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Abstract 

Modeling species abundance and predicting species distribution are important tools for 

fisheries management. Advanced modeling techniques have allowed for predictive models with 

increased accuracy to be developed because of their ability to account for imperfect detection. 

Novel sampling methods have been created to sample aquatic environments such as large bodies 

of water that cannot be easily sampled by traditional fisheries methods. I surveyed 

Loughborough Lake near Kingston, Ontario to develop abundance models that would predict 

species distribution based on depth and fetch habitat variables using angling as the sampling 

method. Loughborough Lake is a 2000-hectare lake that has interesting bathymetric and 

limnological characteristics with two distinct basins. An angling protocol was developed to be 

able to sample all environments of the lake while being able to efficiently sample sites. 

Abundance modelling was completed for Largemouth Bass, Smallmouth Bass, Rock Bass, 

Pumpkinseed, Bluegill and Yellow Perch.  Results showed that a broad distribution of 

centrarchid species, and other species, was not observed throughout Loughborough Lake. In 

contrast, centrarchid distribution was characterized as basin-specific in nature with different 

species occupying either the eastern or western basin. This pattern was unexpected, but it may be 

explained by variation in fetch, which functions as a surrogate for vegetation. Angling was found 

to be an effective method that allowed an individual sampler to efficiently obtain count data. The 

valuable information gained from the combination of the abundance models and a novel 

sampling method could improve sampling programs and aid in future research. 
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Chapter 1 

Introduction 

1.1 General Introduction 

 
Assessing species abundance and distribution are key components of fisheries 

management, as they provide critical information for maintaining fish stocks and diversity. 

Waterbodies with a complex bathymetry and a variety of habitats can make the assessment 

process more difficult. Furthermore, climate change, nutrient deposition, invasive species and 

land-use alterations create an ever-changing environment, affecting native species distributions 

and access to preferred habitats (Comte et al., 2013; Bond et al., 2011; Chu et al., 2005; Leuven 

and Oyen, 1987; Zhu et al., 2006; Dextrase and Mandrak, 2006; Scheuerell and Schindler, 2004). 

Understanding species distribution and abundance as it relates to habitat is important. Seasonally, 

any linkage between fish abundance and fish habitat may change with changes in thermal 

conditions. New approaches and models relating abundance to habitat that can occur at within 

season scales can make important contributions to linking fish and habitat. This may be 

facilitated by citizen science projects where activities and interests of public participants in 

monitoring can supply data for drawing inferences about fish use of habitat. Occupancy and 

abundance models have the potential to quantitatively assess fish habitat and habitat use while 

incorporating citizen science (Altwegg and Nichols 2019). 

Occupancy and abundance modelling with heterogeneous detection probability for 

determining species distribution are becoming widely accepted approaches (Mackenzie et al., 

2006; Royle and Nichols, 2003; Guillera-Arroita 2017). These models use detection data, either 

presence-absence or count, along with habitat covariates to determine the species preferred 
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habitat use and then predict their distribution across the entire waterbody while accounting for 

imperfect detection. By sampling a small portion of each habitat and then predicting distribution, 

this approach can make assessment much more efficient. The habitat use estimates for each 

species can also be applied to predict their distribution in other similar waterbodies.  Classic 

occupancy analysis focuses on occupancy of habitat locations or discrete sites such as lakes, 

ponds, or other features that may or may not contain a species of interest. This study focuses on 

occupancy in continuous habitat, so inferences are drawn as ‘habitat use’ and not strictly 

occupancy (Efford and Dawson 2012). 

1.2 Applications of Species Distribution Models 

 
Species distribution models (SDMs) can determine essential or critical fish habitat that is 

defined as waters or substrata necessary for spawning, breeding, feeding or growth (Wright, 

2010). The models use environmental and physical covariates that can identify specific habitat 

characteristics that are associated with essential fish habitat. Combining habitat use information 

with GIS mapping applications can determine priority areas to protect and potential areas to 

rehabilitate (Laman et al., 2018; Rodriguez et al., 2007; Heinrichs et al., 2010). With this 

information, development that causes alterations to the critical habitat can be stopped or reversed 

as the Department of Fisheries and Oceans prohibits harmful alteration to fish habitat (DFO, 

2019). “Heat maps” are created based on the probability of occupancy or abundance estimates 

for each cell, which allows results to be easily communicated and understood. The habitat use 

estimates for the species can be modeled on other bodies of water to predict their distribution, as 

they are transferable as long as the habitat covariates have been surveyed across the new area.  
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Climate change and land-use change trends can be used in these predictive models to 

assess their impacts on distribution and biodiversity (Rodriguez et al., 2007). Aquatic ecosystems 

will experience warming, potentially increasing vegetation growth, algal blooms, and affecting 

thermocline depth along with many other processes (Riis et al., 2012;  Paul, 2008; Paerl et al., 

2011). Species may then be forced to migrate to find suitable habitat based on physiological 

needs and new areas may have to be protected (Hannah et al., 2007). In large systems, this can 

have major impacts on the ecosystems that species are leaving or moving into due to competition 

or predation (Van Zuiden et al., 2016; Fossheim et al., 2015), which can then affect commercial 

and recreational fishers (Kling et al., 2003; Ficke et al., 2007).  

Invasive species are another major threat to current and future ecosystems (Sala et al., 

2000). Preferred environmental characteristics of invasive species can be used to determine if the 

managed area is at-risk of invasion and which species would compete to occupy the habitat 

(Baxter and Possingham, 2011; Vicente et al., 2011). Invasive species are not only a threat to 

ecosystems but also have a major impact economically (Pimentel et al., 2000). Climate and land 

use change can accelerate these invasions (Vicente et al., 2011).  

Species abundance estimations can have major implications for decisions about stocking. 

Managers can adapt stocking programs based on population estimates from abundance models. 

Assessing the population in terms of abundance and fish size can also provide insight about the 

success that the stocking program has had and if changes need to be made (Glover et al., 2018). 

Estimates of habitat use may also show niches that are unused where stocking programs could be 

more successful, and stocking densities that ecosystems can sustain (Smith et al., 2012). 

Stocking can help increase the number of species, quantity, and size of fish that anglers catch, 

which increases recreational satisfaction (Beardmore et al., 2014) and commercial fishing 
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opportunities. Abundance models can also assist managers in making alterations to recreational 

and commercial fishing regulations such as limits, slot sizes and season lengths, that can help 

maintain fish stocks, species diversity and fish size.  

1.3 Modeling with Imperfect Detection 

 

In this study, the modelling of habitat-use and relative abundance is based on occupancy 

analysis that explicitly incorporates imperfect detection. Imperfect detection is very similar to 

false negatives during sampling, as the species may be present but the sampler is not able to 

detect the species because of an external factor. These models can account for these external 

factors through measuring environmental variables and building a detection history to determine 

how detection probability was influenced by these variables. A detection probability is calculated 

based on multiple sampling visits to the same site, creating a detection history, while measuring 

habitat or sampling covariates that may affect habitat selection or detection, respectively. 

Covariates affecting detection during sample surveys could be factors that effect a surveyor’s 

perception ability or the behaviour of the study species. In many ecological or fisheries 

examples, weather variables such as wind and cloud cover can affect detection, and other 

environmental variables like cover, refuge area, water clarity and more can also impact detection 

(Dextrase et al., 2014; Haynes et al., 2014; Mackenize and Nichols, 2004). Incorporating a 

detection probability allows for more accurate occupancy and abundance results as it accounts 

for the presence of individuals that you do not detect and therefore does not underestimate the 

number of individuals.  
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1.4 Examples of Modeling with Imperfect Detection 

 
Occupancy and abundance modelling with imperfect detection is becoming widely 

accepted and a more common approach to predicting the distribution of mammal and aquatic 

species. Banff National Park has developed an occupancy protocol for long-term stream fish 

monitoring (Taylor and Mochnacz, 2013). There are several threatened or at-risk fish species, 

where occupancy estimates may be able to aid in stream rehabilitation and the tracking of their 

distributions. Banff has also used occupancy modelling to track the spatial distribution and 

population trends of large mammals including wolverine (Gulo gulo) and lynx (Lynx canadensis) 

(Whittington et al., 2015). Researchers have become more innovative with sampling techniques, 

for example, Whittington et al (2015) developed ski routes where snow surveys were conducted 

to record presence-absence data of the wolverine and lynx. Williams et al. (2017) and Rovero et 

al (2014) used aerial photos and camera traps for their presence-absence data to build occupancy 

models.  

Occupancy modelling has been used in several studies to develop predictive models to 

protect and restore populations of threatened fish (Dextrase et al., 2014; Albanese et al., 2011; 

Rodtka et al., 2015; Flowers and Hightower, 2013). An occupancy approach identified critical 

habitat for protection or areas that were suitable for rehabilitation, which could contribute to the 

restoration of self-sustaining populations. Sampling the presence or absence of the species was 

efficient and results could also be used to predict distribution on neighbouring streams and 

rivers.  

Despite the potential benefits, abundance models incorporating imperfect detection have 

been found in limited studies throughout the fisheries literature. Wenger and Freeman (2008) 

examined the effects of including imperfect detection when estimating the abundance of a stream 
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fish, and Pritt et al (2014) incorporated it when assessing larval fish abundance. Their research 

supports that imperfect detection models can yield more accurate results and can help determine 

the appropriate sampling effort that is necessary to do so. Using these models can improve 

conservation efforts through more informed management decisions. This approach should be 

used more often in the future to make more accurate habitat use and abundance estimates 

through the use of imperfect detection.  

1.5 Factors Affecting Species Distribution and Ideal Study Location  

 
There are many physical and environmental factors that can affect the distribution of fish. 

Each species has different biological requirements and optimal temperature and oxygen 

concentrations. Fish species also have preference for habitats that are advantageous for feeding 

or protection from predation. Some of the factors that can affect these are depth, fetch, 

vegetation, substrate and slope. 

Fish have species-specific preferred water temperatures that optimize metabolism 

(Ferguson, 1958; Cherry et al., 1977). Each species has upper and lower limits for temperature 

and DO concentrations associated with optimal physiological performance (Cherry et al., 1977; 

Beitinger et al., 2000; Warren et al., 1973; Elshout et al., 2013; Whitmore et al., 1960). 

Temperature profiles can be affected by the diurnal cycle and mixed to some degree through 

wave action (Torma and Kramer, 2017; Ganf, 1974; Ganf and Horne, 1975). Fish may then alter 

their depth in response to temperature changes throughout the day and weather conditions 

affecting water temperature or mixing of the water column.  

Fetch is the distance that wind travels over water, which results in kinetic energy transfer 

and ultimately waves. The degree of wave action is directly linked to the extent of fetch on a lake 
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surface. Fetch can have many effects on the aquatic environment with physical mixing of surface 

waters the clearest outcome. Fetch has been found to be a predictor for fish growth and biomass 

in littoral fishes (Randall et al., 2012). High winds can affect the distribution of zooplankton, 

thereby concentrating them in specific areas and altering the food web dynamics(Zhou et al., 

2018; Blukacz et al., 2009). Prey fish may occupy these areas due to increased food availability 

and alter their distribution according to the location of these zones, and therefore indirectly 

impact the distribution of predatory fish.  

High fetch areas in shallow waters experience higher levels of sediment resuspension 

(Hamilton and Mitchell, 1996; Bailey and Hamilton, 1997). This in turn causes more turbid 

waters, which affects the ability for predator fish to detect or encounter prey (Utne-Palm, 2002; 

Jonsson et al., 2013). Increased turbidity may limit food availability for predator fish with an 

inability to detect prey. Fish have various substrate affinities for spawning habitat, prey 

availability and cover, which are all affected by sedimentation (Robillard and Marsden, 2011; 

Lane et al., 1996; Webster and Hart, 2004). The slope of the lake bottom can also affect the 

substrate as erosion rates can increase on high slopes and an abundance of sediment can settle on 

low slopes (Blais and Kalff, 1995). Fish that prefer rockier substrates may be found on higher 

slopes, where fish that prefer organic bottoms would be found in more flat areas.  

