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EXECUTIVE SUMMARY 

Walleye Sander vitreus are one of the most sought after sport fish in Wisconsin 

and support important recreational and tribal fisheries within the state.  A 2011 national 

survey conducted by the U.S. Fish and Wildlife Service reported that 45% of all 

Wisconsin anglers were targeting Walleye and Sauger (S. canadense, a closely related 

congeneric), contributing substantially to an annual $1.6 billion fishing economy in the 

state.  Due to their social and economic importance, Walleye are intensively managed in 

Wisconsin.   

Previous research aimed at understanding Walleye recruitment variability has 

largely ignored the potential effects of spawning habitat availability and quality. 

Therefore, the primary objective for this study was to determine if spawning habitat 

characteristics varied among Walleye populations in northern Wisconsin lakes exhibiting 

high and low recruitment. 

A critical precursor of this primary objective was the need to develop a practical, 

flexible, cost-effective technique to describe and quantify Walleye spawning habitat. 

Relatively low-cost side-scan sonar offered a promising alternative to transect-based 

methods for collecting near-shore habitat information.  Therefore, my secondary 

objective was to determine if side-scan sonar could be used to accurately and efficiently 

classify substrate composition in the nearshore littoral zone of north temperate lakes 

compared to a traditional transect-quadrat based method. 

Sixteen lakes in northern Wisconsin were sampled.  To address the secondary 

objective, substrate composition estimates from the first 4 m of the littoral zone were 

collected and compared using side-scan sonar methods and a traditional transect-based 
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quadrat sampling method.  To address the primary objective, habitat data collected using 

the traditional transect method were used to calculate several key spawning habitat 

metrics including, mean water depths (m), proportion of coarse substrates (i.e., gravel, 

cobble, and rubble), proportion of suitable spawning habitat (i.e., coarse substrates 

embedded ≤ 1.5), and the proportional area with ≥ 50% egg deposition probability and 

then those metrics were compared between lakes with high and low Walleye recruitment. 

The side-scan sonar method was determined to be a practical, accurate, and 

efficient technique to assess substrate composition in the nearshore littoral-zone of north 

temperate lakes.  Using this method, lake-wide substrate composition estimates 

equivalent to a transect-quadrat based method were obtained with a 60% reduction in 

effort.  Ultimately, no differences in the selected spawning habitat characteristics were 

detected between lakes with high and low Walleye recruitment.   

Given the complex interactions that can influence Walleye recruitment, finding no 

differences in available spawning habitat characteristics between high and low 

recruitment lakes was not surprising.  Despite the lack of meaningful differences in 

available spawning habitat between lakes with high and low Walleye recruitment, my 

findings have important implications for Walleye management.  My findings demonstrate 

that the highest quantity and quality of Walleye spawning habitat in inland Wisconsin 

lakes is likely within 2 m of shore.  My findings highlight the importance of developing 

shoreline habitat protection plans to limit erosion and shoreline development. 

Furthermore, my results call attention to the potential impacts of water level fluctuations 

that could reduce or prevent access to large areas of quality spawning habitat, which may 

ultimately result in poor Walleye recruitment. 
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CHAPTER I 

DEVELOPMENT OF A SIDE-SCAN SONAR METHOD TO ASSESS 

SUBSTRATE COMPOSITION IN THE LITTORAL ZONE OF NORTH 

TEMPERATE LAKES 

 

INTRODUCTION 

 Littoral zones within lakes are critical to many aquatic, semi-aquatic and 

terrestrial faunas including fish, amphibians, macroinvertebrates, reptiles, birds, and 

mammals.  For fish, littoral zone structure (e.g., physical habitat variables such as bottom 

substrate, macrophytes, and coarse woody debris) influences lake ecosystem function, 

which in turn influences overall fish production and biomass (Kearst and Harker 1977; 

Boisclair and Leggett 1985: Diana 1995).  Littoral zones within and among north 

temperate lakes provide a diversity of habitats and support most local fish species at some 

or all life stages.  For instance, adult Northern Pike Esox lucius spawn in shallow water 

with dense mats of short aquatic vegetation, while young-of-year Northern Pike use these 

dense vegetation mat areas for protection from predators and for foraging (Clark 1950; 

Forney 1968).  Walleye and White Sucker Catostomus commersonii broadcast spawn 

close to shore (≤ 2 m) and in shallow water (≤ 0.5 m) over clean gravel and cobble 

substrates (Becker 1983; Williamson 2008; Raabe and Bozek 2012).  For a diversity of 

reasons, measuring availability and structural characteristics of littoral zone habitat is a 

defined need for effective management of many freshwater fishes. 

Use of quantitative habitat data in the fisheries management process is lacking 

largely because of time and fiscal constraints that prevent widespread collection of 
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aquatic habitat data using traditional sampling methods.  Regardless of the validity of any 

sampling method, the utility of a method will ultimately relate to costs (e.g., personnel, 

time, equipment) and level of detail required to address a given management question 

(Newcomb et al. 2007).  There remains a need to develop contemporary aquatic habitat 

collection methods that are accurate, efficient, and affordable.  A practical, flexible, cost-

effective technique to describe and quantify habitat should lead to a better understanding 

of the relations between habitat and fish populations.   

Traditionally, evaluation of littoral zone fish habitat has usually been 

accomplished using transect-based quadrat sampling methods that can be labor intensive, 

provide limited spatial coverage, and are not always feasible in turbid water or inclement 

weather conditions (Kaeser and Litts 2008, 2010).  Alternatively, side-scan sonar may 

offer a more efficient means of measuring littoral zone habitat when compared with 

traditional, transect-based methods.  Side-scan sonar technology has already been used in 

several freshwater applications including: mapping large woody debris, benthic habitat 

mapping in rivers, and the mapping of potential spawning habitat of lake trout and pallid 

sturgeon (Edsall et al. 1989; Laustrup et al. 2007; Kaeser and Litts 2008, 2010).  These 

studies have demonstrated that changes in substrate type can produce acoustically distinct 

signatures on side-scan sonar imagery.  Side-scan sonar operates similar to conventional 

down-viewing sonar with the benefit of not having to be directly over the area of interest, 

which may be ideal for use in the shallow littoral zone of lakes.   

In Wisconsin, fisheries managers are aware of the importance of littoral zone fish 

habitat, but the time and fiscal constraints associated with traditional transect-quadrat 

based methods has limited collection of habitat data.  The task of collecting habitat data 
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at a broad spatial scale is also complicated by the number and diversity of Walleye lakes 

within Wisconsin (i.e., > 1,100 lakes).  Despite efforts to assess Walleye habitat in 

Wisconsin, prior research has been limited to small spatial scales (i.e., one lake) and short 

time frames (i.e., two years; Williamson 2008; Raabe and Bozek 2012).  Currently, there 

is a need to better address numerous aspects of Walleye habitat and measurement, 

including: (1) developing practical techniques to identify sensitive or limiting habitat; (2) 

identifying habitat assessment standards to determine the availability and quality of 

spawning habitat; (3) establishing criteria to monitor Walleye spawning habitat, and (4) 

determining if quantitative relationships exist among spawning habitat availability/usage 

and population performance parameters.  The key to addressing these needs is to have 

practical, reliable techniques to assess habitat.  

Relatively low-cost side-scan sonar provides an alternative method for collecting 

habitat information that may reduce the time and cost associated with littoral zone habitat 

assessments.  Therefore, my objective was to determine if side-scan sonar can be used to 

accurately and efficiently classify substrate composition in the nearshore littoral zone of 

north temperate lakes compared to a traditional transect-based method. 
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METHODS 

Experimental Design 

This study consisted of a learning phase, a validation phase, and a comparison 

phase.  During the learning phase, I attended a sonar workshop (Mapping Aquatic Habitat 

using Side Scan Sonar Workshop presented by Thomas Litts at the 2012 American 

Fisheries Society Annual Meeting in Minneapolis/St. Paul, Minnesota) to acquaint myself 

with side-scan technology, got familiar with my side-scan unit, and took 

multiple/repeated test runs with the unit, including imaging areas of known habitat 

composition.  In this process I collected reference images and developed a list of best 

practices for capturing side-scan images.  I then validated the side-scan sonar technique 

by capturing sonar images of known substrates and then making blind substrate 

classifications of randomly selected images. The third phase was to compare substrate 

compositions between the side-scan sonar method and the traditional transect-based 

method on 16 lakes.   

 

Substrate Classification 

 Substrate composition was categorized based on the particle size-classes (mm) 

used by Raabe and Bozek (2012) as modified from Wentworth (1922) and Platts et al. 

(1983; Table 1.1).  This classification system was modified to characterize Walleye 

spawning habitat in the littoral zone of a north-temperate lake.  The only modification to 

the Raabe and Bozek (2012) classification scheme I made for this study was that fine and 

coarse organic matter were combined into one organic matter class since both types of 

organic matter have been shown to negatively affect Walleye recruitment (Johnson 1961; 
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Nate et al. 2001; Nate et al. 2003) and discrimination of these substrate types via side-

scan sonar and even direct observation was difficult in initial surveys (Table 1.2). 

 

Side-Scan Sonar System 

 Sonar surveys were conducted using a Lowrance HDS®-10 Gen2 display unit 

with the StructureScan® HD imaging system (Navico Inc., Tulsa, OK), that was directly 

mounted to the bow of the boat using a custom portable mount.  The imaging system 

consists of a processor module and LSS-HD side-scan transducer.  To maximize spatial 

accuracy, an externally mounted Wide Area Augmentation System (WAAS) enabled 

LGC-4000 GPS antenna (Navico Inc., Tulsa, OK) capable of delivering five satellite 

updates per second was mounted directly above the transducer.  The display unit and 

processor module were custom fitted and organized in a portable case and powered by a 

standard 12-volt deep cycle marine battery.   

