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Abstract 
 

The Cisco (Coregonus artedi) is a cold-water planktivorous fish species that has 

undergone significant declines within Lake Ontario as a result of over-exploitation and other 

anthropogenic impacts. The goal of this project was to expand upon the current scientific 

knowledge base for Cisco within Eastern Lake Ontario [ELO] by providing an up-to-date 

assessment of the current status of this population. This thesis focusses on two distinct topics, 

each related to a distinct natural history characteristic of the ELO Cisco population that could 

represent a factor limiting population recovery in this region: fisheries-induced alterations to life-

history traits, and fluctuations in year-class strength. In order to identify whether fisheries-

induced change has occurred in this population, I compared the size-at-age and maturation of the 

ELO population both before [1926-1928] and after [1992-2016] the collapse of the fishery. The 

modern population had larger body sizes at a given age compared to the historical group, as well 

as a lower age-at-maturity [size-at-maturity remained similar]. It appears as though Cisco within 

the historical population may have been experiencing fisheries-induced selection in size-at-age, 

with potential recovery of this trait occurring in the modern population after a reduction in 

fishing pressure. This suggests that Cisco have a high capacity for adaptation through either 

phenotypic plasticity or evolutionary change. To assess patterns in year-class strength [YCS] 

within the ELO population, I used a residual catch-curve method to first calculate relative YCS, 

and then used linear models to correlate any fluctuations in YCS with environmental variables 

[temperature, ice cover, wind velocity]. The ELO population of Cisco demonstrated high 

variability in YCS, and only the timing of first consistent ice cover appeared to be correlated 

with these fluctuations. The environmental conditions influencing YCS in Lake Ontario may be 

different from those acting in other Great Lakes, highlighting the importance of local assessment. 
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Advancing our knowledge of Cisco life-history within Lake Ontario provides important insights 

into the current condition of this population, which could have potential implications for future 

rehabilitation in this region. 
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Chapter 1: Introduction 
 

Many commercial fisheries around the globe are intensively fished and, if not managed 

properly, this fishing pressure can result in over-exploitation of fish stocks and the ultimate 

collapse of the fishery (Rosenberg 2003). This can cause a loss of genetic diversity (Pinsky & 

Palumbi 2013), skewed sex ratios (Bowen et al. 1991), and size/maturation shifts in exploited 

populations (Law 2000), as well as increased susceptibility to other anthropogenic impacts 

(Brook et al. 2008). Within the ecosystem as a whole, over-exploitation can result in food web 

instability and/or loss of ecosystem services depending on the species’ role in the overall 

community (Pauly et al. 1998). Understanding how populations react to exploitation requires 

comprehensive knowledge of the target species’ natural history, as well as adequate baseline 

information to track changes. Without this information, it is extremely difficult to prevent 

intensively harvested species from becoming over-exploited, or to design appropriate 

management strategies for populations that are already exploited. 

 

Species Information 

 

The Cisco (Coregonus artedi) is a cold-water fish species endemic to North American 

watersheds, particularly the freshwater lake systems of Canada and the northeastern United 

States (Scott & Crossman 1973; Ebener et al. 2008). It is a pelagic, schooling fish that occupies 

open water areas of lake/river systems, usually being found below the thermocline at depths of 

10-50m [max = 200m] (Koelz 1927; Dryer 1966). Cisco are capable of tolerating a wide range of 

temperatures [0-21˚C], but typically inhabit water temperatures around 12-13˚C and actively 

avoid temperatures above ~17˚C (Fry 1937, Frey 1955, Rudstam & Magnuson 1985). The size 

and body shape of this species tends to vary by ecosystem as a result of both high phenotypic 
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plasticity, and the presence of various morphotypes with noticeable size differences (Vascotto 

2006; Eshenroder et al. 2016). Cisco in the Great Lakes typically reach maturity at ~25cm and 2-

4 years in age (Pritchard 1931; Yule et al. 2008), with some Cisco reaching 40-50cm and 20+ 

years old (Ebener et al. 2008; Pratt & Chong 2012). 

 

The Cisco represents a crucial link within freshwater ecosystems by filling the role of a 

forage fish, a small prey species which facilitates the transfer of energy through aquatic food 

webs. Cisco primarily feed on small invertebrates such as calanoid copepods [e.g. Diaptomus 

sicilis], cladocerans [e.g. Daphnia spp.], and ostracods (Link et al. 1995; Coulas et al. 1998; 

Johnson et al. 2004), often regulating the density of such species within their ecosystem 

(Rudstam et al. 1993). As a prey species, Cisco also constitute an important food source for large 

piscivores, such as Lake Trout [Salvelinus namaycush; Matuszek et al. 1990, Ray et al. 2007] 

and Walleye [Sander vitreus; Ryder & Kerr 1978, Kaufman et al. 2006]. As a cornerstone of the 

aquatic ecosystems where they are present, any alterations to the abundance of this species can 

have drastic effects on the functioning of freshwater food webs, as well as the overall 

productivity of the system. 

 

Great Lakes Decline 

 

By the middle of the 20
th

 century, stocks of Cisco in most of the Laurentian Great Lakes 

had declined to near [or complete] commercial extinction (Stockwell et al. 2009). Evidence 

suggests that these stock declines were correlated with significant pressure from anthropogenic 

sources, as well as management practices that were inadequately implemented, and did not 

account for the unique recruitment patterns of this species (Fitzsimons & O’Gorman 2004; 

Stockwell et al. 2009). Although stocks in some regions of the Great Lakes system have since 
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rebounded [e.g. Lake Superior], many remain depressed and have shown little to no signs of 

improvement (Fitzsimons & O’Gorman 2004; Stockwell et al. 2009). 

 

Fisheries scientists attribute the majority of the Cisco collapse to commercial over-

exploitation, as this was the most noticeable and widespread source of pressure on Great Lakes 

stocks (Christie 1973; Stockwell et al. 2009). Historically, this species was a mainstay of early 

Great Lakes commercial fisheries, and the most plentiful commercial species at the time (Koelz 

1927; Smith 1995; Baldwin et al. 2009). Lake Erie, which historically had the largest Cisco 

stocks, was the first Great Lake to experience significant declines starting around the late 1920’s 

(Hartman 1973). Lake Ontario, Huron, and Michigan followed suit not long after, with their 

respective Cisco populations declining between 1950 and 1960 (Christie 1973; Stockwell et al. 

2009). Lake Superior populations also declined during this time period, although prompt 

management initiatives were able to stem some of the decline (Stockwell et al. 2009). Cisco 

stocks have shown little to no improvement after these crashes, with the exception of Lake 

Superior where rehabilitation efforts have further improved the health of remnant populations 

(Stockwell et al. 2009).  

 

Habitat degradation also played a role in the overall decline of Cisco in the Great Lakes 

region, particularly through effects associated with the loss of spawning areas [as a result of 

shoreline development] as well as eutrophication of the water column (Hartman 1973; 

Fitzsimons & O’Gorman 2004). The loss of spawning areas is the most widespread and 

historically relevant type of habitat degradation for Cisco, as it has been correlated to numerous 

stock declines in the past (LaMP 2008; Madenjian et al. 2008; 2011). Cisco tend to limit 

spawning to a restricted set of in-shore breeding grounds within their habitat range (Goodyear et 
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al. 1982b; Madenjian et al. 2008; 2011). If localized degradation occurs in these crucial areas, 

then impacts to recruitment and population health can be widespread across a given system. Such 

a widespread impact occurred in the western and southern portions of Lake Ontario, completely 

extirpating this species from these parts of the lake (Fitzsimons & O’Gorman 2004; Madenjian et 

al. 2008). Eutrophication, although less influential overall, tends to be a critical factor in highly 

developed areas [e.g. Hamilton Harbour; Bowlby et al. 2016] as well as productive systems [e.g. 

Lake Erie; Hartman 1973]. 

 

The contribution of invasive species to the overall decline of Great Lakes Cisco is 

unclear; however, there is a reasonable amount of evidence implicating these species as major 

barriers to the recovery of Cisco within this system (Fitzsimons & O’Gorman 2004; Madenjian 

et al. 2008). Rainbow Smelt [Osmerus mordax] can impose significant larval predation on Cisco, 

while also acting as a competitor for food resources (Myers et al. 2009). Similarly, the Alewife 

[Alosa pseudoharengus] fills the same food web niche as the Cisco [small forage fish], 

potentially displacing Cisco through resource competition (LHTC 2007). One of the most well-

known invaders, the Sea Lamprey [Petromyzon marinus], may also impact Cisco through the 

direct mortality of adults (Harvey et al. 2008). Furthermore, invasive plankton species such as 

the Spiny Water Flea [Bythotrephes longimanus] have the potential to impact Cisco, but 

evidence on this issue currently very limited (Coulas et al. 1998; Fitzsimons & O’Gorman 2004).  

 

Many of the anthropogenic impacts noted above have declined in severity over the last 

few decades as a result of increasing mitigation efforts, including reductions in overall harvest 

(LHTC 2007; Stockwell et al. 2009), rehabilitation of aquatic habitat (Bowlby et al. 2016), and 

invasive species control [e.g. Sea Lamprey control via lampricide; Harvey et al. 2008]. These 
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mitigation efforts have resulted in some localized recovery for certain Cisco stocks [e.g. Lake 

Huron; Riley 2013]; however, for populations that have not shown any sign of recovery, 

researchers are still searching for the factors keeping this species constrained (Fitzsimons & 

O’Gorman 2004; LHTC 2007). Many researchers believe that the lack of recovery is primarily 

the result of highly sporadic recruitment, a characteristic of this species that would eliminate a 

reliable means of recovery for diminished stocks (Yule et al. 2008; Stockwell et al. 2009). 

Furthermore, historical observations describing this phenomenon date back to before the collapse 

of this species, suggesting that sporadic recruitment is not, at least not completely, a function of 

anthropogenic interference (Christie 1973, Stockwell et al. 2009). Regardless of what the true 

regulating factors may be, continued effort to understand and mitigate the issues responsible for 

reduced population levels is essential for the future of this species.  