Temperature, oxygen, fetch, light, substrate and slope all affect another important factor: 

vegetation. Increased vegetation height and density occur in shallow waters as warm 

temperatures with high light exposure promote vegetation growth (Riis et al., 2012; Barko and 

Smart, 1981; Zhang et al., 2019; Dar et al., 2015). Wave action can also affect aquatic vegetation 

through both physical disturbance and substrate composition (Dar et al., 2015; Chambers, 1987; 

Lehmann, 1998; Rea et al., 1998). Vegetation and sediment resuspension have an interesting 
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relationship where turbidity reduces light penetration, reducing growth but more vegetation 

reduces resuspension (Madsen et al., 2001). Substrate size and the slope of the lake bottom are 

also important factors for vegetation biomass and distribution (Rea et al., 1998; Li et al., 2012; 

Lehmann, 1998). Fish that prefer complex environments with lots of cover may be found in 

denser macrophyte areas, which in summer are likely then to be shallow, warm areas with low 

slope and fetch. Macrophyte biomass and cover has been found to be predictors of fish biomass 

and growth (Randall et al., 2012). Submersed aquatic vegetation is an important feature for food 

sources and shelter for centrarchids and northern pike (Valley et al., 2004). Valley et al (2004) 

also found that both submersed and emergent vegetation were important factors for the 

distribution of non-game fish that would serve as food sources for predator species.  

An ideal study location for testing the predictive ability of occupancy modeling would be 

a site diverse in both habitat and species. A range of depths, slopes and fetch would result in 

diverse habitat niches for species occupancy. The study location would ideally have deep, cold 

environments with no vegetation, to contrast with shallow, warm environments with an 

abundance of vegetation growth. Multi-basin lakes can provide a gradient of habitat 

characteristics that in turn may generate gradients in species distribution within a lake.  

1.6 Species Background 

 
Eastern Ontario lakes are typically diverse in fish species, including Smallmouth Bass 

(SMB, Micropterus dolomieu), Largemouth Bass (LMB, Micropterus salmoides), Black Crappie 

(BC, Pomoxis nigromaculatus), Rock Bass (RB, Ambloplites rupestris), Pumpkinseed (PS, 

Lepomis gibbosus), Bluegill (BG, Lepomis macrochirus), Yellow Perch (YP, Perca flavescens), 

Northern Pike (NP, Esox lucius), and Lake Trout (LT, Salvelinus namaycush). 
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As described in Clausen (2015), Brewer and Orth (2015) and Scott and Crossman (1973), 

LMB and SMB prefer very different habitats. Throughout the fisheries literature, habitat studies 

have found that adult LMB are often in water less than 6 m in depth, even in the summer during 

midday (Hall and Werner, 1977; Keast, 1978; Scott and Crossman, 1973; Winter, 1977). LMB 

prefer warm water, with optimal growth occurring at temperatures of 25 oC or warmer (Beitinger 

and Fitzpatrick, 1979). Keast (1978) studied an eastern Ontario lake, finding LMB widespread 

inshore with the highest densities in shallow and deep weeds, along with exposed sandy areas. 

Aquatic vegetation has been found to play a key role in LMB distribution along with coarse 

woody habitat (Ahrenstorff et al., 2009; Bain and Boltz, 1992; Essington and Kitchell, 1999; 

Olson et al., 1998; Sass et al., 2006).  

SMB have been found to select for boulder areas in the summer months, along with 

woody debris, log jams and other cover (Ettinger-Dietzel et al., 2016; Todd and Rabeni, 1989). 

Temperature preferences during the summer can vary but have typically been found in the 

epilimnion just above the thermocline and have been suggested to be optimal around 20.2°-21.3° 

C (Barans and Tubb, 1973; Edwards et al., 1983; Scott and Crossman, 1973). Edwards et al 

(1983) describe adult SMB habitat in lakes to be rocky shoals at depths averaging 9 m and that 

SMB seek cover, that preferably includes boulders, rocks and stumps. Keast (1978) found SMB 

off vertical cliffs and rocky shelves of another regional lake.  

The other centrarchid species are RB and BC. RB have been found to associate with 

rocks in shallow, warm water, along with woody structure (Scott and Crossman, 1973). In the 

nearby waterbody, Keast (1978) found that they inhabit rocky and weedy areas, moving 

shallower to feed. Other studies have similar findings, with RB occupying rocky and vegetated 
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areas in shallow water during the summer (Pratt and Smokorowski, 2003; Page and Burr, 1991; 

Hatzenbeler et al., 2000). 

 BC tend to live in shallow, warm water and associate with vegetation in clear water and 

around fallen trees, complexes of finer woody debris, and other cover (Scott and Crossman, 

1973). Keast (1978) found that BC occupy dense weed during the day but widely disperse at 

night to feed. Similar results have been found by Edwards et al (1982) and Guy et al (1992), as 

they both found during the day BC will inhabit shallow areas with abundant macrophyte cover in 

summer months.  

PS prefer shallow, clear water with vegetation and brush, often schooling up near the 

surface (Scott and Crossman, 1973). PS have typically been found in submerged vegetation but 

have also been found to live in proximity to rocky shoals, sandy areas and emergent vegetation 

(Jordan et al., 2009; Keast, 1978; Pratt and Smokorowski, 2003; Fish and Savitz, 1983). In these 

studies, PS were found mostly in shallow, littoral water of less than 3 m of depth, spending the 

majority of the day in this environment. In the presence of BG, PS have been found to remain 

shallow in the littoral environment where they are able to feed on snails because of 

morphological advantages (Robinson et al., 1993; Mittelbach, 1984; Gillespie and Fox, 2003).  

BG also tend to inhabit shallow, weedy bays like PS but in summer can move to depths 

of 6 meters (Scott and Crossman, 1973). Studies have found similar habitat use trends with 

relationships with vegetated habitats at shallow and mediums depths, strong relationships with 

submergent and emergent vegetation, and some use of sandy areas (Pratt and Smokorowski, 

2003; Fish and Savitz, 1983). During the summer, it has been found that they will move out to 

deeper vegetated areas (Weimer et al., 2014). In the presence of PS, BG have been found to 
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become more generalists that feed on zooplankton in open waters (Robinson et al., 1993; 

Mittelbach, 1984, Osenberg et al., 1988).  

YP are usually considered shallow-water fishes but during the summer can move offshore 

to deeper, cooler water and are not typically considered structure-oriented fish with intermediate 

levels of vegetation being the only preference (Radabuagh et al., 2010; Scott and Crossman, 

1973). Keast (1978) found that smaller YP tend to stay shallower in vegetation while the larger 

fish are in deeper waters, along with strong diel movements and can be found on sand at night. 

Other studies show that YP have preferences for vegetated and sandy areas (Pratt and 

Smokorowski, 2003; Fish and Savitz, 2003), and another suggests that reeds and other vegetation 

in shallow waters with organic or sand bottoms were preferred environments (Brown et al., 

2009).  

In the summer, NP have been found to associate with warm, shallow and vegetated areas 

during the morning and evening, but move deeper during the day and night (Chapman and 

Mackay, 1984; Cook and Bergeson, 2011; Scott and Crossman, 1973). Other studies have 

suggested that they spend most of their time in shallow, vegetated waters of less than 4 m (Diana 

et al., 1977; Harvey, 2009). Casselman and Lewis (1996) showed that NP were found mostly in 

shallow waters with intermediate vegetation cover, but were also as deep as 12 m.   

Lake trout are a cold-water, pelagic species that in summer typically reside in deep 

waters below the thermocline where temperatures are cooler, spending most of their time during 

the summer in waters greater than 10 m deep (Blanchfield et al., 2009; Scott and Crossman, 

1973). Temperature below 15 degrees Celsius and oxygen concentrations above 4 mg/L have 

been suggested as the driving forces behind their distribution, with the species being widely 
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distributed within the waters that meet both criteria (Blanchfield et al., 2009; Marcus et al., 1984; 

Plumb and Blanchfield, 2009).  

1.7 Standardized Sampling, Traditional and Novel Methods 

 
In Ontario, the Ministry of Natural Resources and Forestry uses a standardized sampling 

approach called Broad-scale Monitoring (BsM). Gillnetting, a depletion sampling method, is 

used to gather length, sex, condition and quantity of species. However, gillnetting can be 

ineffective at targeting individual species and bycatch can include other fish species, turtles, and 

birds (Hamley, 1975; Hickford and Schiel, 1995; Martin and Crawford, 2015).  

Several occupancy studies have used electrofishing (Taylor and Mochnacz, 2013; 

Dunham and Rieman, 1999; Albanese et al., 2011; Rodtka et al., 2015), which can often sample 

whole fish communities and can be more efficient than netting (Goffaux et al., 2005; Growns et 

al., 1996). Fish can, however, experience negative effects to their behaviour, health, growth and 

reproduction, both long and short-term, from electrofishing (Panek and Densmore, 2011). 

Other traditional sampling methods that have been used for occupancy studies are seine 

netting (Dextrase et al., 2014; Haynes et al., 2013), bottom trawls (Laman et al., 2018), fyke nets, 

minnow traps and dip nets (Haynes et al., 2013). Most methods are all typically quite simple and 

cost effective, while being able to collect a diverse range of species. However, seine netting and 

other netting or trapping devices are only effective in shallow, littoral areas, which can 

potentially bias results. Trawling can negatively affect benthic fauna and structure, altering 

habitat and opening areas for invasive species (Hutchings, 1990; Lindegarth et al., 2000).  

All sampling methods have limitations ultimately resulting in differences in detection in 

different habitats and at different times. These methods require large teams, costly equipment, 
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and intensive labour. This has motivated researchers to become inventive with their methods, 

trying to cut down on costs and crew size. Some of these methods include snorkeling (Dunham 

and Rieman, 1999; Albanese et al., 2011), where data are collected through the visual 

identification of fish while swimming and high-definition sonar scanning to identify the presence 

of sturgeon (Acipenser oxyrinchus) (Flowers and Hightower, 2013). These techniques are 

relatively non-invasive to the aquatic environment and cost effective, but still cannot be 

completed in all environments, as visibility, depth and signal strength can limit detection ability. 

Additionally, visual methods do not collect any information on size, age or sex, which are 

normally obtained with traditional methods. 

Mycko et al (2018) completed a mark-recapture study where they used boat 

electrofishing combined with angling to estimate SMB abundance in a river. The angling portion 

of the sampling was completed because the study river had stretches that were too shallow for 

the electrofishing boat to drive. They angled using common techniques while floating down river 

in a canoe or kayak and exited at shallow shoals to wade and angle. The study targeted fish of 

over 200 mm of one species, making angling an ideal strategy. Angling by itself has the potential 

to be a sampling technique for occupancy or abundance modelling because this approach can 

obtain catch data while recording habitat information. This technique could be efficient and non-

intrusive, with the ability to be selective. A single surveyor could complete the sampling and 

equipment would be relatively inexpensive.   

1.8 Study Objectives  

 
In this study, my objective is to develop a novel fish sampling method for occupancy or 

abundance modelling with heterogeneous detection probability. Using a rigorous and consistent 
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angling protocol, I will be able to obtain the necessary information to build an abundance model 

with heterogeneous detection probability for all catchable fish species, while avoiding some of 

the drawbacks of current techniques. Relative to the traditional methods, angling is low cost, 

time effective and less labour intensive. Angling has the ability to be completed in any 

environment with efficient species identification and measurement, while being non-lethal and 

non-intrusive to the aquatic environment. In this study, the angling protocol will attempt to build 

models for all catchable species, but it has the potential to be altered to be more selective.  

Abundance models will be developed for each species using count data from the angling 

protocol and will incorporate habitat covariates for detection and occupancy. Models for site 

abundance using habitat covariates will be used to determine the relative strength of covariates in 

accounting for patterns in abundance. I hypothesize that there will be a broad distribution of 

species across the study site with depth driving their distributions. The abundance models for 

each species will be combined with GIS to develop species distribution maps based on the 

habitat use estimates from the top models. Successful model development and habitat use 

assessment could lead to improved management decisions and the use of angling in future 

management and monitoring programs.  
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Chapter 2 

Methods 

 

2.1 Study Location  

 

Loughborough Lake (44.416016, -76.477256) is located 20 km north of Kingston in 

Eastern Ontario. Loughborough is an interesting body of water as it is split into two separate 

basins through a channel, with both sections having widely different habitats based on depth 

profiles. Combining the two basins, the entire lake has an area approximately 1900 ha (CRCA, 

2017). Due to its close proximity to Kingston, the lake is heavily fished by recreational and 

tournament anglers, with the main access point located at the division between the two basins. It 

is a natural lake that has been enhanced through the construction of two dams, which are 

controlled by Parks Canada and Energy Ottawa.  
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Figure 1. Map of Loughborough Lake (44.416016, -76.477256) with 1m contour lines. The red 
line indicates the division between the west and east basins, and the black box indicates what 
was considered a transition area between basins. 
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Figure 2. Map of Loughborough Lake (44.416016, -76.477256) West Basin with 1m contour 
lines.  