 

Substrate Classification from Sonar Images 

 Reference images of each substrate size class were collected to aid in side-scan 

image interpretation.  Through repeated review of the known substrate images, unique 

substrate signatures (i.e., distinct acoustic patterns) were identified on side-scan sonar 

images.  Unique signatures included: (1) organic matter consisting of areas of consistent 

low backscatter (dark tones), generally featureless, except for when aquatic macrophytes 

are present, (2) sand consisting of uniform areas of high backscatter (light tones) or 

alternating uniform shapes of low and high backscatter (furrows), (3) gravel consisting of  

uneven patches of low and high backscatter with large amounts of separable small-sized 
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high backscatter objects, (4) cobble consisting of uneven patches of low and high 

backscatter with large amounts of separable medium-sized high backscatter objects, (5) 

rubble consisting of uneven patches of low and high backscatter with large amounts of 

separable large-sized high backscatter objects, (6) small boulder consisting of medium-

sized, irregular shaped patches of high backscatter, (7) large boulder consisting of large-

sized, irregular shaped patches of high backscatter. 

 

Validation 

 Thirty side-scan sonar images of areas consisting of single substrate class were 

captured.  Substrate class at these locations was visually verified in the field, providing a 

sample of sonar images where substrate class was known.  A random number was 

assigned to each side-scan image.  All images were then blindly assigned to a substrate 

class by a single interpreter.  Blind substrate assignments were compiled into an error 

matrix for determining accuracy (Congalton and Green 1999). 

 

Comparison between Survey Methods 

 Following validation, the final phase of the study was to compare lake-wide 

estimates of littoral zone substrate composition obtained from side-scan sonar to a 

traditional transect-quadrat method (Fisher et al. 2012).  Sixteen lakes in northern 

Wisconsin were used for this comparison (Figure 1.1).  Lakes ranged from 47 to 1,564 

hectares in size and 5 to 49 km in shoreline length (Table 1.3).  All lakes supported 

Walleye populations of varying size and recruitment levels.  Lakes were not chosen at 

random, but represented the same lakes used in a previous study of adult population 
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characteristics and genetic diversity (Waterhouse et al. 2014) and these lakes were also 

used in my assessment of spawning habitat composition and Walleye recruitment 

(Chapter 2).  Five lakes were surveyed in 2012 and the remaining eleven lakes were 

surveyed in 2013. 

In each lake, substrate composition was collected from 100 equidistant transects 

around the lake shoreline with a randomly-selected starting point for the first transect.  At 

each transect, four quadrats were set perpendicular to the shore starting at the land-water 

interface and placed 0, 1, 2, and 3 m from the shoreline.  Within each quadrat, the top 

four most abundant substrates were estimated (based on area covered) to the nearest 5%, 

for a total of 100%. (Williamson 2008; Raabe and Bozek 2012).  In some cases, snorkel 

gear was used to visually estimate the substrate composition.  Latitude and longitude was 

recorded at the land-water interface of each transect using a handheld Garmin GPSmap® 

60Cx GPS (Garmin International, Inc., Olathe, KS).  

For the side-scan sonar method, a single pass along the entire shoreline was 

conducted at approximately 4.5-6.5 km/h.  One hundred side-scan sonar screen captures 

were collected at each transect used in transect-quadrat sampling.  The latitude and 

longitude of each transect was denoted as a point at the land-water interface on each 

screen capture.  Starting at this point, a 10 m wide (parallel to shoreline) by 4 m long 

(distance from shore) rectangle was delineated.  Microsoft® Picture Manager v.14.0.6 

(Microsoft Corp., Redmond, WA) was used for viewing and interpreting the side-scan 

sonar screen captures.  Similar to the transect-quadrat method, substrate composition (to 

nearest 5%) coverage of up to 4 substrate classes was estimated within the 40 m
2
 area 

created on each screen capture.  
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Comparative accuracy of lake-wide littoral zone substrate compositions estimated 

using side-scan sonar images was assessed by assuming the substrate composition 

estimates from transect-quadrat method were accurate representations of substrate 

composition within a lake.  Additionally, habitat information obtained from transect-

quadrat methods represents the information typically available to fishery managers, if 

habitat data has been collected for a specific lake.  For the transect-quadrat method, 

estimates of substrate composition were averaged over the four quadrats along each 

transect and then over the 100 transects per lake to construct mean estimates of substrate 

composition at the lake level.  For the side-scan sonar method, estimates of substrate 

composition were averaged over the 100 screen captures to obtain mean estimates of 

substrate composition at the lake level.  Paired t-tests were used to determine if substrate 

composition estimates varied between the two survey methods.   

I also compared time required to complete each type of habitat survey. Total time 

required to complete the transect-quadrat surveys included time required for substrate 

composition estimation and data entry.  Total time required to complete the side-scan 

sonar method included the time required to obtain the 100 screen captures per lake, 

estimation of substrate composition from the screen captures and data entry.  All times 

were based on a single person completing each task.  Paired t-tests were used to 

determine if completion times were significantly different between the two survey 

methods.  Prior to any statistical analysis, all variables were tested for equality of 

variance using Levene tests and for normality using Shapiro-Wilk tests.  All statistical 

tests were considered significant at α = 0.05.



 

9 

 
 

RESULTS 

Substrate Classification 

 No silt or bedrock substrates were found in the study lakes and these substrate 

classes were subsequently removed from the final classification scheme (Table 1.2).  The 

large boulder size class rarely occurred within the study lakes.  As a result, the small 

boulder and larger boulder classes were combined into one boulder class (≥ 304.0 mm). 

 

Validation 

 Overall, 191 images were used to validate substrate assignments made from side-

scan sonar images.  A sample size of 30 side-scan images was achieved for all substrate 

types except large boulder, which were rare in our study lakes (N = 11 sites).  Correct 

assignment of all known substrate images used to validate substrate assignments from 

side-scan sonar images was 92% (Table 1.4).  Accuracy of substrate assignments was not 

homogeneous, but ranged from 87% for cobble and rubble to 100% for large boulders 

and organic matter.  All erroneous substrate assignments were considered “nearest 

neighbor” errors (within ± 1 substrate size class).  For example, known sand areas were 

occasionally misidentified as gravel, but never as cobble.  More importantly, in only two 

cases was suitable Walleye spawning habitat (i.e., gravel, cobble, rubble) incorrectly 

identified from side-scan images, In one case, sand was misidentified as gravel and in one 

case small boulder was misidentified as rubble.  Based on my findings, I concluded that 

the side-scan sonar was valid as an accurate assessment technique. 
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Method Comparisons 

 Levene tests indicated that the estimates of substrate composition and completion 

times equally varied between the two methods. Shapiro-Wilk tests showed that the 

estimates of substrate composition were not normally distributed, but the completion 

times were normally distributed.  Arcsine transformations were used to normalize the 

substrate composition data (Brown et al. 2012).   

No significant differences existed between arcsine-transformed substrate 

compositions estimated from the two habitat survey methods (Table 1.5).  In total, 400 

m
2
 (transect-based method) and 4,000 m

2
 (side-scan sonar method) of littoral-zone area 

were sampled and classified within each of the 16 lakes.  Estimates of substrate 

composition varied between lakes with sand, gravel, and organic matter being the 

dominant substrates near the shoreline (Table 1.6).   

Completion times were significantly different between the two survey methods (t-

test: t15 = 10.043, P < 0.001; Table 1.7).  On mean, the transect-based method took 15.06 

hours per lake to complete and the side-scan sonar method took 6.07 hours per lake. Data 

collection times per lake differed significantly between the two methods (t-test: t15 = 

9.435, P = < 0.001) with a mean of 13.75 hours for the transect-based method and 5.61 

hours (including both image capture and interpretation) for the side-scan sonar method.  

For the side-scan sonar method, image interpretation took a mean of 1.70 hours to 

complete per lake. Data entry times also differed between methods (t-test: t15 = 12.581, P 

= < 0.001) with a mean of 1.31 hours per lake for the transect-based method and 0.46 

hours per lake for the side-scan sonar method. 
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DISCUSSION 

 The side-scan sonar method was determined to be a practical, accurate, and 

efficient method to describe substrate composition in the nearshore littoral-zone of north 

temperate lakes.  Using this method, lake-wide substrate composition estimates 

equivalent to a transect-quadrat based method were obtained with a 60% reduction in 

effort.   These findings are consistent with previous studies that used similar side-scan 

sonar methods. Kaeser and Litts (2008) and Kaeser et al. (2012) used a similar side-scan 

system to obtain high resolution images to map substrate and large woody debris in 

shallow, rocky streams.  My findings further demonstrate the utility of side-scan sonar to 

assess multiple aspects of physical habitat.  

 During the testing phase, I determined several “best” practices that can be used to 

improve side-scan image quality.  I found that the quality of side-scan images was 

affected by distance between transducer and area of interest, water depth, and the contrast 

setting on the side-scan sonar unit.  Failure to properly account for all three variables 

resulted in poor images.  For my study, the highest quality (i.e., highest contrast) side-

scan images were obtained by varying the contrast ratio slightly (49% - 64%) on the side-

scan unit and maintaining a 15-25 m distance from shore.  Image distortion also occurred 

from the yawing rotation of the transducer when turning the boat to follow the natural 

contours of the shoreline.  To correct for this, I maintained a straight path, holding the 

boat perpendicular to the general direction of the shoreline. Finally, aquatic macrophyte 

growth in the water column scattered acoustic signals and blocked nearshore areas (Sabol 

et al. 2002; Kaiser and Litts 2008, 2010).  Therefore, it is prudent to survey littoral zones 
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using side-scan sonar during early spring, shortly after ice out, when aquatic macrophyte 

presence is minimal. 

