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Abstract 

Lake Whitefish (Coregonus clupeaformis) in the Laurentian Great Lakes have experienced major 

ecological changes and overexploitation by commercial fisheries throughout the past century. In 

Lake Ontario, the Lake Whitefish population was severely reduced and has shown minimal 

reproductive success since the 1990s. In Canadian waters, two major spawning aggregations 

persisted in the eastern basin, one in the Bay of Quinte and the other in Lake Ontario, and 

currently support a commercial fishery. At the present time, there is an urgent need for more 

research on this species in Lake Ontario to better understand the impacts of ecological changes 

and to ensure that the commercial fishery is sustainable. Using acoustic telemetry, this study 

analyzed the spatial distribution and movement patterns of Lake Whitefish in eastern Lake 

Ontario to determine whether the two spawning groups were spatially discrete. A total of 57 

Lake Whitefish were tagged with acoustic transmitters between 2016 and 2018. Spatial analysis 

revealed clear differences in space use between the spawning aggregations. Lake Whitefish from 

the Bay of Quinte spawning group occupied the northwestern area of the eastern basin and did 

not leave the eastern basin, whereas Lake Whitefish from the Lake Ontario spawning group 

mainly occupied the southeastern area of the eastern basin and moved outside the eastern basin. 

Mixing of the spawning groups did not occur during the spawning season and was minimal at 

other times of the year in the northwestern area of the eastern basin, primarily in August and 

September. This provided insight into the relative harvest of the spawning groups by the 

commercial fishery in spring and summer when the groups are not spatially isolated at spawning 

grounds in the fall. Differences in seasonal distribution were also observed for both spawning 

groups and provided insights into what factors may have influenced habitat selection. In 

summary, the spatial discreetness observed between the spawning aggregations suggests 
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differences may exist in commercial exploitation and factors related to habitat use such as diet 

and energy expenditure. Although there is still a need for further research in these areas, this 

study has provided valuable insights for the management and conservation of this species in 

Lake Ontario.  
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Chapter 1 

Introduction and Literature Review 

The Laurentian Great Lakes have undergone profound ecological change 

throughout the past century. Human development has resulted in major impacts including 

eutrophication, habitat degradation, overexploitation of fisheries, and invasive species 

introductions (Smith 1968, Christie 1974, Taylor et al. 2019). These factors have led to 

the severe reduction, and extirpation in some cases, of many native fish species. More 

than a century of environmental change has made understanding the ecology of Great 

Lakes fish populations challenging. Climate change will also have major impacts on the 

earth’s aquatic ecosystems (Collingsworth et al. 2017). Understanding how species have 

responded to environmental change and predicting futures responses is critical and will 

require continued monitoring and research efforts.  

Lake Whitefish (Coregonus clupeaformis) in the Laurentian Great Lakes have 

been a primary target species of commercial fisheries since in the 1700s (Ebener et al. 

2008, Koelz 1926). With the expansion of large-scale operations beginning in the 1820s, 

many populations were severely reduced due to overexploitation and various ecological 

stressors (Ebener et al. 2008). Populations have recovered to varying degrees, but 

abundance, condition, and recruitment remain a concern in many lakes. Despite this, 

Lake Whitefish contribute substantial economic value to Great Lakes commercial 

fisheries and remain culturally significant for many indigenous communities (Ebener et 

al. 2008, Great Lake Fishery Commission 2014, Ontario Ministry of Natural Resources 
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2020). This species is not only socio-economically important but ecologically is a critical 

member of the benthic food web in the Great Lakes.  

Lake Whitefish are a cold-water benthic species characterized by a subterminal 

mouth for feeding on macroinvertebrates and a low number of gill rakers relative to other 

coregonine species (Lindsey 1981). They also exhibit a large degree of phenotypic 

plasticity (Lindsey 1981). They prefer depths of 20-50 meters but have been documented 

in deeper waters up to 145 meters (Owens and Dittman 2003, Owens et al. 2005, Ebener 

et al. 2008). The optimal thermal range of Lake Whitefish is between 10-14 degrees 

Celsius and critical swimming speed and oxygen consumption occurs at 12 degrees 

Celsius, however, many studies in the wild indicate their preferred thermal range varies 

across lakes (Bernatchez and Dodson 1985, Bergsted et al. 2016, Gorsky et al. 2012). 

Lake Whitefish spawn in the fall from late October through to early December. Their 

preferred spawning substrate includes rocky shoals of gravel or cobble and sometimes 

sand (Hart 1930, Ebener et al. 2008). Spawning usually occurs nearshore at depths less 

than 5 meters and water temperatures between 4.5-10 degrees Celsius (Ebener et al. 2008, 

Hart 1930, Thome et al. 2016).  The benthic distribution and diet of Lake Whitefish make 

them important in the transfer of energy from lower trophic levels in the offshore benthic 

environment to higher trophic levels (Nalepa et al. 2005). Due to the ecological and 

socio-economic importance of this species, there is a need for research to help inform 

management and conservation efforts.  

History of Lake Whitefish in Lake Ontario and the Bay of Quinte 

In Lake Ontario, Lake Whitefish were nearly extirpated during the 1900s due to 

overexploitation and several ecological stressors including eutrophication and invasive 
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species (Ebener et al. 2008, Christie 1973, Hoyle 2005). Despite this, Lake Whitefish 

continue to be one of the most important species in the commercial fishery (Lake Ontario 

Management Unit 2020). Trends in Lake Whitefish abundance, condition, and 

distribution have therefore been well documented through commercial catch data, 

government monitoring, and research projects. 

Lake Whitefish were harvested in many areas within Lake Ontario including the 

central and western basins (Koelz 1926). Since the early 1900s, they were distributed in 

highest abundance in the eastern basin, with 92% of the harvest coming from Canadian 

waters (Hoyle 2005). Population abundance peaked in 1924 at an annual harvest of 

2,700,000 pounds and declined to lower levels from the 1930s to 1960 (Christie 1963). 

As the population declined, distribution appeared to be limited mostly to the eastern basin 

(Hoyle 2005, Christie 1973).  

In the early to mid-1900s, main commercial fishing grounds in the eastern basin 

included areas around Henderson and Oswego in U.S. waters. In Canadian waters, 

nearshore commercial fishing areas included waters west of Brighton, the shores of 

Prince Edward County, and the Bay of Quinte, which were all predominantly fished 

during the fall spawning season (Christie 1963, Koelz 1926). During the spring and 

summer months, fishing areas were located further offshore in the Kingston basin area 

(Christie 1963). In the 1950s, more effort was directed towards the Lake Whitefish 

fishery and exploitation rates reached up to 65%. This increased effort occurred after the 

crash of Lake Trout (Salvelinus namaycush) and Cisco (Coregonus artedi) populations 

and as commercial fishers switched from linen to nylon gillnets and to larger vessels 

(Christie 1963). During this period, the Lake Whitefish population also experienced 
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negative effects from increases in Sea Lamprey (Petromyzon marinus) predation and 

larval predation by White Perch (Morone americana) (Christie 1972, Christie 1973). 

Hatchery fish were stocked in Canadian waters in alternate years between 1944-1954 to 

try to increase recruitment, but stocking had occurred since 1882 with undocumented 

success (Christie 1963).  

In the early 1960s, the Lake Whitefish population crashed, and harvest levels 

began to decrease. Restriction of fishing during the spawning period was introduced in 

Canadian waters in the 1960s to try to avoid a complete collapse of the population 

(Christie 1973, Casselman et al. 1996).  Fishing was prohibited after November 15th 

within the main Lake (Christie 1973). In the Bay of Quinte, commercial fishing was 

closed west of Belleville, which protected a large spawning aggregation that used the 

Trent River (Christie 1967). 

By the 1970s, small harvests came from the Canadian fishery, but the U.S. fishery 

could not be sustained and closed in 1975 (Owens et al. 2005, Christie 1973, Baldwin 

2009). In Canadian waters, the population was reduced to two predominant spawning 

groups in the eastern basin of Lake Ontario (Christie 1973). One group (hereafter “Bay 

group”) spawned throughout the middle and upper parts of the Bay of Quinte. The other 

group (hereafter “Lake group”) spawned off the southern shore of Prince Edward County. 

Prior to the population crash in the 1960s, the Bay group was three times larger than the 

Lake group, but for the next 30 years the Lake group would make up most of the 

remaining Lake Whitefish population (Christie 1963, Christie 1973, Casselman et al. 

1996). The Bay group collapsed earlier than the Lake group due to eutrophication from 

human development in the Bay of Quinte that affected spawning habitat and predation by 
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invasive White Perch that occupied spring nursey grounds (Christie 1973).  During this 

period, fall harvest came primarily from the Lake group and summer harvest came from 

the eastern basin fishery, which presumably consisted of both spawning groups (Christie 

1973, Christie 1963).  

The Lake Whitefish population in Lake Ontario began to recover in 1977 and 

throughout the 1980s due to a number of factors including reduced fishing pressure, 

reduction of Sea Lamprey predation, reduction of predation on early life stages, and 

decreased phosphorus loading in the Bay of Quinte. Favourable weather conditions for 

the incubation of eggs and fry survival also contributed to this recovery (Casselman et al. 

1996, Hoyle et al. 2003). Recruitment in Lake Whitefish populations has been 

hypothesized to fluctuate annually, largely due to weather conditions. Specifically, severe 

winters with early ice cover, prolonged incubation, and die offs of predators such as 

Rainbow Smelt, Alewife and White Perch that feed on fry, correspond with larger year 

classes (Christie 1963, Christie 1973, Casselman et al. 1996, Brown et al. 2021). Other 

research has also found that density-dependent and biotic factors may play a role in 

recruitment success (Zischke et al. 2017).  

As the population began to recover, commercial fishing regulations were initiated 

in 1984 and included quotas to manage harvest of the two spawning groups (Casselman 

et al. 1996). A larger quota was established for the Lake group that appeared to be 

recovering and a smaller quota was established for the Bay group that remained at low 

levels. Commercial licenses were also bought out in the mid-1980s to decrease fishing 

effort and seasonal and gear restrictions were implemented. Harvest quotas were 

continually adjusted as the two spawning groups recovered (Casselman et al. 1996).  
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 Using bottom trawl and gillnet survey data, Casselman et al. (1996) determined 

that the major resurgence of the Bay group occurred two years after the Lake group and 

coincided with phosphorus reductions in the Bay of Quinte. The strongest year classes 

included 1979 and 1980 in the Lake group and 1982 in the Bay group. The years of 1976-

1978 had severe winters and large die offs of Alewife and White Perch providing the 

conditions predicted to select for strong year classes (Casselman et al. 1996, Christie 

1973). Additionally, the recovery of Lake Trout through stocking efforts in the 1970s 

reduced the amount of Rainbow Smelt and Alewife resulting in decreased predation on 

Lake Whitefish eggs (Christie et al. 1987, Ontario Ministry of Natural Resources 1992).  

According to Casselman et al. (1996), the initial Lake group recovery contributed to the 

later recovery of the Bay group. 

As the Lake and Bay groups increased in abundance, their distribution appeared 

to expand in Lake Ontario. Lake Whitefish were observed in the late 1980s and 1990s on 

the west side of Prince Edward County, in New York waters of the eastern basin, and in 

the western end of Lake Ontario (Owens et al. 2005, Casselman et al. 1996). Based on 

scale morphology analysis, Casselman et al. (1996) hypothesized that fish may have 

dispersed from the Lake group in the 1980s or 1990s to the western end of Lake Ontario, 

where they established new spawning groups.  