2 km 
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Figure 3. Map of Loughborough Lake (44.416016, -76.477256) East Basin with 1m contour 
lines.  

2 km 
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The long and narrow west basin (Figures 1 and 2) of the lake has a mean depth of 14.4 m 

and a max depth of 39.5 m, along with small sections of shallow, sandy flats with vegetation. It 

has steep-sloping shelves close to shore, resulting in the west basin containing little littoral zone 

and a higher percentage of pelagic zone. This basin is oligotrophic (0.008 mg/L P) and 

experiences stratification during the summer months. Sand and rock are the dominant substrate 

based on observation, with shallow areas generally featuring tall and stalky vegetation. The steep 

slopes can drop over 30 m in depth. The long and narrow shape results in directions of high 

fetch, with waves of over 1 m occurring regularly from observation.  

The east basin (Figures 1 and 3) is wider with many islands dispersed throughout and is 

shallow and flat in comparison to the west basin. This portion of the lake is mesotrophic (0.012 

mg/L P) and does not experience stratification with a mean depth of only 2.9 m and a max depth 

of 7.2 m. With many islands, the effect of fetch on this basin is not as dramatic as the west basin. 

The shallowness and low slope with minimal fetch promotes vegetation growth. The dominant 

substrate in this basin is organic and vegetation is typically denser than in the west basin based 

on observation. 

The complexity of Loughborough Lake makes it an ideal study site to estimate habitat 

use of the species found within the lake. Species found across the lake can be compared between 

basins to see if there is a basin effect, meaning they occupy different habitat based on which 

basin they are found in. With a range in depth, vegetation, slope and fetch, models will be able to 

predict the abundance and distribution of the species across the lake.  
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Loughborough Lake features a diverse fish community, including SMB, LMB, BC, RB, 

PS, BG, YP, NP, LT, Brown Bullhead (Ameiurus nebulosus), Cisco (Coregonus artedi), 

Rainbow Smelt (Osmerus mordax) and Alewife (Alosa pseudoharengus).  

 

2.2 Site Covariates  

 
Bathymetric and slope data were used as site covariates and obtained via sonar sampling 

completed in May 2019 prior to sampling  (Lowrance HDS 12 GPS and Sonar unit), following 

methods from Levec and Skinner (2004). A 0.5 m contour map was then created from the data 

(ArcGIS via Trevor Middel of OMNRF) that calculated that average, minimum and maximum 

depth for each hectare of the lake. The average, minimum and maximum slope were also 

calculated for each hectare. A fetch model was run using a wind direction of 220 degrees, as this 

is the prevailing wind that funnels down the lake, and a cell resolution of 10 metres, using the 

USGS Waves tool (Rohweder et al., 2012). Effective fetch was calculated using the Shoreline 

Protection Manual method, which takes the arithmetic mean of 9 radials at an interval of 3 

degrees. Each site had the easting and northing for the centre of the site. Easting covariate was 

based off of the coordinate at the centre of the site, and the Basin covariate was binary, with the 

West basin as 0, and East as 1. The Basin covariate also incorporated substrate as it was 

observed to be two distinct substrates between the basins, with the West basin containing sand 

and rock, and the East basin containing organic muck substrate.  

2.3 Site Selection  

 
A 1-ha cell grid was overlaid on Loughborough Lake. In total, there were 2375 ha, each 

corresponding to a different site. However, sites less than 0.25 ha were removed as the centre of 
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the site was not fishable. 75 sites were then randomly selected in each basin of the lake and were 

stratified based on depth. The depth of the lake was separated into depth strata of 0-3 m, 3-6 m, 

6-12 m, 12-20 m, 20-35 m and 35+ m. The percentage of each depth strata was determined using 

the average depth of each hectare. The number of sites to be randomly selected in each depth 

class were based on these percentages (Table 1). Two sites were eliminated from the eastern end 

of the lake due to unsafe travel, therefore a total of 148 sites were sampled across the entire lake.  

 

Table 1. Percentage lake area and the number of sites sampled for each depth class within the 

West and East portions of Loughborough Lake.  

Depth Class 
(m) 

Percent of Western 
Basin 

# of Sites in 
Western 

Basin 
Percent of Eastern 

Basin 
# of Sites in 

Eastern 
Basin 

0-3 12.6 10 49.3 37 

3-6 10.6 8 44 33 

6-12 12.6 10 6.6 5 

12-20 26.9 20 - - 

20-35 25.4 19 - - 

35+ 12 9 - - 

 

2.4 Angling Sampling Method and Fish Measurements 

 

Sampling was completed from July 3rd-10th, July 23rd-31st, and August 20th-29th. Sampling 

occurred from approximately 8 am to 4 pm each sampling day, however weekends were avoided 

due to increased boat and angler traffic. Sampling was completed during this time so there were 

no species spawning and vegetation growth was complete. The following protocol was used to 

ensure consistent sampling using rod and reel. Sampling consisted of angling casts and retrieval 

to the boat. The angler casted a total 4 times in each cardinal direction from the centre of the 
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hectare sampling site, while spot locked using a Minnkota trolling motor. A total of 16 casts was 

determined based on practicality. If a site was occupied by another angler or boaters, the site was 

sampled at the end of the day or the next day. During the 4 casts, the angler varied the depth of 

the bait in the water column and cast in the 90-degree area of a particular cardinal direction. In 

the majority of sites, the angler completed two separate angling methods at each site, one for 

larger fish (LF) and one for smaller fish (SF). The angling protocol was adjusted based on the 

depth of water, using baits that would be most effective at catching species that are likely to be in 

the area. If there are two baits below, then two casts in each direction were completed with each. 

The baits used in each depth strata were as follows:  

1. <3m 
1. SF: 1.5” white twister tail on 1/32 ounce white jighead  
2. LF: 4” black and blue senko on a ¼ ounce rugby head  
3. LF: 1 ounce white spinner 

2. 3-6m 
1. SF: 1.5” white twister tail on 1/32 ounce white jighead 
2. LF: 4” black and blue senko on a ¼ ounce rugby head  
3. LF: 1 ounce white spinner 

3. 6-12m 
1. LF: ¼ ounce dropshot with a 2.8” BG rhythm wave  

4. 12-20m 
1. LF: ¼ ounce tube jig with a 2.5” white tube  
2. LF: ¼ ounce dropshot with a 2.8” BG rhythm wave  

5. 20m+  
1. LF: ¼ ounce tube jig with a 2.5” white tube  

 

If a fish was caught, the species was recorded and the fish lengths (fork and total) were 

measured. The lure that the species was caught on, time of capture and approximate fish depth at 

time of capture were also recorded. Any fish that was of adult size and that could be accurately 

identified visually was also recorded. Polarized glasses were worn at all times to ensure 

consistency in visual detections. An approximate depth of the fish where it was visually detected 

was also recorded along with the time.  
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2.5 Sample and Detection Covariates  

 

Habitat variables were measured to determine the relative importance of habitat 

characteristics for each species of fish along with factors that could affect detection. These 

characteristics were assessed visually at the centre of the hectare sampling site within a 2 m 

radius around the front of the boat and by sonar. Vegetation presence, height and density were all 

recorded. Vegetation presence was the presence or absence of submerged vegetation. Vegetation 

height was recorded on a binary scale based on the percentage of the water column that the 

vegetation occupied. A 0 was given if there was less than 50% of the water column and a 1 if 

there was greater than or equal to 50%. Density was also recorded on a binary scale based on the 

percentage of area that vegetation occupied, following the same procedure as vegetation height. 

Temperature profiles were taken using a Fishhawk temperature logger over the entire water 

column at 1.5 m intervals. Wind levels were recorded to account for wave action that could cause 

difficulty for detection via angling or visual observations. Wind levels were recorded as a 0 if 

there was no wind or a light wind, or a 1 if there was a persistent wind. Cloud coverage was also 

recorded for imperfect detection due to reflection and inability to see into the water. The 

percentage of cloud was recorded at each site during the sampling period, then converted to a 0 if 

there was less than 50% cloud cover and a 1 if there was greater than or equal to 50% cloud 

cover. The approximate depth of capture for each fish was recorded to account for the visual 

detectability and ability to perceive baits at various depths.  

2.6 Statistical Analysis  
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Catch counts for each species of adult size (³250 mm FL SMB and LMB, ³150 mm BG, 

PS, RB, YP, all LT) at each site were totaled for each sampling pass. Unfortunately, there were 

not enough observations of NP or BC to be able to accurately assess habitat use and species 

distribution. Continuous variables (easting, mean depth, mean slope, mean fetch) were 

standardized (z-scores) prior to statistical modelling. Mean depth was 7.01 m, mean fetch was 

966.37 m and mean slope was 4.17. All modelling was completed in the program R version 3.5.1 

(R Core Team, 2018).  

Abundance modelling was performed using the multi-pass data and N-mixture models 

which accounts for imperfect detection, or detection probabilities that are <1 (Royle, 2004). The 

N-mixture models were executed using the pcount function in the umarked package. Mean-

variance relationships were calculated to determine the use of Poisson or negative binomial 

distribution for each species, with a ratio criterion of 1.5 (Table 2). If the distributions differed 

among passes of a single species, both distributions were modelled and the distribution with the 

best fit was selected. Goodness-of-fit tests, model averaging, and ranking were conducted 

through the AICcmodavg package. Goodness-of-fit tests were conducted on the global models 

for each species to determine the adequacy of model fit and to test for overdispersion. If model 

fit was adequate and there was no evidence of overdispersion, the following candidate models 

were ranked using Akaike’s Information Criterion corrected for small sample size, AICc. If there 

was evidence for overdispersion, the following candidate models were ranked using quasi-AICc 

(QAICc).  

Table 2. Distribution used during modelling for each species, based on a mean-variance ratio 
criterion of 1.5 and model fit.   

Species Distribution 
LMB Negative Binomial 
SMB Poisson 
RB Poisson 
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BG Negative Binomial 
PS Negative Binomial 
YP Negative Binomial 
LT Poisson 

 

Candidate models were developed from a priori hypotheses to avoid data dredging and 

the creation of unnecessary models. Detection models were first developed to determine a 

general detection model for each species to use during abundance modelling. After the top 

abundance model was determined, detection model selection following the same procedure as 

abundance model selection was completed. The detection models contained a combination of 

detection variables that included capture depth, time of day, cloud cover and wind level (Table 3) 

as these variables were expected to affect detectability or behaviour. Detection was then kept 

constant after the top detection model was determined. Candidate models then contained 

abundance covariates that included a combination of the site covariates: easting, basin, mean 

depth, mean depth2, mean fetch, mean fetch2, and slope (Table 4). Vegetation estimates were 

also modelled individually which included vegetation presence, vegetation height, and vegetation 

density but could not be mapped (Table 5). Depth and fetch were both modeled as linear and 

polynomial as I expected there may be a non-linear relationship. The interaction between basin 

and depth or fetch were modelled to determine if there were different relationships between 

basins. The eastern basin depth plots were modelled to the maximum depth of the eastern basin. 

Depth plots were also modelled to the maximum observed depth plus an additional 25% for each 

species.  
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Table 3. Description of detection covariates with categories if applicable.  

Covariate  Description Categories  
CapDepth Continuous variable of the depth that each fish was caught in metres  NA 

Time Continuous variable of the time that each fish was caught in minutes from midnight NA 

Wind Categorical variable describing the level of wind during the time of sampling 0 = No Wind 

  1 = Light Wind 

  2 = Heavy Wind 

Cloud Categorical variable describing the level of cloud cover during the time of sampling 0 = No Clouds 

  1 = <50% Cover 

    2 = ≥50% Cover 

 

Table 4. Description of site covariates with categories if applicable. 