 

Lake Ontario 

 

Lake Ontario is the smallest of the Laurentian Great Lakes, with a depth of 244m and 

surface area of 18,960km
2
 (GC & USEPA 1995). Being the furthest downstream in the Great 

Lakes system, Lake Ontario receives drainage from the upper Great Lakes through the Niagara 

River, and feeds these inputs into the Atlantic Ocean through the St. Lawrence Seaway. The 

watershed of Lake Ontario supports a diverse community of ~120 fish species (Crossman & van 

Meter 1979), as well as a number of important recreational and commercial fisheries [although 

commercial harvest is generally less than the other Great Lakes; Baldwin et al. 2009, OMNRF 

2017]. Unfortunately, the Lake Ontario ecosystem has been degraded by impacts stemming from 

shoreline development, over-exploitation, pollution, and the introduction of invasive organisms 

(Busch & Lary 1996; Holeck & Mills 2004). These impacts have forced a number of changes in 
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the native fish community of Lake Ontario, resulting in a current ecosystem that is vastly 

different from what was present in the past (Christie 1973; Holeck & Mills 2004). 

 

Lake Ontario has the longest history of commercial fishing compared to the other Great 

Lakes, and by ~1800, fishers had already begun to intensively, and selectively, harvest Cisco 

(Smith 1995). Commercial catch remained relatively stable until the late 1940’s, after which it 

declined to commercially insignificant levels by ~1960 (Figure 1; Christie 1973). In the wake of 

this collapse, Cisco were effectively extirpated from the Western and Central portions of the 

lake, while populations within the Eastern section were able to recover to some degree (Christie 

1973, OMNRF 2017). Current populations of Cisco in Eastern Lake Ontario persist at 

abundances far below historical levels, and only support a small fishery during the spawning 

season (Figure 2; OMNRF 2017).  

 

Within the present-day Lake Ontario ecosystem, populations of Cisco are primarily found 

within the north-eastern portion of the lake, specifically around the Bay of Quinte [in Canadian 

waters] and Chaumont Bay [in American waters] (Connerton 2014). In terms of the Canadian 

Cisco stock, most of the current information comes from annual sampling surveys performed by 

the Ontario Ministry of Natural Resources and Forestry (OMNRF 2017). Survey catches have 

indicated that Cisco tend to be sporadically distributed during the summer months, with highest 

catches in the eastern basin of Lake Ontario, as well as the lower section of the Bay of Quinte 

(OMNRF 2017). These catches typically occur in a depth range of 7.5-30m, and at water 

temperatures between 7-17°C (OMNRF 2017; preliminary analysis of OMNRF data).  In fall, 

commercial fishers often catch this species in the upper sections of the Bay of Quinte, 

specifically within the area known as Big Bay (OMNRF 2017). The Canadian Cisco stock has 
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been at historically low levels of abundance throughout the past decade, but has shown some 

indication of recovery in recent years (OMNRF 2017).  

 

Thesis Objectives 

 

The goal of this thesis is to improve our knowledge of Cisco within Eastern Lake Ontario 

[ELO] by providing an up-to-date assessment of the current status of this species within the 

system. Most literature related to Great Lakes Cisco originates from Lake Superior, which has 

been well studied due to the relatively healthy stocks still present in the region. Conversely, the 

Cisco stocks of Lake Ontario have received little attention from the scientific community 

following their decline [most research on Lake Ontario Cisco was published prior to 1950, 

although interest has risen in recent years]. As a result, outdated data and/or information from 

other ecosystems [e.g. Lake Superior] represent the only resources available for understanding 

the state of Cisco in Lake Ontario. This thesis focusses on two distinct topics, each related to a 

distinct natural history characteristic of the ELO Cisco population that could represent a factor 

inhibiting population recovery in this region.   

 

Topic 1: Fisheries-Induced Selection  

 

The first topic of this thesis focusses on the potential presence of fisheries-induced 

change within the Cisco population of Eastern Lake Ontario [ELO], specifically to the body size 

and/or maturation of this population.  

 

Phenotypic-selective harvest is the selection of individuals based on a specific 

morphological trait, and is founded on the basic principle that some members of the targeted 

population will provide more profit than the rest. Commercial fisheries typically focus on the 
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capture of the largest members within a given population, thereby imposing selection on certain 

traits associated with body size and maturation (Law 2000, Kuparinen & Merilä 2007). Over-

exploitation of a fishery can compound these selective effects, and has been correlated with 

declining body size and age/size-at-maturity within a number of natural populations [e.g. Gadus 

morhua (Atlantic cod; Olsen et al. 2005); Oncorhynchus spp. (Pacific salmon; Ricker 1981)]. 

Not only can this destabilize the demographic structure of exploited populations, but it can also 

affect population persistence through the reduction of spawning individuals and overall fecundity 

(Kuparinen & Merilä 2007). The severity of population effects, however, will depend on both the 

degree of selection pressure and the adaptive ability at both population and species levels (Law 

2000, Kuparinen & Merilä 2007). 

 

Body size and maturation are regulated through the processes of phenotypic plasticity and 

evolutionary change which are, in turn, controlled by a combination of environmental and 

genetic influences (Kuparinen & Merilä 2007). Phenotypic plasticity is loosely defined as an 

organism’s ability to alter its phenotype based on changes to its surroundings [e.g. 

environmental, anthropogenic], and is often reversible if conditions return to normal (Kuparinen 

& Merilä 2007). Evolutionary change corresponds to alterations in allele frequencies and genetic 

diversity within a population, and differs from phenotypic plasticity in that evolutionary changes 

are heritable and persist long after conditions have stabilized (Kuparinen & Merilä 2007). Both 

processes are thought to regulate morphological changes under the influence of fisheries-induced 

selection, but the relative influence of each is complex and difficult to identify (Kuparinen & 

Merilä 2007; Heino et al. 2015). 
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 To assess whether the body size and/or maturation of the ELO Cisco population has been 

altered as a result of over-exploitation, I compared both of these traits within two temporally 

distinct groups of Cisco: one sampled prior to the collapse of the commercial fishery [1926-

1928], and the other sampled during the current low abundance period after the collapse [1992-

2016]. I hypothesised that over-exploitation of Cisco populations in Eastern Lake Ontario 

resulted in fisheries-induced morphological change, with the prediction that the modern 

population would have a smaller average body size and lower age-at-maturity compared to the 

historical population. The respective influence of phenotypic plasticity and evolutionary change 

were not assessed in detail, as I did not have the genetic or captive-rearing information required 

to perform such an analysis. I also tested the hypothesis that over-exploitation resulted in the 

numerical dominance of females within the modern population, as researchers have observed this 

trait within exploited Cisco populations in other areas (Bowen et al. 1991).  

 

Topic 2: Year-Class Strength 

 

The second topic of this thesis focusses on the patterns of year-class strength produced by 

the ELO Cisco population over the last few decades, as well as the specific environmental factors 

that may have regulated these patterns.  

 

Year-class strength is a representation of the relative number of fish produced in a given 

year [year-class] that are able to survive the precarious egg, larval, and fry stages, and become 

active  members [≥ 1 year old] of the population (Campana 1996; Pritt et al. 2014). Year-class 

strength is commonly used in fisheries science as an indicator of population growth, since the 

success [or strength] of this parameter directly relates to the amount of new fish entering the 

population [excluding immigration] (Maceina & Pereira 2007; Tetzlaff et al. 2011). Comparing 
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the year-class strength of a population over time will, therefore, provide information on when 

population growth was high or low. The concept of year-class strength is fundamentally similar 

to that of species recruitment, with both concepts pertaining to the survival of newly hatched fish 

to a specific point in their life-history (Maceina & Pereira 2007). These concepts, however, differ 

in that year-class strength always pertains to survival up until the end of the first year, while the 

specific life-history benchmark for species recruitment can differ based on the context in which 

this concept is used [e.g. survival until maturation, survival until selective harvest by fishery 

gear] (Maceina & Pereira 2007).  

 

The strength of a given year-class tends to be strongly influenced by ecological and 

environmental factors that regulate two critical parameters: the survival of early life-history 

stages and the success of egg production [through quality and/or quantity] (Pritt et al. 2014). 

Prey availability, competition, and predation [intra- and inter- specific] represent important 

ecological factors that can affect the survival of early life-history stages through starvation or 

direct mortality (Myers et al. 2009; Pritt et al. 2014). Environmental factors such as wind, 

temperature, ice cover, water level, and water current can also play roles in the survival of early 

life-history stages through various processes (Pritt et al. 2014; Myers et al. 2015; Linlokken & 

Sandlund 2016). Temperature, for example, can influence the development of eggs and larvae, as 

well as cause direct mortality if it passes a critical limit for survival (Colby & Brooke 1970; Pritt 

et al. 2014). Furthermore, environmental factors can also influence the strength of ecological 

factors, such as how primary/secondary productivity tends to be regulated by temperature 

(Keeler et al. 2015). Understanding how annual fluctuations in these factors affect the strength of 

a given year-class is, therefore, imperative for understanding and predicting growth within a 

population. Such relationships are also poised to become even more important in the future, as 
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they could potentially be used to predict how current populations may be affected by impending 

climate change (Collingsworth et al. 2017). 

 

Cisco populations are known to exhibit high variability in year-class strength, with long 

periods of low-to-moderate success broken up by the occasional strong year-class (Stockwell et 

al. 2009). This trend appears to be conserved across the Great Lakes (Scott 1951; Christie 1973), 

with synchrony of these patterns spanning as far as 250km in some systems (Myers 2015). 

Current evidence supports the theory that the success of the larval stage determines the strength 

of a given year-class, although the exact factors determining this success are still a topic of 

debate (McCormick et al. 1971; Fitzsimons & O’Gorman 2004; Myers et al. 2015). The leading 

hypothesis is that the strength of spring wind events [which affect the larvae dispersal] and the 

spring air/water temperature [which regulates zooplankton density] are the most influential 

environmental factors affecting survival; however, there has been disagreement regarding the 

exact mechanisms behind this process (Hoff 2004; Rook et al. 2013; Myers et al. 2015). Ice 

cover and water temperature may also influence year-class strength of Cisco by affecting 

egg/larval development, resulting in earlier hatching and higher larval mortality (John & Hasler 

1956; Colby & Brooke 1970; Stewart et al. 2017). From an ecological perspective, both 

interspecific and intraspecific predation may also play a role in regulating the success of a year-

class, although likely to a smaller degree (Cox & Kitchell 2004; Rook et al. 2013; Myers et al. 