Following the significant recovery of Lake Whitefish in the 1980s, abundance 

peaked in the early 1990s and then declined rapidly until the mid-2000s (Hoyle 2005, 

Hoyle et al. 2008). This decline coincided with the establishment of invasive dreissenid 

mussels (Dreissena polymorpha and Dreissena bugensis) and the subsequent 

disappearance of Diporeia species (hereafter Diporeia) that was a main prey item of Lake 
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Whitefish (Hoyle et al. 2003, Hoyle 2005). Dreissenid mussels were observed in the 

eastern basin in 1992 and the Bay of Quinte in 1993 and had large impacts on water 

quality, phytoplankton communities, and benthic macroinvertebrate communities 

(Millard et al. 2003, Bailey et al. 1999, Lozano and Nalepa 2003, Hoyle et al. 2003). The 

loss of Diporeia from the eastern basin between 1992 and 1997, and throughout most 

areas of Lake Ontario in depths less than 100 meters thereafter, corresponded with the 

dreissenid mussel establishment (Lozano et al. 2001, Dermott 2001, Owens and Dittman 

2003, Lazano et al 2001, Watkins et al. 2007).  

Diporeia is a burrowing amphipod that feeds primarily on organic matter and thus 

cycled primary production to consumers including Lake Whitefish (Nalepa et al. 2005, 

Lozano and Nalepa 2003). In Lake Ontario, Diporeia was the dominant member of the 

benthic macroinvertebrate community prior to the dreissenid mussel invasion (Cook and 

Johnson 1974, Napela 1991). Although the exact connection between mussel 

establishment and Diporeia loss is largely unknown, main hypotheses include 

competition for food due to dreissenid filtering and toxicity of dreissenid pseudofeces 

(Nalepa et al. 1998, Dermott and Kerec 1997, Lozano et al. 2001, Dermott 2001, Watkins 

et al. 2007). Interestingly, however, Diporeia abundance also declined in areas where 

dreissenid mussels were not abundant in other Great Lakes, which led to alternative 

hypotheses such as increased predation on Diporeia by increased Lake Whitefish 

populations (Dermott 2001, Hoyle et al. 2003).  

Nevertheless, Diporeia was the was a main dietary item of Lake Whitefish and 

provided essential nutritional value due to their high lipid content (Hart 1931, Ihssen et 

al. 1981, Nalepa et al. 2005). Other common diet items of Lake Whitefish included Mysis 
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relicta and various molluscs (Hart 1931, Ihssen et al. 1981). Since the loss of Diporeia, 

Lake Whitefish in the eastern basin have switched to a diet primarily composed of 

dreissenid mussels (Hoyle et al. 1999, Owens and Dittman 2003, Lumb et al. 2007, Hoyle 

et al. 2003, Hoyle 2005).  

Changes to the benthic ecosystem in Lake Ontario have been linked to several 

changes in the Lake Whitefish population. Following the invasion of dreissenid mussels, 

Lake Whitefish dispersed over larger areas and at deeper depths, possibly in search of 

Diporeia (Owens et al. 2005). Larger catches of Lake Whitefish were observed in New 

York waters near Oswego which had not been documented since prior to the 1950s 

(Owens and Dittman 2003). Summer bottom-trawling surveys caught fish in over 80 

meters in 1999, a large change in capture depth from the average of 30 meters in the 

1980s and early 1990s (Owens et al. 2005, Owens and Dittman 2003). This depth 

increase shifted the thermal regime of Lake Whitefish from 9-11 to 4-5 degrees Celcius 

(Owens and Dittman 2003).  

In 1993 and 1994, a substantial decrease in body condition of Lake Whitefish 

from commercial catch and gillnet samples was documented (Hoyle et al. 2003, Lumb et 

al. 2007). Body condition continued to decline into the late 1990s, before stabilizing at a 

lower level (Hoyle 2005, Hoyle et al. 2008). In 1997 and 1998, carcasses of age three and 

age four Lake Whitefish were observed in bottom trawls for the first time (Hoyle et al. 

2003, Hoyle 2005). Increased natural mortality and decreased body condition was 

attributed to insufficient energy from lower energy prey items and increased metabolic 

output required to forage over larger areas at increased depths (Nalepa et al. 2005, Hoyle 

2005, Owens et al. 2005). Declines in the growth rate of Lake Whitefish also occurred 



9 

 

after the decrease in body condition (Lumb and Johnson 2012, Hoyle 2005). An increase 

in age at maturity was observed in 1996 and it remains approximately two years later 

than it was prior to the invasion of dreissenids (Hoyle 2005, Ontario Ministry of Natural 

Resources 2012). There were no strong year classes produced between 1996 and 2002 

and annual recruitment has fluctuated after a strong year class in 2003 (Hoyle 2005, 

Hoyle et al. 2008).  

In summary, as Lake Whitefish abundance declined, body condition and growth 

rate declined and age at maturity increased, which is opposite to normal expectations for 

density dependent traits (Hoyle 2005). The factors contributing to low recruitment have 

still not been determined but hypotheses include poor condition of spawning adults 

and/or spawning habitat and limitations to survival during early life stages (Hoyle 2005). 

Spatial distribution was once again primarily limited to the eastern basin of Lake Ontario, 

with low catches observed in government netting programs in the western end of Lake 

Ontario (Owens et al. 2005). Recent research by Brown et al. (2021) also found that 

almost all Lake Whitefish spawning was restricted to the eastern basin of Lake Ontario.  

Lake Whitefish were not predicted to recover without the high nutritional value of 

Diporeia, and it was speculated that the invasive Round Goby (Neogobius melanostomus) 

would pose an additional threat through predation on early life stages (Owens and 

Dittman 2003, Hoyle 2005). Recent documentation of Round Goby in the diet of Lake 

Whitefish from other Great Lakes and in Cisco diets in Lake Ontario is an encouraging 

sign, but there is clearly a need for additional research to understand how this species is 

adapting to ongoing trophic changes in Lake Ontario (Pothoven and Madenjian 2013, 

Lehrer-Brey and Kornis 2014, Gatch et al. 2021).  
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Main Spawning Aggregations in Canadian Waters 

The Bay group and Lake group were historically the major Lake Whitefish 

spawning aggregations in Canadian waters of Lake Ontario and they were able to persist 

as the population declined. An additional spawning group that utilizes Chaumont Bay in 

the U.S waters of the eastern basin also persisted (Brown et al. 2021, McKenna and 

Johnson 2009). The two spawning groups in Canadian waters have been consistently 

targeted by the commercial fishery and therefore have longstanding importance for 

fisheries managers and stakeholders.  

In the past two decades, there has been limited research on the detailed locations 

of spawning sites and spawning habitat selection by each spawning group. Prior to the 

1960s, the spawning sites for the Bay group included many areas in the middle and upper 

Bay with major sites including the Trent River, Big Island, Hay Bay and Glenora 

(Goodyear et al. 1982, Christie 1963, Ihssen et al. 1981). It was reported that males 

tended to overwinter in the Bay of Quinte while females were more likely to move into 

the eastern basin or the lower Bay of Quinte (Christie 1967, Hart 1930). In the 1990s, the 

Ontario Ministry of Natural Resources (1992) confirmed egg deposition at two sites in 

the upper Bay and more recently, Brown et al. (2021) documented larvae in many areas 

throughout the Bay. Lake group spawning sites are distributed along the southern shore 

of Prince Edward County, and prior to major population declines, included the area south 

of Amherst Island (Christie 1973, Goodyear et al. 1982, Ontario Ministry of Natural 

Resources 1992, Hoyle 2005). Historical research found spawning occurred earlier in the 

Bay group on gravel and cobble shoals and later in the Lake group on limestone and 

gravel shelves (Hart 1930, Ontario Ministry of Natural Resources 1992).  
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Throughout the 1900s, environmental differences between spawning sites used by 

the two groups resulted in asynchronous production leading to concerns around managing 

the group as a single population (Casselman et al. 1996). Following the population crash 

in the 1950s, management of the commercial fishery became a priority, and increased 

effort was directed to understanding the status of each spawning group and how they 

were contributing to the fishery. Various research and assessment projects aimed to 

identify behavioral, morphological, and genetic differences between the two spawning 

groups. 

Historically, commercial fishers claimed to be able to distinguish between the two 

spawning groups describing the Lake group as larger in size and having a “more silvery” 

appearance (Christie 1973). Some of the earliest research by Hart (1931) also indicated 

that individuals from the Lake group grew faster than those in the Bay group. After the 

population crashed in the 1950s, Ihssen et al. (1985) evaluated morphometric and 

electrophoretic traits and their usefulness in distinguishing between the groups. There 

was no evidence that allelic frequencies were significantly different between groups, but 

differences in morphological and meristic counts were observed between groups and 

sexes. For both groups, males were more fusiform with larger fins. Excluding sex, 

individuals in the Bay group were somewhat longer but had smaller weights and girth 

(more fusiform), larger fins and heads, fewer lateral line scales and a more deeply forked 

caudal fin. When using these traits to determine the proportion of different spawning 

groups in commercial catches, caudal tail forking, interorbital width and pectoral fin 

length were the most useful variables, and spawning group was determined with an 

estimated 75% accuracy. In subsequent years, Casselman et al. (1996) studied the 
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potential of using scales to differentiate between groups to support group specific harvest 

and quota management. They determined differences in yearling and adult scale 

characteristics that could distinguish the spawning groups with 90% accuracy.  

In recent years, one study has examined genetic differences between Lake Ontario 

spawning groups. Bernard et al. (2009) tested whether the two spawning groups were 

genetically distinct using neutral genetic markers. They found modest, but not significant, 

genetic differentiation between the Bay and Lake group when using population 

divergence estimators on the predefined groups. They also found no population 

substructure using Bayesian individual assignment techniques with no predefined groups 

(Bernard et al. 2009). However, Bernard et al. (2009) emphasized that the recent 

fluctuations in the population and possible reestablishment of the Bay group assisted by 

the Lake group would mask genetic markers that require long periods of evolution to 

develop. Straying behaviour would also explain a lack of genetic discreteness, but the 

current frequency of this behaviour remains largely unknown. Mark-recapture tagging 

studies found that the spawning groups exhibited a less than 5% straying rate between 

1954 and 1963 and scale discrimination studies indicated a 12% straying rate between the 

spawning groups in 1990 (Casselman et al. 1996, Christie 1967). 

In addition to analysis of morphological and genetic differences between the 

spawning groups, differences in their spatial distribution have been examined in a limited 

number of studies. Historically, it was believed that both spawning groups occupied the 

eastern basin outside the spawning season, particularly in the summer (Christie 1963). 

Prior to the 1960s, the only insights about differences in spatial distribution between the 

spawning groups came from the commercial fishery. Harvest trends indicated that the 
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summer harvest in the Kingston basin more closely resembled harvest levels from the 

Bay group fall fishery, suggesting the Bay group was somewhat more abundant in this 

area than the Lake group (Christie 1973).  

To provide more reliable information for the management of the commercial 

fishery, Christie (1967) conducted the first study to examine the spatial distribution of the 

Lake Whitefish population in Lake Ontario using mark-recapture tagging between 1953 

and 1965. The results of this study indicated a broad summer distribution based on tag 

returns from both spawning groups throughout the eastern basin. Only small percentages 

(4.2%) of Bay group fish were recaptured near the southern shore of Prince Edward 

County in Lake Ontario, and conversely, only a small percentage (3.4%) of Lake group 

fish were found in the lower Bay of Quinte. Displacement experiments showed that 

movements of Lake Whitefish were not random, and that fish had some homing ability. 