Covariate  Description Categories  
Easting Standardized continuous variable of the UTM easting coordinate at the centre of the 

hectare sampled 
NA 

Basin Categorical variable of the west or east basin 0 = West 

  1 = East 

Depth Standardized continuous variable of the average depth in metres of the hectare sampled NA 

Depth2 Standardized continuous variable of the depth squared  NA 

Fetch Standardized continuous variable of the average fetch in metres of the hectare sampled NA 

Fetch2 Standardized continuous variable of the fetch squared  NA 

Slope Standardized continuous variable of the average slope in metres of the hectare sampled NA 

 

 

 



 

 

27 

Table 5. Description of vegetation covariates with categories if applicable. 

Covariate Description Categories 
VP Categorical variable of the presence of vegetation  0 = Absence 

  1 = Presence 
VH1 Categorical variable of the presence of vegetation with height under 50% of the water column 0 = Absence 

  1 = Presence 
VH2 Categorical variable of the presence of vegetation with height of 50% or over of the water column 0 = Absence 

  1 = Presence 
VD1 Categorical variable of the presence of vegetation with density covering under 50% of the area 0 = Absence 

  1 = Presence 

VD2 Categorical variable of the presence of vegetation with density covering 50% or over of the area 0 = Absence 

    1 = Presence 
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Top models and model averaged models were then used in ArcGIS to develop 

distribution maps. Raster layers were created using the beta coefficients from these 

models and multiplying them by the covariate layers that were previously developed to 

calculate the abundance in each 5x5m cell. The estimated total abundance of each species 

was calculated using the sum function in Zonal Statistics in ArcGIS using the averaged 

models. Detection estimates were also calculated using an averaged detection model for 

each species.  
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Chapter 3 

Results 

3.1 Catch Summary 

3.1.1 Overall Summary 

Throughout the 3 sampling rounds, a total of 1426 adult fish were caught or 

visually identified (Table 6). During the first round, 505 (35.4%) fish were detected, with 

a catch of 3.4 fish per ha site. The highest number of fish detected occurred during the 

second sampling round, with 518 (36.3%) at a catch of 3.5 fish per site. Finally, the third 

sampling round had lower catches with only 403 (28.3%) detected and a catch of 2.7 fish 

per site. Over all sampling events, 135 (91.2%) sites recorded at least one observation of 

an adult fish. The first round of sampling had 96 (64.9%) occupied sites, the second 

round had 114 (77.0%) occupied sites, and finally the third round had 106 (71.6%) 

occupied sites. The maximum number of observations at a single site during all 3 rounds 

combined was 53 fish, and the maximum for individual rounds were 40 fish, 15 fish, and 

11 fish, respectively.  

3.1.2 Bass Catch Summary 

Of the three bass species, LMB were observed the most, whereas SMB were 

observed the least. LMB were observed at 68 sites compared to 47 sites by RB and 28 

sites by SMB. Each bass species averaged 2 or more observations at sites where the 

species was detected at least once, with RB possessing the highest average of 2.7 

observations in occupied sites. During a single site visit, there was a maximum of 5 

observations for both LMB and RB, and 4 for SMB. For a single site over all 3 visits, the 
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highest total observations were 8 for RB, 7 for LMB, and 5 for SMB. LMB and SMB 

observations were highest in the first round of sampling, whereas RB observations stayed 

more consistent throughout. 

3.1.3 Sunfish and Perch Catch Summary 

PS, BG and YP were more abundant than bass. Of the three species, PS were 

observed the most, whereas BG were observed the least. PS were observed at the most 

sites with a total 92 sites compared to 75 sites by BG and 39 sites by YP. In occupied 

sites, YP had the highest catch of all species at an average of 7.7, whereas the highest 

catches for PS and BG were 5.3 and 2.3, respectively. During a single site visit, there was 

a maximum of 37 observations for PS, 12 for BG and 11 for YP. For a single site over all 

3 visits, the highest total of observations was 43 for PS, 27 for YP, and 13 for BG. PS 

observations were relatively stable throughout all sampling rounds, whereas BG and YP 

observations were more variable.   

3.1.4 Catch Summary for Other Species  

 
LT were observed a total of 80 times throughout the 3 rounds of sampling (Table 

6).  They were observed at 36 sites over that time, averaging 2.2 fish per western site 

occupied or 1.1 fish per western site. At an individual site, the highest total number of LT 

identified was 7 combined over all 3 rounds, and 5 during a single visit. The peak number 

of LT observations occurred during the second round. NP and BC were only observed a 

total of 23 and 19 times, respectively, over all 3 sampling rounds.  
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Table 6. Catch summary for each species during individual and combined rounds, along with catch for sites where the species was detected at least 

once and catch over all sites sampled. (³250 mm SMB and LMB, ³150 mm BG, PS, RB, YP, all LT) 

  Round 1 Round 2 Round 3 All Rounds 

Species Catch 
Catch in 
Occupied 

Sites 

Catch in 
All Sites 

Catch 
Catch in 
Occupied 

Sites 

Catch in 
All Sites 

Catch 
Catch in 
Occupied 

Sites 

Catch in 
All Sites 

Catch 
Catch in 
Occupied 

Sites 

Catch in   
All Sites 

LMB 71 2.0 0.5 57 1.4 0.4 34 1.2 0.2 162 2.4 1.1 

SMB 31 1.6 0.2 13 1.3 0.1 13 1.1 0.1 57 2 0.4 

PS 155 3.0 1.0 162 2.5 1.1 169 2.3 1.1 486 5.3 3.3 

BG 61 2.1 0.4 79 1.8 0.5 32 1.6 0.2 172 2.3 1.2 

RB 46 1.6 0.3 39 1.4 0.3 40 1.5 0.3 125 2.7 0.8 

YP 106 4.6 0.7 121 5.3 0.8 75 3.8 0.5 302 7.7 2 

LT 21 1.6 0.3 35 1.5 0.5 24 1.4 0.3 80 2.2 1.1 

NP 7 1.4 0.0 8 1.3 0.1 8 1.1 0.1 23 1.3 0.2 

BC 7 1.4 0.0 4 1.0 0.0 8 1.3 0.1 19 1.3 0.1 

All 505 5.3 3.4 518 4.5 3.5 403 3.8 2.7 1426 10.6 9.6 
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3.2 Model Fit – All Species  

The Pearson’s chi-square goodness of fit test showed adequate model fit (p>0.05) 

for all species except BG and YP. PS, BG and YP showed evidence of overdispersion 

(ĉ>1). The ĉ was then adjusted to improve model fit and QAICc was necessary for model 

selection. For LMB, SMB, RB, and LT, there was no evidence of overdispersion (ĉ<1), 

therefore QAICc was not necessary for model selection. Models for NP and BC 

abundance were not possible because of low observations. Covariate models ranked 

above λ(.), suggesting that models showed a distribution pattern. The β coefficients from 

the top models (within 2 ΔAICc) for each species were model averaged and used to 

develop a predictive map (Figures 4-10). All top covariate models were used in detection 

model selection. All detection covariates from the top detection model were accounted 

for during modelling. 

For interaction terms with Basin incorporated, the west basin was the reference 

condition (=0). Lake-wide estimates of vegetation were not available, and therefore 

vegetation parameters could not be included in the general models for species distribution 

for Loughborough Lake. These parameters were modeled separately to investigate their 

influence on these species.  

3.3 Model Selection 

3.3.1 Largemouth Bass 

Model selection results indicated that the model 

λ(Depth+Depth2+Fetch+BasinxDepth)p(gen) was the top ranking model (Table 7). This 

model had an AICc of 550.23 and a weight of 0.23. One other model was found to be 
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within 2 ΔAICc values of the top model. This model 

λ(Depth+Depth2+BasinxDepth+Easting)p(gen) featured similar covariates to the top 

model. When model averaged, Depth had a negative β coefficient indicating a preference 

for shallow depth in a non-linear pattern with a positive Depth2 term (Table 8).  The 

Easting coefficient was slightly negative but standard errors incorporated 0, suggesting a 

weak effect. Fetch had a weak positive relationship with abundance as standard errors 

also incorporated 0. Finally, the interaction between Basin and Depth was negative, 

suggesting that LMB were found deeper in the western basin when compared to the 

eastern basin. The detection model selection showed support for the LMB general 

detection model of p(CaptureDepth+Time+Wind) (Table 9). Wind and Time negatively 

influenced detection, whereas LMB that were deeper were more likely to be detected 

(Table 10). The detection estimate for LMB was 5.8%.  

3.3.2 Smallmouth Bass 

Model selection results indicated that the model 

λ(Easting+Depth+Fetch+Fetch2+BasinxDepth)p(gen) was the top ranking model (Table 

11). This model had an AICc of 198.12 and a weight of 0.20. Five other models were 

found to be within 2 ΔAICc values of the top model. These models were 

λ(E+Depth+Fetch)p(gen), λ(Easting +Depth+Fetch+Fetch2+BasinxEasting)p(gen), 

λ(Easting+Depth+Depth2+Fetch+Fetch2)p(gen), λ(Easting +Depth+Depth2)p(gen), 

λ(Easting+Depth+Depth2+Fetch)p(gen), which all had similar covariates. Easting and 

Depth, when model averaged, were found to have negative relationships with abundance, 

indicating SMB prefer shallower areas of the western basin (Table 12). SMB prefer open 

shoreline areas based on the positive Fetch covariate. Both Depth2 and Fetch2 were 
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negative and suggest non-linear relationships. Both interaction terms between Basin and 

Depth or Easting were positive and indicate that SMB were found relatively deeper in the 

eastern part of the east basin. The detection model selection showed support for the 

detection model of p(CaptureDepth+Time) (Table 13). Time and Capture Depth both had 

a positive relationship with detection (Table 14). The detection estimate for SMB was 

2.6%.  

3.3.3 Rock Bass 

Model selection results indicated that the model 

λ(Depth+Easting+BasinxEasting)p(gen) was the top ranking model (Table 15). This 

model had an AICc of 337.76 and a weight of 0.32. Four other models were found to be 

within 2 ΔAICc values of the top model. These models were λ(Depth+ Easting 

+BasinxDepth+BasinxEasting)p(gen), λ(Depth+Easting+BasinxEasting+Fetch)p(gen), 

λ(Depth+Easting+BasinxDepth+BasinxEasting+Fetch)p(gen) and 

λ(Depth+Easting+BasinxDepth+BasinxEasting+Slope)p(gen). Depth and Fetch were 

found to have negative relationships with abundance when model averaged, indicating 

shallow and protected areas were preferred for RB (Table 16). Because Easting and Slope 

had a positive relationship, RB were found in the east basin in areas with relatively high 

slope. The interaction between Basin and Depth was positive, suggesting RB were found 

in the east basin in relatively deeper areas when compared to the west basin. However, 

the BasinxDepth interaction term incorporated 0, so the effect was weak. The interaction 

between Basin and Easting was negative, suggesting RB preferred the western portion of 

the east basin. Again, standard errors incorporated 0, suggesting a weak relationship with 

abundance. The detection model selection showed support for the detection model of 
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p(CaptureDepth+Wind) (Table 17). Capture Depth had a positive relationship with 

detection, whereas Wind had a negative relationship with detection (Table 18). The 

detection estimate for RB was 8.1%. 

 

3.3.4 Pumpkinseed 

 
Model selection results indicated that the model 

λ(Depth+Depth2+BasinxDepth)p(gen) was the top ranking model (Table 19). This model 

had a QAICc of 691.61 and a weight of 0.21. Five other models were found to be within 

2 ΔQAICc values of the top model. These models were 

λ(Depth+Depth2+Fetch+Fetch2+BasinxDepth)p(gen), 

λ(Depth+Depth2+Fetch+BasinxDepth)p(gen), 

λ(Depth+Depth2+BasinxDepth+Easting)p(gen), λ(Depth+Depth2+Fetch)p(gen), 

λ(Depth+Depth2+BasinxDepth+Easting+BasinxEasting)p(gen). Depth, Fetch and 

Easting when model averaged were found to have a negative relationship with 

abundance, indicating that PS preferred shallow and sheltered areas in the east basin 

(Table 20). Depth had a very strong relationship with PS abundance, whereas Fetch and 

Easting incorporated 0 with standard error, suggesting a weak relationship. Both Depth2 

and Fetch2 were positive and suggest non-linear relationships with abundance. The 

interaction term between Basin and Depth was found to be negative and the interaction 

between Basin and Easting was positive. This suggests that PS in the east basin were 

found shallower compared to the west basin and that PS preferred the eastern portion of 

the east basin. The detection model selection showed support for the general detection 

model of p(CaptureDepth+Time) (Table 21). Capture Depth had a positive relationship 



 

 

 

36 

with detection, whereas Time had a negative relationship (Table 22). The detection 

estimate for PS was 12.4%. 