 The side-scan sonar method I developed has several advantages and 

disadvantages.  The main advantage was the reduced field time and labor required to 

obtain substrate information.  The side-scan sonar survey involved a smaller field crew 

(one vs. two personnel) and large areas were surveyed rather quickly, without leaving the 

boat.  Additionally, side-scan sonar surveys were minimally weather dependent and not 

restricted by visibility conditions (i.e., turbidity).  Field work involving the traditional 

transect-quadrat method could only be completed during days with proper weather and 

water clarity.  However, waves can cause the boat and transducer to bounce resulting in 

poor quality side-scan images.  I would recommend avoiding high wind/wave days or 

areas with heavy recreational boating activity.  The primary disadvantage of side-scan 

sonar was the initial learning time required to be able to interpret side-scan sonar images 

and understand the aforementioned challenges of image contrast, speed, macrophytes, 

and relative orientation to shore.  

 Image interpretation was not difficult, but did require significant time to become 

proficient.  Kaeser et al. (2012) concluded that the quality of a sonar-based map was 

largely dependent on visual interpretation of the side-scan sonar images.  My conclusions 

were no different.  The initial learning time required to interpret side-scan sonar images 

was substantial and challenging, but not impossible.  Furthermore, the collection and use 

of reference side-scan sonar images for learning substrate signatures and overall image 

interpretation was critical.   
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 The quality of the side-scan sonar images plays an important role in accurately 

identifying the substrates.  I found that raw side-scan sonar images provided the high 

resolution necessary to distinguish substrate size classes on a finer scale than preceding 

findings (Kaeser and Litts 2010; Kaeser et al. 2012).  These results may highlight the 

differences in side-scan sonar use between lakes and rivers. Side-scan sonar may be more 

useful in lake systems because lakes typically have low sediment loads, which keeps 

benthic substrates relatively stable.  Additionally, my results reflect the level of detail 

possible when using raw sonar images versus processed sonar images (Anima et al. 

2007).  In general, I found organic matter and sand were easily distinguished from rocky 

substrates and that rocky substrates (gravel, cobble, rubble, and boulders) were easily 

distinguished from one another by the relative size of their image graininess and 

patchiness.  A large proportion of the misclassifications during the validation process 

were classification errors among the rocky substrates.  These errors may be attributed to 

the similar appearance of rocky substrates on side-scan sonar images, especially for the 

smallest and largest sizes of each substrate size class (i.e., cobble size range ends at 149.9 

mm and rubble size range starts at 150 mm).  Kaesar and Litts (2010) noted the difficulty 

of differentiating between sandy and fine rocky areas on side-scan sonar images that may 

have been attributed to the embeddedness (i.e., degree in which spaces are present 

between coarse substrates) of rocky substrates.  Heavily embedded coarse substrates (i.e., 

sand and finer substrates surround coarser substrate), especially gravel, the smallest size 

class, may appear more uniform and thus be misclassified as sand.  Errors of this type 

may be unavoidable when using visual image interpretation.  However, development of 
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image recognition software may be possible if demand exists and as more validated or 

known images become available. 

 Both measurement and extrapolation error need to be considered when designing 

habitat studies (Fisher et al. 2012).  Measurement error in this study describes how well 

substrate composition estimates depicted actual substrates present within each sample 

area and may be problematic using side scan methods which are largely dependent on the 

image interpreter’s experience.  However, extrapolation error may more easily be 

reduced using side scan methodologies.  The transect-based method I used provides 

habitat data from localized micro-habitat areas along transects and that is extrapolated to 

represent the entire lake.  The extrapolation process could result in inaccurate estimates 

of overall substrate composition as not all locations have been sampled (extrapolation 

error; Fisher et al. 2012).  There may be a tradeoff between site-specific detail and spatial 

coverage using the two habitat assessment methods.  A transect-based sensitivity analysis 

performed by Schmidt (2010) indicated that 100 transects per lake was likely enough to 

describe littoral zone habitats and may explain why both habitat assessment methods 

yielded similar results in my study.  While my findings may be an artifact of sampling 

identical locations and over-sampling, side-scan sonar surveys provide the added benefit 

of increasing spatial coverage with minimal effort, allowing for reduction of 

extrapolation error.  Additionally, side-scan sonar could largely eliminate extrapolation 

error if continuous areas of habitat can be imaged (e.g. stream settings; Kaeser and Litts 

2010).  

Another important consideration of habitat surveys is geo-referencing habitat 

data.  For most habitat studies, geographic location is recorded using a Global Positioning 
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System (GPS; Fisher et al. 2012).  While several grades of GPS units exist, for field 

sampling to be representative of a given area, the size of a sample location must be larger 

than the error in GPS positioning.  In my study, we used a navigation grade GPS unit that 

had a horizontal accuracy of 3-9 m.  For the transect-based method, the horizontal sample 

area was 1 m, much smaller than the 3-9 m GPS positioning error.  In the end, this 

difference has important implications for the classification accuracy of a substrate map 

using the habitat data collected from the traditional transect-based method.  In contrast, 

for the side-scan sonar method, the horizontal sample area was 10 m and was larger than 

our GPS positioning error, which should produce a more accurate substrate map. 

 Considering that time and other fiscal constraints limit the systematic collection 

of quantitative habitat data, side-scan sonar could be considered an effective habitat 

collection technique.  Ideally, side-scan sonar surveys would have an image classification 

system that can be automatically performed by advanced computer software.  This would 

enable repeatable, accurate, and objective results based on pattern recognition while 

minimizing visual interpretation error.  This process will not only save time and money, 

but also allows for detection of features that may currently be unrecognizable to the 

typical reader.  While the process of collecting habitat information using side-scan sonar 

will improve, my method currently represents an effective means to assess multiple 

aspects of fish habitat that in most cases is more practical than traditional, transect-

quadrat sampling. 
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Table 1.1. Original classification of substrate sizes modified from Wentworth (1922) and Platts et al. (1983). 

 

Substrate Abbreviation Dimensions 

Fine Organic FOM Fine particulate organic matter discernible, but unidentifiable 

Silt SILT  < 0.2 mm 

Sand SAND  0.2 – 6.3 mm 

Gravel GRAV  6.4 – 76.0 mm 

Cobble COBB  76.1 – 149.9 mm 

Rubble RUBB  150.0 – 303.9 mm 

Small Boulder SmB  304.0 – 609.9 mm 

Large Boulder LrgB  > 610.0 mm 

Bedrock BED  Consolidated parent material 

Coarse Organic COM  Coarse particulate organic matter discernible and identifiable 

 

 

 

 

Table 1.2. Final substrate size classification scheme used in this study, modified from Wentworth (1922) and Platts et al. (1983). 

 

Substrate  Dimensions 

Organic Matter  Fine and coarse particulate organic matter 

Sand  0.2 – 6.3 mm 

Gravel  6.4 – 76.0 mm 

Cobble  76.1 – 149.9 mm 

Rubble  150.0 – 303.9 mm 

Boulder  ≥ 304.0 mm 
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Table 1.3.  Sixteen lakes used in this study with abbreviation, area (ha), and shoreline 

length (km). 

 

Lake Abbreviation Area (ha) Shoreline (km) 

Big Arbor Vitae BAV 441.1 12.6 

Big St. Germain BOL 46.5 4.7 

Bolger BSG 656.4 12.2 

Catfish CAT 395.8 18.2 

Eagle EAG 232.7 7.7 

Kawaguesaga KAW 283.3 17.9 

Little Arbor Vitae LAV 194.2 11.4 

Little John Lake LJL 61.1 5.3 

North Twin NTL 1161.8 16.7 

Pelican PEL 1434.6 26.9 

Plum PLU 427.7 23.3 

Squirrel SQU 529.7 22.2 

Tomahawk TOM 1401.0 48.6 

Trout TRO 1563.7 28.8 

Two Sisters TWS 291.0 15.0 

White Sand WSL 301.9 8.8 
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Table 1.4. Error matrix and associated statistics resulting from classifying substrate types using side-scan sonar images. Actual/known 

substrates are in the columns and the side-scan sonar classifications are in the rows. The gray, diagonal numbers of the matrix contain 

the number of correct classifications for each substrate type. Accuracy describes the percentage for each substrate type that was 

correctly identified on the side-scan images.  

 

Classified data 

Reference data (field data) 
Row 

total 
 Organic 

Matter 
Sand Gravel Cobble Rubble 

Small 

Boulder 

Large 

Boulder 

Organic Matter (OM) 30 1 0 0 0 0 0 31  

Sand 0 28 0 0 0 0 0 28  

Gravel 0 1 27 2 0 0 0 30  

Cobble 0 0 3 26 4 0 0 33  

Rubble 0 0 0 2 26 1 0 29  

Small Boulder 0 0 0 0 0 28 0 28  

Large Boulder 0 0 0 0 0 1 11 12  

Column total 30 30 30 30 30 30 11 191 

 Accuracy 100% 93% 90% 87% 87% 93% 100% Overall 92% 
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Table 1.5.  Paired t-test results of the arcsine transformed substrate proportions between 

the transect-based method (TB) and the side-scan sonar method (SS) for each lake 

comparison. Full lake names can be found in Table 1.3. 