2014). As with the majority of Cisco research, most of the above information was derived from 

studies taking place in Lake Superior, which means that these relationships may differ in systems 

with different environmental/ecological conditions.  
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To assess the factors affecting year-class strength within the ELO Cisco population, I first 

determined the strength of a given year-class using a residual catch-curve method. I then used 

linear models to correlate the fluctuations in year-class strength with environmental variables 

[temperature, ice cover, wind velocity] that had been previously utilised to explain recruitment 

variation in Lake Superior. Understanding the year-class strength for Cisco in Lake Ontario is 

imperative for the future success of these stocks, as it could be used to predict fluctuations in 

recruitment for a population that has historically experienced low levels of abundance. Within 

this section, I also compared the findings between Lake Ontario and Lake Superior to evaluate 

whether the factors affecting year-class strength differed between these systems. I hypothesized 

that the environmental factors controlling Cisco year-class strength will be the same between 

Lake Ontario and Lake Superior, but that the relative influence of these factors may be shifted 

due to differing conditions within each system. Based on this hypothesis, I predicted that spring 

water temperature and the duration of ice cover would be the most influential environmental 

factors for Lake Ontario, as I believe that the higher average water temperatures within this 

system will increase the variability of year-class success [compared to the cooler/more stable 

Lake Superior system].  
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Figure 1   Commercial catch of Cisco (1000 lbs) in the Western, Central, and Eastern [includes 

Bay of Quinte] sections of Lake Ontario from 1900-1970. The catch values are 

represented as a 5-year average [e.g. 1900-1904]. These data originated from Christie 

(1973). 
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Figure 2   Commercial catch of Cisco (1000 lbs) in the Eastern section of Lake Ontario from 

1993-2016. The Western and Central sections of Lake Ontario no longer support a 

Cisco fishery, so they have been excluded. These data was provided by Jim Hoyle 

[Lake Ontario Management Unit; OMNRF].  
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Chapter 2: Methods 
 

Biological Data 

 

 The Fish Community Index Survey [FCIS; 1992-2016; n = 1488 Cisco] and the 

Commercial Catch Sampling Survey [CCSS; 2004-2016; n = 485 Cisco] provided a source of 

samples for ELO Cisco populations within the current low abundance period [henceforth referred 

to as the modern population]. The Ontario Ministry of Natural Resources and Forestry [OMNRF] 

performs these surveys on an annual [FCIS] or periodic [CCSS] basis depending on the survey. 

The FCIS survey typically occurs in summer [June-August], and uses both gill-nets and trawls to 

sample species within various areas of Lake Ontario [see OMNRF (2017) for more detail]. The 

CCSS occurs in the fall [Oct-Nov] and entails collection of harvested Cisco from the commercial 

trap-net fishery in the Bay of Quinte, a ~100km long [Z-shaped] embayment located in the 

northeastern section of Lake Ontario (Johanson & McNevin 2007). Biological information such 

as fork length [mm; length from the snout to the fork of the tail], round weight [g; weight before 

removal of innards], and gonad condition are recorded for each sample. Hard structures [scales, 

otoliths] are also taken from each fish to determine age at a later date.   

 

 In order to provide an accurate representation of the modern Cisco population, I 

combined the data from the FCIS and CCSS, thereby forming a single database. Through initial 

analysis I noted that the FCIS contained information on small Cisco [< 250mm], which 

represented a size class absent from the CCSS. I also noted that the CCSS provided detailed 

information on the spawning population, which could not be obtained from the FCIS [due to 

seasonal and multi-species aspects]. Furthermore, the amount of age data from each survey was 

disproportionate [CCSS / n = 485, FCIS / n = 197], which could lead to insufficient sample sizes 

for each age class if the surveys were analysed separately. Analysing these sources of data 



16 

 

together should, therefore, provide a more accurate representation of the current population in 

terms of both size and age. Combining the data from these sources, however, does raise some 

potential issues regarding sampling disparity, which I will discuss at the end of this section.  

 

A study of Cisco life-history characteristics in Lake Ontario conducted by Pritchard 

(1931) provided a source of biological information for ELO Cisco populations within an actively 

fished period ~30 years prior to the collapse of the commercial fishery [henceforth referred to as 

the historical population]. This study provides the earliest, most detailed, and readily available 

information regarding the past populations of Cisco in Lake Ontario. Pritchard (1931) sampled 

populations of Cisco in various areas of Lake Ontario [including the Bay of Quinte] from 1926-

1928. These surveys occurred within the summer and fall seasons, and targeted Cisco using 

various sized gill-nets [see Pritchard (1931) for more information]. Although the timeframe of 

this study was fairly short, [meaning it may not provide a complete representation of the 

population] I believe that it should be sufficient for the purposes of the study since Pritchard 

(1931) managed to collect biological data spanning many age classes [Table 1]. This allowed me 

to make inferences with regard to body size trends within the ELO Cisco population prior to 

commercial collapse, and should provide an accurate representation of size within this 

population during the 1920’s [although inferences regarding abundance should not be made due 

to the variable recruitment of the species].  

 

Each of the surveys mentioned above differ [to varying degrees] in the way they were 

designed/implemented, and these specific differences should be considered since these data 

sources will either be compared, or combined [FCIS/CCSS], within this study. The majority of 

sampling within each survey was conducted in the Eastern Basin and/or Bay of Quinte, but it 
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should be noted that the FCIS was also conducted in the following areas: Brighton, Wellington, 

Coburg, and Port Credit. I included the catches from Brighton and Wellington based on their 

proximity [potential for migration] to the Eastern Basin or Bay of Quinte; however, I excluded 

the catches from Coburg and Port Credit since these areas represent different sections of the lake. 

Seasonal differences are likely not a significant issue since Pritchard (1931) conducted his 

surveys within both the summer and fall, which is the same seasonal timeframe for the FCIS and 

CCSS surveys when analysed as a combined sample [FCIS/Summer, CCSS/Fall]. This further 

supports the choice to analyse the FCIS and CCSS data as a single unit. The sampling methods 

[e.g. gear type, species selectivity] pose another potential difference which should be addressed. 

The FCIS and Pritchard (1931) survey both use gill-nets with a similar range of mesh sizes 

(OMNRF 2017), but differ in that the FCIS does not specifically target Cisco. As well, the CCSS 

and Pritchard (1931) survey both target Cisco [often the spawning individuals], but the CCSS 

uses trap-nets which are generally less size selective by design [compared to gill-nets; Portt et al. 

2006]. Therefore, average size of Cisco caught within the survey conducted by Pritchard (1931) 

could be biased high compared to both the FCIS and CCSS, which should be taken into 

consideration when analysing the results.  

 

Otolith Aging  

 

 The Lake Ontario Management Unit [LOMU, ON; OMNRF] provided the otoliths from 

lethally sampled individual Cisco obtained through the FCIS [2014-2016; n = 116] and CCSS 

[2004-2008, 2015-2016; n = 297]. To prepare otoliths for aging, I followed standard practices 

outlined by the Lake Ontario Management Unit [detailed in Appendix A]. I prepared the left 

otolith from each sampled fish by first encasing it in a resin block, which limits cracking of the 
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otolith and provides a structure for the sectioning procedure. After encasement, I used a Beuhler 

low-speed Isomet saw to cut a thin section containing the origin of the otolith [initial area of 

formation]. Since Cisco otoliths are opaque, I sanded each section until the annuli [bands of 

annual growth] were easily identifiable. I then counted the number of annuli to produce an age 

estimate for each fish [as outlined in Casselman 1987]. I refined my ability to age Cisco otoliths 

using samples that had already been aged by OMNRF technicians. These technicians had 

previously aged the 2010-2013 samples from both the FCIS [n = 81] and CCSS [n = 188]. An 

example of a sampled otolith is provided in Figure 3. 

 

Environmental Data 

 

 A number of different agencies provided the environmental data used in the model 

correlating relative year-class strength with environmental conditions. The Lake Ontario 

Management Unit provided daily water temperature data from 1994-2016, having originally 

obtained this information from the Belleville Water Treatment Plant [Belleville, ON]. Since the 

majority of Cisco spawning [and therefore egg/larvae deposition] is thought to occur in the upper 

section of the Bay of Quinte (Goodyear et al. 1982b; Jim Hoyle, OMNRF, personal 

communication), water temperature data from this location seemed the most applicable. I 

calculated the monthly average water temperature for April-June each year, as these months are 

often considered critical to early Cisco development (Hoff 2004; Rook et al. 2013; Myers 2015). 

I obtained data on yearly ice cover from online resources provided by the Great Lakes 

Environmental Research Laboratory [National Oceanic and Atmospheric Administration; Assel 

2003, Wang & Assel 2017]. I used plots of ice cover to estimate the number of days where ≥90% 

and ≥10% of the Bay of Quinte was covered with ice. I also recorded the first and last days that 
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ice was observed in the Bay of Quinte, with a unique numeric timestamp for each variable based 

on the number of days from January 01 of each year [first ice day to December 31; January 01 to 

last ice day]. I obtained information on monthly wind data from online resources provided by 

Weather Underground [The Weather Company]. From this source, I used both the monthly 

average and maximum wind speeds [April-June] at the Canadian Forces Base in Trenton, 

Ontario, which are recorded from averaged METAR [Aviation Routine] weather reports 

(Weather Underground 2017).  

  

Fisheries-Induced Selection 

 

I used R version 3.4.0 [R Core Team, 2017] for all statistical analyses. Only the FCIS and 

CCSS datasets are analysed below, as the raw data from Pritchard (1931) were unavailable 

[being presented as average values; Table 1, manually changed from imperial to metric].   

 

To determine the size-at-age of Cisco within the modern population, I first calculated the 

average fork length (mm) for each age class. Sample sizes for Cisco above 10 years of age were 

small, so I combined these ages into a single group given that growth of Cisco is marginal past 

age ten [Stockwell et al. 2009 + preliminary analysis]. I then calculated nonparametric bootstrap 

confidence intervals [95%; BCa] for the average of each age class. I used the 95% CIs to 

determine whether the average fork length at a given age class was significantly different 

between the historical and modern periods. If the historical average did not fall within the 95% 

CI of the modern group [of the same age class], then I deemed the averages to be significantly 

different. I only performed this analysis for age groups 1-5 because Pritchard (1931) estimated 

age using scales, which severely underestimates age of Cisco above 5 years (Yule at al. 2008). 
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The lack of raw data [and sample sizes] within the Pritchard (1931) study prevented t-tests or 

ANOVA.  