These results suggested that rare individuals, found outside the common range of their 

respective spawning group, were not “lost”. Increased returns of Lake fish tags compared 

to Bay fish tags in the Henderson area provided evidence that the Lake group was 

relatively more common in the southeastern part of the eastern basin. However, after this 

study, Lake Whitefish were only documented in this area in increased numbers in 

government bottom trawl surveys between 1987 and 1995 (Owens et al. 2005).  

Morphological characteristics were also used to examine spatial distribution and 

relative commercial harvest of the spawning groups in later years. Ihssen et al. (1985) 

determined that the majority of fish captured near Brighton were from the Lake group, 

but since some individuals from the Bay group were also present, it was hypothesized 

that some Bay fish moved between the Bay of Quinte and Lake Ontario through the 
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Murray canal. This study also found that the Lake group was rarely captured in the Bay 

of Quinte. In the early winter, both spawning groups occupied the eastern basin, but the 

Lake group was more likely to move offshore compared to the Bay group. Using the 

same technique, in the 1990s it was determined that winter harvest in the lower Bay had a 

composition of 75% Bay group and 25% Lake group and that 80% of fish near Brighton 

originated from the Lake group (Ontario Ministry of Natural Resources 1995, Casselman 

et al. 1996).  

Spatial analysis after the 1990s was limited to commercial catch data and 

government netting surveys, which indicated low abundances of Lake Whitefish beyond 

the eastern basin and did not provide insights into differences in spawning group 

distribution. The only additional information related to spatial distribution came from 

isotope analyses that indicated differences in trophic experience between the spawning 

groups. This research showed reduced 13C and slightly increased 15N in the Bay group 

compared to the Lake group suggesting differences in diet, and potentially habitat, 

existed (Ontario Ministry of Natural Resources 2009). This study also found that the Bay 

group had lower relative weight, total lipids, and essential fatty acids. 

Many of the studies described above took place while the Lake Whitefish 

population was severely stressed and experiencing a rapidly changing environment. 

(Lindsey 1981, Bernatchez 2005). At the present time, there is a need for more research 

to better understand the impacts of recent environmental changes on this species in Lake 

Ontario. Potential differences in spatial distribution of these groups may indicate 

differences in susceptibility to commercial harvest that currently occurs in Canadian 

waters of the eastern basin in all seasons except winter. Spatial differences may also 
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result in differences in factors related to habitat, including foraging activity and diet, that 

could result in variable condition between the groups. If these differences do exist, 

separate conservation and management actions for the spawning groups may be 

warranted.  

Acoustic Telemetry 

In recent years, the techniques used to study the spatial distribution of animals 

have become much more sophisticated. Acoustic telemetry, in particular, has rapidly 

expanded and evolved in the field of fisheries research over the past three decades 

(Hussey et al. 2015, Crossin et al. 2017). Technological advances such as decreased tag 

sizes and extended battery life, combined with widespread use and versatility, has 

transformed acoustic telemetry into a powerful and more affordable research tool 

(Hussey et al. 2015, Crossin et al. 2017). The ability to track individual fish movements 

at different scales has provided detailed insights into a variety of biological and 

ecological issues that have informed conservation and management (Krueger et al. 2017, 

Crossin et al. 2017).   

Acoustic telemetry involves two main components, a transmitter (commonly 

referred to as a tag) and a receiver that contains a hydrophone. In most fisheries 

applications, passive tracking networks are used to remotely track the location and 

movements of fish by submerging receivers at fixed positions in a waterbody. 

Transmitters are either surgically implanted or externally attached to a fish and are 

available in a range of sizes and types. In passive tracking systems, coded transmitters are 

used to distinguish between different individuals. When a tagged fish swims within the 

range of a receiver, that receiver detects the unique coded signal emitted by the 
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transmitter and records the corresponding fish ID and time as a detection event. When the 

receiver is retrieved, this stored data can then be accessed. To date, there has been no 

attempt to use acoustic telemetry to track the movement of Lake Whitefish in Lake 

Ontario, but it could be an ideal approach to better understand the spatial ecology of this 

population. 

Thesis Objectives  

The first objective in this study was to determine whether acoustic telemetry 

could be used to improve our understanding of Lake Whitefish spatial distribution and 

movements in Lake Ontario and the Bay of Quinte. At the start of this project, there was 

a paucity of information about the effects of internal tagging procedures and tag burden 

on Lake Whitefish. It was also unclear whether the recently deployed receiver networks 

in this large study system could effectively capture Lake Whitefish distribution and 

provide useful information. I hypothesized that Lake Whitefish would retain tags 

successfully and that the receiver array would capture space use, at least within the Bay 

of Quinte and eastern basin. Once acoustic telemetry proved to be an effective tool and 

useful source of spatial information, focus shifted to a number of biological questions 

aimed at advancing our knowledge of the Lake Whitefish population in Lake Ontario. 

Biological objective 1: Spatial overlap and mixing 

The first portion of this study aimed to identify the extent of spatial overlap and/or 

separation between two predominant spawning groups of Lake Whitefish in Lake Ontario 

and the Bay of Quinte. Acoustic receiver detections of fish implanted with acoustic tags 

at each spawning location were analyzed to determine space use by individuals in the two 

groups. Although, historically, the spawning groups were documented using common 
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areas within the eastern basin, the level of mixing is largely unknown, or information is 

outdated given the major ecological changes in Lake Ontario that have likely affected 

behaviour and habitat selection. I hypothesized that the spatial distribution of the two 

groups would differ, but that some mixing might occur in the Kingston basin area outside 

the spawning period. I also hypothesized, based on previous studies, that the Lake group 

would be more likely to occupy the southeastern area of the eastern basin and other areas 

of Lake Ontario.  

Biological objective 2: Seasonal distribution and movement patterns 

The second portion of the study compared seasonal movement patterns and space 

use within, and between, the two groups of Lake Whitefish. Identifying seasonal 

differences in spatial distribution will help predict what factors are driving habitat 

selection, such as prey availability and thermal conditions, and how their influence varies 

seasonally. I hypothesized that spatial distribution would differ seasonally within both 

groups. 
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Chapter 2 

Methods 

Study Area and Receiver Network 

The study area includes Lake Ontario and the Bay of Quinte embayment (Figure 

1). The Bay of Quinte is commonly described as having three sections (the upper, middle, 

and lower Bay) and is connected to the eastern basin of Lake Ontario through two outlets 

in the lower Bay. It is also connected to the central Lake Ontario basin through the 

Murray canal that is located in the upper Bay. The eastern basin of Lake Ontario is 

defined as the area northeast of the Duck Galloo ridge and is shallower compared to the 

central basin located to the west. 

A network of acoustic receivers owned and serviced by various institutions, 

including the Freshwater Fisheries Conservation Lab at Queen’s University, was 

deployed at sites in Lake Ontario and the Bay of Quinte (Figure 2). This network is 

integrated through the Great Lakes Acoustic Telemetry Observation System (GLATOS) 

that allows for the sharing of acoustic telemetry equipment and data. The receivers in this 

system were single channel, omnidirectional and continuously monitored for coded 

transmitter signals. Receivers were either VR2W 69kHz or VR2Tx 69kHz models. The 

VR2W 69kHz receivers record time, date and the unique animal ID detected, whereas the 

VR2Tx 69kHz receivers also record depth and temperature at the time of a detection. 

Over time the network has evolved and expanded to meet the needs of different projects 

and cover larger areas. The Bay of Quinte and areas of the eastern basin of Lake Ontario 

were covered with a series of gates and grids for most of this project, however, many 

receivers were being added up until the spring of 2017 and some were relocated between 
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fall of 2018 and spring of 2019.  These changes introduced some variability in sampling 

effort throughout the study and influenced the analysis of data.  

Tagging 

A total of 57 Lake Whitefish were tagged with coded acoustic transmitters 

between 2016 and 2018 (Table 1). Forty Lake Whitefish were captured in the Bay of 

Quinte and formed the Bay spawning group, and 17 were captured along the southern 

shore of Prince Edward County and formed the Lake spawning group (Figure 1). 

Individuals were captured in gillnets or trapnets set by commercial fishers or field 

technicians from the Lake Ontario Management Unit in the spring or fall. The first 

tagging events took place in April and November of 2016 in the Bay of Quinte. Fish were 

captured in trap nets set by technicians and were brought to the Glenora Fisheries Station 

where they were held until surgery occurred. At the time, there was limited information 

about the response of Lake Whitefish to the surgical procedure used to implant acoustic 

tags or the burden of the tag itself. Work by J. D. Winter (1996) indicated that tags should 

not be used if weighing greater than 2% of a fish’s body weight in air and this is widely 

used as a general rule. Lake Whitefish that met this criterion were selected for tagging 

with V13 69kHZ transmitters. The transmitters were set to a 120 second delay and had a 

653-day battery life. In addition to the acoustic transmitter, two floy tags were attached to 

either side of the dorsal fin so that the fish could be identified if it was recaptured by 

fishers or during government surveys.  

After observing that many Lake Whitefish were surviving the surgical procedures 

and retaining the transmitters successfully, another group of Lake Whitefish, weighing 

more than 1200g (based on a 2% tag burden), were tagged in April 2017 with larger V16 
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69kHz transmitters. These transmitters had an 1825-day battery life set at a 120 second 

delay. In November 2017, 13 Lake Whitefish were tagged in the Bay of Quinte with 

either V16 69kHz or V13 69kHz transmitters. In the following fall of 2018, another 28 

Lake Whitefish were tagged with V16 69kHz transmitters. Eleven of the Whitefish were 

captured in the Bay of Quinte in trapnets by commercial fishers and 17 were captured off 

the south shore of Prince Edward County in gillnets set by commercial fishers. These 17 

Lake Whitefish were the first tagging group of Lake spawning individuals. All fish were 

measured for length and sex was determined for 27 of the Lake Whitefish tagged in the 

study. 

The initial procedure used to surgically implant transmitters into Lake Whitefish 

was based on a previous study that tagged Lake Whitefish with smaller V9 acoustic 

transmitters (Gorsky et al. 2012). The Lake Whitefish were anesthetized in a bath of 

clove oil until they reached stage 5 anesthesia indicated by a loss of equilibrium, irregular 

operculum movements, and no response to manipulation of the tailfin (Summerfelt and 

Smith 1990). A trough was designed to hold fish in an upside-down position while water 

was pumped through the mouth and over the gills for the duration of the procedure. A 

ventral incision of two to three centimeters was made between the pelvic and pectoral 

fins using a razor blade. The transmitter was then inserted into the body cavity. The 

incision site was closed with two to three sutures and the fish were left to recover in an 

aerated tank. The remaining surgeries followed a similar procedure but instead of 

anesthetizing the fish in clove oil, electrosedation was used during surgery. To achieve 

electrosedation, electric handling gloves that emit a low-voltage direct current were 

placed on the caudal fin and the head to effectively immobilize the fish. Electrosedation 
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is proposed to be advantageous as it allows for faster recovery compared to anesthetics 

such as clove oil (Abrams et al. 2018).  

Data Analysis 

With the rapid expansion of acoustic telemetry in fisheries applications, many 

challenges with regards to data management and analysis have emerged (Krueger et al 

2017, Lennox et al. 2017). Although literature reviews of analysis and statistical 

approaches are becoming available for telemetry data, standardized methods have not 

been established and new approaches are still emerging (Whoriskey et al., 2019). In this 

study, several approaches were used to effectively analyze the data. 