 

Paired lake comparison Mean Std. Dev. t df P 

BAV_TB - BAV_SS -0.0027 0.0324 -0.201 5 0.849 

BSG_TB - BSG_SS -0.0086 0.0433 -0.484 5 0.649 

BOL_TB - BOL_SS -0.0007 0.0236 -0.071 5 0.946 

CAT_TB - CAT_SS -0.0009 0.0232 -0.095 5 0.928 

EAG_TB - EAG_SS 0.0001 0.0220 0.011 5 0.992 

KAW_TB - KAW_SS -0.0096 0.0487 -0.481 5 0.651 

LAV_TB - LAV_SS -0.0105 0.0634 -0.406 5 0.701 

LJL_TB - LJL_SS -0.0042 0.0332 -0.309 5 0.770 

NTL_TB - NTL_SS -0.0018 0.0099 -0.446 5 0.674 

PEL_TB - PEL_SS 0.0000 0.0163 0.006 5 0.996 

PLU_TB - PLU_SS -0.0002 0.0213 -0.022 5 0.983 

SQU_TB - SQU_SS -0.0015 0.0166 -0.219 5 0.835 

TOM_TB - TOM_SS -0.0003 0.0131 -0.050 5 0.962 

TRO_TB - TRO_SS 0.0047 0.0249 0.463 5 0.663 

TWS_TB - TWS_SS -0.0069 0.0349 -0.485 5 0.648 

WSL_TB - WSL_SS 0.0018 0.0420 0.103 5 0.922 
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Table 1.6.  Estimates of substrate composition (%) at the lake level using the transect-

based method (TB) and the side-scan sonar method (SS). The full lake name can be found 

in Table 1.3. 
 

Lake Method OM Sand Gravel Cobble Rubble Boulder 

BAV 
TB 18.09 38.83 38.46 2.64 1.63 0.36 

SS 18.00 42.70 33.50 3.65 1.90 0.25 

BOL 
TB 14.83 39.76 40.05 3.61 1.56 0.19 

SS 15.30 42.60 36.20 3.95 1.85 0.10 

BSG 
TB 2.75 56.23 37.91 1.79 0.91 0.41 

SS 6.00 53.85 36.10 2.80 1.15 0.10 

CAT 
TB 9.08 60.60 23.05 3.50 2.58 1.20 

SS 9.20 61.10 21.10 4.95 2.95 0.70 

EAG 
TB 12.10 62.04 18.78 3.18 2.38 1.54 

SS 11.70 64.30 16.20 4.10 2.35 1.35 

KAW 
TB 12.40 45.01 35.59 3.55 2.04 1.41 

SS 16.00 38.00 35.90 6.00 3.05 1.05 

LAV 
TB 13.21 19.25 56.16 6.48 2.60 2.30 

SS 17.95 23.33 45.00 7.44 3.72 2.56 

LJL 
TB 29.85 28.39 39.28 2.19 0.30 0.00 

SS 34.60 27.60 34.55 2.80 0.45 0.00 

NTL 
TB 2.14 40.36 33.26 18.04 5.15 1.05 

SS 2.00 40.00 32.80 17.95 6.10 1.15 

PEL 
TB 11.01 51.01 23.04 7.98 4.81 2.15 

SS 11.10 51.80 21.05 9.25 5.00 1.80 

PLU 
TB 14.91 55.49 27.84 1.55 0.16 0.05 

SS 16.70 54.65 26.20 2.30 0.15 0.00 

SQU 
TB 30.69 29.30 32.58 4.75 2.10 0.59 

SS 30.60 30.25 30.55 5.70 2.50 0.40 

TOM 
TB 19.25 31.55 33.04 9.35 4.71 2.10 

SS 18.70 31.95 31.95 10.60 5.05 1.75 

TRO 
TB 3.08 42.19 48.06 6.40 0.25 0.03 

SS 2.00 45.20 45.45 7.05 0.30 0.00 

TWS 
TB 9.53 54.62 34.07 1.43 0.28 0.08 

SS 9.50 53.61 32.77 3.51 0.59 0.00 

WSL 
TB 24.79 42.93 25.39 6.29 0.59 0.03 

SS 31.00 37.10 24.60 6.80 0.50 0.00 

Mean 
TB 14.23 43.60 34.16 5.17 2.00 0.84 

SS 15.65 43.63 31.50 6.18 2.35 0.70 

Std. Dev. 
TB 8.43 12.07 9.28 4.04 1.62 0.81 

SS 9.42 11.73 7.84 3.81 1.81 0.79 
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Table 1.7. Time required to complete the two habitat assessment methods employed in 

this study. The data collection times for the transect-based method includes the field time 

spent gathering the habitat data, and recording that data on field forms. The data 

collection times for the side-scan sonar method includes the field time spent collecting 

the 100 screen captures per lake, the image interpretation time spent estimating the 

substrate composition, and recording that data on field forms. The data entry times for 

both methods include the time spent entering the field data/image interpretation data into 

a Microsoft® Excel® spreadsheet.  The full lake names are identified in Table 1.3.  

 

  Transect-based   Side-scan 

Lake 

Data 

collection 

Data 

entry Total   

Data 

collection 

Image 

interpretation 

Data 

entry Total 

BAV 10.20 1.10 11.30 

 

6.17 1.37 0.57 6.74 

BSG 16.92 1.60 18.52 

 

5.64 2.42 0.42 6.06 

BOL 11.77 1.35 13.12 

 

2.46 1.03 0.37 2.83 

CAT 11.30 1.30 12.60 

 

4.35 1.23 0.40 4.75 

EAG 8.40 1.00 9.40 

 

3.59 1.27 0.43 4.02 

KAW 19.23 1.65 20.88 

 

7.90 3.13 0.43 8.33 

LAV 17.95 1.45 19.40 

 

4.88 2.00 0.53 5.41 

LJL 8.82 1.05 9.87 

 

2.75 1.42 0.33 3.08 

NTL 15.90 1.00 16.90 

 

4.65 1.22 0.65 5.30 

PEL 18.57 1.60 20.17 

 

7.15 1.35 0.48 7.63 

PLU 11.70 1.30 13.00 

 

7.22 1.22 0.55 7.77 

SQU 10.92 1.30 12.22 

 

5.72 1.22 0.33 6.05 

TOM 12.68 1.20 13.88 

 

8.90 1.83 0.43 9.33 

TRO 11.82 1.10 12.92 

 

7.50 1.08 0.45 7.95 

TWS 18.04 1.25 19.29 

 

5.88 2.65 0.53 6.41 

WSL 15.82 1.70 17.52 

 

5.02 2.77 0.37 5.39 

Mean 13.75 1.31 15.06   5.61 1.70 0.46 6.07 

Std. Dev. 3.66 0.23 3.82   1.84 0.68 0.09 1.86 
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Figure 1.1. Sixteen study lakes located in Oneida and Vilas counties in northern 

Wisconsin. The three letter code by each lake outlined in blue corresponds to the lake 

name found in Table 1.3.   
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CHAPTER II 

RELATIONSHIPS BETWEEN SPAWNING HABITAT AND RECRUITMENT 

OF WALLEYE IN NORTHERN WISCONSIN LAKES 

 

INTRODUCTION 

Walleye are native to freshwater lakes and rivers throughout North America, and 

inhabit their current range as a result of repeated glacial events, river movement and 

colonization, and more recently, stocking (Scott and Crossman 1973; Billington et al. 

2011; Fuller and Neilson 2012).  Once restricted to the major drainage lakes and rivers in 

Wisconsin, Walleye were stocked into many inland lakes and are now common 

throughout the state of Wisconsin.  Walleye are present in over 1,170 lakes in Wisconsin, 

with the largest concentration of Walleye lakes (≈75% of the state’s Walleye lakes) 

located in the northern third of the state. 

Walleye are one of the most popular sport fish in Wisconsin and support vibrant 

sport and tribal fisheries within the state (McClanahan and Hansen 2005; U.S. 

Department of the Interior 1991, 2011).  Walleye, like many freshwater sport fish, exhibit 

high recruitment variability within most Wisconsin lakes (Beard et al. 2003; Hansen et al. 

2012).  Due to their social and economic importance, the harvest oriented nature of these 

fisheries, and the high recruitment variability of the species, Walleye are intensively 

managed in Wisconsin.  While most current research is aimed at understanding this 

recruitment variability, large scale efforts to assess Walleye habitat and the role it plays 

in Walleye recruitment have been limited. 
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Within the statewide Walleye management plan, protecting and improving 

Walleye habitat was identified as the most important factor for improving the Walleye 

fishery statewide (Hewett and Simonson 1998).  Habitat is the foundation of all fish 

populations and is usually described in terms of the physical and chemical components of 

an aquatic system that affect survival, growth, reproduction, and recruitment (Bozek et al. 

2011a).  Declines in some fish populations in North America have been attributed to 

changes in habitat quantity and quality (Ricciardi and Rasmussen 1999; Venter et al. 

2006).  For example, Venter et al. (2006) linked habitat loss to the decline of 79% of the 

154 endangered freshwater species in Canada.  Although the destruction and loss of 

aquatic habitat has been widely documented, our general understanding of Walleye 

habitat is incomplete.  