 

I used an ANOVA model with a Tukey’s HSD [honest significant difference] test to 

determine whether the average fork length was significantly different between age classes, which 

would show whether fork length was a good indicator of age. I also performed a nonparametric 

Kruskal-Wallis model with a Games-Howell post-hoc test, as there were some issues with data 

normality which could have influenced the ANOVA/Tukey’s HSD models.  

 

To estimate growth rate of individual Cisco within the modern population, I used a von 

Bertalanffy growth model [VGBM; von Bertalanffy 1938]. This type of model is commonly used 

in fisheries biology to estimate “standard” growth using size-at-age data (Dickie 1968). I used 

the Fisheries Stock Assessment (FSA) package in R to run this model (Ogle 2013b). 

 

To determine the size-at-maturity within the modern population, I first grouped the Cisco 

into five length bins: <100, 101-150, 151-200, 201-250, >250mm. I based the size/positioning of 

these bins on initial analysis and relative sample sizes. I then compared the proportion of 

individuals with undeveloped and pre-spawning gonads within each length bin to estimate the 

proportion of Cisco that were mature. I also noted the number of individuals whose gonad 

condition could not be determined. Using this length-maturity relationship, I then assessed age-

at-maturity using the size-at-age information gained previously. Pritchard (1931) described the 

size/age-at-maturity within the historical population, so I also made a general comparison 

between these time periods.  
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To determine whether females were numerically dominant in the modern population, I 

ran chi-squared tests assessing the number of male and female Cisco caught in a given sampling 

year. This analysis tested whether these proportions deviated from an expected 50/50 ratio. 

 

Year-Class Strength 

 

 I obtained year-class data for each sampled Cisco within the Eastern Lake Ontario 

population by subtracting the otolith age estimate from the respective sampling year. The year-

class distribution of Cisco caught within each sampling year is provided in Table A1. To account 

for the effect of gear selectivity, I identified the earliest age at which ELO Cisco are fully 

recruited into the OMNRF sampling gear. I performed a preliminary analysis using a catch-curve 

regression and pooled catch-at-age data from all survey years, with the natural logarithm of 

abundance as the dependent variable and fish age as the independent variable (Ogle 2013). I 

noted that Cisco in ELO seem to be fully recruited into the sampling gear at an age of two. Cisco 

at an age of one have fewer overall catches despite a higher predicted abundance, which suggests 

incomplete recruitment to the sampling gear at this age [Figure 4]. This pattern is also fairly 

consistent when looking at survey data from individual years [Table A1]. Therefore, I excluded 

all Cisco under the age of two from the following analyses.  

 

 To calculate relative year-class strength I performed a residual catch-curve analysis 

(Maceina & Bettoli 1998). This method uses the residuals of a catch-curve model as an index of 

year-class success, with positive values indicating strong year-classes and negative values 

indicating weak year-classes (Maceina & Bettoli 1998; Honsey et al. 2016). The catch-curve 

model uses the natural logarithm of relative abundance as the dependent variable, and attempts to 

explain the relationship between this variable and the age distribution of sampled fish [the 
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independent variable]. I used a relative measure of abundance [the number-at-age divided by 

total number of sampled fish] in order to standardize values across sampling years (Honsey et al. 

2016; Zischke et al. 2017). The catch-curve model was weighted using the predicted natural log 

transformed relative abundance (Maceina & Bettoli 1998), which accounted for declining catch 

values associated with increasing fish age [as the proportion of fish in a year-class will decline 

over time]. I performed these analyses using a unique dataset for each sampling year.  

 

Scientific literature describing similar catch-curve analyses outlined the use of a 

standardized range of age data across all sampling years (Honsey et al. 2016; Zischke et al. 

2017). Although this method excludes data from older year-classes, it produces a more focused 

analysis by reducing the effect of rare catch values. Therefore, I performed the residual catch-

curve analysis using a standardized range, ages 2-9. I chose the age of 9 as the oldest age to 

include in this analysis, as catch values across sampling years tend to become increasingly 

sporadic after this age.  

 

 I standardized the residuals obtained through the catch-curve analysis to provide an 

assessment of relative year-class strength. Standardization removes the potential influence of 

extremely large and/or small values, which would typically influence an assessment based on 

using the mean of all residuals (Zischke et al. 2017). Following the approach of Zischke et al. 

(2017), I calculated a proportion based on the number of positive residual values for each year-

class over all respective sampling years. For example, if a given year-class has positive residual 

values for 2 out of 6 sampling years, the proportion would be 0.3. I then subtracted 0.5 from each 

proportion to ensure that relative year-class strength was reflected in these values [positive = 

strong, negative = weak]. The maximum and minimum possible values, therefore, are 0.5 and     
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-0.5 respectively, with average year-classes represented by a value of 0. I excluded year-classes 

that were only present in two sampling seasons or less, as they would not provide an accurate 

representation of overall year-class strength (Zischke et al. 2017).  

 

 To correlate fluctuations in relative year-class strength with the environmental variables 

mentioned previously, I constructed several linear models using relative year-class strength as 

the dependent variable and a single environmental factor as the independent variable. I weighted 

these regressions using the number of sampling years that each year-class was observed [e.g. a 

weight of 3 was given to the 1999 year-class, as these fish were only observed in three sampling 

years] (Honsey et al. 2016). Following each analysis, I checked the various assumptions 

associated with conducting a linear model [e.g. linear relationship, normality, homoscedasticity, 

multicollinearity]. None of assumptions were violated for any of the linear models performed in 

this study. Multiple linear regression was not appropriate for this study since the number of years 

analysed [n = 13] was not sufficient for such a complex analysis.  
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Table 1  Average fork length (mm) and weight (g) for each age class of Cisco caught within 

various surveys of Lake Ontario from 1926-1928 [Pritchard 1931]. Italicized data were 

not used due to underestimation of age as a result of aging procedures [Yule at al. 

2008]. Measurements denoted with an asterisk (*) are made from only a single 

individual. 

 Lake Ontario[All Sites] Bay of Quinte (n = 82) 

Age Fork Length (mm) Weight (g) Fork Length (mm) Weight (g) 

1+ 142.2 31.2 142.2 31.2 

2+ 210.8 104.9   225.4* 127.6* 

3+ 246.4 158.8 254.0 175.8 

4+ 256.5 181.4 264.2 192.8 

5+ 273.1 216.2 276.9 215.5 

6+ 292.1 303.3 287.0 289.2 

7+ 327.7 487.6 320.0 447.9 

8+ 345.4 453.6 345.4 453.6 

9+ 414.0 751.3 434.3 829.2 

10+   368.3* 666.2*   368.3* 666.2* 
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Figure 3   Cross-section of a Cisco otolith removed from a fish collected during the Fisheries 

Community Index Survey [Summer]. The section between two annuli, or the origin 

and first annulus, represents the growth for one year. This Cisco had completed eight 

years of growth, and was partway through its ninth year before being sampled 

[denoted as an 8+ year-old Cisco].   
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Figure 4  Catch-curve regression for Cisco using pooled data from the Fish Community Index 

Survey and Commercial Catch Sampling Survey in Lake Ontario from 2004-2005, 

2008, 2010-2016 [pooled data]. Note that the number of 1 year-old Cisco was far 

below that of 2 year-old Cisco, suggesting incomplete recruitment into the sampling 

gear at this age.   
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Chapter 3: Results 

 
Size-at-Age 

 

The fork length (mm) of Cisco in Eastern Lake Ontario was highly variable at any given 

age [Table 2]. Such a finding makes the use of size-at-age information unreliable for precise 

estimations of age; however, it may provide approximate fork length estimates for some age 

classes. Age classes falling under the same post-hoc “groups” [Table 2] do not differ in average 

fork lengths [Tukey’s HSD, p > 0.05]. Growth of Cisco in the modern population [as modeled by 

the VBGM] appears to be fast from age 1-5, after which growth slows and levels-off around 9-11 

years [Figure 5]. 

 

Cisco within the modern ELO population have longer average fork lengths at a given age 

[1-5] compared to the historical population [Figure 6]. One year-old Cisco are on average 

65.5mm longer [95% CI, p < 0.05] than those sampled within the Bay of Quinte in the past, with 

large differences also observed for two [47.9mm*], three [42.0mm], four [50.1mm], and five 

[59.0mm] year-old individuals [95% CI, p < 0.05 for all comparisons].  

 

Size and Age-at-Maturity 

 

 The majority of Cisco ≤100mm appeared to be immature [62.8%], with relatively few 

individuals having gonads in the pre-spawning stage [19.2%; Table 3 + Figure 7]. Cisco between 

101-150mm exhibited a higher ratio of maturation than the previous group, with a less 

pronounced difference in the ratio of undeveloped [48.8%] to developed [34.7%] individuals. 

The majority of Cisco between 151-200mm had developed gonads [73.2%], with the proportion 

of undeveloped individuals [19.5%] dropping sharply. At a size of 201-250mm, the presence of 
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mature gonads was typical [93.5%], and very few individuals had immature gonads [1.6%]. 

Maturity was almost always observed at lengths >250mm [99.9%]. Despite mature gonads being 

observed at relatively small sizes of fish, no mature individuals with a fork length < 230mm were 

observed in the CCSS. This result, however, could be a function of the CCSS sampling 

procedure [e.g. gear selectivity] so it should be interpreted with caution. 

 

 By comparing the size-at-maturity and size-at-age analyses I made a number of 

inferences regarding the age-at-maturity for modern Cisco in ELO. Maturity appears to be a 

common trait of two-year old individuals [2+], as the average fork length of individuals in this 

age class falls above 250mm, or within the 200-250mm size group. Yearling Cisco [1+], whose 

average fork length falls slightly above or below 200mm, show some degree of maturation based 

on the size-at-maturity patterns observed previously. These individuals may also represent the 

age at which 50% of individuals are mature. The presence of pre-spawning gonads in Cisco 

below 100mm fork length appears to indicate that some individuals can produce mature gonads 

in their first year [0+], although no firm conclusions can be made without aging these 

individuals.  