The amount of reliable detection data provided by each tagged Lake Whitefish 

was summarized to determine the success of using acoustic telemetry to gather spatial 

data. Following preliminary data inspection, to compare the spawning groups the study 

period was condensed to October 30th, 2018, through June 9th, 2020, and only fish with 

detection data during this period were included. The start date was selected to align with 

the tagging of the first group of Lake spawning fish. This allowed for comparison of the 

two spawning groups over the same temporal period while reducing inconsistent 

sampling and the challenges of a fluctuating sample population in initial tagging years. 

The end date corresponded with the latest retrieval and data download of most receivers.  

During this period, a total of 207 receivers in the eastern basin were retrieved and 

provided detection data (Figure 2). Of these receivers, 28 did not detect any tagged 

individuals and were therefore removed from the analysis. These receivers also did not 

detect any tagged fish prior to the period selected for the spawning group comparison. Of 

the 179 receivers with detection data for Lake Whitefish, 28 were not deployed for the 
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full duration of the study period (Figure 2). One receiver in the upper Trent River was not 

deployed until April 1st, 2019, and 27 receivers located along the Duck Galloo ridge were 

deployed in the spring of 2019 between May 27th and June 18th.  Resulting 

inconsistencies in sampling were accounted for in the analysis.  

Individuals with limited detection data that were suspected of mortality or tag 

expulsion were removed from the analysis. If individuals displayed reliable detection data 

for a period greater than one month before showing evidence of expulsion or mortality, 

partial data was used until the day prior to the observed change. Inconsistency in 

sampling period across individuals was accounted for in the analysis as required. All 

analyses were performed using R statistical software (version 4.0.3). Detection data was 

filtered to remove false detections using the glatos package which is based on short-

interval criteria (Pincock 2012, Holbrook et al., 2018).  

Non-metric multidimensional scaling (NMDS) was performed using the vegan 

package to analyze differences in receiver detections between the spawning groups 

(Oksanen et al., 2011). NMDS is a robust ordination technique that can accommodate 

different types of data and is flexible in assumptions of linearity. Raw data (in this case 

detections) is replaced with ranks that are used to calculate the pairwise dissimilarities 

between objects (in this case individual fish). These dissimilarities are then represented in 

multidimensional space. Converting the number of detections to ranks accommodated for 

differences in the number of detections between fish. To create the NMDS plot, first, a 

distance matrix was created by summing the total number of detections at each receiver 

for each fish and a Wisconsin double standardization and square root transformation was 

performed. The Bray-Curtis dissimilarity method was applied and resulting ordination 
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scores were plotted in two-dimensional space with 95% ellipses added to each spawning 

group. A permutational analysis of variance analysis was conducted using the adonis 

function in the vegan package to test for differences in receiver detections between the 

spawning groups (Oksanen et al. 2011). This analysis uses distance matrices to test the 

null hypothesis that the centroids of the groups are equivalent. This assumes that any 

observed differences in centroids will be similar to what would be observed under 

random allocation of individuals to groups (Anderson, 2001, Anderson and Walsh 2013).  

Detection data was also analyzed to determine if mixing (simultaneous spatial 

overlap) occurred between spawning groups, and if so, in what areas and at what times 

throughout the year. Receivers that detected at least one individual from each spawning 

group within 24 hours were selected and the number of days of mixing at each receiver 

was summarized and plotted. Monthly summaries of the number of days of mixing and 

the number of fish detected from each spawning group were also calculated. Averages 

were used when there were months with two years of data.  

To analyze seasonal space use and movement patterns within and between 

spawning groups, network analysis was performed using the igraph package (Csardi and 

Nepusz, 2006). Network analysis has recently been applied to acoustic telemetry as an 

alternative or complementary approach to traditional spatial analysis methods 

(Whoriskey et al., 2019, Ledee et al. 2015). Networks are made up of nodes which are 

connected by edges. In acoustic telemetry applications, nodes are usually made up of 

receivers and edges represent the movement of fish between them. Nodes can represent 

different metrics such as the number of detections. Edges can also be weighted to 

represent the amount of movement between nodes. Networks provide an effective tool to 
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examine movement corridors and bidirectional patterns as well as trends in spatial 

distribution. Seasonal networks (fall= September 23 – December 21, winter= December 

22 – March 17, spring= March 18 – June 20, summer= June 21 – September 22) 

consisting of 18 nodes were created for each spawning group (Figure 4). Receivers were 

allocated to nodes based on 1) clear spatial isolation or depth differences 2) previously 

described key areas of use by Lake Whitefish and 3) distinct areas of use determined by 

initial data inspection (Figure 3). Multiple node configurations were tested to ensure that 

all receivers within each node were represented as accurately as possible. Several 

receivers (22) were removed to create more defined nodes after confirming this caused no 

loss of information in the networks. Node size was manipulated to represent the average 

proportion of detections at receivers within the node. This was calculated by summing the 

number of detections at each node for each individual and dividing by the number of 

receivers in the node and the number of days that the individual was included in the study 

period. Averages were taken across years when applicable. These individual proportions 

of detections at each node were then averaged. This accounted for differences in the 

number of receivers across nodes and within nodes between years when applicable. This 

also accounted for differences in sampling period duration across individuals. The 

number of unique individuals detected at a node was also summarized.  Edges were 

weighted to represent the number of edges (movements) between each node pair relative 

to the total edges within the network. 

 A number of network metrics were determined in order to compare different 

aspects of the networks. Node degree is a measure of the incoming and outgoing edges of 

a node and indicates how central that node is in the network. Average node degree was 
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calculated for each network to describe how connected the network was. Spearman’s 

rank-order correlation was performed using the mean proportion of detections across 

nodes to determine the correlation of seasonal node use between spawning groups. Edge 

density was also calculated for each seasonal network, measured as the proportion of 

observed edges out of all possible edges in the network. A high edge density indicates a 

large proportion of network pathways are being utilized. 
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Figure 1. Map of the study area and tagging locations. 
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Table 1. Summary of tagging events and biological information (M=male, F=female, U=unknown). 
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Figure 2. Receiver array deployed in the Bay of Quinte and the eastern basin of Lake Ontario showing receivers with data available 

between October 2018 and June 2020. Receivers that did (red) and did not (black) detect tagged Lake Whitefish are indicated. The 

receivers that did not detect Lake Whitefish also did not detect any Lake Whitefish prior to October 2018. 
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Figure 3. Map showing groupings of receivers into nodes for network analysis.  

 

 



30 

 

 
Figure 4. Map showing 18 nodes and corresponding abbreviations for network analysis. 
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Chapter 3 

Results 

Of the 57 Lake Whitefish tagged between 2016 and 2018, 58 percent provided 

reliable detection data and 44 percent provided more than a year of reliable data (Table 

2). The higher apparent tag expulsion or mortality in the Bay group is likely due to the 

experimental nature of tagging in initial years before best practices were determined. 

Additionally, four individuals from the Bay group were harvested by the commercial 

fishery (Appendix A). No fish were detected at the alternative group’s spawning grounds 

during the spawning season. However, of the 23 fish with two years of data during the 

spawning season, four did not occupy any identified spawning grounds for at least one 

year.  

Within the defined period for comparing the spawning groups of fall 2018 to 

spring 2020, a total of 8 Bay fish and 14 Lake fish had reliable detection data. (Table 2). 

One Lake fish spent the majority of the study period outside the eastern basin at the 

mouth of the Niagara River in western Lake Ontario. Compared to movements of other 

individuals this fish was considered an outlier and therefore was removed (Appendix B).  

Spatial Overlap and Mixing  

The spawning groups displayed differences in receiver detections indicated by the 

NMDS ordination plot (Figure 5). Individuals from the Bay group were associated with 

negative x-axis values whereas individuals from the Lake group were associated with 

positive x-axis values. Receivers with negative x-axis values were mostly located in the 

Bay of Quinte, city of Kingston area and the northwestern area of the eastern basin, 
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whereas, receivers with positive x-axis values were located along the central and eastern 

Duck Gallo ridge, Point Petre, and the St. Lawrence Channel (Appendix C). The 

spawning group ellipses overlapped around zero on the x-axis, which corresponded with 

ordination scores of receivers located in some areas of the northwestern portion of the 

eastern basin, including the western Duck Galloo ridge. The PERMAONVA test 

indicated 23.8 percent of differences in ordination distances between individuals were 

explained by spawning group (R2=0.238, p=0.001). 

Some mixing of the spawning groups was observed. Mixing was detected at nine 

different receivers (Figure 4). The most mixing occurred at receiver EAB-004 for a total 

of 38 days of overlap and the least occurred at receiver NSO-003 with a total of two days 

of overlap. Mixing occurred predominantly in August and September at six receivers 

followed by April and May at four receivers (Table 3). No mixing of the groups was 

observed in June, November or December and mixing was minimal in January, February, 

March, July, and October. Three different Lake fish (21% of the Lake group) and six 

different Bay fish (75% of the Bay group) were detected mixing with the other spawning 

group. Mixing between October and July occurred between six Bay fish and only one 

Lake fish. This increased to three Lake fish in August and September.  

Seasonal Spatial Distribution and Movement Patterns 

Seasonal spatial distribution and movement patterns differed within and between 

spawning groups based on network analysis. The Bay group networks were made up of a 

total of 12 different nodes with the least nodes used in winter (8) and the most in spring 

(10) (Figure 8, Table 4). The highest mean proportion of detections occurred at the LB 

node in winter and summer, at the UB node in the fall, and at the MB node in the spring 
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indicating these areas were frequently occupied in the respective seasons. The highest 

number of unique individuals were detected at the LB node in spring and winter, at the 

UB node in fall, and at the KBC node in summer. The highest node degree across all 

seasons occurred at the KBC node meaning it was central in all the networks. Average 

node degree was highest in the fall indicating the network was highly connected. Edge 

density was highest in the spring and lowest in the summer suggesting that the number of 

edges used throughout the network increased and decreased respectively (Table 6).  

The Lake group networks contained the most nodes in the winter (11), the least in 

the spring (9), and in total were made up of 13 different nodes (Figure 7, Table 5). The 

highest proportion of detections occurred at the DGR-E node across all seasons and this 

node was used by the most individuals in most seasons. During the fall, however, the 

greatest number of unique individuals was detected at the DGR-W node. Average node 

degree and edge density were highest in the fall suggesting areas with the network were 

highly connected and there were many edges used. The opposite was observed in the 

spring network which had the lowest edge density and average node degree (Table 6). 

Relative edge weight varied across edges within and between seasons for both spawning 

groups indicating differences in the use of edges (movement corridors) within and 

between seasons. 

There were also differences in nodes and edges between spawning group seasonal 

networks. The Lake group networks did not include five nodes (AIS, KNG, LB, MB, 

UB) that were present in the Bay group networks, whereas the Bay group networks did 

not include seven nodes (BRC, DGR-E, LGI, PP, SPPG, STLC, STLC-E) that were 

present in the Lake group networks. Six nodes were common to both spawning group 
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summer networks, four to both spring networks, and three to both winter and fall 

networks. A Spearman’s rank correlation test indicated that the mean proportion of 

detections across nodes was negatively correlated between the spawning groups in the 

fall (rho = -0.55, p=0.02).  There was no significant correlation in node use between the 

spawning groups in winter (rho= -0.37, p=0.13), spring (rho= -0.23, p= 0.37), or summer 

(rho=0.15, p= 0.55). Across all seasons, except summer, the Bay group had a higher 

average node degree suggesting areas within the Bay group networks were more 

connected. The number of edges present in both group’s networks was highest in the 

summer (7) followed by fall (4), spring (4), and winter (2). Edge density was the same in 

fall and winter for both groups but higher for the Bay group in the spring and for the Lake 

group in summer. 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

Table 2. Summary of the number of tagged Lake Whitefish that provided reliable 

detection data. Detections were considered unreliable if there was evidence of fish 

mortality or tag expulsion (i.e., constant detections at one receiver over long periods). 