Effective management strategies should recognize the importance of fish habitat 

to fish population dynamics and demographics.  Currently, there are many needs 

associated with understanding the role of spawning habitat in regulating Walleye 

populations, including: (1) identifying the critical or limiting aspects of Walleye habitat, 

(2) developing practical techniques to assess Walleye habitat characteristics, (3) 

establishing criteria to monitor critical areas of Walleye habitat, and (4) determining if 

quantitative relationships exist among specific features (e.g., nursery habitat or spawning 

habitat) of Walleye habitat availability/usage and population performance parameters 

(Bozek et al. 2011a).  Walleye habitat requirements vary seasonally and among life 

history stage.  Walleye are iteroparous, broadcast spawners that exhibit a variety of 

reproductive strategies across their range (Priegel 1970; Colby et al. 1979; McElman 

1983; Kerr 1997).  During reproduction, Walleye are expected to select habitats that 
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maximize reproductive output and progeny success (Bozek et al 2011b).  In many lakes, 

Walleye appear to select spawning sites that are close to shore and in shallow water, over  

gravel, cobble, and rubble substrates with low embeddedness (i.e., interstitial spaces 

present between coarse substrates) (Eschmeyer 1950; Johnson 1961; Williamson 2008; 

Raabe and Bozek 2012).  The prevailing theory is that hatching success is related to 

spawning site selection of prime substrates for egg incubation (Johnson 1961).  Clean 

coarse rock substrates are believed to be the best substrates for incubating eggs because 

the interstitial spaces they provide protect eggs from siltation, transport currents, and 

predation while eggs are still being supplied with adequate oxygen to survive (Roseman 

et al. 1996, 2001; Bozek et al. 2011a; Humphrey et al. 2012; Crane and Farrell 2013).  

Walleye are thought to go through ontogenetic shifts in habitat use (Bozek et al. 

2011b).  Studies suggest young-of-year (YOY) Walleye use a wide variety of habitat 

types (muddy substrate, vegetated areas, sand banks, and gravel shoals) within the littoral 

zone based on cover and food availability (Ritchie and Colby 1988; Stevens 1990; Lane 

et al. 1996; Pratt and Fox 2001).  Newly hatched Walleye larvae are pelagic and, being 

vulnerable to drift, are dispersed by lake currents, prevailing winds, and wave action 

(Eschmeyer 1950; Priegel 1970).  A shift to a demersal lifestyle occurs during 

midsummer to early fall at 51 - 100 mm in size (Mathias and Li 1982; Frey 2003).  This 

shift has been found to be concurrent with a shift from positive to negative phototactic 

responses (Bulkowski and Meade 1983; Braekevelt et al. 1989; Vandenbyllaardt et al. 

1991).  Habitat preferences of juvenile (Age 1 to maturation) Walleye are thought to be 

similar to adult Walleye and largely determined by cover and light (Colby et al. 1979; 

Leis and Fox 1996).  Adult Walleye are mainly demersal and are thought to prefer clean, 
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hard substrates with abundant cover in the form of boulders, rooted submerged 

vegetation, trees, and logs (Holt et al. 1977; Schlagenhaft and Murphy 1985; Johnson et 

al. 1988; Paragamian 1989).  In late spring and early summer, adult Walleye congregate 

in shallow, inshore feeding areas, but often move to deeper, cooler waters in August and 

September (Rawson 1957; Schlagenhaft and Murphy 1985). In late winter, adult Walleye 

begin moving back toward their spring spawning areas.  Despite the general knowledge 

of where Walleye occur within a given waterbody and at different life history stages, the 

specific attributes of those habitats versus other habitats remains largely unknown.   

An understanding of the essential and critical Walleye habitat requirements and 

how they relate to Walleye productivity is necessary to achieve the goals set forth in 

Wisconsin’s Walleye management plan.  Certain habitat types are likely more crucial 

than others, such as those that are needed for reproductive success.  The quantity (Priegel 

1970; Auer and Auer 1990; Nate et al. 2003) and quality (Eschmeyer 1950; Johnson 

1961; Schupp 1978; Raabe and Bozek 2012) of Walleye spawning habitat is a key 

characteristic likely influencing Walleye populations.  Walleye spawning habitat is 

thought to be limiting in some lakes (Johnson et al. 1977; Colby et al. 1979) and may be a 

critical bottleneck in their life history.  Natural climatic and anthropogenic activities have 

resulted in nutrient enrichment, altered water levels, sedimentation, and shoreline 

alterations that are directly related to the degradation and, ultimately, loss of high-quality 

Walleye spawning habitat (Priegel 1970; Leach et al. 1977; Kerr et al. 1997; Hansen et al. 

2010).  For example, Johnson (1961) noted that in one year of a four year study on Lake 

Winnibigoshish, Minnesota, water levels were 0.60 m lower than prior years and areas 

previously used for Walleye spawning habitat were inaccessible.  Numerous research 
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projects in Wisconsin have advanced our understanding of Walleye habitat through 

qualitative and quantitative assessments of Walleye spawning habitat (Jennings et al. 

1996; Williamson 2008; Raabe and Bozek 2012).  Nate et al. (2003) found that Walleye 

abundance was inversely related to the quantity of both sand and muck substrates (i.e., 

poor spawning habitat) in Wisconsin lakes.  Despite these studies, a distinct relationship 

between spawning habitat and Walleye productivity is mostly undefined. 

The connections between habitat and fish population attributes can provide 

valuable insight into the potential of a fishery (Newcomb et al. 2007), and conceivably 

the productivity of Wisconsin’s Walleye fisheries.  An understanding of fish population 

dynamics (i.e., how recruitment, growth, and mortality affect abundance) is required for 

successful fisheries management (Allen and Hightower 2010; Nate et al. 2011).  The 

population dynamics of fish populations are the quintessential measures of the quantity 

and quality of its habitat, since requirements for specific biotic and abiotic resources (i.e., 

habitat) directly affect survival, growth, and reproduction of fish populations (Hayes et 

al. 1996).  Therefore, critical habitat variables and population dynamics should be 

quantitatively related.  Quantitative studies identifying these relationships between 

habitat quality and quantity relative to population dynamics are limited for Walleye 

(Bozek et al. 2011a).  

Several goals within the Wisconsin statewide management plan recognize that 

information on habitat and population status are critical components for successful 

management of Walleye.  Despite the acknowledged importance of critical habitat (e.g., 

spawning habitat), the popularity of Walleye in Wisconsin, and the success of prior 

studies in addressing key elements of Walleye spawning habitat and population 
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dynamics,  significant deficiencies still exist in understanding how spawning habitat 

relates to overall Walleye productivity.  Therefore, the primary objective for this study 

was to determine if spawning habitat characteristics varied among Walleye populations in 

northern Wisconsin lakes exhibiting high and low recruitment. 
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METHODS 

Study Sites 

 Sixteen lakes in northern Wisconsin were used to evaluate relationships between 

spawning habitat characteristics and Walleye recruitment (Figure 2.1).  Study lakes 

varied in surface area (47 - 1,564 ha) and shoreline length (5 - 49 km; Table 2.3).  

Thirteen lakes were used by Waterhouse et al. (2014) to identify and relate Walleye 

genetic characteristics with population characteristics (e.g., recruitment, abundance, 

growth) and stocking intensity.  Waterhouse et al. (2014) selected lakes based on genetic 

management unit, availability of population data, and recruitment classification codes 

used by the Wisconsin DNR in 2010 (Table 2.3).  Lakes in Oneida and Vilas counties 

were used to limit genetic structure to one genetic unit.  Waterhouse et al. (2014) also 

chose lakes to equally represent the three most common recruitment codes used to 

describe Walleye populations exhibiting some level of natural reproduction (Table 2.3). 

These codes are natural reproduction only (NR), adequate natural reproduction to sustain 

the population, although stocking occurs (C-NR), and primarily stocked with limited 

natural reproduction that may supplement the adult population (C-ST; U.S. Department 

of the Interior 1991).   

 

Spawning Habitat  

 Walleye spawning habitat was evaluated in five lakes during spring and summer 

of 2012 and the remaining 11 lakes were evaluated in spring and summer of 2013. 

Spawning habitat was evaluated based on resource selection models of Walleye spawning 

habitat provided by Raabe (2006) and Williamson (2008).  These previous studies 
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identified distance from shore, water depth, substrate type, and substrate embeddedness 

as important characteristics for describing spawning habitat for inland lake Walleye 

populations.  Substrate type was evaluated using substrate particle size-classes (mm) 

descriptive of spawning site substrates used by Walleyes (Table 2.1).  The same size-

classes were used by Raabe et al. (2012) and were originally modified from Wentworth 

(1922) and Platts et al. (1983).  Fine and coarse organic matter were combined into a 

single substrate class, since both types of organic matter can negatively affect Walleye 

recruitment (Johnson 1961; Nate et al. 2001; Nate et al. 2003).  No silt or bedrock 

substrates were found in my study lakes and were subsequently removed from my 

substrate classification scheme.  Furthermore, the large boulder size class rarely occurred 

within my study lakes; as a result, they were combined into one boulder class (≥ 304.0 

mm) (Table 2.2).   

Substrate embeddedness describes the degree that coarse substrates are 

surrounded or covered by fine sediments (Platts et al. 1983).  The rating scale 0 (lowest 

embeddedness) to 4 (highest embeddedness) I used was a measure of how much of the 

surface area of the coarser substrates were covered by fine sediment or, alternatively, 

offered a measure of the amount of interstitial space present between coarse substrates 

(Figure 2.2).   

In each lake, substrate composition was collected from 100 equidistant transects 

around the lake shoreline with a randomly-selected starting point for the first transect.  At 

each transect, four quadrats were set perpendicular to the shore starting at the land-water 

interface and placed 0, 1, 2, and 3 m from the shoreline.  Within each quadrat, the top 

four most abundant substrates were estimated (based on area covered) to the nearest 5%, 
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for a total of 100%. (Williamson 2008; Raabe and Bozek 2012).  Substrate embeddedness 

was visually estimated for each substrate class larger than sand using the values described 

by Raabe (2006) (Figure 2.2).  Water depth (m) was measured at the center of each 

quadrat.  Snorkel gear was used where needed to visually estimate the habitat 

characteristics.  Latitude and longitude was recorded at the land-water interface of each 

transect using a handheld Garmin GPSmap® 60Cx GPS (Garmin International, Inc., 

Olathe, KS). 