 

 The age-at-maturity for modern populations of Cisco in ELO appears to be lower than 

that observed by Pritchard (1931) prior to the collapse of the fishery. The majority of modern-

day Cisco attain maturity after their second year, with two and three year-olds forming a large 

portion of the spawning population sampled in the CCSS [see Appendix Table A1]. Yearling 

Cisco show ~50% maturity in the modern population, although there is no evidence of spawning 

at this age. In the historical population, Pritchard (1931) noted that the majority of spawning 

Cisco were four or five years old, with maturity in two-year olds being uncommon. As well, 
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Pritchard (1931) noted that maturity was not identified in any yearling Cisco within the historical 

population.  

 

Sex Ratio 

 

 The proportion of male and female Cisco did not differ for the majority of years [7/8] 

within the CCSS [Chi-Squared Test; p > 0.05]. The only exception to this was 2016 [n =100], as 

females were overabundant [65%; p < 0.01]. This skewed ratio was not observed in the 2016 

samples obtained from the FCIS [n = 64; p > 0.05], although deviations in 2012 [Males > 

Females] and 2015 [Males < Females] were close to being considered skewed.  

  

Year-Class Strength 

 

 The residual catch-curve analysis provided estimates of relative year-class strength for 

the 1999-2011 year-classes [Figure 8, Table A2]. The proportions of positive and negative 

strength values were evenly split during this period, with only a single instance [2008] of neutral 

year-class strength. The 1999 and 2007 year-classes were the strongest to occur during this 

period, having positive residuals in all sampling years [0.50], while the 2003 year-class was the 

next strongest [0.30] with only a single negative residual value. The 2004 year-class was the 

weakest to occur during this period, as this year-class did not have a single positive residual 

value in any sampling year [-0.50]. The 2001 and 2010 year-classes were also fairly weak, both 

only having a single positive residual value [-0.25]. The remaining year-classes had average 

relative strength values [between 0.25 and -0.25]. The average difference in year-class strength 

between consecutive years was 0.34, with the smallest difference being 0.08 [2010 / 2011] and 
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the largest being 0.8 [2003 / 2004]. Overall, the relative year-class strength during this period 

appears to have been more positive than negative.   

 

Environmental Factors  

 

 The only significant predictor of relative year-class strength was the timing of first 

consistent ice on the Bay of Quinte [denoted as First Date of Ice or FDI; R
2
 = 0.3106; p = 

0.0478]. Relative year-class strength appears to increase when ice occurs late in the winter 

season, and decrease if the Bay of Quinte is quick to freeze [Figure 9]. This pattern is apparent 

for both the 1999 and 2007 year-classes [the strongest on record], as well as the 2004 year-class 

[the weakest on record].  

 

None of the other environmental factors were significant predictors of relative year-class 

strength [p > 0.1]. I have provided the model statistics for each analysis within Table 4.  
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Table 2  Average fork length (mm) and number of Cisco for each age class caught within the 

FCIS and CCSS in Lake Ontario from 2004-2005, 2008, and 2010-2016 [aged samples 

only]. Confidence intervals [95%; BCa] and post-hoc “groups” [mean fork length 

significantly different between distinct “groups”] are also given.  

Age Number of 

Cisco (n) 

Fork Length (mm) Min/Max 95% CI 

(BCa) 

Post-hoc 

Group 

1+ 26 207.7 183/259 (200.7, 215.8) A 

2+ 176 273.3 189/329 (269.3, 276.9) B 

3+ 84 296.4 227/395 (290.8, 301.9) C 

4+ 84 314.3 261/387 (309.0, 320.6) D 

5+ 71 335.9 281/463 (329.0, 346.1) E 

6+ 45 352.3 287/472 (341.1, 364.1) E/F 

7+ 46 358.3 285/421 (347.9, 366.5) F 

8+ 54 366.4 290/470 (356.7, 377.1) F 

9+ 35 366.7 285/463 (355.2, 380.7) F 

10+ 26 367.5 315/484 (355.2, 388.0) F 

11-18 32 365.9 292/454 (353.1, 380.0) F 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



32 

 

Table 3  Proportion (%) of Cisco caught within the FCIS and CCSS exhibiting one of three 

gonadal conditions [undeveloped, developed, unknown]. The sampled Cisco were 

divided into pre-defined fork length (mm) bins based on initial analysis and relative 

sample sizes. 

  Proportion (%) 

Fork Length (mm) Number of Cisco (n) Undeveloped Developed “Unknown” 

≤100 172 62.8 19.2 18.0 

101-150 340 48.8 34.7 16.5 

151-200 41 19.5 73.2 7.3 

201-250 124 1.6 93.5 4.8 

>250 1224 < 0.1 99.9 < 0.1 
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Table 4  List of all environmental variables included within the linear models [one variable per 

model] that were used to test for correlations with relative year-class strength. The 

respective statistics for each individual model are also provided.  

Environmental Variable Multiple R
2 

F-Statistic p-value 

April Surface Water Temperature (°C) 0.123 1.536 0.241 

May Surface Water Temperature (°C)          > 0.001 0.002 0.967 

June Surface Water Temperature (°C)          > 0.001 0.006 0.942 

Total Number of Days with Ice  (≥10%) 0.127 1.606 0.231 

Number of Days with ≥90% Ice Coverage 0.096 1.164 0.304 

First Date of Ice 0.311 4.956 0.0478* 

Last Date of Ice 0.001 0.014 0.909 

Average April Wind Speed (km/h) 0.188 2.541 0.139 

Average May Wind Speed (km/h) 0.087 1.043 0.329 

Average June Wind Speed (km/h) 0.035 0.395 0.542 

Maximum April Wind Speed (km/h) 0.032 0.360 0.561 

Maximum May Wind Speed (km/h) 0.007 0.081 0.782 

Maximum June Wind Speed (km/h) 0.009 0.095 0.764 
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Figure 5   von Bertalanffy growth curve for Cisco captured within FCIS and CCSS in Lake 

Ontario from 2004-2005, 2008, 2010-2016 [aged samples only]. 
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Figure 6   Average fork length (mm) at a given age class [1-5] for historical [1926-1928] and 

modern [2004-2005, 2008, 2010-2016; aged samples only] populations of Cisco in 

Eastern Lake Ontario. Confidence intervals [95%] are provided for the modern group.  
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Figure 7  Proportion (%) of Cisco caught within the FCIS and CCSS exhibiting one of three 

gonadal conditions [undeveloped, developed, unknown]. The sampled Cisco were 

divided into pre-defined fork length (mm) bins based on initial analysis and relative 

sample sizes. Estimated age values for each size bin are provided based on the findings 

in Table 2. 

Age 0-1 Age 1+ Age 2+ Age 1+/2+ 
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Figure 8  Relative year-class strength of Cisco from 1999-2011 obtained through the residual catch-curve analysis. Year-class                

values fall on a range from 0.50 [strongest] to -0.50 [weakest]. 
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Figure 9  The timing of first consistent ice on the Bay of Quinte [denoted as First Date of Ice or FDI] and associated value of relative      

year-class strength from 1999-2011. The blue line indicates the relationship between the two variables as indicated by linear 

regression, with the shaded portion representing the associated 95% confidence level.  
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Chapter 4: Discussion 

 
Size-at-Age 

 

The size-at-age of modern-day [1992-2016; 2004-2016 for age] Eastern Lake Ontario 

Cisco was significantly higher than that of the historical population [1926-1928], indicating that 

an increase occurred at some point between these periods. This could mean that ELO Cisco 

populations were experiencing some level of fisheries-induced change in the late 1920’s, and that 

the modern-day populations may have recovered from this morphological change within the 30-

55 years since the major collapse of the fishery. In addition, the higher average body size of the 

modern population compared to the historical population implies that the current exploitation 

rate does not impose selection pressure strong enough to maintain these past levels of change.  

Without information on the genetic structure of this population, the respective influences of 

phenotypic plasticity and evolutionary change in this recovery cannot be distinguished. 

However, information from other systems may provide some insight into the factors influencing 

this recovery.   

 

Cisco exhibit high levels of phenotypic plasticity in morphology (Eshenroder et al. 2016), 

with factors such as the physical environment, primary productivity, and predation pressure 

known to regulate the phenotype of this species (Coffin et al. 2003, Vascotto 2006; Ahrenstorff 

et al. 2013). Physical characteristics within natural populations of Cisco can differ significantly 

between lakes within a small geographic region (Vascotto 2006) and, if the lake is large enough, 

even between different areas in the same lake (Pritchard 1931; Dryer & Beil 1964, Coffin et al. 

2003). When faced with novel conditions, Cisco demonstrate a considerable ability to adapt via 

this high plasticity. This was highlighted within an experiment performed by Shields and 
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Underhill (1993), where transplanted populations of “dwarf” Cisco tended to take on the 

characteristics of the native Cisco populations in their new environment. Furthermore, the 

transplanted Cisco exhibited a 28% and 80-89% average increase in standard length compared to 

their source population after a period of nine months and two years respectively (Shields & 

Underhill 1993). With such a high capacity for phenotypic change, the increase in average body 

size observed in the modern population could largely be due to plasticity after the reduction in 

intensive anthropogenic pressure. Such increases have been observed in other exploited species 

after fishery closures during both the First (Borley et al. 1923) and Second (Margetts & Holt 

1948) World War [see Smith 1994 & 2003 for an overview], highlighting the drastic changes 

that can occur if exploited species are given a chance to recover.   