 

 Tagged Reliable detections Detections unreliable 

or < 1 month 

 
 

> 12 months 1-12 months  

Bay fish 40 14 5 21 

Lake fish 17 11 3 3 

Total 57 25 

(44%) 

8 

(14%) 

24 

(42%) 
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Table 3. Summary of tagged Lake Whitefish included in the spawning group comparison 

analysis. The Bay spawning group is highlighted in grey. 

 

Fish ID Tag Date End Date Days in study period 

LW15 2017-04-12 2020-06-09 589 

LW30 2018-10-30 2020-06-09 589 

LW31 2018-10-30 2020-06-09 589 

LW32 2018-10-30 2019-10-29 365 

LW35 2018-10-30 2020-06-09 589 

LW36 2018-10-30 2020-06-09 589 

LW39 2018-10-30 2020-06-09 589 

LW40 2018-10-30 2019-06-17 232 

LW41 2018-11-18 2020-06-09 570 

LW43 2018-11-22 2019-07-14 235 

LW45 2018-11-22 2020-06-09 566 

LW46 2018-11-22 2020-06-09 566 

LW48 2018-11-22 2019-10-08 321 

LW49 2018-11-22 2020-06-09 566 

LW50 2018-11-22 2019-02-28 98 

LW51 2018-11-22 2019-01-16 56 

LW52 2018-11-22 2020-06-09 566 

LW53 2018-11-22 2020-06-09 566 

LW54 2018-11-22 2020-06-09 566 

LW55 2018-11-22 2020-06-09 566 

LW57 2018-11-22 2020-06-09 566 
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Figure 5.  Non-metric multidimensional scaling ordination showing differences in 

receiver detections between tagged Lake Whitefish. Spawning groups are indicated by 

shape and 95% ellipses are shown.  
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Figure 6. Receivers that detected mixing of the spawning groups. The colour gradient 

represents the number of days of mixing of the spawning groups. This ranged from 2-38 

days with an increased number of days indicated by darker shading. 
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Table 4. Average days of mixing of the spawning groups summarized monthly. The 

number of Bay fish and Lake fish detected mixing during each month is indicated. 

 

 
 

 

 

 

 

 

Month 

Days of 

Overlap 

(mean) 

Receivers Bay Fish Lake Fish 

January 2.5 GRI, LPT 1 1 

February 1.5 LPT 1 1 

March 0.5 LPT 1 1 

April 10.5 GRI, LPT, EAB-001 3 1 

May 15 GRI, LPT, FDI 3 1 

June 0 - 0 0 

July 2 EAB-001 1 1 

August 43 EAB-001, EAB-003, 

EAB-004, EAB-005, 

NSO-003 

3 3 

September 29 EAB-003, EAB-004, 

NSO-001 

3 2 

October 3 EAB-003, EAB-004  1 1 

November 0 - 0 0 

December 0 - 0 0 

Total - 9 6 3 
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Figure 7. Seasonal networks for the Lake spawning group. Node size represents mean 

proportion of detections and edge weight represents the number of movements as a 

proportion of total movements in the network.  
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Figure 8. Seasonal networks for the Bay spawning group. Node size represents mean 

proportion of detections and edge weight represents the number of movements as a 

proportion of total movements in the network. 
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Table 5. Node metrics for the Lake spawning group seasonal networks. 

 
 

Fall Winter Spring Summer 

Nodes 
Mean 

detections 

Unique 

fish 

Node 

degree 

Mean 

detections 

Unique 

fish 

Node 

degree 

Mean 

detections 

Unique 

fish 

Node 

degree 

Mean 

detections 

Unique 

fish 

Node 

degree 

BRC 0.002 1 2 0.07 3 3 0.30 7 2 0.004 1 2 

DGR-C 0.53 10 8 0.08 5 4 0.08 4 6 0.10 7 5 

DGR-E 8.85 9 5 6.22 7 4 11.92 8 4 12.93 10 5 

DGR-W 3.72 13 7 0.03 2 2 0.01 2 3 0.11 2 2 

KBC 0.24 5 7 2.03 2 7 0.33 1 3 0.58 3 7 

KBC-NE 0 0 0 0.32 1 2 0 0 0 0.03 1 2 

LGI 0 0 0 0.04 1 2 0 0 0 0 0 0 

PEB 0.11 2 2 1.12 1 2 0.61 1 2 0.74 1 2 

PP 0.76 7 4 0.08 1 1 0.02 1 2 0.12 1 1 

SPPG 0 0 0 0.64 1 3 0 0 0 0 0 0 

STLC 0.32 6 9 0 0 0 0.06 2 3 0.02 3 3 

STLC-E 0.01 1 2 0 0 0 0.03 1 1 0 0 0 

STLC-W 0.07 2 4 0.76 1 4 0 0 0 0.1 3 3 

Mean - - 5 - - 3.1 - - 2.89 - - 3.2 
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Table 6. Node metrics for the Bay spawning group seasonal networks. 

 Fall Winter Spring Summer 

Nodes 
Mean 

detections 

Unique 

fish 

Node 

degree 

Mean 

detections 

Unique 

fish 

Node 

degree 

Mean 

detections 

Unique 

fish 

Node 

degree 

Mean 

detections 

Unique 

fish 

Node 

degree 

AIS 1.74 2 6 0.77 2 6 5.3 3 8 0.13 1 1 

DGR-C 0 0 0 0 0 0 0.0001 1 4 0.01 1 2 

DGR-W 0 0 0 0 0 0 0.39 2 4 0.002 1 1 

KBC 0.45 4 10 0.11 2 7 1.87 5 11 1.21 4 10 

KBC-NE 0.07 1 8 0.07 2 3 0.03 2 4 0.07 2 2 

KNG 0.01 2 4 0.33 4 5 0.54 3 7 0 0 0 

LB 4.17 7 9 4.75 5 6 2.31 6 9 1.78 3 2 

MB 3.05 7 4 1.57 2 3 9.15 3 4 0.05 1 1 

PEB 0.59 3 3 0.46 2 2 0.7 3 0 0.04 1 2 

STLC-W 0.004 2 4 0 0 0 0 0 0 0.2 3 3 

UB 7.76 8 2 3.05 3 2 0.28 2 2 0 0 0 

Mean - - 5.56 -  4.25 - - 5.3 - - 2.67 
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Table 7. Edge metrics for the Bay and Lake spawning group seasonal networks.  

 

 

 

 Fall Winter Spring Summer 
 

Bay Lake Bay Lake Bay Lake Bay Lake 

Edge density 0.3 0.23 0.20 0.20 0.33 0.16 0.14 0.19 

Highest 

relative edge 

weight 

UB – MB  DGR-W – 

DGR-C  

AIS – 

KNG  

PEB – KBC 

KBC – PEB  

KBC – 

AIS  

DGC-C – 

DGR- E 

KBC – 

STLC-W  

PEB – KBC 

KBC – PEB  
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Chapter 4 

Discussion 

Spatial Distribution 

The two major Lake Whitefish spawning groups in the Canadian waters of Lake 

Ontario exhibited clear differences in spatial distribution. Although there was some 

overlap in space use in the eastern basin, it was mostly asynchronous, suggesting mixing 

was limited for most of the year. Seasonal differences in spatial distribution and 

movement patterns were also observed within both spawning groups.  

The Bay group was distributed throughout the Bay of Quinte and the northwestern 

area of the eastern basin, never entering New York waters to the southeast. This aligns 

with historical hypotheses that the Bay group was more common in the Kingston basin 

than the Lake group (Christie 1973). The Bay group was not detected at the Point Petre 

receiver line or any other areas outside the eastern basin during the study. This is 

consistent with previous mark-recapture studies that found that use of the southern shore 

of Prince Edward County by the Bay group was rare (Christie 1967). The Bay group was 

also not detected in Presqu’ile Bay indicating that fish were not exiting the Bay of Quinte 

through the Murray canal as had been previously hypothesized, however, it may occur 

(Ihssen et al. 1985).  

The Lake group was distributed mainly in the southeastern area of the eastern 

basin. Their frequent distribution in this area aligns with historical mark-recapture studies 

that found that the Lake group was more abundant than the Bay group in New York 

waters near Henderson (Christie 1967). Temporal gaps in detections by receivers at the 
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southeastern end of the Duck Galloo Ridge suggest that this group may have moved 

further south outside the range of the receiver array. Individuals from the Lake group also 

utilized the area around Point Petre, but temporal gaps in detections at these receivers 

suggest that they may have moved further north along the western shore of Prince 

Edward County. This is consistent with historical studies that reported a large proportion 

of Lake group fish in the Brighton area (Ihssen et al. 1985, Casselman et al. 1996). A few 

individuals from this group used the northwestern area of the eastern basin but remained 

further offshore compared to the Bay group which was also observed in historical studies 

(Ihssen et al. 1985). The Lake group was not detected within the Bay of Quinte or the 

area around the city of Kingston in this study. 

Neither spawning group was detected in the St. Lawrence River, Presqu’ile Bay, 

Chaumont Bay, the area directly south of Wolfe Island, or the offshore area of Point Petre 

(Figure 2). These areas were shallow and outside the preferred depth range of Lake 

Whitefish, however, areas with similar depths were utilized in this study so other factors 

likely influenced the lack of use of these areas. 

Comparing Spatial Range 

The results from this study indicate that the Lake group may have a larger spatial 

range compared to the Bay group. Individuals from the Bay group were only distributed 

within the eastern basin, with two out of eight individuals remaining resident to the Bay 

of Quinte for the duration of the study period. The range of depths and habitats in the Bay 

of Quinte may allow individuals to maintain a limited spatial range close to their 

spawning grounds (Gorsky et al. 2012, Li et al. 2017).  In comparison, individuals from 

the Lake group occupied areas outside the eastern basin including Point Petre. Findings 
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from this study also suggested that the Lake group may have used additional areas 

outside the eastern basin including the western shore of Prince Edward County and areas 

south of the eastern Duck Galloo ridge.  

The apparent difference in spatial range between the groups was also supported 

by the migration of a fish from the Lake group to the mouth of the Niagara River in 

western Lake Ontario between April and August (Appendix B). In comparison, the 

furthest migration by an individual in the Bay group occurred in an earlier tagging group 

that was not included in the spawning group comparison in this study. This individual 

migrated from the upper Bay of Quinte after the spawning period to the southeastern end 

of the Duck Galloo ridge (Appendix B). This was the only individual from the Bay group 

to move southeast past the St. Lawrence Channel and the migration distance was about 

half the distance of the furthest Lake group migration.  

The results from this study are consistent with previous morphological and mark-

recapture tagging evidence that indicated the Lake group was more likely to move to 

western Lake Ontario (Christie 1967, Casselman et al. 1996). These results also provide 

some evidence to support the recent hypothesis that Lake Whitefish observed spawning 

along the south shore of Lake Ontario may have dispersed from the Lake group rather 

than from remnant spawning groups in western Lake Ontario (Brown et al. 2021).  