 Spawning habitat quantification.— To account for the effect of lake size, I 

evaluated the quantity of available Walleye spawning habitat proportional to lake size 

and not the total amount of available spawning habitat (m²) in each lake.  From the 

habitat data collected using the transect-quadrat method, estimates of substrate 

composition were averaged over the four quadrats along each transect and then over the 

100 transects per lake to construct mean estimates of substrate composition at the lake 

level. To begin with, the proportions of gravel, cobble, and rubble substrates were 

summed; yielding the proportion of coarse substrates (i.e., ideal Walleye spawning 

substrates) found in the first 4 m of littoral zone in each lake.  

Secondly, a metric quantifying the available suitable spawning habitat in each 

lake was developed by incorporating both spawning habitat quantity and quality 

measures. Suitable spawning habitat for this study was calculated as the proportion of 

coarse substrates within 4 m of shore with a weighted embeddedness ≤ 1.5.  For example, 

Big Arbor Vitae Lake was estimated to contain 38% gravel, 3% cobble, and 2% rubble 

within the first 4 m of the littoral zone.  Of those estimates, 12% of the gravel areas 

(4.7% proportionally at the lake level), 55% of the cobble areas (1.5%) and 46% of the 
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rubble areas (0.7%) were embedded ≤ 1.5, resulting in only 6.9% of course substrates 

within 4m of shore representing suitable spawning habitat in Big Arbor Vitae Lake.  The 

1.5 embeddedness value was derived from two previous studies that found a similar mean 

embeddedness value on Walleye spawning sites (Raabe and Bozek 2012, mean = 1.37; 

Williamson 2008, mean = 1.5). 

 Finally, relative probability of Walleye egg deposition (EDP) in the first 4 meters 

of littoral zone was calculated for each study lake  using the method of Raabe and Bozek 

(2012):   

𝐸𝐷𝑃 =  −𝐸𝑋𝑃 (1.583 − 0.123 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑚) × 𝐷𝑒𝑝𝑡ℎ (𝑚) + 0.055 ×

𝐺𝑟𝑎𝑣𝑒𝑙 + 0.051 × 𝐶𝑜𝑏𝑏𝑙𝑒 + 0.042 × 𝑅𝑢𝑏𝑏𝑙𝑒) ÷ (1 + 𝐸𝑋𝑃 (1.583 −

0.123 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑚) × 𝐷𝑒𝑝𝑡ℎ (𝑚) + 0.055 × 𝐺𝑟𝑎𝑣𝑒𝑙 + 0.051 × 𝐶𝑜𝑏𝑏𝑙𝑒 +

0.042 × 𝑅𝑢𝑏𝑏𝑙𝑒),  

where Distance (m) is distance to shore, Depth (m) is water depth, and gravel, cobble, 

and rubble are the proportions of each specified substrate type.   

 Spawning habitat quality.— The quality of available Walleye spawning habitat 

was evaluated in each lake using the embeddedness value estimates from the transect-

based method.    A weighted mean embeddedness value was calculated for each substrate 

type within the first 4 m of the littoral zone and for each 1 m distance from shore.  The 

weighted mean embeddedness was calculated by accounting for the differences in each 

substrate proportion and its associated embeddedness value in each of the 4 quadrats 

measured along each of the 100 transects (e.g., an area with 85% gravel with an 

embedded value of 3 and an area with 40% gravel with an embedded value of 4 would 



 

37 

 
 

have an unweighted mean embeddedness of 3.50 compared to the weighted mean 

embeddedness of 3.32).  Finally, an overall weighted mean embeddedness of coarse 

substrates (i.e., gravel, cobble, rubble) was calculated for each lake by weighting each 

substrate type mean embeddedness value with the proportion of each substrate type 

present within the first 4 meters of the littoral zone. 

 

Recruitment  

As a measure of Walleye productivity, lake-specific recruitment was estimated 

based on an index of the abundance and survival of the Age-0 Walleye year class from 

hatching to their first fall (Hansen et al. 2004).  Recruitment (YOY/ha) was estimated 

using catch-per-effort data from fall electrofishing (Cishosz 2013) and corrected for 

temperature using the relationship described by Hansen et al. (2004).  Only data from 

non-stocked years was used and a mean YOY/ha for each lake was calculated based on 

the non-stocked year(s) data for the past 15 years (i.e., 1989-2013).  Lakes were classified 

into two recruitment classes based on mean YOY/ha for the past 15 years using the value 

of 24.7 YOY/ha provided by Hansen et al. (2004). Populations with mean Walleye 

YOY/ha > 24.7 were considered as high recruitment populations, while populations with 

mean YOY/ha ≤ 24.7 were considered low recruitment populations. 

 

Statistical Analysis 

 I compared mean water depths, proportion of coarse substrates, proportion of 

suitable spawning habitat, mean weighted embeddedness of course substrates, and 

proportion of  the first four meters of the littoral zone with ≥ 50% EDP between high and 
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low recruitment populations using ANOVAs.  All habitat variables were tested for 

normality with Shapiro-Wilk tests and equal variance with Levene tests.  Since distance 

to shore has been shown to be an important component of Walleye spawning habitat 

(Williamson 2008; Raabe and Bozek 2012), before completing ANOVAs I used paired t-

tests to make comparisons of the key characteristics of available spawning habitat 

between the first two meters (i.e., 1 and 2 m from shore) and the last two meters (i.e., 3 

and 4 meters from shore).  I then tested whether low and high recruitment systems 

differed in those habitat characteristics using ANOVAs.  All statistical tests were 

considered significant at α < 0.10. 
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RESULTS 

 The study lakes varied in surface area (47 - 1,564 ha) and shoreline length (5 - 49 

km) (Table 2.3).  Substrate composition within the first 4 m of the littoral zone differed 

between lakes (Figure 2.3). Based on the results of the Shapiro-Wilk and Levene tests, all 

habitat measures met the assumptions of being normally distributed and having equal 

variances.  Preliminary examination of mean YOY/ha and the spawning habitat metrics 

revealed no clear relationships (Figure 2.4, 2.5, and 2.6). 

 

Distance from Shore Comparisons 

The spawning habitat characteristics I selected significantly differed between the 

first two meters of the littoral zone when compared to the second two meters of the 

littoral zone, with the first two meters having significantly more and better quality 

Walleye spawning habitat (Table 2.5).  Paired t-tests of mean water depths, proportions 

of coarse substrates, proportions of suitable habitat, and weighted mean embeddedness of 

coarse substrates were all significantly different between the first two meters of the 

littoral zone when compared to the second two meters of the littoral zone (Table 2.6).  On 

mean, the first 2 m of littoral zone were shallower (0.19 m), consisted of 25% coarse 

substrates with a mean embeddedness value of 1.87, and contained 7% of suitable 

spawning habitat.  The second 2 m of littoral zone, on mean, were deeper (0.37 m), 

contained 18% of coarse substrates with a mean embeddedness value of 2.45, and 

contained only 2% of suitable spawning habitat.   
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Spawning Habitat and Walleye Recruitment 

Although many of the habitat variables were highly correlated (Table 2.7), I 

continued to maintain the distance from shore distinctions with the key characteristics of 

available spawning habitat as we compared high versus low recruitment, since significant 

differences existed between the first two meter band of the shoreline when compared to 

the second two meter band in many of the available spawning habitat variables.  The final 

habitat variables were mean water depths, proportion of coarse substrates, proportion of 

suitable spawning habitat, mean weighted embeddedness of course substrates, and the 

proportional area within the first four meters of the littoral zone with ≥ 50% egg 

deposition probability.   

Ultimately, no differences were found with regard to those five available 

spawning habitat characteristics between high and low Walleye recruitment lakes (Table 

2.8).   Mean water depths (m) within the first two meters and second two meters did not 

significantly vary between lakes with high and low Walleye recruitment (F1,14 = 1.03, P = 

0.33; F1,14 = 0.12, P = 0.73, respectively).  The proportions of coarse substrates did not 

vary between high and low recruitment lakes within the first two meters (F1,14 = 1.92, P = 

0.19) and the second two meters (F1,14 = 1.29, P = 0.28). The amount of suitable 

spawning habitat found within the first two meters and second two meters also did not 

significantly vary between high and low recruitment lakes (F1,14 = 0.84, P = 0.38; F1,14 = 

0.54, P = 0.47, respectively).  The weighted mean embeddedness of coarse substrates 

were not significantly different between lakes with high and low Walleye recruitment in 

both the first two meters and the second two meters (F1,14 = 0.09, P = 0.76; F1,14 = 0.11, P 
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= 0.75, respectively).  Furthermore, the proportional area within the first four meters of 

the littoral zone with ≥ 50% EDP were no different in lakes with high and low 

recruitment (F1,14 = 0.85, P = 0.37).   
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DISCUSSION 

 Given the complex interactions that influence Walleye recruitment, finding no 

differences in available spawning habitat characteristics between high and low 

recruitment lakes was not surprising.  Although spawning habitat is a requirement, 

recruitment of Walleyes can be affected by a multitude of biotic and abiotic factors 

including adult Walleye spawning stock, competition, spring temperatures (Madenjian et 

al. 1996; Hansen et al. 1998), and wind/wave power (Zhao et al. 2009), with the potential 

for biotic factors to have an overriding influence on Walleye recruitment (Hansen et al. 

