was found, and is further documented in Appendix 3.  
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Site  Lake 
Location 

Year Lat. Long. Date Depth Gear Mesh  Total 
Fish 

F  M TL  Mass 

           (m)   (in) (n) (n) (n) (mm) (g) 
1 Thessalon 2012 46.24 -83.43 Nov. 8 6 G 4.75 50 25 25 532 ± 23 1168 ± 148 
2 Vidal Bay  2012 45.95 -83.09 Nov. 9 8 G 4.75 50 25 25 523 ± 22 1054 ± 148 
3 Blind River 2012 46.17 -82.92 Nov. 21 4 G 4.25 44 25 19 564 ± 43 1201 ± 338 
4 Bedford Island 2012 46.01 -82.07 Nov. 10 18 G 4.5 36 25 11 541 ± 35 1288 ± 234 
5 Wiki-Smith Bay 2012 45.86 -81.63 Nov. 15 5 G 5 50 25 25 526 ± 23 1153 ± 181 
6 Bad River 2012 45.92 -80.99 Nov. 22 8 G 5 45 20 25 549 ± 31 1404 ± 294 
7 Henvey Inlet 2012 45.84 -80.73 Nov. 16 8 G 5 49 25 24 608 ± 48 2063 ± 484 
8 Christian Island 2012 44.88 -80.16 Nov. 28 6 G 5.5 48 23 25 590 ± 27 1729 ± 246 
9 Maurice Point 2012 44.73 -80.07 Nov. 16 5 G 5.5 50 25 25 604 ± 30 1804 ± 272 
10 Meaford 2012 44.62 -80.53 Dec. 7 30 G 5 50 25 25 565 ± 29 1458 ± 207 
11 Cape Croker 

South 
2012 44.90 -81.04 Nov. 29 6 G 4.75 48 24 24 575 ± 22 1595 ± 212 

12 Sydney Bay 2012 44.91 -81.07 Nov. 21 4 G 5 50 25 25 558 ± 21 1405 ± 188 
13 Cape Hurd  2012 45.19 -81.75 Nov. 5 6 G 4.5 49 24 25 569 ± 34 1566 ± 304 
14 Cape Hurd  2012 45.19 -81.75 Nov. 19 26 G 4.5 50 25 25 553 ± 39 1316 ± 287 
15 Stokes Bay  2012 45.03 -81.48 Nov. 6 8 G 5 50 25 25 560 ± 36 1448 ± 277 
16 Stokes Bay  2012 45.03 -81.48 Nov. 17 6 G 5 49 25 24 552 ± 22 1414 ± 204 
17 Howdenvale  2012 44.85 -81.35 Nov. 7 - G - 50 25 25 552 ± 23 1337 ± 189 
18 Howdenvale  2012 44.85 -81.35 Nov. 17 11 G 4.75 50 25 25 554 ± 22 1427 ± 236 
19 Scougall Bank 2012 44.36 -81.62 Nov. 6-

18 
5 to 8 G 2 - 4.5 50 6 44 543 ± 40 1584 ± 398 

20 McRae Point 2012 44.26 -81.62 Nov. 7-
18 

5 to 8 G 2 - 4.5 43 4 39 536 ± 31 1474 ± 296 

21 Kettle Point  2012 43.21 -82.04 Nov. 14 12 G 3.75 20 5 15 518 ± 35 1186 ± 226 
22 Sarnia 2012 43.03 -82.31 Nov. 30 6 T 4 48 25 23 515 ± 28 1095 ± 230 
23 Outer Saginaw 