The factors driving large migrations in some individuals from the Lake group are 

unknown. Migration of Lake Whitefish has been correlated with size in previous 

research, with larger fish travelling further distances (Li et al. 2017). On a group scale, 

spatial range has been linked to the proximity of preferred prey to spawning grounds in 

other Lake Whitefish populations (Li et al. 2017, Rennie et al. 2012). These studies found 
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that spawning groups were more likely to move to other areas when Diporeia densities 

near their spawning grounds were low. Differences in migration distance and foraging 

activity have been linked to variability in growth rate between Lake Whitefish spawning 

groups in other Great Lakes, and this may be an important area of research for Lake 

Ontario spawning groups in the future (Rennie et al. 2011, Rennie et al. 2012) 

Spatial Overlap and Mixing  

Both spawning groups utilized areas in the northwestern portion of the eastern 

basin. However, mixing was limited to certain times of the year, mainly in August and 

September (Table 3). Increased mixing during the late summer appeared to be driven by 

Lake group fish moving from the southeastern Duck Galloo ridge back towards their 

spawning grounds where Bay fish were also distributed. This evidence of staging 

behaviour prior to the spawning season has also been observed in Lake Michigan and 

Lake Huron (Li et al. 2017, Andvik et al. 2016).  

Minimal mixing between the groups occurred between October and July and 

involved only a single Lake group fish. No mixing was observed during the spawning 

period. This segregation during spawning would suggest that there is a lack of gene flow 

between the spawning groups, however, the sample size of this study limits the ability to 

make conclusions about straying behaviours. In the winter, mixing occurred within 

Prince Edward Bay and increased slightly in the spring, occurring in both Prince Edward 

Bay and areas to the east (Figure 6, Table 3). The limited mixing observed in winter and 

spring can be attributed to the dispersal of most Lake group fish towards the southeastern 

area of eastern basin where the Bay group was not distributed. In the summer, mixing did 

not occur in Prince Edward Bay but instead occurred further offshore in deeper areas to 
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the east. This was likely driven by thermal stratification in summer months limiting the 

use of shallow areas in Prince Edward Bay.  

Another potential area of mixing may include the southeastern area of the eastern 

basin. This is supported by the distribution of a single Bay group fish in this area during 

the winter and spring (Appendix B). This fish was part of an earlier tagging event that 

was not included in the spawning group comparison in this study. No other fish were 

detected moving east through the St. Lawrence channel, which had consistent receiver 

coverage since 2015. It is therefore unlikely that any fish would have travelled through 

this area without detection. Due to the limited sample size in this study, the tendency of 

the Bay group to use the southeastern are of the eastern basin cannot be clearly 

determined at this point, but the available data suggest that it is uncommon. This may be 

an important area for future research that could be clarified by tagging more individuals.  

The limited mixing and clear differences in space use by the two spawning groups 

could be explained by several factors. Lake Whitefish likely select habitats based on a 

combination of food availability and thermal conditions to optimize metabolic processes, 

while also avoiding competition for resources (Gorsky et al. 2012). There is evidence that 

minimal competition between the spawning groups occurred, but the limited size of the 

Lake Whitefish population at this time would suggest that avoidance of competition is 

currently not a major factor (Andvik et al. 2016). One factor may be the proximity of 

suitable habitat to each group’s spawning grounds. Individuals should select the closest 

suitable habitat to their spawning grounds unless the benefits from resources in another 

area are high enough to offset the energetic cost. Studies from other Great Lakes found 

Lake Whitefish spawning groups were more likely to remain near their spawning grounds 



50 

 

when Diporeia density was high, indicating food availability was a driver of movement 

patterns (Li et al. 2017, Rennie et al. 2012). Groups that migrated far from spawning 

grounds appeared to benefit from this behaviour, displaying higher growth rates, 

however, other studies have found that increased foraging activity decreased growth rates 

(Rennie et al. 2012, Rennie et al. 2011). It is likely that the tradeoffs between prey 

availability, prey quality, and energy expenditure during foraging are complex and vary 

as ecological changes occur. 

The Bay group remained relatively close to spawning grounds in this study, 

utilizing the Bay of Quinte and the northwestern area of the eastern basin. This suggests 

adequate prey and thermal conditions were available in these areas. The Lake group 

spawning grounds were also near the northwestern area of the eastern basin, but the 

group rarely used this area and instead occupied the southeastern area. The clear 

preference by the Lake group for this area over the nearer northwestern area of the 

eastern basin is interesting. Previous research found a higher abundance of Lake group 

individuals in this area historically (Christie 1967). This may have been driven by 

avoidance of competition with the Bay group when both groups were abundant resulting 

in increased competition for resources (Andvik et al. 2016). This preference could have 

persisted as population size decreased if socially learned behaviour occurs, where 

younger individuals follow the movements of adults in the group (MacCall et al. 2018). 

Alternatively, the preference by the Lake group for the southeastern area of the eastern 

basin may have developed for a second time more recently. When resources became 

scarce after the loss of Diporeia in Lake Ontario in the 1990’s, Lake Whitefish were 

observed in this area, presumably in search of food. The Lake group may have found 
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alternative prey in this area that offset the energetic cost of the increased migration 

distance. The factors driving differences in spatial distribution between the spawning 

groups will be important to understand in future research.  

Seasonal Spatial Distribution and Movement Patterns  

Seasonal differences in movements and spatial distribution were observed within, 

and between, the two spawning groups. The factors that determine habitat selection, 

including thermal conditions, food availability, competition, and predation, change 

seasonally and therefore likely affect seasonal distribution.  

Fall 

In the fall, significantly different node use occurred between the groups, but space 

use and network connectivity were very high for both groups. Neither group was 

observed at the alternative group’s spawning area during the spawning period. 

Historically, straying of individuals to the alternate group’s spawning area was rare but 

did occur and further research with larger sample sizes would help clarify whether gene 

flow is occurring (Christie 1967, Casselman et al. 1996). A lack of gene flow between the 

spawning groups may exist based on the findings in this study, and if so, could have 

important implications for future genetic discreetness. 

The Bay group displayed prominent use of the upper Bay where spawning sites 

are located (Table 6, Figure 8). All individuals moved at least as far as Deseronto while 

some fish moved further into the upper Bay, as far as the Trent River, indicating several 

sites in the upper Bay may have been utilized for spawning. No fish were detected 

entering the Moira or Napanee River in the upper Bay at any time during the study, 

however, there was evidence that one individual may have spawned in the Trent River. 
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There was no evidence from this study that spawning sites in the middle Bay were 

utilized. However, all the tagged fish were captured in the upper Bay during spawning 

and if spawning site fidelity occurs in the Bay group, spawning in the middle Bay may 

not be represented by individuals in this study. Distribution outside the Bay of Quinte 

was also observed in the fall suggesting pre-spawning and post-spawning movements 

occurred, at least for some individuals. Pre-spawning activity varied, with many 

individuals not moving into the Bay until later in the fall indicating limited staging time. 

This may be influenced by the lack of suitable thermal habitat near spawning grounds in 

the shallow and confined areas of the upper and middle Bay of Quinte in the late summer 

and early fall. After spawning, many individuals moved out of the upper Bay, however, 

others remained near spawning grounds for long periods. Previous research suggested 

that males are more likely to remain at the spawning grounds for longer periods 

compared to females (Christie 1967, Hart 1930). Sex was not determined for all fish in 

this study, so differences in male and female distribution was not addressed at this time.  

The Lake group displayed the most extensive space use in the fall and provided 

evidence of staging and post spawning migration, using the Duck Galloo ridge and St. 

Lawrence Chanel as main movement corridors (Table 6, Table 7). Staging behaviour was 

evident based on many individuals occupying areas near spawning grounds in the late 

summer and early fall before the spawning period. This included increased use of the 

Kingston basin, Point Petre, and the western Duck Galloo ridge. Use of these areas was 

highest in the fall compared to other seasons (Table 6). Many individuals displayed 

abrupt post spawning movements towards the southeastern Duck Galloo ridge and some 

dispersed to Point Petre. The large migrations made by several individuals from both 
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groups directly after the spawning season is consistent with other studies that documented 

Lake Whitefish far from spawning grounds shortly after spawning (Li et al. 2017).  

Winter 

Space use decreased in winter for both groups based on decreased edge density 

and fewer nodes occupied. Winter distribution varied between individuals in the Bay 

group. Two fish remained in the upper and middle Bay all winter, however, the highest 

proportion of detections and the most unique individuals used the lower Bay (Table 4). 

Three individuals moved into the eastern basin, occupying the Kingston basin and the 

area south of Amherst Island. Half of the group used the area around the city of Kingston, 

which has not been previously documented as an important area of use, but it appears to 

be commonly occupied by the Bay group. Despite this area being very close to the St. 

Lawrence River, the Bay group was never detected there.  

Overwinter distribution for the Lake group mainly occurred at the eastern Duck 

Galloo ridge. The nearby Stoney and Galloo islands were also utilized, which was unique 

to the winter season. The northeastern area of the eastern basin was occupied by two 

individuals, with one individual remaining there for the entire winter (Table 7). Another 

individual was detected at Point Petre in the winter but had a gap in detections of four 

months between December and April in both years, suggesting suitable habitat was 

available along the western shore of Prince Edward County or elsewhere. The winter was 

the only season when the St. Lawrence Channel was not occupied. 

This study provided new insights about winter distribution which is an important 

gap in our understanding of the behaviour of this species, and Great Lakes fish species in 

general, due to limitations of traditional fish sampling gears (Marsden et al. 2021). To my 
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knowledge, this study is the first to document winter space use and movements of Lake 

Whitefish in Lake Ontario. Winter behaviour in Lake Whitefish in other lakes has been 

characterized by reduced activity and increased depths where water temperatures are 

warmer (Gorsky et al. 2012, Bergsted et al. 2016). However, other studies found depth 

decreased in the winter and therefore, winter depth distribution may be variable across 

lakes and individuals (Lehrer-Brey and Kornis 2014). Various areas were used in the 

winter by Lake Whitefish in this study, including many shallow areas, however, it is 

important to note that vertical space use and activity rates could not be determined in this 

study and will require further research to provide a more complete understanding of 

winter habitat selection in this species. 

Spring and Summer  

 Feeding is highest for Lake Whitefish in spring and summer and provides 

important energy for growth and reproduction (Mookerji et al. 1998, Gorsky et al. 2012). 

It has been documented that diet varies seasonally based on prey availability and 

therefore, seasonal changes in prey distribution likely influence the seasonal spatial 

distribution of Lake Whitefish (Mookerji et al. 1998, Li et al. 2017, Rennie et al. 2012).  

The Lake group’s spatial distribution was the most limited in spring and summer. 

Spring and summer networks were similar, with prominent use of the eastern Duck 

Galloo ridge, however, distribution expanded slightly in the summer shown by increased 

edge density. The Bay group’s distribution in the eastern basin expanded in the spring 

and summer to include the western and central Duck Galloo ridge and use of the upper 

Bay declined (Table 4, Table 6). The most extensive space use occurred in the spring, 

indicated by the highest edge density and most nodes used. The smallest proportion of the 
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study area was used in the summer and space use during this season was mostly limited 

to the lower Bay and Kingston basin nodes. Summer was also the only season in which 

the area around the city of Kingston and the upper Bay was not occupied.  