3.3.5 Bluegill 

Model selection results indicated that the model 

λ(Easting+Depth+Depth2+BasinxDepth)p(gen) was the top ranking model (Table 23). 

This model had a QAICc of 493.90 and a weight of 0.18. Five other models were found 

to be within 2 ΔQAICc values of the top model. These models were 

λ(Easting+Depth+Depth2+Slope)p(gen), λ(Easting+Depth+Depth2+Fetch)p(gen), 

λ(Easting+Depth+Depth2+BasinxEasting)p(gen), 

λ(Easting+Depth+Depth2+Fetch+Slope)p(gen), 

λ(Easting+Depth+Depth2+BasinxDepth+Slope)p(gen). Depth and Easting were found to 

have a negative relationship with abundance when model averaged, whereas Fetch and 

Slope had a positive relationship (Table 24). Of these covariates, depth was the only 

covariate that did not cross 0 when incorporating standard error, suggesting the others 

had a weak effect. This indicates that BG were more abundant in shallower areas with 

some levels of fetch and slope in the western basin. Depth2 was positive and suggests a 

non-linear relationship with abundance. Both interaction terms between Basin and Depth 

or Easting were found to be positive, suggesting that BG were found relatively deeper in 

the east basin and preferred the eastern part of the east basin. The detection model 

selection showed support for the general detection model of 

p(CaptureDepth+Time+Wind+Cloud) (Table 25). Wind and Capture Depth both had a 

positive relationship with detection, whereas Time and Cloud had a negative relationship 

(Table 26). The detection estimate for BG was 1.8%. 
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3.3.6 Yellow Perch 

Model selection results indicated that the model 

λ(Depth+Fetch+BasinxDepth)p(gen) was the top ranking model (Table 27). This model 

had a QAICc of 297.87 and a weight of 0.35. One other model was found to be within 2 

ΔQAICc values of the top model, λ(Depth+Fetch+Slope)p(gen). Depth and Fetch were 

found to have negative relationships with YP abundance when model averaged, whereas 

Slope had a positive relationship (Table 28). The magnitude of the Depth parameter (beta 

= -6.52) indicates a very strong effect of this covariate on YP distribution.  All other 

parameter estimates covered 0 indicating a weak or non-significant effect on YP 

distribution. Interestingly, YP distribution provided no directional component in models 

(neither Easting or Basin as parameters) pointing to a more general distribution than for 

some other species. The interaction between Basin and Depth was positive, suggesting 

that YP were relatively deeper in the eastern basin. The detection model selection showed 

support for the detection model of p(CaptureDepth) (Table 29). Capture Depth had a 

positive relationship with detection (Table 30). The detection estimate for YP was 4.0%. 

3.3.7 Lake Trout 

Model selection results indicated that the model λ(Depth+Depth2+Slope)p(gen) 

was the top ranking model (Table 31). This model had an AICc of 256.30 and a weight of 

0.34. Two other models were found to be within 2 ΔAICc values of the top model, 

λ(Depth+Depth2)p(gen) and λ(Depth+Depth2+Slope+Easting)p(gen). Depth, Slope and 

Easting were all found to have positive relationships with abundance when model 

averaged, indicating a preference for deeper, sloped areas in the eastern portion of the 

west basin (Table 32). The Depth2 term was negative and suggests a non-linear 



 

 

 

38 

relationship with abundance. The detection model selection showed support for the 

detection model of p(CaptureDepth+Cloud) (Table 33). Capture Depth had a slight 

positive relationship with detection, whereas Cloud had a negative affect (Table 34). The 

detection estimate for LT was 0.8%. 

3.4 Individual Site Covariates 

3.4.1 Easting and Basin 

When modelling individual covariates, LMB and PS were found to have positive 

relationships with Easting and Basin (p<0.05), and significant negative interactions 

(p<0.05) (Table 35). This indicates that LMB and PS preferred the western portions of 

the east basin. SMB were found to have a negative relationship with Easting (p<0.1) and 

Basin (p<0.15) and therefore were detected primarily in the west basin. RB, BG, and YP 

did not have significant relationships with Easting or Basin, suggesting a wider 

distribution between basins. LT did not have a significant relationship with Easting, 

suggesting a wide distribution across the west basin.  

3.4.2 Depth 

LMB were found to have a significant negative relationship with Depth and 

positive relationship with Depth2 (p<0.2) (Table 36), indicating a preference for shallow 

water but in a non-linear pattern. In the east basin, LMB abundance was higher in 

shallow areas relative to deep areas, whereas the west basin saw similar abundances 

amongst all depths at which LMB were observed. The Depth relationship with SMB was 

found to be non-significant. Depth had a negative impact on RB abundance (p<0.05). 

Peak abundance occurred in shallow waters in both the east and west basin. PS were 
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found to prefer shallow waters in a non-linear pattern, as they were found to have a 

significant negative relationship with Depth and positive relationship with Depth2 

(p<0.05). There was evidence that Depth had a negative impact on BG abundance 

(p<0.05), however Depth2 had no effect. Depth had a strong negative effect on YP 

(p<0.05) and therefore abundance was highest in shallow water in both basins. LT 

abundance had a positive relationship with Depth and negative relationship with Depth2. 

When this relationship was plotted, peak abundance was found at moderate depths. 

3.4.3 Fetch 

Fetch negatively influenced (p<0.05) and Fetch2 positively influenced LMB 

abundance (p<0.15) (Table 37), indicating that LMB have a preference for protected 

areas but in a non-linear pattern. The Fetch relationship with SMB was found to be non-

significant. Peak abundance of RB and YP occurred in protected areas, as Fetch had a 

negative relationship with their abundance (p<0.05). Fetch negatively influenced PS 

abundance (p<0.05) in a non-linear pattern (Fetch2 (p<0.05)), indicating that they 

preferred sheltered areas. When BG abundance was modelled with Fetch and Fetch2, they 

were significantly negative (p<0.1) and positive (p<0.1), respectively. Peak BG 

abundances occurred at low and high fetches, with their lowest abundance occurred at 

moderate fetches. LT were not found to have a significant relationship with Fetch or 

Fetch2. 

3.4.4 Slope 

LMB, RB, PS and YP abundance were all found to be negatively influenced by 

Slope (p<0.05) (Table 38), suggesting that all of these species preferred flat areas. SMB 
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and BG did not have a significant relationship with Slope. LT were found to have a 

positive relationship with Slope (p<0.05), indicating their preference for areas with steep 

slope.  

3.5 Vegetation Covariates 

LMB, RB, PS and YP abundance all had strong positive relationships with 

Vegetation Presence (p<0.05) (Table 39), indicating a preference for vegetation. BG 

abundance was also positively influenced by Vegetation Presence (p<0.05), but with a 

moderate beta compared to the other species. SMB abundance did not have a significant 

relationship with Vegetation Presence. LMB, RB, PS and YP abundance all had positive 

relationships with Vegetation Height (p<0.05). This suggests that these species prefer 

habitat that features tall vegetation. SMB and BG abundance did not have a significant 

relationship with Vegetation Height. LMB and BG had moderate relationships with 

Vegetation Density (p<0.2), suggesting that they prefer areas with dense vegetation. 

SMB, RB, PS, and YP abundance did not have a significant relationship with Vegetation 

Density.  

3.6 Calculated Densities and Distributions  

Abundance estimates calculated from the distribution maps suggest that PS, YP 

and BG were the most abundant species in Loughborough Lake (Table 40). When 

comparing the densities of species between basins, LMB, RB, and PS were denser in the 

east basin. When assessing density based on the heat maps, all of these species peak 

abundances occurred in shallow and protected areas of the east basin. SMB were the only 

species to be significantly denser in the west basin, other than LT that only occurred in 
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the west basin. SMB abundance appeared to peak on the northeast shorelines of the west 

basin, and LT abundance peaked along the deep shelves of the west basin. BG and YP 

had high densities in both basins, suggesting that these species were widespread 

throughout the lake. However, when assessing the abundance maps, both species peak 

abundances occurred in the shallow areas of the west basin.  
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Table 7. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Largemouth Bass when 
probability of detection (p) was held constant.  

Model K AICc ΔAICc Weight 

λ(Depth+Depth2+Fetch+Basin:Depth) 10 550.23 0 0.31 

λ(Depth+Depth2+Basin:Depth+Easting) 10 551.38 1.15 0.17 

λ(Depth+Depth2+Fetch+Basin:Depth+Easting) 11 552.53 2.29 0.1 

λ(Depth+Depth2+Fetch+Basin:Depth+Basin:Fetch) 11 552.56 2.32 0.1 

λ(Depth+Depth2+Fetch+Fetch2+Basin:Depth) 11 552.56 2.33 0.1 

λ(Depth+Depth2+Basin:Depth+Basin:Easting+Easting) 11 552.7 2.46 0.09 

λ(Depth+Depth2+Basin:Depth+Easting+Slope) 11 553.69 3.46 0.05 

λ(Depth+Depth2+Fetch+Fetch2+Basin:Depth+Easting) 12 554.93 4.7 0.03 

λ(Depth+Depth2+Easting+Basin:Easting) 10 555.13 4.89 0.03 

λ(Depth+Depth2+Fetch+Easting) 10 556.76 6.53 0.01 

λ(Depth+Depth2+Fetch+Slope) 10 558.54 8.31 0 

λ(Depth+Depth2+Fetch+Fetch2) 10 558.91 8.67 0 

λ(Depth+Depth2+Fetch+Fetch2+Easting) 11 559.04 8.8 0 

λ(.) 3 701.27 151.04 0 
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Table 8. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of 
Largemouth Bass abundance.  

Parameter b estimate SE LCL UCL 

Depth -1.08 0.45 -1.95 -0.2 

Depth2 0.03 0.29 -0.53 0.59 

Fetch 0.09 0.12 -0.15 0.34 

Basin:Depth -1.81 0.68 -3.15 -0.48 

Easting -0.01 0.08 -0.17 0.15 

Intercept 0.7 0.32 0.06 1.33 

 
 
Table 9. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Largemouth Bass when 
abundance (λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth+Time+Wind) 7 252.05 0 0.6 

p(Cap Depth+Time) 8 254.2 2.15 0.2 

p(Cap Depth+Time+Wind+Cloud) 6 255.14 3.09 0.13 

p(Cap Depth) 9 256.3 4.25 0.07 
 

Table 10. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of 
Largemouth Bass abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 0.81 0.12 0.59 1.04 

Time -0.002 0.001 -0.004 -0.0001 

Wind -0.46 0.3 -1.04 0.12 

Intercept -1.88 0.74 3.32 -0.44 
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Figure 4. Distribution of Largemouth Bass in Loughborough Lake based on the abundance estimates of the averaged model. Blue is low 
abundance, red is high abundance. 
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Table 11. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Smallmouth Bass when 
probability of detection (p) was held constant.  

Model K AICc ΔAICc Weight 

λ(Easting+Depth+Fetch+Fetch2+Basin:Depth) 10 198.12 0 0.2 

λ(Easting+Depth+Fetch) 8 198.18 0.06 0.2 

λ(Easting+Depth+Fetch+Fetch2+Basin:E) 10 198.4 0.28 0.18 

λ(Easting+Depth+Depth2+Fetch+Fetch2) 10 198.76 0.64 0.15 

λ(Easting+Depth+Depth2) 8 199.38 1.27 0.11 

λ(Easting+Depth+Depth2+Fetch) 9 200.07 1.95 0.08 

λ(Easting+Depth+Fetch+Basin:Depth+Basin:Easting) 10 201.5 3.39 0.04 

λ(Easting+Depth+Depth2+Basin+BasinD) 10 201.93 3.81 0.03 

λ(Easting+Depth+Depth2+Slope+BasinD) 10 203.2 5.08 0.02 

λ(.) 2 351.76 153.65 0 

 
Table 12. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of 
Smallmouth Bass abundance.  