 

Fisheries-induced selection, when acting over long time-scales, represents a mechanism 

for evolutionary change within exploited populations by selecting against certain alleles 

associated with large body size (Law 2000; Kuparinen & Merilä 2007). Once this selective 

pressure has been removed, evolutionary recovery can take a considerable amount of time given 

that the heritability of these life-history traits [e.g. size-at-age, maturity] is estimated to be 

moderate/low [20-30%]. Furthermore, reductions in body size as a result of such evolutionary 

changes are considered difficult to reverse, as the natural selective pressure against these altered 

traits changes can fairly be weak within the recovering populations (Law 2000). Some 

researchers, however, have observed increases in body size after a reduction in selective pressure 

(Haugen & Vøllestad 2001; Conover et al. 2009), and were able to correlate some of this change 

to evolutionary processes. It is highly probable that some degree of evolutionary recovery has 

occurred within the modern population and, although the true extent will remain unknown 

without further analysis, the rate of recovery has likely been high as a function of the long 
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recovery time since commercial collapse [30-55 years] combined with the unique natural history 

of the Cisco. In other systems, noticeable shifts in the morphology of Cisco populations have 

occurred on time-scales less than those observed in this experiment (Vascotto 2006), which 

supports the hypothesis that Cisco can evolve quite rapidly. Cisco in Lake Ontario also have an 

early age-at-maturity [~2 years], high fecundity (Stone 1938), and considerable genetic diversity 

(Eshenroder et al. 2016), all of which would suggest a high capacity for evolutionary recovery.  

 

Evolutionary recovery of body size suggests that, unlike suggestions by some researchers 

[e.g. Law 2000], natural selection is strong in this exploited population. This suggestion is also 

supported by the fact that a small fishery for spawning Cisco still persists in ELO, which may 

impose some anthropogenic selection pressure against large body size that would need to be 

overcome by natural selection. Predation pressure may also act as a key selection factor, as 

increased body size may lower predation of young Cisco. Top predators in ELO are limited in 

the size of prey they can consume, meaning small members of this species are not able to feed on 

Cisco over a certain size (Porath & Peters 1997; Ray et al. 2007). A large body size may, 

therefore, provide young Cisco with a higher chance of spawning. Increased body size may also 

be selective by reducing competitive pressure between young Cisco and invasive planktivores, 

such as Alewife and Rainbow Smelt. These invasive planktivores reach average sizes similar to 

that of juvenile Cisco [200-250mm; Rand et al. 1994], producing pressure on this age class 

through resource limitation. By reaching large body sizes at younger ages, juvenile Cisco may be 

able to compete better with these species and/or capitalize on resource niches that are unavailable 

to these invasive species due to their small size. Although the selection factors proposed here are 

the most probable given the current understanding of Cisco life-history, a multitude of factors 

may be responsible for the increases in body size observed in this study.  
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Size and Age-at-Maturity 

 

Cisco within the modern population of Eastern Lake Ontario appear to mature at younger 

ages compared to the historical population. The size-at-maturity, however, appeared similar 

between these two time periods, which may suggest a few possible scenarios. The first scenario 

is that age-at-maturity for Cisco populations is naturally flexible, and that maturation is 

controlled largely by an individual’s body size [via growth rate]. This relationship is well 

documented in the scientific literature (Dieckmann & Heino 2007) and, combined with the 

capacity for Cisco to undergo life-history shifts, offers a plausible explanation for the observed 

results. The second scenario is that selective fishing pressure is responsible for the observed age-

at-maturity shift, and that the average body size was not influenced by the alteration [regulated 

independently]. Despite the high selective pressure for increased body size, the persistent 

reduction of age-at-maturity suggests that it may have very low selection pressure against it. 

Cisco are considered r-selected species [despite long lifespan], which are typically associated 

with an early-maturation to offset higher mortality [e.g. predation] (Pianka 1970). A reduction in 

age-at-maturity may, therefore, be advantageous when combined with increased body size.  

 

Sex Ratio 

 

Studies of exploited Cisco population in Lake Superior suggest that female numerical 

dominance may occur at low densities (Bowen et al. 1991, Yule et al. 2008). A satisfactory 

explanation for this phenomenon has not yet been proposed, but processes such as juvenile 

sexual differentiation and differential adult mortality have been suggested (Bowen et al. 1991, 

Yule et al. 2008). Regardless, the results of the present study do not support the presence of a sex 

bias within the modern population of Cisco. 
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Year-Class Strength 

 

The Eastern Lake Ontario population of Cisco demonstrates high variability in year-class 

strength, which is consistent with Cisco populations in other Great Lakes (Yule et al. 2008; 

Stockwell et al. 2009). This result lends support to the idea that the sporadic recruitment patterns 

exhibited by this species may be one of the main factors preventing the recovery of Cisco in this 

region (Stockwell et al. 2009). Without a consistently high source of juveniles entering into the 

population, any substantial increase in abundance will likely take a considerable amount of time. 

However, the net positive value of relative year-class strength from 1999-2011 seems to indicate 

that strong year-classes may have had more influence than weak year-classes during this period. 

If this is the case, then perhaps some recovery has already begun to occur in this population, 

which may partially explain the increased survey catches of Cisco in ELO within the past decade 

(OMNRF 2017).  

 

The general patterns in relative year-class strength for the Cisco population of Eastern 

Lake Ontario appear to be different from those described for Lake Superior populations [the only 

system with information on Cisco recruitment] (Myers et al. 2015). In Lake Superior, the 

strongest year-classes within the past few decades occurred in 1998, 2003, and 2009 (Stockwell 

et al. 2009; Myers et al. 2015). In comparison, the strongest year-classes for Cisco in Lake 

Ontario occurred in 1999, 2003, and 2007, meaning that only a single strong year-class [2003] is 

shared between these two systems. Year-classes that were not strong in both lakes tended to have 

strength values ranging from slightly positive [e.g. 2009 in Lake Ontario] to fairly negative [e.g. 

2007 in Lake Superior] in the opposite lake.  The timing of weak year-classes also differed 

between Lake Ontario and Lake Superior, occurring in 2004 and 2008, respectively (Myers et al. 

2015). Average year-classes, those with either slightly negative or slightly positive values, 
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exhibited both minor similarities and differences between these systems. The fact that 

populations of Cisco within Lake Ontario and Lake Superior do not exhibit the same annual 

patterns in year-class strength suggests that local conditions are highly important for determining 

the strength of a given year-class within individual Great Lakes.  

 

Local environmental conditions appear to be highly important for determining the 

strength of a given year-class for Cisco within some ecosystems [e.g. Lake Superior], but may 

not have strong effects within others [e.g. Lake Ontario]. This is highlighted by the fact that 

neither spring water temperature nor spring wind speed appear to have any noticeable influence 

on the year-class strength of Cisco in ELO, despite researchers considering these factors 

influential within the Lake Superior system (Myers et al. 2015). This finding was unexpected, 

but may be explained by several topographic and environmental differences present between 

these two systems. Warm spring water temperatures leading to increased year-class strength 

makes sense for a cold system like Lake Superior, where primary productivity may be a limiting 

factor (GC & USEPA 1995; Myers et al. 2015). In Lake Ontario, however, warm spring 

temperatures may not offer any benefit for a system which is warmer and more productive. 

Spring wind speeds may also have more influence in Lake Superior considering that the 

spawning areas in this lake are located along the main shoreline and tend to be fairly open 

(Goodyear et al. 1982a; Myers et al. 2015). Comparatively, the Bay of Quinte [where much of 

ELO Cisco spawning occurs] is a very narrow and protected system, likely not experiencing 

wind speeds that are comparable to open water areas. Taken together, these results appear to 

indicate that the year-class strength of Cisco in ELO is not regulated by many of the 

environmental factors identified as influential for Lake Superior populations. More research will 



45 

 

be required in order to identify the unknown factors currently regulating the year-class strength 

of Cisco within ELO.  

  

Environmental Factors 

 

The relationship between the timing of first consistent ice on the Bay of Quinte [FDI] and 

relative year-class strength of Cisco in ELO is difficult to fully explain. In Lake Superior, ice 

cover has been identified as a potentially important factor influencing Cisco year-class strength 

(Stewart et al. 2017), but has yet to be identified as one of the major factors acting in the lake. 

Furthermore, the effects of ice cover in Lake Superior tend to be related to the duration of ice 

cover as well as the timing of last consistent ice (Stewart et al. 2017), both of which I identified 

as having little influence within ELO. Regardless, lack of ice cover early in the winter season 

would remove a physical barrier which, under typical conditions, separates Cisco eggs from the 

influence of other environmental factors. The effects of water temperature, light level, and wind 

speed could, therefore, become increasingly important, as these factors are already believed to 

have some influence on Cisco year-class strength (Myers et al. 2015; Stewart et al. 2017).  

 

Slightly warmer temperatures and increased light levels would likely promote early 

development of Cisco eggs, resulting in an overall earlier hatching date along with fewer 

available nutritional reserves (John & Hasler 1956; Colby & Brooke 1970; Stewart et al. 2017). 

These outcomes are usually detrimental within a natural environment, as they tend to result in the 

increased mortality of early life-history stages (Stewart et al. 2017). This is in direct contrast to 

the relationship noted in this study, suggesting that there may be some important aspects yet to 

be considered. In terms of water temperature, studies evaluating the effects of this environmental 

factor on egg development typically occur under constant conditions within a laboratory setting 
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(John & Hasler 1956; Colby & Brooke 1970). Such conditions are unrealistic in the natural 

environment, especially since the temperature increases associated with late ice cover would not 

be longstanding [reaching typical values once ice occurs]. Similarly, the negative effects of 

increased light levels were only tested in the late-stages of development under constant 

conditions (Stewart et al. 2017), which is not consistent with late ice cover early in the winter 

season [would only affect early developmental stages]. These aspects may explain why we did 

not observe any of the negative effects associated with these factors, but do not shed any light on 

why year-class strength may have increased. It is possible that the promotion of early-stage 

development, but not late-stage [as indicated in other studies], results in strong Cisco year-

classes; however, additional evidence would be required to substantiate this claim. Alternatively, 

water temperature and light level may not have any positive influence on year-class when ice 

cover is delayed, and a different environmental factor may be responsible for this effect.  