Availability of optimal thermal conditions during thermal stratification in the 

summer is likely a large driver of space use. Previous research found that Lake Whitefish 

occupied areas just below the thermocline, likely attempting to balance optimal thermal 

and oxygen conditions with prey availability (Gorsky et al. 2012). The limited 

distribution of both groups in this study during the summer is likely related to thermal 

stratification, which may confine Lake Whitefish to suitable depths. In comparison, 

spring distribution is likely to be more influenced by food availability when thermal 

conditions aren’t as restrictive (Gorsky et al. 2012). Lake Whitefish rely heavily on 

dreissenids and may also now be incorporating Round Goby in their diets, and probably 

occupy areas where these food sources are at high densities (Pothoven and Madenjian 

2013, Lehrer-Brey and Kornis 2014, Bergstedt et al. 2016).  

 Prey availability may differ in the areas occupied by each group, and this could 

explain why the Bay group displayed the most extensive network use in spring while the 

Lake group displayed the least network use relative to other seasons. Alternatively, if the 

Lake group was using areas south of the eastern Duck Galloo Ridge, this would not have 

been captured by the receiver array and could also explain the apparent decrease in space 

use observed in spring for this group.  

In summary, several factors may have influenced seasonal differences in space 

use and movement patterns. Changes in both thermal conditions and food availability 
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across seasons likely have the greatest influence on spatial distribution in this species, but 

further research on the relative importance of these factors is required.  

Implications for the Commercial Fishery 

The findings of this study are applicable to the management of this commercially 

important species in Lake Ontario. The two spawning groups in Canadian waters are 

currently managed as a single population. The relative harvest of each group is easily 

determined in the fall due to clear spatial separation of the spawning grounds. At other 

times of the year, the relative exploitation of each group has been estimated historically 

using mark-recapture tagging and morphological examination. However, since these 

studies occurred, the population has experienced major ecological changes and new, 

more reliable techniques have become available. Telemetry provides a powerful approach 

to assess times and locations of mixing which can be used to infer the proportion of the 

two spawning groups in the commercial harvest. This study suggests that spring and 

summer exploitation in Canadian waters is predominantly targeting the Bay spawning 

group, whereas the August and September harvest may include both spawning groups.  

When managing Lake Whitefish fisheries that have experienced extreme 

ecological changes, researchers from other Great Lakes have suggested incorporating 

approaches that can detect ecological differences within populations, as genetic markers 

may not accurately distinguish short-term population structure (Eberts et al. 2017, Ebener 

et al. 2010). This multi-disciplinary approach could allow for separate management of 

ecologically distinct groups that may differ in important parameters that affect 

sustainable harvest amounts such as growth and recruitment (Gobin et al. 2016). Through 

time, the two spawning groups in this study have displayed clear differences in a number 
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of biological parameters including abundance, body condition, and recruitment during 

population declines (Hoyle 2005, Ontario Ministry of Natural Resources 2009). The 

variability in the spawning groups responses to ecological changes and stressors suggests 

that their productivity, and therefore their resilience to harvest pressure, may not always 

be in synchrony.  

Current differences in vulnerability to commercial exploitation between the 

groups may exist due to a number of factors. Differences in spawning locations between 

the groups may contribute to variation in recruitment. For example, increased ice cover 

duration has been found to positively impact Lake Whitefish recruitment and is likely 

higher for the Bay group that has more protected spawning grounds (Brown et al. 2021, 

Christie 1973). This study showed that the spawning groups also display very different 

spatial distribution during other periods. These differences in habitat may contribute to 

variability in other important factors such as prey quality, foraging activity, and thermal 

conditions. Variation in these factors between the two groups could, in turn, result in 

differences in body condition, growth, recruitment, and overall health. If differences in 

key attributes persist between the spawning groups, managing them separately may be 

important for conservation purposes. 
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Chapter 5  

Conclusion 

This study revealed clear differences in spatial distribution between the 

predominant spawning groups in the Canadian waters of Lake Ontario. The Bay group 

was distributed within the Bay of Quinte and northwestern portion of the eastern basin 

with no evidence of moving to other areas of the Lake. The Lake group primarily 

occupied the area around the southeastern Duck Galloo ridge, but also used other areas in 

the eastern basin and outside the eastern basin near Point Petre. The Lake group may 

have a larger spatial range extending outside the eastern basin and may be more likely to 

move to western Lake Ontario. Areas of spatial overlap were limited to the northwestern 

area of the eastern basin with mixing occurring mostly in August and September. 

However, potential mixing in the southeastern area of the eastern basin requires further 

research. The findings of this study suggest that the spring and summer commercial 

fishery exploit relatively more Bay group fish. This information may be useful for future 

management of the commercial fishery. 

An important limitation of this study is the small sample size. In the early stages 

of this project, information about tagging success of Lake Whitefish was limited and 

several individuals displayed evidence of tag expulsion or mortality. Ultimately, 

however, many individuals provided reliable detection data and showed that Lake 

Whitefish could handle the surgical procedure and retain acoustic tags. Since there is a 

commercial fishery for this species, some tagged individuals were also harvested during 

the course of this study. Despite the limited number of fish in the study, the discrete 
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differences in space use by the spawning groups suggest that their observed distributions 

are not likely a result of chance or rare behaviours. The typical distribution of each group 

appears to be well represented, but further study with more individuals would be useful to 

determine the frequencies of outlier behaviours and individual variation. Tagging more 

individuals would also provide more confidence in the spatial extent and distribution of 

each spawning group, including the occurrence of large migration events and the amount 

of mixing that occurs. It would also be beneficial to tag individuals from the Chaumont 

Bay spawning group to determine the spatial distribution of this group and whether they 

contribute to the Canadian commercial fishery.  

The receiver array was also limited in this study due to lack of coverage in areas 

outside the eastern basin. Because these areas were speculated to be used by the Lake 

group, there is more uncertainty about the extent of space use and seasonal variation 

outside the eastern basin by this group. Since this study, the receiver array has expanded 

and will provide better coverage to help clarify the spatial extent and distribution of the 

Lake group outside the eastern basin.  

As more data is collected from the currently tagged Lake Whitefish, it will be 

possible to analyze individual repeatability in movements and space use trends and how 

variable individual behaviours are within spawning groups. This includes factors such a 

residency within the Bay of Quinte for the Bay group. Additional data will also help 

evaluate straying behaviours, which could lead to a better understanding of the extent, or 

lack of, gene flow occurring between spawning groups.  

Lastly, the conservation of this population will require a better understanding of 

the reasons for poor recruitment in recent years. Across the Great Lakes, the factors 
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causing poor recruitment have not been identified and it is not clear whether these factors 

are related to the condition and/or behaviour of spawning adults, or other issues affecting 

early life stages (Hoyle 2005). Acoustic telemetry can be used to better understand 

spawning behaviours such as skipping tendency, spawning habitat selection, specific 

spawning times, and site fidelity. This will help determine whether the behaviour of 

spawning adults and factors during spawning may be contributing to poor recruitment.  

In conclusion, this study has increased our understanding of the biology of two 

important spawning groups of Lake Whitefish in Lake Ontario. This scientific 

information will be useful to effectively manage the Lake Ontario commercial fishery for 

this species. Due to recent divergence caused by severe population instability in Lake 

Ontario Lake Whitefish, past genetic variation may have been compromised and may or 

may not return (Bernard et al. 2009, Ebener et al. 2010). However, multiple studies from 

other Great Lakes highlight that Lake Whitefish spawning groups may be ecologically 

distinct and recommend using multiple techniques, including assessing spatial 

distribution and mixing, to improve delineation of appropriate management units (Ebener 

et al. 2010, Andvik et al. 2016, Eberts et al. 2017). The information on Lake Whitefish 

spatial ecology from this study will be useful for conservation and management, and 

ultimately, should help to achieve the fish community management objective to increase 

the spawning population in the eastern basin of Lake Ontario and re-establish spawning 

groups in the western basin (Stewart et al. 2017). 
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Appendix A: Detailed tagging and harvest information 

Appendix Table 1. Bay group. 

ID Transmitter 

type 

Tagging 

Date 

Total Length 

(mm) 

Weight (kg) Sex Harvested 

LW1 V13-1H 2016-04-07 461 - U - 
LW2 V13-1H 2016-04-08 609 - U 2016-10-29 

LW3 V13-1H 2016-04-13 612 - U - 

LW4 V13-1H 2016-04-13 601 - U - 

LW5 V13-1H 2016-04-13 490 - U - 

LW6 V13-1H 2016-04-15 529 - U After expiry 

LW7 V13-1H 2016-11-02 510 - M - 

LW8 V13-1H 2016-11-02 551 - F - 

LW9 V13-1H 2016-11-02 542 - M - 

LW10 V13-1H 2016-11-02 575 - F - 

LW11 V13-1H 2017-04-07 510 1.200 U - 

LW12 V16-4H 2017-04-07 554 1.390 U - 

LW13 V13-1H 2017-04-12 483 0.930 U - 

LW14 V13-1H 2017-04-12 433 0.750 U - 

LW15 V16-4H 2017-04-12 596 1.730 U - 

LW16 V16-4H 2017-04-13 676 2.730 U - 

LW17 V16-4H 2017-11-09 495 0.99 U - 

LW18 V16-4H 2017-11-09 491 0.92 U - 

LW19 V16-4H 2017-11-09 459 0.81 U - 

LW20 V16-4H 2017-11-09 620 2.03 U - 

LW21 V16-4H 2017-11-09 500 1.03 U - 

LW22 V16-4H 2017-11-09 560 1.52 U - 

LW23 V16-4H 2017-11-09 572 1.15 U - 

LW24 V16-4H 2017-11-09 505 1.09 U - 

LW25 V16-4H 2017-11-09 505 1.07 U - 

LW26 V16-4H 2017-11-09 460 0.8 U - 

LW27 V13-1H 2017-11-09 462 1.01 U - 

LW28 V13-1H 2017-11-09 497 1.14 U - 

LW29 V13-1H 2017-11-09 486 0.94 U - 

LW30 V16-4H 2018-10-30 525 - U - 

LW31 V16-4H 2018-10-30 550 - F 2020-09-17 

LW32 V16-4H 2018-10-30 580 - U - 

LW33 V16-4H 2018-10-30 561 - M - 

LW34 V16-4H 2018-10-30 535 - F - 

LW35 V16-4H 2018-10-30 566 - M - 

LW36 V16-4H 2018-10-30 565 - F - 

LW37 V16-4H 2018-10-30 560 - F - 

LW38 V16-4H 2018-10-30 572 - U - 

LW39 V16-4H 2018-10-30 533 - U - 

LW40 V16-4H 2018-10-30 508 - U 2019-06-17 
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Appendix Table 2. Lake group. 

ID Transmitter 

type 

Tagging 

Date 

Total Length 

(mm) 

Weight (kg) Sex Harvested 

LW41 V16-4H 2018-11-18 570 1.7 M - 
LW42 V16-4H 2018-11-22 528 1.42 F - 

LW43 V16-4H 2018-11-22 572 1.5 M - 

LW44 V16-4H 2018-11-22 514 1.26 F - 

LW45 V16-4H 2018-11-22 543 1.06 M - 

LW46 V16-4H 2018-11-22 544 1.48 M - 

LW47 V16-4H 2018-11-22 510 1.23 M - 

LW48 V16-4H 2018-11-22 516 1.2 F - 

LW49 V16-4H 2018-11-22 546 1.32 M - 

LW50 V16-4H 2018-11-22 532 1.14 M - 

LW51 V16-4H 2018-11-22 524 1.04 M - 

LW52 V16-4H 2018-11-22 526 1.18 M - 

LW53 V16-4H 2018-11-22 542 1.2 M - 

LW54 V16-4H 2018-11-22 474 0.9 M - 

LW55 V16-4H 2018-11-22 497 1.18 F - 

LW56 V16-4H 2018-11-22 494 1 M - 

LW57 V16-4H 2018-11-22 490 0.88 M - 
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Appendix B: Minimum Convex Polygons  

 

Appendix Figure 1. Largest dispersal made by an individual from the Bay group (red) 

and the Lake group (blue). 
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Appendix C: NMDS ordination receiver axis scores 

 

Appendix Table 3. NMDS1 scores ordered from negative to positive. 
 