Parameter b estimate SE LCL UCL 

Easting -0.63 0.34 -1.31 0.04 

Depth -0.64 0.43 -1.49 0.2 

Depth2 -0.08 0.24 -0.55 0.4 

Fetch 0.41 0.36 -0.3 1.12 

Fetch2 -0.16 0.19 -0.52 0.2 

Basin:Depth 0.26 1 -1.7 2.23 

Basin:Easting 0.08 0.45 -0.8 0.96 

Intercept 0.66 0.44 -0.2 1.53 
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Table 13. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Smallmouth Bass when 
abundance (λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth+Time) 9 196.84 0 0.5 

p(Cap Depth+Time+Wind) 10 198.12 1.28 0.27 

p(Cap Depth+Time+Wind+Cloud) 11 198.95 2.11 0.18 

p(Cap Depth) 8 201.31 4.47 0.05 

 

Table 14. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of 
Smallmouth Bass abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 0.62 0.1 0.42 0.82 

Time 0.003 0.002 -0.001 0.006 

Intercept -5.91 1.49 -8.83 -3 
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Figure 5. Distribution of Smallmouth Bass in Loughborough Lake based on the abundance estimates of the averaged model. Blue is low 
abundance, red is high abundance. 
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Table 15. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Rock Bass when 
probability of detection (p) was held constant.  

Model K AICc ΔAICc Weight 

λ(Depth+Easting+Basin:Easting) 8 336.79 0 0.28 

λ(Depth+Easting+Basin:Easting+Basin:Depth) 9 337.76 0.96 0.17 

λ(Depth+Easting+Basin:Easting+Fetch) 9 337.83 1.04 0.17 

λ(Depth+Easting+Basin:Easting+Basin:Depth+Fetch) 10 338.47 1.68 0.12 

λ(Depth+Easting+Basin:Easting+Basin:Depth+Slope) 10 338.57 1.78 0.11 

λ(Depth+Slope) 7 340.53 3.74 0.04 

λ(Depth+Fetch) 7 340.87 4.08 0.04 

λ(Depth+Basin:Depth+Fetch) 8 340.89 4.09 0.04 

λ(Depth+Basin:Depth+Easting) 8 342.49 5.7 0.02 

λ(Depth+Basin:Depth+Fetch+Fetch2) 9 343.15 6.36 0.01 

λ(Depth+Depth2+Fetch+Fetch2) 9 345.2 8.41 0 

λ(.) 2 572.03 235.24 0 

 

Table 16. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Rock 
Bass abundance.  

Parameter b estimate SE LCL UCL 

Depth -2.75 0.91 -4.53 -0.97 

Fetch -0.05 0.11 -0.26 0.17 

Basin:Depth 0.57 0.69 -0.79 1.93 

Basin:Easting -1.39 0.51 -2.39 0.39 

Easting 0.89 0.44 0.03 1.75 

Slope 0.05 0.16 -0.26 0.37 

Intercept 0.32 0.43 -0.53 1.17 
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Table 17. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Rock Bass when abundance 
(λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth+Wind) 7 336.35 0 0.43 

p(Cap Depth+Cloud+Wind) 8 336.79 0.44 0.34 

p(Cap Depth+Time+Wind+Cloud) 9 338.76 2.4 0.13 

p(Cap Depth) 6 339.22 2.86 0.1 

 
Table 18. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Rock 
Bass abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 1.79 0.26 1.28 2.3 

Wind -0.75 0.39 -1.51 0.01 

Intercept -2.86 0.34 -3.53 -2.19 
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Figure 6. Distribution of Rock Bass in Loughborough Lake based on the abundance estimates of the averaged model. Blue is low abundance, red 
is high abundance. 
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Table 19. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Pumpkinseed when 
probability of detection (p) was held constant.  

Model K AICc ΔAICc Weight 

λ(Depth+Depth2+Basin:Depth) 9 691.61 0 0.22 

λ(Depth+Depth2+Basin:Depth+Fetch+Fetch2) 11 692.23 0.62 0.16 

λ(Depth+Depth2+Basin:Depth+Fetch) 10 693 1.39 0.11 

λ(Depth+Depth2+Basin:Depth+Easting) 10 693.16 1.56 0.1 

λ(Depth+Depth2+Fetch) 9 693.36 1.75 0.09 

λ(Depth+Depth2+Basin:Depth+E+Basin:Easting) 11 693.58 1.97 0.08 

λ(Depth+Depth2+Slope) 9 693.82 2.21 0.07 

λ(Depth+Depth2+Fetch+Fetch2) 10 694.12 2.51 0.06 

λ(Depth+Depth2+Easting) 9 694.55 2.94 0.05 

λ(Depth+Depth2+Basin:Depth+Fetch+Easting) 11 694.57 2.96 0.05 

λ(.) 4 937.12 245.51 0 

 
Table 20. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of 
Pumpkinseed abundance.  

Parameter b estimate SE LCL UCL 

Depth -2.97 0.56 -4.08 -1.86 

Depth2 0.7 0.23 0.24 1.16 

Fetch -0.1 0.17 -0.44 0.23 

Fetch2 0.05 0.1 -0.16 0.25 

Basin:Depth -0.97 0.71 -2.36 0.41 

Basin:Easting 0.07 0.26 -0.44 0.58 

Easting -0.08 0.23 -0.54 0.37 

Intercept 0.48 0.34 -0.18 1.15 
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Table 21. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Pumpkinseed when 
abundance (λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth+Time) 9 691.61 0 0.66 

p(Cap Depth+Time+Wind) 10 693.55 1.95 0.25 

p(Cap Depth+Time+Wind+Cloud) 11 695.47 3.86 0.1 

p(Cap Depth) 8 712.93 21.33 0 

 
Table 22. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of 
Pumpkinseed abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 0.98 0.16 0.65 1.3 

Time -0.002 0.001 -0.004 0.0001 

Intercept -1.5 1.1 -3.65 0.65 
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Figure 7. Distribution of Pumpkinseed in Loughborough Lake based on the abundance estimates of the averaged model. Blue is low abundance, 
red is high abundance. 
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Table 23. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Bluegill when probability 
of detection (p) was held constant.  

Model K AICc ΔAICc Weight   

λ(Easting+Depth+Depth2+Basin:Depth) 12 493.9 0 0.18 Mod5 

λ(Easting+Depth+Depth2+Slope) 12 493.93 0.03 0.18 Mod3 

λ(Easting+Depth+Depth2+Fetch) 12 494.33 0.43 0.15 Mod2 

λ(Easting+Depth+Depth2+Basin:Easting) 12 494.67 0.77 0.12 Mod4 

λ(Easting+Depth+Depth2+Slope+Fetch) 13 494.8 0.89 0.11 Mod9 

λ(Easting+Depth+Depth2+Basin:Depth+Slope) 13 495.16 1.26 0.1 Mod7 

λ(Easting+Depth+Depth2+Basin:Depth+Basin:Easting) 13 496.16 2.26 0.06 Mod6 

λ(Easting+Depth+Depth2+Slope+Basin:Easting) 13 496.27 2.37 0.05 Mod8 

λ(Easting+Depth+Depth2+Fetch+Fetch2) 13 496.32 2.41 0.05 Mod1 

λ(.) 4 618.27 124.37 0 Mod10 
 
Table 24. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Bluegill 
abundance.  

Parameter b estimate SE LCL UCL 

Easting -0.16 0.25 -0.65 0.33 

Depth -0.75 0.35 -1.43 -0.07 

Depth2 0.11 0.14 -0.16 0.38 

Fetch 0.05 0.11 -0.17 0.26 

Slope 0.08 0.13 -0.18 0.33 

Basin:Depth 0.32 0.71 -1.07 1.7 

Basin:Easting 0.03 0.26 -0.48 0.54 

Intercept 2.49 0.52 1.47 3.51 
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Table 25. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Bluegill when abundance 
(λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth+Time+Wind+Cloud) 12 493.9 0 0.65 

p(Cap Depth+Time+Cloud) 11 495.21 1.31 0.34 

p(Cap Depth+Time) 10 503.51 9.61 0.01 

p(Cap Depth) 9 508.35 14.45 0 

 
Table 26. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Bluegill 
abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 0.54 0.08 0.39 0.69 

Time -0.004 0.001 -0.005 -0.002 

Cloud -1.41 0.43 -2.26 -0.55 

Wind 0.52 0.25 0.03 1.01 

Intercept -1.84 0.82 -3.45 -0.23 
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Figure 8. Distribution of Bluegill in Loughborough Lake based on the abundance estimates of the averaged model. Blue is low abundance, red is 
high abundance. 



 

 

 

57 

Table 27. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Yellow Perch when 
probability of detection (p) was held constant.  

Model K AICc ΔAICc Weight 

λ(Depth+Fetch+Basin:Depth) 9 297.87 0 0.35 

λ(Depth+Fetch+Slope) 9 299.85 1.98 0.13 

λ(Depth+Fetch+Basin:Depth+Slope) 10 299.92 2.05 0.13 

λ(Depth+Fetch+Basin:Depth+Easting) 10 300.13 2.26 0.11 

λ(Depth+Fetch+Fetch2+Basin:Depth) 10 300.15 2.28 0.11 

λ(Depth+Fetch+Basin:Depth+Easting+Basin:Easting) 11 301.95 4.08 0.05 

λ(Depth+Depth2+Fetch+Fetch2) 10 302.14 4.27 0.04 

λ(Depth+Depth2+Fetch+Basin:Depth+Easting) 11 302.45 4.58 0.04 

λ(Depth+Depth2+Fetch+Fetch2+Basin:Depth) 11 302.47 4.6 0.04 

λ(.) 4 432.79 134.92 0 

 
Table 28. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Yellow 
Perch abundance.  

Parameter b estimate SE LCL UCL 

Depth -6.52 1..46 -9.39 -3.65 

Fetch -0.05 0.24 -0.52 0.42 

Slope 0.04 0.22 -0.39 0.47 

Basin:Depth 0.93 0.9 -0.84 2.7 

Intercept -0.61 0.66 -1.9 0.69 
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Table 29. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Yellow Perch when 
abundance (λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth) 7 336.35 0 0.43 

p(Cap Depth+Cloud) 8 336.79 0.44 0.34 

p(Cap Depth+Time+Cloud) 9 338.76 2.4 0.13 

p(Cap Depth+Time+Cloud+Wind) 6 339.22 2.86 0.1 

 

Table 30. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Yellow 
Perch abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 2.42 0.35 1.74 3.1 

Intercept -3.7 0.38 -4.46 -2.95 
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Figure 9. Distribution of Yellow Perch in Loughborough Lake based on the abundance estimates of the averaged model. Blue is low abundance, 
red is high abundance. 
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Table 31. Model selection results with Akaike Information Criterion (AICc) and weights for predicting abundance (λ) of Lake Trout when 
probability of detection (p) was held constant.  

Model K AICc ΔAICc Weight 

λ(Depth+Depth2+Slope) 9 256.3 0 0.34 

λ(Depth+Depth2) 8 257.26 0.96 0.21 

λ(Depth+Depth2+Slope+Easting) 10 257.39 1.08 0.2 

λ(Depth+Depth2+Fetch+Fetch2+Slope) 11 258.35 2.05 0.12 

λ(Depth+Depth2+Easting) 9 259.71 3.41 0.06 

λ(Depth+Depth2+Fetch+Fetch2) 10 260.95 4.65 0.03 

λ(Depth+Depth2+Fetch+Fetch2+Slope+Easting) 12 261.14 4.83 0.03 

λ(.) 2 370.91 114.61 0 

 
Table 32. Abundance (λ) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Lake 
Trout abundance.  

Parameter b estimate SE LCL UCL 

Depth 0.69 0.44 -0.17 1.55 

Depth2 -0.17 0.12 -0.39 0.06 

Slope 0.17 0.13 -0.08 0.43 

Easting 0.14 0.37 -0.58 0.86 

Intercept 1.32 1.41 -1.44 4.08 
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Table 33. Model selection results with Akaike Information Criterion (AICc) and weights for predicting detection (p) of Lake Trout when 
abundance (λ) model was held constant.  