Bay 
2012 44.15 -83.08 Oct. 16 38 T - 46 21 25 536 ± 24 1473 ± 258 

24 North Island 2012 43.88 -83.43 Nov. 15 2 G - 26 2 24 545 ± 36 1558 ± 390 
25 East Tawas 2012 43.91 -83.67 Nov. 13 5 G - 30 5 25 555 ± 25 1591 ± 261 
26 Alpena 2012 44.87 -83.25 Oct. 20 24 T - 49 24 25 527 ± 19 1263 ± 141 
27 North Point 2012 45.40 -83.49 Nov. 1 6 T - 50 25 25 561 ± 31 1746 ± 363 
28 Hammond Bay 2012 45.50 -84.03 Nov. 4 23 G 4.5 49 24 25 551 ± 26 1595 ± 245 
29 Search Bay 2012 45.98 -84.50 Nov. 2 8 G 4.5 50 25 25 534 ± 25 1355 ± 268 
30 South Cockburn 2012 45.88 -83.46 Nov. 8 6 G - 50 25 25 531 ± 26 1174 ± 165 
31 Burnt Island 2012 45.81 -82.93 Nov. 9 9 G 4.5 45 21 24 562 ± 20  1462 ± 164 
32 Providence Bay 2012 45.64 -82.31 Nov. 9 9 G 4.5 50 25 25 565 ± 22 1472 ± 196 
A1 Meldrum Bay / 

Missiagi Island 
2014 46.05 -83.07 Jul. 29-

30 
21-26 G 4.5-5 40 13 27 502 ± 27  1176 ± 176 

A2 Tache Island  2014 45.96 -82.21 Jul. 30 21 G 4.5 25* 11 11 472 ± 33  1154 ± 273 
A3 Birch Island 2014 45.82 -81.44 Aug. 1 21 G 5 25 12 13 574 ± 56 1937 ± 576 
A4 Beckwith Island 2014 44.90 -80.12 Aug. 5 15-50 G 5.5 18* 11 6 610 ± 49 2221 ± 617 
A5 Fitzwilliam 

Island North 
and West 

2014 45.54 -81.75 Jul. 30 27-30 T - 50* 21 28 536 ± 45 1451 ± 374 

A6 Lyal Island 2014 44.94 -81.51 Aug. 28 34 G 5-5.5 23 12 11 556 ± 27 1743 ± 488 
A7 Bayfield  2014 43.57 -81.88 Oct. 9 34 G 5 25*a 4 14 571 ± 50 1526 ± 346 
A8 Burnt Island 2014 45.79 -82.96 Jul. 29 27 G 4.5 14 6 8 533 ± 34 1395 ± 214 
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Appendix 2: Clustering analysis model performance 
 
 

	  
	  

Figure	  A	  1.	  Comparison	  of	  Bayesian	  Information	  Criterion	  (BIC)	  values	  from	  several	  

multivariate	  mixture	  models	  with	  varying	  component	  numbers	  that	  describe	  

structure	  of	  Lake	  Whitefish	  δ13C and δ15N	  values.	  The	  lower	  the	  BIC	  values	  the	  better	  

the	  model	  explains	  the	  isotopic	  variation.	  The	  top	  model	  for	  whitefish	  spawning	  

aggregations	  was	  EEI	  (diagonal,	  equal	  volume	  and	  shape).	  Descriptions	  of	  all	  

multivariate	  mixture	  models	  tested	  are	  below.	   

"EII” = spherical, equal volume 

"VII" = spherical, unequal volume 

"EEI" = diagonal, equal volume and shape 

"VEI" = diagonal, varying volume, equal shape 
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"EVI" = diagonal, equal volume, varying shape 

"VVI" = diagonal, varying volume and shape 

"EEE" = ellipsoidal, equal volume, shape, and orientation 

"EVE" = ellipsoidal, equal volume and orientation  

"VEE" = ellipsoidal, equal shape and orientation  

"VVE" = ellipsoidal, equal orientation  

"EEV" = ellipsoidal, equal volume and equal shape 

"VEV" = ellipsoidal, equal shape 

"EVV" = ellipsoidal, equal volume  

"VVV" = ellipsoidal, varying volume, shape, and orientation 
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Appendix 3: Documentation of an intersex Lake Whitefish in Lake Huron 
 
 

 
	  