1998; Quist et al. 2003; Venturelli et al. 2010).  Other factors have been implicated as 

affecting Walleye recruitment including spring water level fluctuations that may lead to 

higher quality spawning sites being inaccessible (Williamson 2008). 

 Despite the lack of meaningful differences in available spawning habitat between 

lakes with high and low Walleye recruitment, my findings have important implications 

for Walleye management.  My findings suggest that the highest quantity and quality of 

available spawning habitat for inland lake Walleyes is remarkably close to the shoreline. 

In all 16 lakes, I found the highest amounts of gravel, cobble, and rubble substrates with 

the lowest embeddedness values were within the first two meters of the shoreline.  These 

findings are consistent with many prior studies that focused primarily on one or two 

lakes; Eschmeyer (1950) found Walleye primarily spawning in shallow water over gravel 

and rubble substrates. Walleyes in Lake Winnebigoshish, Minnesota, were found 

spawning in depths ranging from 0.31 to 0.76 m with eggs being found in water as 

shallow as 0.05 m (Johnson 1961).  In both Beaver Dam and Red Cedar Lakes, WI, 

Williamson (2008) found Walleye eggs deposited within two meters from shore in water 
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depths less than 0.35 m.  Raabe and Bozek (2012) found that distance to shore was the 

primary predictor of Walleye spawning habitat in Big Crooked Lake, WI, where on 

average, Walleye eggs were found within 2.7 m of shore and in water <0.29 m deep.  

This is an important consideration, since Walleyes are iteroparous broadcast spawners 

that have a preference for certain spawning habitat characteristics, and protection and 

even addition of high quality spawning areas may be warranted.  In addition, 

embeddedness of coarse substrates is an important factor of successful Walleye spawning 

sites.  For Walleye, inadequate interstitial spaces between coarse substrates may result in 

increased egg mortality due to physical damage, predation, and redistribution to lower 

quality habitat (Roseman et al. 1996; Dustin and Jacobson 2003; Kelder and Farrell 2009; 

Bozek et al. 2011a; Crane and Farrell 2013).  My findings highlight the importance of 

statewide habitat protection plans that limit erosion, shoreline development, and receding 

water levels in lakes. 

 While my results may not be surprising from a logic standpoint, it is important to 

note that they may be the result of an imperfect sampling design.  Thirteen of the 16 lakes 

were originally chosen for a study by Waterhouse et al. (2014) to evaluate the 

relationships of genetic characteristics to population demographic variables of Walleye. 

Those same 13 lakes were included in this study to provide an opportunity to combine the 

habitat information collected in this study with the genetic characteristics and population 

demographics to provide a more comprehensive analysis of inland lake Walleye 

populations.  Ideally, all lakes used in my study, should have been selected based on their 

mean recruitment levels and known spawning habitat types.  Preferably, several lakes 
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with extremely high and extremely low levels of recruitment should have been chosen, as 

well as lakes with little to no known available spawning habitat.   

 Additionally, the lack of significant findings may be due to an insufficient sample 

size of lakes.  A major challenge with many habitat studies is the time needed to sample 

habitat with the current habitat collection techniques.  This study used a four quadrat 

sampling approach to collect habitat data from 100 equidistant transects around the entire 

shoreline and used that data to summarize available spawning habitat in each lake.  This 

method was quite time consuming and restricted the number of lakes I was able to assess.  

In the same way, many prior studies on habitat have been limited to small spatial scales 

and short time frames (Johnson 1961; Short 2001; Williamson 2008; Schmidt 2010; 

Raabe and Bozek 2012).  Again, if at all possible, additional lakes should be added to 

increase sample size and statistical power.  Considering that time and other fiscal 

constraints will likely continue to limit the systematic collection of quantitative habitat 

data, side-scan sonar surveys could be considered an effective habitat collection 

technique (Chapter I).  In addition, future studies could focus on temporal changes in 

available spawning habitat to determine if slight fluctuations in water levels might render 

higher quality spawning habitat inaccessible and consequently, result in low Walleye 

recruitment. 

 My research tried to examine if key spawning habitat variables explained the 

variation in recruitment of Walleyes using the mean number of YOY Walleye per hectare 

over the last fifteen years to define recruitment.  There may be a stronger, more useful 

way of looking at my data using other parts of the recruitment variable distributions, 

other than the mean value.  For example, Dunham et al. (2002) used quantile regression 
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to relate the abundance of Lahontan Cutthroat Trout Oncorhynchus clarki henshawi to 

the ratio of stream width to depth.  The authors found a nonlinear negative relationship 

with the upper 30% of cutthroat densities across 13 streams and 7 years.  If the authors 

would have used the mean estimates of cutthroat trout densities, they would have 

mistakenly concluded that there was no relation between trout densities and the ratio of 

stream width to depth (Dunham et al. 2002).   Perhaps, using quantile regression to 

estimate the rate of change in maximum recruitment (90
th

 quartile) might allow detection 

of an effect that has been dismissed as not significant using the mean recruitment 

estimate (Cade and Noon 2002).  

To my knowledge, my study was the first large scale, multi-lake study that took 

an in-depth look at the key characteristics of inland lake Walleye spawning habitat and 

attempted to relate them to Walleye recruitment.  Despite not finding significance 

between available spawning habitat characteristics and recruitment, Walleye spawning 

habitat is still likely an important aspect of Walleye recruitment that fisheries managers 

need to consider.  With the desire to address habitat degradation and increase natural 

production of an economically important species, managers need to be able to identify 

and protect littoral zone areas with key Walleye spawning habitat characteristics.   

Although it is largely unknown what proportion of suitable spawning habitat is 

needed to support natural reproduction of Walleyes in Wisconsin lakes, the proportions 

of suitable spawning habitat found  in many of the low recruitment lakes suggests that 

spawning habitat is not the limiting factor.   In these cases, other factors are affecting 

walleye recruitment and constructing additional spawning areas would not likely increase 

recruitment.  While additional research is needed to fully understand the role(s) spawning 
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habitat plays in Walleye recruitment, my results suggest the mere presence of suitable 

and relatively abundant spawning habitat may not be directly related to walleye 

recruitment level and future research should evaluate the factors that affect survival of 

Walleye beyond the egg stage. 
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Table 2.1. Original classification of substrate sizes modified from Wentworth (1922) and Platts et al. (1983). 

 

Substrate Abbreviation Dimensions 

Fine Organic FOM Fine particulate organic matter discernible, but unidentifiable 

Silt SILT  < 0.2 mm 

Sand SAND  0.2 – 6.3 mm 

Gravel GRAV  6.4 – 76.0 mm 

Cobble COBB  76.1 – 149.9 mm 

Rubble RUBB  150.0 – 303.9 mm 

Small Boulder SmB  304.0 – 609.9 mm 

Large Boulder LrgB  > 610.0 mm 

Bedrock BED  Consolidated parent material 

Coarse Organic COM  Coarse particulate organic matter discernible and identifiable 

 

 

 

Table 2.2. Final substrate size classification scheme used in this study, modified from Wentworth (1922) and Platts et al. (1983). 

 

Substrate  Dimensions 

Organic Matter (OM)  Fine and coarse particulate organic matter 

Sand  0.2 – 6.3 mm 

Gravel  6.4 – 76.0 mm 

Cobble  76.1 – 149.9 mm 

Rubble  150.0 – 303.9 mm 

Boulder  ≥ 304.0 mm 
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Table 2.3.  Sixteen lakes used in this study with lake name, abbreviation (Abbr.), 2010 recruitment code classification used by 

Waterhouse et al. (2014), recruitment level, area (ha),shoreline length (km), number of nonstocked years with YOY surveys, and the 

mean YOY/ha., including the mean and standard deviation (SD). Lakes with -- for recruitment code were not part of the Waterhouse 

et al. (2011) study. 

 

Lake Abbr. 

Recruitment 

Code (2010) Recruitment Level Area (ha) Shoreline (km) # of Surveys YOY (ha) 

Eagle Chain ELC NR High 628.5 25.9 16 47.6 

Little John LJL -- High 61.1 5.3 6 119.9 

Pelican PEL C-NR High 1434.6 26.9 15 38.0 

Plum PLU NR High 427.7 23.3 16 80.0 

Squirrel SQU -- High 529.7 22.2 16 48.8 

Twin Lake Chain TLC C-NR High 1161.8 16.7 13 46.9 

Big Arbor Vitae  BAV NR Low 441.1 12.6 15 18.9 

Bolger BOL -- Low 46.5 4.7 1 0.0 

Big Saint Germain BSG C-ST Low 656.4 12.2 4 8.5 

Kawaguesaga KAW NR Low 283.3 17.9 13 2.8 

Little Arbor Vitae LAV NR Low 194.2 11.4 15 19.3 

Papoose PAP C-NR Low 170.8 10.6 5 17.2 

Tomahawk TOM C-ST Low 1401.0 48.6 6 0.0 

Trout TRO C-ST Low 1563.7 28.8 11 3.3 

Two Sisters TWS C-NR Low 291.0 15.0 6 0.4 

White Sand WSL C-ST Low 301.9 8.8 3 0.4 

Mean      599.6 18.2 10.1 28.3 

Std. Dev.      508.4 11.1 5.4 34.1 
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Table 2.4.  Summary of the available spawning habitat variables based on distance from shore.  