Model K AICc ΔAICc Weight 

p(Cap Depth+Cloud) 7 252.05 0 0.6 

p(Cap Depth+Cloud+Time) 8 254.2 2.15 0.2 

p(Cap Depth) 6 255.14 3.09 0.13 

p(Cap Depth+Time+Cloud+Wind) 9 256.3 4.25 0.07 

 
Table 34. Detection (p) parameter estimates with standard error and lower and upper 95% confidence interval for the averaged model of Lake 
Trout abundance.  

Parameter b estimate SE LCL UCL 

Cap Depth 0.09 0.02 0.04 0.14 

Cloud -9.61 70.73 -148.24 129.02 

Intercept -3.81 1.33 -6.42 -1.21 
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Figure 10. Distribution of Lake Trout in Western Loughborough Lake based on the abundance estimates of the averaged model. Blue is low 
abundance, red is high abundance. 
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Table 35. Abundance (λ) parameter estimates of Easting and Basin site covariates when modelled individually with constant detection (p) with 
standard error and p-value for each species.  

Species Easting b estimate SE P-Value Basin b estimate SE P-Value 

LMB 0.504 0.111 <0.001 1.182 0.241 <0.001 

SMB -0.373 0.218 0.088 -0.717 0.485 0.139 

RB 0.124 0.114 0.277 0.295 0.235 0.209 

PS 0.520 0.111 <0.001 1.100 0.224 <0.001 

BG 0.025 0.103 0.810 -0.048 0.229 0.834 

YP -0.009 0.143 0.949 0.164 0.305 0.589 

LT 0.059 0.473 0.900       

 
Table 36. Abundance (λ) parameter estimates of Depth and Depth2 site covariates when modelled individually with constant detection (p) with 
standard error and p-value for each species.  

Species Depth b estimate SE P-Value Depth2 b estimate SE P-Value 

LMB -1.600 0.325 <0.001 0.285 0.214 0.182 

SMB -0.192 0.245 0.433 -0.195 0.303 0.521 

RB -2.651 0.703 <0.001 0.068 1.165 0.954 

PS -3.268 0.485 <0.001 0.857 0.169 <0.001 

BG -0.336 0.127 0.008 0.020 0.111 0.861 

YP -5.863 1.027 <0.001 0.537 3.414 0.875 

LT 0.755 0.430 0.079 -0.208 0.107 0.052 
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Table 37. Abundance (λ) parameter estimates of Fetch and Fetch2 site covariates when modelled individually with constant detection (p) with 
standard error and p-value for each species.  

Species Fetch b estimate SE P-Value Fetch2 b estimate SE P-Value 

LMB -0.392 0.130 0.002 0.158 0.106 0.135 

SMB 0.132 0.138 0.340 -0.116 0.139 0.405 

RB -0.336 0.153 0.028 0.084 0.138 0.542 

PS -0.593 0.121 <0.001 0.392 0.115 <0.001 

BG -0.036 0.113 0.075 0.213 0.109 0.052 

YP -0.345 0.155 0.026 0.132 0.172 0.445 

LT 0.209 0.148 0.159 -0.105 0.171 0.538 

 
Table 38. Abundance (λ) parameter estimates of the Slope site covariate when modelled individually with constant detection (p) with standard 
error and p-value for each species.  

Species Slope b estimate SE P-Value 

LMB -0.601 0.158 <0.001 

SMB 0.090 0.108 0.401 

RB -0.337 0.161 0.037 

PS -0.698 0.146 <0.001 

BG 0.029 0.089 0.745 

YP -0.982 0.287 <0.001 

LT 0.204 0.082 0.012 
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Table 39. Abundance (λ) parameter estimates of the vegetation covariates when modelled individually with constant detection (p) with standard 
error and p-value for each species.  

Species VP b estimate SE P-Value VH b estimate SE P-Value VD b estimate SE P-Value 

LMB 1.318 0.289 <0.001 1.190 0.238 <0.001 0.425 0.299 0.155 

SMB 0.425 0.336 0.21 -0.654 1.022 0.520 0.100 0.492 0.839 

RB 1.174 0.380 <0.003 0.564 0.236 0.020 -0.030 0.287 0.920 

PS 2.110 0.288 <0.001 0.864 0.272 <0.003 0.105 0.324 0.750 

BG 0.422 0.232 0.07 0.030 0.373 0.940 0.513 0.324 0.110 

YP 1.304 0.354 <0.001 0.689 0.379 0.069 0.296 0.473 0.530 

 
Table 40. Estimated density of each species in both basins of Loughborough Lake measured in abundance per hectare calculated using Zonal 
Statistics in ArcGIS of the model averaged distribution maps. 

Species 
West Density 
(Abundance/ha) 

East Density 
(Abundance/ha 

LMB 121.76 620.00 
SMB 301.68 90.95 
RB 63.45 236.14 
BG 948.52 915.26 
PS 293.35 1367.19 
YP 727.09 953.59 
LT 402.30  
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Chapter 4 

Discussion 

4.1 General Discussion 

A broad distribution of centrarchid species, and other species, was not observed 

throughout Loughborough Lake. In contrast, centrarchid distribution was characterized as 

regional or basin-specific with different species occupying primarily either the eastern or 

western basin. While LT occupancy of the hypolimnetic habitat of the western basin was 

not surprising, other species were largely restricted to the shallow zones of the lake but 

differed in basin occupancy. This pattern was unexpected, but it can perhaps be 

accounted for by variation in fetch functioning as a surrogate for vegetation (Dar et al., 

2015; Chambers, 1987; Lehmann, 1998; Rea et al., 1998; Madsen et al., 2001). In 

addition, the two basins were fundamentally different in their limnological characteristics 

with the eastern basin fully mixed during summer while the western basin was thermally 

stratified.   

4.2 Smallmouth Bass 

SMB habitat was found to be complex, with relationships to fetch and depth within 

the western basin driving their distribution. Adult SMB were commonly found on 

shallower sand flats, along with intermediate depths on mid-water humps and on steep 

shelves near shorelines. These various habitats resulted in the relatively flat abundance 

relationship with depth in the west basin. This species heavily favoured the west basin, 

possibly due to its openness and availability to rock habitats. Use of this habitat in 
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Loughborough Lake is consistent with literature descriptions of SMB habitat (Brewer and 

Orth, 2015; Scott and Crossman, 1973), including no relationship with vegetation 

presence or abundance (Ettinger-Dietzel et al., 2016; Todd and Rabeni, 1989; Keast, 

1978). Optimal habitat in Loughborough Lake was on the northern shore of the central to 

eastern portion of the west basin. The use of shallow sandy flats was surprising because 

there was a lack of cover or vertical structure. This habitat may have been used for 

foraging. The increase in abundance with moderate fetch levels was likely due to the 

negative relationship between fetch and presence of vegetation (Dar et al., 2015; 

Chambers, 1987; Lehmann, 1998; Rea et al., 1998; Madsen et al., 2001). The west basin 

also stratifies during the summer giving SMB access to cooler waters that may better 

match their preferred thermal boundaries (Barans and Tubb, 1973; Edwards et al., 1983; 

Bevelhimer, 1996). In contrast, the east basin was more turbid due to mixing, warmer, 

lacked stratification, and was comprised mainly of organic substrates with an abundance 

of vegetation. Water turbidity and cover has been suggested to impact prey selection in 

SMB (Carter et al., 2010).  

4.3 Largemouth Bass 

LMB distribution, in comparison to SMB, was easier to predict with a simpler 

distribution pattern. Shallow areas protected from wind were their preferred habitat, 

which resulted in large portions of the east basin and its shoreline being suitable 

environment. Peak abundance estimates occurred in the shallow bays of the western 

portion of the east basin. This habitat use was expected based on previous evidence that 

LMB prefer habitat with vegetation (Ahrenstorff et al., 2009; Bain and Boltz, 1992; 

Essington and Kitchell, 1999; Olson et al., 1998; Sass et al., 2006). The west basin, on 
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the other hand, had lower abundance of LMB likely due to the increase in fetch, shoreline 

steepness and corresponding lack of vegetated areas. The negative relationship with 

fetch, depth, and slope supports LMB’s preference for vegetation in Loughborough Lake. 

Additionally, their preference for higher temperatures compared to a competitor such as 

SMB may make the east basin preferable with mainly shallow areas (Clausen, 2015). The 

structure that vegetation creates, along with weed lines and more turbid waters, may 

optimize their ambush feeding tendencies, making the east basin more profitable for 

foraging LMB (Olson et al., 1998; Savino and Stein, 1989).  

4.4 Rock Bass 

RB was similar to LMB in habitat occupancy patterns. RB were in shallow waters 

with low fetch (Scott and Crossman, 1973). The highest abundance of RB was in the 

central part of the lake, specifically the western portion of the east basin and the channel 

area of the west basin, where densities were the highest. This area of the lake is unique, 

with a deeper channel running through the middle and hard vegetation transition into 

shallower water, with some of the shallow areas containing sand and rock substrate with 

reed vegetation. Outside of this area, RB were found on shallow transitional areas along 

the top of the shelves in the west basin and shallow rocks of the east basin, as expected 

(Pratt and Smokorowski, 2003; Page and Burr, 1991; Hatzenbeler et al., 2000). RB may 

have been using these shallow transitional areas much like LMB to be able to ambush 

prey. The shallow, sandy flats and areas close to shore may have also been used for 

feeding, as it has been suggested they inhabit vegetated and rocky areas, moving 

shallower to feed (Keast, 1978). The transitional areas may give them access to a variety 

of food sources that aren’t being preyed upon by competitors such as LMB and SMB.   
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4.5 Bluegill 

BG were in relatively deeper areas, and with the effects of fetch on abundance being 

different, compared to PS and YP. Although average densities showed a more general 

trend, the densest populations of BG were in the west basin along the shallower portions 

of the steep drops and on sand flats. BG in east basin were more widespread. This pattern 

of distribution may have been a result of PS being present in Loughborough Lake 

(Robinson et al., 1993; Mittelbach, 1984; Gillespie and Fox, 2003). Adult BG appeared to 

have shifted to slightly deeper habitat than the other prey species near areas of open 

water. The depth relationships support this idea (Tables 20 and 24), as the east basin had 

an abundance of PS in shallow areas and BG abundance increased with depth. In contrast, 

in the west basin with fewer PS, there were more BG found in the shallower areas. The 

positive relationship between abundance and fetch suggests that BG rely on zooplankton 

given the limited use of habitat with vegetation (ie., large fetch). This is a strong contrast 

with previous descriptions of BG habitat and the use of vegetation (Scott and Crossman, 

1973; Pratt and Smokorowski, 2003; Fish and Savitz, 1983). Vegetation may be a more 

important factor for juvenile BG in Loughborough Lake (Osenberg et al., 1988). Areas of 

greater fetch may have higher densities of zooplankton (Rinke et al., 2009; George and 

Winfield, 2000), creating hotspots for BG to feed.  

4.6 Pumpkinseed 

PS were found in shallow, vegetated areas with low fetch. The shallow bays of the 

east basin held significantly more PS than other areas. The PS located in the west basin 

were patchy in distribution occupying shallow areas on flats or in shallow vegetated areas 

near shore. These patchy populations may be the cause of the slight increase in 
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abundance at high fetch levels. Shallow, vegetated areas were expected to contain the 

highest populations of PS in Loughborough Lake (Jordan et al., 2009; Keast, 1978; Pratt 

and Smokorowski, 2003; Fish and Savitz, 1983). The east basin featured organic 

substrate and heavy vegetation that may have held large macroinvertebrate communities 

for PS to feed on compared to BG (Marklund et al., 2001; Free et al., 2009). 

4.7 Yellow Perch 

 

YP were in relatively high abundance on shallow, sandy flats that had stalky 

vegetation. Although average densities showed a more general pattern of distribution, 

peak densities were found in these shallow areas of the western basin. Interestingly, YP 

and PS relationships with depth and fetch were very similar, however higher abundance 

occurred in opposite basins. The majority of preferred habitat for YP was located in the 

nearshore areas of the west basin and western portions of the east basin. Based on another 

lake in the area that had been studied previously, it was expected that adult YP would be 

found in deeper water during the day (Keast, 1978). This other study showed that YP 

have strong diel movements and use sand at night, potentially for feeding. Other studies 

have suggested that sand bottoms and reed like vegetation were preferred habitats for this 

species (Fish and Savitz, 1983; Brown et al., 2009). This environment lacks dense 

vegetation or rocky substrates and would not appear to be ideal for predator avoidance by 

YP. The sandy flats, however, may be an ideal habitat for feeding on macroinvertebrates 

or baitfish that would constitute the majority of a YP’s diet (Liao et al., 2002).  
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4.8 Lake Trout 

LT, as expected, were found in deep waters, due to the temperature and oxygen 

requirements of this species (Blanchfield et al., 2009; Plumb and Blanchfield, 2009). 