 

 Wind speed [and associated water currents] may also have the potential to considerably 

influence the development of Cisco eggs, since a standard timing of first ice cover should reduce 

wind-related effects late in the winter season. The presence of waves/currents over an extended 

period after egg deposition could result in the transportation of eggs away from spawning 

grounds, potentially influencing overall recruitment strength depending on where the eggs are 

transported. For wind-related factors to be the cause of a strong year-class they would, therefore, 

have to transport these eggs into areas with beneficial conditions. Transport to deeper water may 

allow for overall cooler temperatures and lower light levels, with both of these factors typically 

being considered beneficial for egg and larvae development (John & Hasler 1956; Colby & 

Brooke 1970). This could potentially explain why increased water temperature and light levels 

did not exhibit the expected negative effects on development [as discussed previously]. It may 
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also be possible that some of these eggs could have been transported out of the range of a 

primary consumer, allowing for more Cisco to enter into the larval stage. The Lake Whitefish is 

a benthic species which uses the same spawning grounds as Cisco within the Bay of Quinte, 

although at a slightly earlier time (Hart 1931). Researchers have recorded Lake Whitefish 

consuming Coregonid eggs within other systems during both the winter and spring (Herbst & 

Marsden 2013), so it is possible that the transportation of eggs off of the spawning ground could 

reduce this predation pressure. 

 

Despite the linear regression identifying FDI as the sole environmental factor regulating 

year-class strength within the ELO Cisco population, I have identified a number of concerns 

which suggest that this finding may not fully represent the situation. The primary concern is that 

an extremely late FDI is relatively uncommon within the data [Figure 9], which means that year-

classes produced under these conditions have the potential to be highly influential within the 

overall analysis. Of particular interest is the year-class of 2007, which not only had one of the 

highest year-class strength values recorded in this study, but also had the latest FDI. These 

characteristics resulted in this year-class having a high influence on the linear model [Cook’s D 

= 0.565], which is important to consider given some of the uncertainty associated with the 

overall relationship. Another concern is that the 2003 year-class [the third strongest] did not 

display the relationship proposed by the model, and actually has one of the earliest dates at 

which ice was first observed. Furthermore, two year-classes yet to be included in this analysis, 

2012 [weak/late FDI] and 2014 [strong/early FDI], also appear as though they will not conform 

to the pattern outlined by the model. Collectively, these concerns imply that FDI may not be a 

significant regulator of year-class strength for Cisco in ELO, and that an unknown factor [or 

combination of factors] is likely more important. 
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Sources of Error 

 

Within this study, I analysed a number of natural history characteristics of the ELO Cisco 

population; however, it is possible that sources of error arising from the methodological aspects 

of this study could have influenced the observed results. There are two main types of error that I 

will focus on in this section: survey error, and aging error. 

 

The first source of error in this study is associated with the design and implementation of 

the various surveys which supplied the data, as each one has distinct characteristics which cause 

it to differ, in some regard, from the rest [see Methods]. Differences in the sampling design are 

likely the most critical of these potential sources of error since they are correlated with the actual 

data collection, and include both gear selectivity and species specificity. The survey by Pritchard 

(1931) in particular was more species selective than the FCIS, as well as more size selective than 

the CCSS [see Methods]. These sampling differences imply that the average body size of Cisco 

caught in Pritchard’s (1931) survey could actually be biased high which, if true, would mean that 

the discrepancy in average body size between the historical and modern populations may 

actually be greater than what was noted in this study. This would not change the overall 

conclusion of the current study and would further support the overall results. The sampling 

design of the CCSS also poses a potential source of error, as this survey may not be adequately 

designed to sample small individuals [< 250mm]. Since this survey relies on samples collected 

by commercial fishers, the mesh size may be specifically designed to retain large individuals 

while letting any small Cisco pass through [mesh size not recorded; Jim Hoyle, OMNRF, 

personal communication]. This makes it difficult to definitively identify the smallest size at 

which a Cisco is actually recruited into the spawning population. It could be possible that some 

extremely small Cisco [<150mm] have a growth rate high enough to cause early gonadal 
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development, but may have skipped spawning as they do not have sufficient energy investments 

required to be fully recruited. Future CCSS studies should aim to understand the selectivity of 

the trap-net gear and/or perform additional surveys to determine if small Cisco are present in the 

spawning area. 

 

Incorrect aging of otolith samples represents another potential source of error within the 

survey, particularly through the misinterpretation of annuli since Cisco otoliths are difficult to 

age correctly. The extent of this error, however, should be minimal based on certain aspects of 

procedures used [use of pre-aged examples, validation from OMNRF], and only a small portion 

of Cisco otoliths were aged with a low confidence rating [~8%]. Despite the fact that error may 

be minimal, it is still important to note as a potential source since incorrect age information could 

impact the results. A secondary source of error related to the age data is based on the assumption 

that all of the samples aged by Pritchard (1931) were done correctly [despite differing methods]. 

This source of error will never be fully accounted for but, again, should be noted due to its 

potential influence.  

 

Aside from the two main sources of error identified above, there are also a few minor 

sources of error which could impact the results of this study. These include, but are not limited 

to: data input error, survey measurement/identification error, and small sample sizes for certain 

ages  [1+ year Cisco, ≥10+ year Cisco] and surveys [Pritchard 1931 (some); FCIS samples 

(generally)]. The sources of error identified in this section have the potential to affect the results 

of this study; however, I do not believe the potential effects are significant enough to change the 

overall conclusions. In fact, some sources of error identified may actually strengthen the 
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observed results [e.g. potential historical size bias due to sampling methods]. Regardless, these 

sources of error should be taken into consideration when analysing the results of this study. 
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Chapter 5: Conclusion 
 

Fisheries-Induced Selection 

 

 Fisheries-induced selection, although a potential issue within the historical population, 

does not appear to be a factor of considerable concern for the modern-day population of Cisco 

within Eastern Lake Ontario. The magnitude of the noted size-at-age increase implies a 

population [and species] with considerable adaptive capabilities and, although we will likely 

never know the historical baseline of the affected life-history traits, the findings of this study 

suggest significant recovery on a morphological [and potentially evolutionary] level within the 

modern population. Furthermore, an earlier age-at-maturity [with a consistent size-at-maturity] 

may provide more reproductive opportunities which will, in turn, facilitate population growth. 

This is encouraging from a fisheries management perspective, as it would imply that fisheries-

induced evolution [in size-at-age and maturation] is not responsible for the current low 

abundance, the most concerning characteristic of the modern ELO Cisco population. This 

suggestion, however, assumes fecundity has not decreased due to factors other than body size, 

which should be an area of study in the future.   

 

Although commercial over-exploitation may have influenced the life-history 

characteristics of the ELO Cisco population, it is also important to acknowledge that other 

ecosystem changes occurred in Lake Ontario between the historical and modern periods, and that 

these changes could have also influenced the life-history of the Cisco within this region. Climate 

change, for example, has resulted in higher average surface water temperatures in modern-day 

Lake Ontario compared to the past [e.g. ~1.43°C increase from 1970-2009; Huang et al. 2012] 

and it is possible that these temperature changes could, theoretically, increase the development 
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and growth rate of juvenile Cisco in this population (McCormick et al. 1971). The significant 

decline of Cisco abundance in ELO may have also influenced the life-history of this population 

through reduced intraspecific competition, thereby increasing resource availability for the 

remaining population (Law 2000). If this were to occur, however, the available resources would 

need to be different than those used by invasive planktivores [e.g. Alewife] dominating the food 

web during this period. It should also be noted that some ecosystem changes would likely work 

against the alterations noted in this study, such as declines in overall zooplankton productivity 

[and, therefore, prey availability] as a result of reduced phosphorous pollution and the effects of 

numerous invasive species [e.g. Dreissenid mussels] (Mills et al. 2005; Stewart et al. 2010). 

Future work should assess the potential influence of these, and other ecosystem changes on the 

ELO Cisco population in order to better understand the life-history changes noted within this 

study.  

 

The life-history characteristics uncovered in this study also provide important 

information for a population/species that has been understudied throughout recent history. Size-

at-age, maturation, and growth information are all useful from a fisheries management 

perspective, as these characteristics are often used as parameters when modelling population 

structure and growth (Pope et al. 2010). This is particularly important for the ELO Cisco 

population, which remains at low levels of abundance, shows very little sign of recovery, and 

whose licenced commercial fishers are not currently regulated by a maximum quota [Jim Hoyle, 

OMNRF, personal communication]. Estimating population parameters such as natural mortality, 

fecundity, and recruitment should be the next steps for this population, all of which would prove 

useful for designing a rehabilitation strategy for this region. A detailed assessment of 
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interspecific competition between Cisco and invasive planktivores should also be undertaken, as 

it constitutes a significant knowledge gap for this system.  

 

Year-Class Strength 

 

 The wide variability of year-class strength noted in this study offers a plausible 

explanation for the lack of recovery within the ELO population. Although this finding was to be 

expected given the pervasiveness of this characteristic, it is not encouraging from a fisheries 

management perspective since variable recruitment is not an aspect that can be addressed 

through rehabilitation initiatives. Reducing the commercial harvest of Cisco during the spawning 

season may offer an alternative means to facilitate recovery, as it would reduce the exploitation 

of mature individuals and allow more fish to complete their spawning behaviour. This option, 

however, may not be feasible since it would likely mean completely closing the already limited 

commercial fishery. Given that some natural recovery may be occurring, simply leaving this 

population as is may eventually yield results assuming exploitation remains low.  

 

The lack of correlation between year-class strength and most of the environmental factors 

analysed in this study provides some interesting insight into the recruitment dynamics of Cisco 

within Eastern Lake Ontario, as it indicates that many of the factors identified as important in 

other systems do not exhibit the same influence within Lake Ontario. Unfortunately, this lack of 

correlation will make it difficult for researchers to predict future fluctuations in both the year-

class strength and abundance of this species within ELO. Repeating the methods of this study 

with subsequent year-class data and other potentially important environmental/ecological factors 

should further supplement the findings noted herein and, potentially, identify any unknown 

regulating factors.  The geographic variation in environmental influence between the Lake 
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Superior and Lake Ontario ecosystems highlights the importance of conducting research specific 

to a given system, particularly if the mechanism being studied is related to environmental 

conditions. Given that variable year-class strength appears to be a prime factor affecting the 

abundance of adult Cisco, continued effort should be taken to understand what factors lead to a 

good year-class for this species.  