Figure	  A	  2.	  On Oct. 9th of 2014 a believed to be intersex adult Lake Whitefish was caught 

by gillnet in Southern Lake Huron near Bayfield (Decimal Degrees: 43.57N, -81.87W;	  

commercial 5 minute grid: 3428), as part of this study. This individual appeared to have 

mature male gonads as well as immature female gonads occurring at pinching points in 

male gonads. This phenomenon occurred on both sides of the fish. This Lake Whitefish had 

a total length of 655 mm and mass of 1850 g. 	  
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Appendix 4: Linear mixed effect model selection and diagnostic plots 
 
 
 
Table A 2. Comparison of candidate Linear Mixed Effect models testing the effect of 

several variables on δ15N values of Lake Whitefish muscle. Fixed effects, random slopes 

and intercepts, are indicated. All candidate models used “Site” as a random effect. Length 

(m) and Mass (kg) were centered to the mean to facilitate model convergence thus notated 

as “cLength” and “cMass”. Models were compared using a likelihood test, and the top 

model is bolded. Chi-Square test statistics indicate whether model fit differed significantly 

(* = P < 0.05) from the next model tested. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!

Trial 
Model 

Fixed Effect 
Variables 

Random Slope 
Intercepts 

Random 
Effect logLik 

Chi-
square  Df P-Value 

1 cMass cMass  Site  -1473.7 
   2 cMass + cLength  cMass Site  -1473.4 0.4932 1 0.50571 

3 cMass + cLength  cMass + cLength Site  -1472.9 1.1166 3 0.77307 

4 DOY + cMass + 
cLength    cMass + cLength Site  -1471 3.7747 1 0.05203 

5 Sex + DOY + 
cMass + cLength  cMass + cLength Site  -1471 0.0251 1 0.87408 
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Table A 3. Comparison of candidate Linear Mixed Effect models testing the effect of 

several variables on δ13C values of Lake Whitefish muscle. Fixed effects, random slopes 

and intercepts are indicated. All candidate models used “Site” as a random effect. Length 

(m) and Mass (kg) were centered to the mean to facilitate model convergence thus notated 

as “cLength” and “cMass”. Models were compared using a likelihood test and the top 

model is bolded. Chi-Square test statistics indicate whether model fit differed significantly 

(* = P < 0.05) from the next model tested. 

 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

!

Trial 
Model 

Fixed Effect 
Variables 

Random Slope 
Intercepts 

Random 
Effect  logLik 

Chi-
square  Df P-Value 

1 cMass cMass  Site  -2412.1 
   2 cMass + cLength  cMass Site  -2412 0.0657 1 0.79773 

3 cMass + cLength  cMass + cLength Site  -2407.9 8.295 3 0.04029* 

4 DOY + cMass + 
cLength    cMass + cLength Site  -2407.4 0.8705 1 0.35083 

5 Sex + DOY + 
cMass + cLength  cMass + cLength Site  -2407.2 0.4097 1 0.5221 
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Figure A 3. Diagnostic plots for the top Linear Mixed Effect model for δ13C. Residuals 

(top) and observed values (bottom) are plotted against fitted δ13C values. Red reference 

lines indicating a residual of zero and a one-to-one relationship are included for each plot 

respectively.  
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Figure A 4. Diagnostic plots for the top Linear Mixed Effect model for δ15N. Residuals 

(top) and observed values (bottom) are plotted against fitted δ15N values. Red reference 

lines indicating a residual of zero and a one-to-one relationship are included for each plot 

respectively.  
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Figure A 5. Diagnostic plots for fixed effects included in construction of Linear Mixed 

Effect models for δ15N (left) and δ13C (right) of Lake Whitefish muscle tissue. δ15N 

residuals for a) Sex, b) Mass, c) Length, and d) Day of Year (DOY) are plotted against 

respective observed values. δ13C residuals for e) Sex, f) Mass, g) Length, and h) Day of 

Year (DOY) are plotted against respective observed values. Red reference lines at a 

residual of zero are included for each plot. Note that mass and length were centered to the 

mean thus notated as “cMass” and “cLength.” 
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