Interestingly, LT abundance was positively influenced by fetch and slope. Highest 

densities were found along the steep slopes in deep portions of the western basin. Depth, 

however, was found to be the most important factor in their distribution. LT have a lethal 

temperature of 23.5 oC (Gibson and Fry, 1954) and a preference for temperatures below 

15 oC (Blanchfield et al., 2009) suggesting very few LT should be found shallow during 

summer. Maximum depths still contained LT, however these areas were not typically 

associated with slope. Although fetch and slope are important factors in the site selection 

for spawning and reproduction of LT (Ellen Marsden et al., 1995; Fitzsimons, 1995; Sly, 

1988; Gunn, 1995), there is not much information on their relationship with these habitat 

features during non-spawning times. During the summer, these factors could affect their 

distribution by impacting prey distribution or temperature and oxygen levels. It has been 

suggested that high slopes typically include currents that can maintain high water quality 

(Marsden et al., 1995) potentially attracting LT or baitfish.  

4.9 Habitat Partitioning – West Basin 

The centrarchid assemblage of Loughborough Lake differed in species-specific 

habitat partitioning during the summer months. Based on the individual species habitat 

use and overlaying of maps, it was evident that there were 2 groups of species that 

inhabited different areas from each other. The first group was predominantly distributed 

amongst the west basin, where they selected for more open, sandy and rocky habitats, 

that were associated with higher fetch. This group included SMB, BG and YP. A 
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potential reason that SMB are in areas that are also occupied by BG and YP would be for 

foraging. SMB are piscivorous and would be able to feed on juveniles of these species. In 

addition to juvenile BG, YP can be a large part of a SMB diet (Liao et al., 2002). This 

study was focused on adult fish, so information on the distribution of juveniles of the 

prey species was lacking. When the distributions of these 3 species were overlayed, they 

matched up well along the shallow areas of the west basin, with hot spots where they 

often co-occurred (Figure 11). 

Though SMB, BG and YP selected the west basin, it appears that each had different 

preferences for physical and environmental factors that allowed for habitat partitioning. 

Depth decreased abundance for these 3 species, decreasing YP abundance the most and 

SMB abundance the least. This provides further evidence for the use of very shallow 

areas by YP. The depth and temperature preference of SMB (Barans and Tubb, 1973; 

Edwards et al., 1983; Scott and Crossman, 1973) may have restricted them from feeding 

in these areas during daytime sampling at high temperatures. SMB, BG and YP were 

shallower in the west basin. This may have been due to the open and cool shallows of the 

west basin in comparison to the warm and vegetated shallows of the east basin. SMB 

abundance increased with fetch, which supported their preference for open environments 

(Brewer and Orth, 2015; Scott and Crossman, 1973). YP abundance significantly 

decreased with slope, again providing evidence of their preference for shallow flats. SMB 

and BG abundance slightly increased with slope, suggesting that they occupied the top of 

the steep drops. Vegetation presence, height and density were also important factors in 

the partitioning of species in this basin. SMB were not found in tall or dense vegetation, 

but abundance increased with short, sparse vegetation. In comparison, BG abundance 
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increased in dense vegetation, but height was not a significant factor. BG may have used 

the denser vegetation on top of the steep slopes as protection from SMB, with easy access 

to open water for feeding purposes. Vegetation presence was very important for YP 

abundance and this species preferred tall, less dense vegetation, which may provide them 

with some degree of protection from predators.  

4.10 Habitat Partitioning – East Basin 

The second group of species was widely found throughout the east basin and 

transitioning channel. These species occurred more commonly in shallow areas with low 

fetch, which in turn had an abundance of vegetation. These species included LMB, RB 

and PS. Similar to SMB, LMB and potentially even RB may have occurred alongside PS 

to prey on them. Adult LMB are able to handle relatively large prey, making it possible to 

consume adult sunfish (Hoyle and Keast, 1987; Hambright, 1991). When the distributions 

of these 3 species were overlayed, they matched up well in the shallow bays of the 

eastern basin (Figure 12). 

As in the west basin, the species found in the east basin differed in their preferences 

for specific habitat characteristics, which allowed for habitat partitioning. Model 

coefficients showed that depth decreased abundance of PS, RB and LMB. However, it 

had more of an impact on PS and RB abundance compared to LMB abundance. Along 

with the preference for tall and dense vegetation, LMB were typically observed near the 

bottom of the water column amongst heavy vegetation and along weed lines, most likely 

using this as their cover for ambushing prey (Olson et al., 1998; Savino and Stein, 1989). 

Interestingly, LMB and PS were found shallower in the east basin compared to the west 

basin, whereas RB were found deeper in the east basin. The depth differences between 
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basins could be due to a number of factors including differing limnological 

characteristics, fetch levels, depth that vegetation is found at, competition or predation. 

When assessing the individual covariate models, fetch decreased abundance for these 

species, and PS were most affected by this habitat characteristic. Slope had a strong 

negative influence on LMB and PS abundance, and a weak negative influence on RB 

abundance. These relationships would likely be caused by these species’ preference for 

vegetation presence. PSs strong relationships with vegetation presence and height are 

possibly due to the fact that PS can use vegetation as cover to avoid predators and as a 

resource for foraging (Mittelbach, 1988; Mittelbach, 1986). RB abundance also increased 

with vegetation presence and height, and they may be using this habitat to ambush prey 

such as juvenile LMB. These relationships support the use of these transitional areas in 

the central part of the lake that featured higher slope than the majority of the east basin. 

Weedlines, shallow rocks and vegetation could be occupied for foraging, as previously 

mentioned, or refuge from predators. 

4.11 Distribution Overlays 

Across Loughborough Lake, the distribution of predators (SMB, LMB and RB) was 

similar to that of the prey species (BG, PS and YP) (Figures 13 and 14). Figures 13 and 

14 show that that prey species were found in greatest abundance in the shallow areas 

across the entire lake, whereas predators were more abundant than the prey species in the 

intermediate depths. It is likely that the predators do not rely as much on vegetation and 

other cover found in shallow areas for refuge. As previously mentioned, LMB typically 

use weedlines and transition areas to ambush prey, and SMB prefer more open areas. 
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These habitat features occur in deeper areas than where prey were often found. However, 

these areas were still typically close to dense populations of prey to feed on. 

4.12 Review of Angling Sampling Method 

Overall, individual centrarchid species in Loughborough Lake were not abundant 

throughout the lake, but restricted to a smaller spatial distribution at the basin level or in 

the transition zone between basins. These patterns of spatial distribution were identified 

using angling as a sampling strategy. Within lake patterns of centrarchid species 

distribution have not been previously addressed at this scale. This form of observation 

provided near instantaneous point samples of fish associated with habitat features at each 

sample site. Utilizing multiple angling attempts in a controlled manner provided multi-

pass data per site that facilitated the use of occupancy and abundance estimation with 

covariates (Mackenzie et al., 2006). In this way, the probability of detection in the 

abundance estimate was accounted for and the effects of covariates on abundance 

provides a better means of interpreting patterns based on ecology. I was able to use this 

method as an individual sampler, and based on the detection probabilities from model 

outputs, angling was efficient for most of the species. Prolific species were the most 

efficiently detected species, which would be expected due to their abundance. 

Unfortunately, angling did not obtain enough observations of NP and BC to be able to 

develop models for these species. The method, however, has the ability to be flexible and 

adjusted to target these species more effectively. Baits, casting procedures and other 

factors could be altered to obtain more observations. NP were expected to be observed 

more using my methods based on discussion with knowledgeable anglers of the lake. 

Based on these discussions, BCs were not expected to be caught in high numbers. 
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Hybridization of PS and BG species made identification difficult at times and individuals 

sometimes had to be deemed hybrids due to characteristics of both species. Angling only 

targets feeding fish and cannot effectively target all species. Angling skill between 

surveyors may also cause issues when attempting to calculate effort or keep effort 

consistent. Angling resulted in virtually no observed mortality of sampled fish, with only 

2 sunfish dying from the hook puncturing their gills. This method was able to sample all 

environments, from extremely shallow areas with docks and heavy vegetation to the steep 

shelves in the western basin. This sampling approach allowed me to uncover habitat 

information for numerous species and gain further insight to additional habitat 

preferences such as high slope that traditional methods may not have been able to 

capture. Loughborough Lake is a relatively large lake and completing habitat studies 

using methods such as telemetry can be difficult and expensive with such high vegetation 

in the eastern basin, steep shelves of the western basin and sheer size of the lake. The 

covariate models that were developed using this method had significantly lower AIC 

values than models that did not have covariates, suggesting that the method was 

successful at developing habitat distribution models.  

4.13 Conclusion 

This study provides insight into habitat use of centrarchids and LT in a large lake. 

Lake-wide habitat models of fish distribution using imperfect detection were developed 

that show relationships with environmental and physical attributes. These models can 

then be used in many management practices such as assessing critical habitat areas to 

protect or in conjunction with citizen science to continue to expand our knowledge of fish 

habitat use. This study also assessed a novel method of gathering count data from multi-
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pass surveys to develop occupancy models. Angling was found to be an effective method 

that allowed an individual sampler to efficiently obtain habitat information and count 

data. This method could be a functional tool used in management and research 

applications to sample diverse environments where traditional methods may be difficult 

to use. Developing occupancy models of a diverse area for several species at this scale 

has not commonly been completed. The valuable information gained from the 

combination of the occupancy models and a novel sampling method will provide us with 

the ability to improve sampling programs and aid in future research.  
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Figure 11. Overlay of the distribution of BG and YP with SMB. BG and YP abundance is 
yellow (low) to red (high), and SMB green (low) to blue (high). Purple areas represent 
areas of high co-occurrence. Green areas are low abundance of all species.  
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Figure 12. Overlay of the distribution of PS with LMB and RB. PS abundance is yellow 
(low) to red (high), and bass is green (low) to blue (high). Purple areas represent areas of 
high co-occurrence. Green areas are low abundance of all species.  
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Figure 13. Distribution of all prey species (BG, PS and YP). Blue is low abundance, red 
is high abundance.  
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Figure 14. Distribution of all predator species (LMB, RB and SMB). Blue is low 
abundance, red is high abundance. 
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Appendix 

 
Appendix 1. Relationship between depth and abundance of Largemouth Bass for each basin (west=red; east=blue) with 90% 

confidence intervals. 
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Appendix 2. Relationship between fetch and abundance of Largemouth Bass with 90% confidence intervals.  
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Appendix 3. Relationship between depth and abundance of Smallmouth Bass for each basin (west=red; east=blue) with 90% 
confidence intervals. 
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Appendix 4. Relationship between fetch and abundance of Smallmouth Bass with 90% confidence intervals. 
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Appendix 5. Relationship between depth and abundance of Pumpkinseed for each basin (west=red; east=blue) with 90% 
confidence intervals.  
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Appendix 6. Relationship between fetch and abundance of Pumpkinseed with 90% confidence intervals. 
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Appendix 7. Relationship between depth and abundance of Bluegill for each basin (west=red; east=blue) with 90% confidence 
intervals. 
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Appendix 8. Relationship between fetch and abundance of Bluegill with 90% confidence intervals. 
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Appendix 9. Relationship between depth and abundance of Rock Bass for each basin (west=red; east=blue with 90% confidence 
intervals. 
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Appendix 10. Relationship between fetch and abundance of Rock Bass with 90% confidence intervals. 
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Appendix 11. Relationship between depth and abundance of Yellow Perch for each basin (west=red; east=blue) with 90% 
confidence intervals. 
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Appendix 12. Relationship between fetch and abundance of Yellow Perch with 90% confidence intervals. 
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Appendix 13. Relationship between depth and abundance of Lake Trout with 90% confidence intervals. 
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Appendix 14. Relationship between fetch and abundance of Lake Trout with 90% confidence intervals. 