Receiver NMDS1 NMDS2 Area 
HBY-001 -2.432 0.105 Bay 
HBY-002 -2.356 0.082 Bay 
TGN-001 -2.237 0.099 Bay 
DBG-001 -2.086 -0.002 Bay 
LRH-001 -2.011 -0.064 Bay 
CNW-003 -1.963 -0.249 Bay 
CNW-002 -1.956 -0.297 Bay 
GNR-002 -1.941 -0.143 Bay 
CNW-001 -1.874 -0.280 Bay 
GNR-001 -1.851 -0.135 Bay 
MPT-001 -1.838 -0.223 Bay 
CNW-004 -1.832 -0.242 Bay 
FPT-001 -1.698 -0.321 Kingston basin 
LIN-003 -1.519 -0.798 Kingston 
TNN-001 -1.519 -0.798 Bay 
TNN-002 -1.519 -0.798 Bay 
TNT-001 -1.519 -0.798 Bay 
TRR-001 -1.519 -0.798 Bay 
IAM-005 -1.432 -0.253 Bay 
IAM-002 -1.431 -0.186 Bay 
ASG-003 -1.414 -0.680 Kingston 
IAM-004 -1.389 -0.207 Bay 
LIN-002 -1.387 -0.646 Kingston 
IAM-003 -1.379 -0.172 Bay 
IAM-001 -1.360 -0.087 Bay 
LIN-001 -1.321 -0.540 Kingston 
ASG-001 -1.311 -0.565 Kingston 
GRI-002 -1.302 0.265 Kingston basin 
MAM-002 -1.239 0.048 Bay 
MAM-001 -1.222 0.005 Bay 
MAM-004 -1.210 -0.012 Bay 
MAM-003 -1.179 -0.001 Bay 
ASG-002 -1.143 -0.351 Kingston 
GRI-001 -1.129 0.173 Kingston basin 
EAB-006 -1.019 -0.102 Kingston basin 
EAB-002 -1.006 -0.285 Kingston basin 
LPT-001 -0.940 0.401 Kingston basin 
EAB-010 -0.893 -0.052 Kingston basin 
EAB-007 -0.765 0.089 Kingston basin 
EAB-005 -0.739 -0.249 Kingston basin 
FDI-001 -0.617 0.909 Kingston basin 
EAB-004 -0.600 0.203 Kingston basin 
EAB-009 -0.554 0.898 Kingston basin 
EAB-008 -0.546 0.748 Kingston basin 
EAB-003 -0.468 0.452 Kingston basin 
EAB-001 -0.424 0.512 Kingston basin 
NSO-001 -0.223 1.085 Kingston basin 
NSO-002 -0.165 1.299 Kingston basin 
SWO-005 -0.133 0.151 Duck Galloo Ridge 
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NSO-003 -0.107 0.822 Kingston basin 
NSO-006 -0.092 1.390 Kingston basin 
NSO-007 -0.087 1.369 Kingston basin 
NSO-004 0.032 0.440 Kingston basin 
NSO-005 0.102 0.577 Kingston basin 
PPW-006 0.303 0.924 Point Petre 
SWO-011 0.308 0.549 Duck Galloo Ridge 
LPL-002 0.352 0.780 Duck Galloo Ridge 
LPL-001 0.352 0.800 Duck Galloo Ridge 
SWO-001 0.396 -0.217 Duck Galloo Ridge 
LPL-003 0.425 0.862 Duck Galloo Ridge 
SWO-004 0.467 0.275 Duck Galloo Ridge 
PPE-007 0.500 0.644 Point Petre 
PPW-002 0.509 0.824 Point Petre 
SWO-003 0.550 0.178 Duck Galloo Ridge 
PPE-005 0.568 0.699 Point Petre 
NSO-018 0.669 -1.813 SE eastern basin 
NSO-019 0.669 -1.813 SE eastern basin 
NSO-020 0.669 -1.813 SE eastern basin 
ORO-017 0.669 -1.813 St. Lawrence Chanel 
SWO-010 0.673 0.157 Duck Galloo Ridge 
PPE-011 0.713 0.709 Point Petre 
SEO-001 0.716 0.464 Duck Galloo Ridge 
ORO-015 0.738 -1.522 St. Lawrence Chanel 
PPW-004 0.780 0.160 Point Petre 
ORO-013 0.783 -1.468 St. Lawrence Chanel 
SWO-009 0.791 0.027 Duck Galloo Ridge 
RXO-011 0.804 -1.487 St. Lawrence Chanel 
PPE-003 0.816 0.319 Point Petre 
SWO-007 0.820 -0.180 Duck Galloo Ridge 
PPE-009 0.846 0.222 Point Petre 
SWO-008 0.856 -0.145 Duck Galloo Ridge 
SWO-002 0.890 -0.234 Duck Galloo Ridge 
PPW-008 0.904 0.370 Point Petre 
PPE-001 0.924 0.525 Point Petre 
ORO-023 0.929 -1.447 St. Lawrence Chanel 
RXO-008 0.932 -1.050 St. Lawrence Chanel 
ORO-029 0.948 -1.251 St. Lawrence Chanel 
RXO-016 0.967 -1.267 St. Lawrence Chanel  
ORO-025 0.985 -0.938 St. Lawrence Chanel 
SEO-011 1.007 0.223 Duck Galloo Ridge 
ORO-027 1.014 -0.791 St. Lawrence Chanel 
PPW-010 1.028 0.470 Point Petre 
RXO-007 1.066 -0.666 St. Lawrence Chanel 
NSO-011 1.066 -1.100 St. Lawrence Chanel 
RXO-013 1.073 -0.943 St. Lawrence Chanel  
RXO-009 1.082 -0.885 St. Lawrence Chanel 
ORO-005 1.089 -0.508 St. Lawrence Chanel 
RXO-004 1.090 -0.696 St. Lawrence Chanel 
IRO-003 1.100 -0.693 St. Lawrence Chanel 
IRO-001 1.109 -0.746 St. Lawrence Chanel 
IRO-009 1.115 -0.945 St. Lawrence Chanel 
SWK-012 1.118 -0.269 Duck Galloo Ridge 
IRO-005 1.121 -0.808 St. Lawrence Chanel 
ORO-039 1.124 -0.373 St. Lawrence Chanel 
IRO-007 1.129 -0.744 St. Lawrence Chanel 
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RXO-001 1.132 -0.425 St. Lawrence Chanel 
SEO-008 1.133 0.292 Duck Galloo Ridge 
SEO-018 1.134 -0.409 Duck Galloo Ridge 
SWK-014 1.138 -0.144 Duck Galloo Ridge 
ORO-037 1.139 -0.445 St. Lawrence Chanel 
RXO-002 1.150 -0.508 St. Lawrence Chanel 
RXO-018 1.155 -0.927 St. Lawrence Chanel 
ORO-035 1.156 -0.427 St. Lawrence Chanel 
ORO-031 1.158 -0.542 St. Lawrence Chanel 
SEO-017 1.170 -0.265 Duck Galloo Ridge 
ORO-021 1.171 -0.791 St. Lawrence Chanel 
SWK-006 1.171 -0.284 Duck Galloo Ridge 
SEO-010 1.173 0.337 Duck Galloo Ridge 
ORO-007 1.173 -0.367 St. Lawrence Chanel 
SWK-015 1.174 -0.334 Duck Galloo Ridge 
CBC-021 1.178 -0.426 SE eastern basin 
SEO-002 1.178 0.200 Duck Galloo Ridge 
SEO-009 1.181 0.275 Duck Galloo Ridge 
SWK-013 1.183 -0.278 Duck Galloo Ridge 
SWK-003 1.185 -0.204 Duck Galloo Ridge 
ORO-019 1.185 -0.821 St. Lawrence Chanel 
SEO-016 1.187 -0.132 Duck Galloo Ridge 
SWK-017 1.187 -0.406 Duck Galloo Ridge 
SWK-004 1.188 -0.307 Duck Galloo Ridge 
SWK-002 1.190 -0.265 Duck Galloo Ridge 
SWK-007 1.190 -0.347 Duck Galloo Ridge 
SWK-011 1.192 -0.276 Duck Galloo Ridge 
SWK-010 1.195 -0.225 Duck Galloo Ridge 
SWK-009 1.206 -0.314 Duck Galloo Ridge 
SWK-001 1.208 -0.297 Duck Galloo Ridge 
SWK-016 1.214 -0.229 Duck Galloo Ridge 
SWK-005 1.217 -0.248 Duck Galloo Ridge 
SEO-007 1.217 0.022 Duck Galloo Ridge 
SEO-003 1.218 0.107 Duck Galloo Ridge 
SEO-015 1.219 -0.072 Duck Galloo Ridge 
ORO-001 1.219 -0.165 St. Lawrence Chanel 
ORO-003 1.225 -0.183 St. Lawrence Chanel 
CBC-023 1.228 -0.505 SE eastern basin 
CBC-022 1.229 -0.513 SE eastern basin 
SEO-014 1.235 0.091 Duck Galloo Ridge 
SEO-006 1.235 0.349 Duck Galloo Ridge 
SWK-008 1.242 -0.206 Duck Galloo Ridge 
ORO-033 1.243 -0.886 St. Lawrence Chanel 
ORO-009 1.253 -0.600 St. Lawrence Chanel 
CBC-031 1.269 0.013 SE eastern basin 
SEO-012 1.269 0.434 Duck Galloo Ridge 
CBC-030 1.275 0.037 SE eastern basin 
SEO-004 1.281 0.300 Duck Galloo Ridge 
PPE-013 1.289 0.900 Point Petre 
SEO-005 1.305 0.516 Duck Galloo Ridge 
SEO-013 1.322 0.542 Duck Galloo Ridge 
PPW-012 1.365 0.895 Point Petre 
NSO-012 1.394 -0.844 St. Lawrence Chanel 
CBC-020 1.395 -0.073 SE eastern basin 
CBC-029 1.415 -0.077 SE eastern basin 
PPW-016 1.493 0.821 Point Petre 
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PPE-014 1.525 0.878 Point Petre 
CBC-032 1.587 -0.718 SE eastern basin 
CBC-033 1.587 -0.718 SE eastern basin 
CBC-034 1.587 -0.718 SE eastern basin 
NSO-009 1.587 -0.718 St. Lawrence Chanel 
NSO-010 1.587 -0.718 St. Lawrence Chanel 
NSO-013 1.587 -0.718 SE eastern basin 
NSO-014 1.587 -0.718 SE eastern basin 
NSO-015 1.587 -0.718 SE eastern basin 
NSO-016 1.587 -0.718 SE eastern basin 
NSO-017 1.587 -0.718 SE eastern basin 
PPW-017 1.595 0.992 Point Petre 
PPE-015 1.643 1.109 Point Petre 
PPE-019 1.643 1.109 Point Petre 
PPW-018 1.643 1.109 Point Petre 

 