 

Future research should attempt to replicate this type of study within other systems where 

Cisco are present, such as Lake Huron and Lake Michigan, in order to gain further insight into 

the influence of local environmental conditions on Cisco year-class strength. In terms of the ELO 

Cisco population, testing the direct effects of invasive planktivorous species [e.g. Rainbow 

Smelt] on year-class strength should be an area of focus given the potential for such species to 

impose considerable larval predation (Myers et al. 2009). Studies using spring trawls and/or egg 

collection techniques [grates, pumps] to directly assess early life-history stages would also be 

extremely beneficial since there is very little research on this topic. Performing such studies, 

however, may prove challenging considering that information on the spawning behaviour [e.g. 

migration, spawning sites, philopatry] of Cisco within this region is outdated. Research 

describing such behaviour, therefore, should be one of the next steps for the ELO population. 

 

Overall 

 

Taken as a whole, this study provides important natural history information for an 

understudied population of Cisco that has experienced significant declines due to over-

exploitation and other anthropogenic impacts. Through this study, I was able to identify 

alterations to the life-history of Cisco in Eastern Lake Ontario, which may have been caused by 

fisheries-induced selective pressure acting on the historical Cisco population. This supports the 
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claim that over-exploitation was likely the main cause of decline for Cisco in Lake Ontario; 

however, recovery of these life-history characteristics may indicate that this selective process is 

not a major factor affecting the current fitness of the ELO Cisco population. Furthermore, I was 

also able to verify that the year-class strength of Cisco within this system was highly variable 

[similar to other systems], which may play a role in the slow recovery of this species. I was 

unable to correlate this variability with environmental factors noted as influential within other 

systems [e.g. other Great Lakes], suggesting that the factors regulating the recruitment of Cisco 

differ based on local conditions.   

 

The natural history information gained from this study should be useful for fisheries 

researchers interested in rehabilitating Cisco populations within Lake Ontario, by acting as a 

baseline from which novel research projects and management actions can be derived. In fact, a 

workshop sponsored by the Fish and Wildlife Restoration Act identified some of the 

characteristics analysed in this study as knowledge gaps that would need to be addressed before 

the rehabilitation of Cisco within Lake Ontario could occur (Fitzsimons & O’Gorman 2004). 

Understanding how environmental factors affect the year-class strength of Cisco, for example, 

may help fisheries managers predict the future effects of climate change within this region 

(Fitzsimons & O’Gorman 2004). As well, information on the size-at-age and maturation of Cisco 

can be implemented into models assessing population structure and abundance (Pope et al. 

2010), which is imperative given the current low abundance of Cisco in ELO.  

 

 Although the management implications of this study were the main focus, the results of 

this study may also have applications within the broader scientific field. For example, fisheries-

induced evolution is a topic of great interest for fisheries managers given that many fish stocks 
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are facing over-exploitation within modern society. The apparent recovery of size-at-age within 

the ELO Cisco population may provide insight into how recovery may occur for other fish 

species, especially considering that any recovery is considered a rare phenomenon given the 

difficulties involved (Law 2000). The addition of genetic and evolutionary components to the 

study of ELO Cisco recovery could also potentially help researchers learn more about fisheries-

induced evolution as a whole. In a more restricted sense, the results of this study may also be 

applicable to studies of Cisco within other regions, particularly the other Great Lakes. The 

disparity of environmental influence on Cisco year-class strength between Lake Superior and 

Lake Ontario highlights the importance of conducting such research within the region of interest, 

as they will likely not be comparable between systems.  

 

 This study was able to provide information on understudied life-history characteristics of 

the ELO Cisco population; however, there are many knowledge gaps which still act as barrier to 

rehabilitation within this region. Conclusively identifying the effects of invasive planktivores 

[e.g. Alewife, Rainbow Smelt] on Cisco populations is of critical importance in all systems, but 

particularly within Lake Ontario due to the long history of invasive species within this region 

(Fitzsimons & O’Gorman 2004). As well, studies assessing the potential effects of more recent 

invaders on populations of Cisco, such as the Round Goby and Spiny Water Flea, should also be 

considered as little-to-no information currently exists on this topic (Fitzsimons & O’Gorman 

2004). Research into the seasonal movement and habitat use for all life-history stages of Cisco 

would provide vital information for management initiatives, allowing researchers to identify if 

critical habitat has been impaired (Fitzsimons & O’Gorman 2004). Spawning-related behaviour, 

such as migration and site fidelity, is also considered a critical knowledge gap for similar reasons 

(Fitzsimons & O’Gorman 2004). Although these knowledge gaps represent specific areas of 
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focus for the ELO Cisco population, the information gained from such research would likely also 

have applications within other systems.  

 

The rehabilitation of Cisco stocks within the Great Lakes stands to offer a number of 

benefits to this ecosystem, by returning the food webs in this region to a more natural state 

(Fitzsimons & O’Gorman 2004; LHTC 2007). Currently, many of these food webs are 

dominated by non-native planktivores, which destabilises the function of these systems through 

various means. For example, many of these invasive species are small and prone to die-offs, 

making them an unreliable food source for the various large piscivores that rely on them 

(Fitzsimons & O’Gorman 2004; LHTC 2007). The rehabilitation of Cisco, a local prey species, 

would offer a back-up food source should die-offs occur, as well as a larger and higher quality 

food resource overall (Fitzsimons & O’Gorman 2004; LHTC 2007). The Alewife, in particular, 

also poses a risk to these ecosystems due to their high concentrations of thiaminase, resulting in 

Early Mortality Syndrome within some large piscivores, such as Lake Trout (Fitzsimons & 

O’Gorman 2004; LHTC 2007). By adding a food resource low in thiaminase, such Cisco, the 

frequency of this disease may be reduced within these systems (Fitzsimons & O’Gorman 2004; 

LHTC 2007). Although it is too late to completely eliminate the effects of non-native 

planktivores within this system, the rehabilitation of Cisco would offer a natural way to reduce 

the severity of such effects.  

 

 In conclusion, the Cisco is a small pelagic species that has historically provided a critical 

link in Great Lakes food webs, but dramatic declines in abundance due to over-exploitation have 

impaired many populations. The findings of this study, however, seem to suggest that Cisco 

within Eastern Lake Ontario may be recovering, a claim that is further supported by noticeable 
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increases in both survey and commercial catch values within the past decade (OMNRF 2017). 

Despite this promising forecast, the Eastern Lake Ontario population of Cisco will still need to 

be managed effectively if it is to return to past levels of abundance. Hopefully, the information 

gained from this study will provide a baseline for future management action, and inspire more 

research into Lake Ontario Cisco. The rehabilitation of this species would not only improve the 

overall health of this ecosystem, but it may also offer an opportunity to bolster the limited fishery 

and make Cisco a commercially important species once more. If this were to occur, however, 

care will need to be taken so that we do not repeat the mistakes of the past. 
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Appendix 
 

Appendix A - Otolith Preparation Steps 

 

Encasement 

 I used a specialised baking tray with 48 oblong wells (1cm x 1cm x 4cm) and filled 1/3 of 

each well with resin [System Three – “Mirror Coat”]. 

 I baked the tray for one hour in a drying oven at 80˚C. 

 I placed one cisco otolith concave side up in the centre of each well, with the pointed end 

facing upward. To remain consistent with the practices of the Glenora Fisheries Station I 

analysed the left otolith of each individual. [Right otolith was used if the left was absent]  

 I then filled the remaining space in each well with resin (ensuring the otoliths remained 

correctly oriented) and dried the resin using the same procedure mentioned previously. 

 

Sectioning 

 I located the origin of each otolith using a dissecting microscope and marked its location 

on the outside of the resin block. The origin was identified as the darkest area around the 

centre of the otolith, around which the annuli could often be seen. 

 I used a Buehler low-speed Isomet saw with two diamond blades separated by 

approximately 0.5mm to cut each section. The holding-arm was loaded with a weight of 

200g and the saw speed was set to 7. 

 I cut the sample at a 45° angle until the blades were almost through the resin block. 

 I then removed the resin block from the holding-arm, removed the small tab using a 

scalpel, and lightly cleaned the tab with ethanol and water (to remove any contaminants). 

 

Sanding/Mounting 

 

 I sanded one side of the tab with two different graded lapping papers. I started with a 30μ 

paper and finished with a 9μ paper, sanding in a figure-eight pattern. 

 To prepare the otolith tab for attachment I placed a small drop of resin on a microscope 

slide. I then placed the otolith tab, polished side down, onto the fresh resin. 

 I left each slide to dry overnight after ensuring that there were no bubbles trapped 

underneath the tab.  

 I sanded the otolith with two different grades of sandpaper, 600 grit and 800 grit. I started 

with the coarser 600 grit paper and finished with the 800 grit paper once the otolith 

banding became clearer under a microscope. 
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Table A1  The distribution of year-classes for Cisco sampled within the Fish Community Index 

Survey and Commercial Catch Sampling Survey in Lake Ontario from 2004-2005, 

2008, and 2010-2016. 

Year-Class Sampling Year 

 2004 2005 2008 2010 2011 2012 2013 2015 2016 

1990 1         

1991 1         

1992 0         

1993 0 1        

1994 3 1 1       

1995 6 3 1    1   

1996 1 0 0 1  1 0   

1997 1 0 0 0  0 1   

1998 1 1 0 1  1 0   

1999 12 3 1 0 2 1 1   

2000 5 2 2 0 1 0 0   

2001 5 3 1 2 0 0 2   

2002 9 1 0 4 2 2 3   

2003 4 35 7 10 6 3 5  6 

2004   3 2 1 2 3  2 

2005   15 3 4 5 15  3 

2006   19 13 6 10 12 1 13 

2007    15 15 10 9 6 17 

2008    3 23 15 8 4 19 

2009     22 4 16 10 11 

2010      2 4 10 8 

2011        12 12 

2012        2 2 

2013        15 16 

2014        20 72 

2015         2 
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Table A2  Relative year-class strength of Cisco from 1999-2011 obtained through the residual 

catch-curve analysis, as well as the number of residuals used to calculate year-class 

strength for each year. Year-class values are fall on a range from 0.50 [strongest] to       

-0.50 [weakest].   

Year-Class Relative Year-Class 

Strength 

Number of 

Residual Values  

1999  0.50 3 

2000  0.17 3 

2001 -0.25 4 

2002 -0.10 5 

2003  0.30 5 

2004 -0.50 5 

2005 -0.10 5 

2006  0.17 6 

2007  0.50 6 

2008  0.00 6 

2009  0.10 5 

2010 -0.25 4 

2011 -0.17 3 
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