The spawning habitat variables were broken down into the first two meters (1-2 m) and the 

second two meters (3-4 m). The variables include; mean water depths (m), the percent of coarse 

substrates (i.e., gravel, cobble, and rubble; Coarse), the percent of suitable area (i.e., gravel, 

cobble, and rubble areas with an mean embeddedness ≤ 1.5; Suit.), and the weighted mean 

embeddedness of gravel, cobble, and rubble substrates (Coarse EMB), and the percent area from 

the first 4 meters of the littoral zone with ≥ 50% Egg deposition probability (EDP). 

 

Lake 

Rec. 

Level 

WD 

1-2 

WD 

3-4 

Coarse 

1-2 

Coarse 

3-4 

Suit. 

1-2 

Suit. 

 3-4 

Coarse 

EMB 

1-2 

Coarse 

EMB 

3-4 EDP 

ELC High 0.23 0.38 34.04 19.41 3.40 0.54 1.99 2.42 3.37 

LJL High 0.18 0.38 46.68 36.85 17.07 3.48 1.70 2.61 11.1 

PEL High 0.20 0.36 44.15 27.50 8.32 3.39 2.22 2.94 5.8 

PLU High 0.16 0.30 35.43 23.68 3.83 0.27 1.72 2.53 1.29 

SQU High 0.23 0.47 48.70 30.15 16.52 1.80 1.73 1.93 7.72 

TLC High 0.21 0.41 64.70 48.20 17.67 5.29 1.73 1.93 11.02 

BAV Low 0.16 0.35 45.35 40.10 6.96 5.43 1.95 2.16 6.87 

BOL Low 0.21 0.50 52.70 37.75 7.75 0.64 2.30 3.02 2.58 

BSG Low 0.15 0.31 53.23 28.00 12.37 0.96 2.10 2.95 5.32 

KAW Low 0.17 0.37 51.63 30.73 20.41 3.01 1.60 2.31 10.82 

LAV Low 0.26 0.47 67.06 59.65 28.70 12.32 1.76 2.30 15.73 

PAP Low 0.14 0.35 50.85 38.60 9.72 3.15 1.81 2.02 4.81 

TOM Low 0.28 0.53 53.88 40.33 10.34 0.66 1.80 2.19 4.95 

TRO Low 0.12 0.25 57.28 52.15 14.89 3.65 1.75 2.05 9.48 

TWS Low 0.14 0.28 49.63 22.00 15.28 0.55 1.77 3.15 7.78 

WSL Low 0.13 0.26 38.30 26.23 16.26 6.07 1.98 2.45 9.28 

Ave. 
High 

0.20 0.38 45.61 30.96 11.14 2.46 1.85 2.39 2.39 

SD 0.03 0.06 11.09 10.30 6.75 1.94 0.21 0.40 0.40 

Ave. 
Low 

0.18 0.37 51.99 37.55 14.27 3.65 1.88 2.46 2.46 

SD 0.06 0.10 7.45 11.67 6.56 3.65 0.20 0.42 0.42 

Ave All 

lakes 

0.19 0.37 49.60 35.08 13.09 3.20 1.87 2.44 2.44 

SD 0.05 0.08 9.19 11.31 6.59 3.10 0.20 0.40 0.40 
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Table 2.5. Paired t-tests of water depths (WD; meters), proportions of coarse substrates 

(Coarse), proportions of suitable habitat, and weighted mean embeddedness of coarse 

substrates (Coarse_Emb) between the first two meters (i.e., 1 and 2 meters from shore) 

and the last two meters (i.e., 3 and 4 meters from shore).   

 

Paired Lake 

Comparison Mean 

Std. 

Dev 

Std. 

Error 

Mean 

95% CI       

Lower Upper t df P 

WD_12 - 

WD_34 
-0.187 0.047 0.012 -0.211 -0.162 -15.970 15 <0.001 

Coarse_12 - 

Coarse_34 
0.073 0.032 0.008 0.055 0.090 9.043 15 <0.001 

Suitable_12 - 

Suitable_34 
0.049 0.025 0.006 0.036 0.063 7.943 15 <0.001 

Coarse_Emb_12 - 

Coarse_Emb_34 
-0.573 0.324 0.081 -0.746 -0.400 -7.066 15 <0.001 

 

 

 

 

 

Table 2.6.  Correlation coefficients between spawning habitat variables based on distance 

to shore.  

 

  WD_12 WD_34 

Coarse

_12 

Coarse

_34 

Suitable

_12 

Suitable

_34 

Coarse 

Emb_12 

WD_34 0.907
**

             

Coarse_12 0.261 0.378           

Coarse_34 0.245 0.327 0.823
**

         

Suitable_12 0.128 0.128 0.681
**

 0.539
*
       

Suitable_34 0.148 0.059 0.486 0.680
**

 0.692
**

     

Coarse 

Emb_12 
-0.091 -0.062 -0.416 -0.325 -0.632

**
 -0.348   

Coarse 

Emb_34 
-0.146 -0.110 -0.292 -0.524

*
 -0.155 -0.468 0.553

*
 

** Correlation is significant at the 0.01 level (2-tailed). 

*   Correlation is significant at the 0.05 level (2-tailed). 
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Table 2.7. Analysis of variance (ANOVA) results for determining if differences exist in 

available spawning habitat with regard to lakes classified as high (N=6) versus low 

(N=10) recruitment levels.  The spawning habitat variables were broken down into two 

measures based on distance to shore, the first two meters (1-2 m) and the second two 

meters 93-4 m). The variables include; mean water depths (m), the percent of coarse 

substrates (i.e., gravel, cobble, and rubble; Coarse), the percent of suitable area (i.e., 

gravel, cobble, and rubble areas with a mean embeddedness ≤ 1.5; Suitable), the 

weighted mean embeddedness of gravel, cobble, and rubble substrates (Coarse EMB), 

and the percent area from the first 4 meters of the littoral zone with ≥ 50% EDP. 

 

  
Sum of 

Squares df 

Mean 

Square F P 

Water depth 1-2 m 

Between Groups 0.002 1 0.002 1.028 0.328 

Within Groups 0.031 14 0.002 

  Total 0.033 15 

   

Water depth 3-4 m 

Between Groups 0.001 1 0.001 0.122 0.732 

Within Groups 0.107 14 0.008 

  Total 0.108 15 

   

Coarse 1-2 m 

Between Groups 0.015 1 0.015 1.917 0.188 

Within Groups 0.112 14 0.008 

  Total 0.127 15 

   

Coarse 3-4 m 

Between Groups 0.016 1 0.016 1.290 0.275 

Within Groups 0.176 14 0.013 

  Total 0.192 15 

   

Suitable 1-2 m 

Between Groups 0.004 1 0.004 0.838 0.376 

Within Groups 0.062 14 0.004 

  Total 0.065 15 

   

Suitable 3-4 m 

Between Groups 0.001 1 0.001 0.542 0.474 

Within Groups 0.014 14 0.001 

  Total 0.014 15 

   

Coarse EMB 1- 2 m 

Between Groups 0.004 1 0.004 0.093 0.764 

Within Groups 0.597 14 0.043 

  Total 0.601 15 

   

Coarse EMB 3-4 m 

Between Groups 0.018 1 0.018 0.106 0.750 

Within Groups 2.390 14 0.171 

  Total 2.408 15 

   

EDP 

Between Groups 4.110 1 4.110 0.276 0.608 

Within Groups 208.591 14 14.899 
  

Total 212.701 15       
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Figure 2.1. Sixteen study lakes located in Oneida and Vilas counties in northern 

Wisconsin. The three letter code by each lake outlined in blue corresponds to the lake 

name found in Table 2.3.   
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Figure 2.2. Substrate embeddedness typology based on the layers of substrate and its 

effects on egg movement in the matrix.  Shaded area with a black box outline represents 

the embedded substrate layers. Redrafted from Raabe (2006). 

Embeddedness Description Functional Effects Schematic 

0 
2 clean layers of 

substrate 

Eggs can fall into first or second 

layer of interstitial spaces 

 

 

1 
1 – 1.5 clean 

layers of 

substrate 

Eggs can fall into first layer of 

interstitial spaces 

 

 

2 
Substrate 

embedded half 

way or less 

“Overhang” of first layer of 

substrate protects eggs from 

direct overhead observation 

 

 

3 
Substrate 

embedded over 

half way 

Substrate profile creates 

boundary layer resistant to free 

movement of eggs 

 

 

4 
Only top of 

substrate 

showing 

Substrate exposed but provides 

little resistance (shear) to 

movement 
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Figure 2.3. Substrate composition (%) estimates at the lake level from the transect-based 

method estimates. Organic matter (OM) includes both fine and coarse particulate organic 

matter. Boulder includes both small and large boulder classes.  The full lake name can be 

identified in Table 2.3. 
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Figure 2.4. Scatterplots of mean YOY/ha versus mean water depths and percent of coarse 

substrates. The spawning habitat metrics were broken down into two measures based on 

distance to shore, the first two meters (1-2 m) and the second two meters (3-4 m).  
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Figure 2.5. Scatterplots of mean YOY/ha versus the percent of suitable spawning habitat 

(i.e., gravel, cobble, and rubble areas with a mean embeddedness ≤ 1.5) and the weighted 

mean embeddedness of gravel, cobble, and rubble substrates. The spawning habitat 

metrics were broken down into two measures based on distance to shore, the first two 

meters (1-2 m) and the second two meters (3-4 m).  
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Figure 2.6. Scatterplot of mean YOY/ha versus the percent area from the first 4 meters of 

the littoral zone with ≥ 50% Egg deposition probability (EDP). The spawning habitat 

metrics were broken down into two measures based on distance to shore, the first two 

meters (1-2 m) and the second two meters (3-4 m).  
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