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If fisheries managers are to effectively manage commercially exploited fish 

populations, a basic understanding of the factors that influence fish distribution and 

abundance is required. In 2005, efforts to identify Essential Fish Habitat (EFH) for the 

82 groundfish species managed by the Pacific Fishery Management Council along the 

West Coast resulted in the entire continental margin being designated as EFH. Clearly, 

our knowledge of EFH needs to be refined, which can be accomplished by gaining 

insight into how environmental variables shape the distribution of managed species. 

Habitat is commonly used to describe a set of environmental variables that are 

thought to influence occupancy. The aim of this thesis research is to detect and 

analyze the quantitative relationships between canary rockfish (Sebastes pinniger) 

presence/absence data, their spatial distribution, and various biotic and abiotic factors. 

The presence of canary rockfish at various locations was correlated against co-located 

environmental variables including bottom depths, temperatures, locations (latitude and 

longitude), seafloor substrate types, canary rockfish hotspots, and the 

presence/absence of other groundfish and invertebrate species. The statistical analysis 

was conducted using the generalized additive model (GAM), which is a non-

parametric regression technique very well suited to model nonlinear species-

environment interactions. The GAM analysis was conducted using information 

collected from four different data sources. Data collected by the Alaska Fisheries 

Science Center (AFSC) from 1986 to 2001 provided information at distinct locations 

and times on the presence/absence of canary rockfish and other groundfish and 



 

invertebrate species, and associated depths and temperatures. Seafloor lithology maps 

for Oregon and Washington and 100-meter gridded bathymetric data, obtained from 

the Active Tectonics and Seafloor Mapping Lab at Oregon State University, provided 

information on the physical characteristics of the seafloor. These data were used in 

conjunction with the AFSC bottom trawl survey data to investigate the relationships 

between substrate type, slope and rugosity, and the presence of canary rockfish. 

Finally, locations of canary rockfish hotspots, or areas with high canary rockfish catch, 

were identified from Oregon commercial trawl logbook data (1995-2001) and 

provided information on distinct areas where the trawl fishing fleet had successfully 

caught canary rockfish in the past. 

Canary rockfish presence in trawl survey tows was associated with specific 

locations and ranges of bathymetry, temperatures, and substrate types, as well as 

proximity to canary rockfish hotspots, and particular fish and invertebrate 

communities. Survey year had a strong effect on the presence of canary rockfish, as 

did location (latitude and longitude) and depth. The geographic location of a survey 

tow had a negative effect on the presence of canary rockfish in the nearshore region, 

and a positive effect the further the location was from the coastline, with canary 

rockfish presence being highest off the Washington coast between 47.5°N and 48.5°N. 

While canary rockfish were found at depths between 57 m and 307 m in the survey, 

the majority of the tows with canary rockfish catch, over 90%, occurred between the 

depths of 57 m and 199 m. Though temperature did not have a significant effect on 

canary rockfish presence in the GAM, canary rockfish were associated with specific 

temperature ranges, only being caught at temperatures between 6.2°C and 9.0°C in the 

survey. Over 89% of the tows with canary rockfish catch occurred between 6.2°C and 

7.9°C. Since temperature and bottom depth of the trawl survey tows were highly 

correlated, it was difficult to determine which variable was the causative factor in 

determining the probability of a canary rockfish being present. Canary rockfish 

presence was higher in survey tows made closer to canary rockfish hotspots, as well as 

hard bottom types. Finally, the presence of lingcod, yellowtail, silvergray, or redstripe 



 

rockfish in a survey tow increased the likelihood of canary rockfish being present, as 

did the presence of basketstars and corals.  

By studying the relationships between species and their environment, we can 

begin to understand the relative importance of how environmental variables shape the 

distribution of managed species. For ecosystem-based management strategies to be 

successful, the functional relationships between organisms and their habitat must be 

understood. The predictive model developed in this study can be used to identify areas 

off Oregon and Washington where canary rockfish are likely to be found in relation to 

various habitat factors, and can potentially be used to delineate areas that should be 

sampled in future surveys of canary rockfish. Additionally, this research will help to 

improve our understanding of the factors that influence canary rockfish distribution, 

which may produce a more realistic definition of canary rockfish habitat, and improve 

assessment. This study specifically focuses on canary rockfish, because this species 

currently constrains many West Coast fisheries for groundfish, however, the methods 

outlined here could be applied more generally to other species of interest.  
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Identifying Habitat Factors for Canary Rockfish (Sebastes pinniger) 
off Washington and Oregon using Environmental Data                    

and Trawl Logbooks. 

CHAPTER 1: GENERAL INTRODUCTION  

Habitat is an important determinant of marine ecology, integrating many 

significant environmental factors that influence the distribution, abundance, and 

diversity of Pacific Coast groundfish (Pearcy et al. 1989, Stein et al. 1992, Yoklavich 

et al. 2000). While most of us are familiar with the general concept of habitat, the 

specific factors that make up habitat are more complex and ultimately difficult to 

quantify.  

Defining Habitat 

Simply put, habitat is the place where an organism lives (Odum 1971), though 

it has commonly been defined as the collection of resources and conditions present 

(biotic and abiotic) that support occupancy, including growth, survival and 

reproduction, by an organism (Hall et al. 1997). In the marine environment, abiotic 

factors include such things as temperature, salinity, depth, tides, currents, light, and 

substrate, while biotic factors include competition, predation, and interactions between 

species (Juan Jordá 2006). Since the marine environment is extremely dynamic, these 

factors are continuously changing, and certainly influence the places or habitats where 

organisms live. Bottom characteristics, together with the oceanographic properties of 

the water, are known to strongly influence the distribution and abundance of marine 

species (Sanchez et al. 2008). Since the resources and conditions that promote survival 

and reproduction are variable among species, habitat is species-specific, which makes 

it even more difficult to define accurately. In addition, defining habitat for fish is 

especially difficult, since they can readily move through their environment and often 

use different habitats at different stages of their life cycle (Juan Jordá 2006). Habitat, 

for the purposes of this study, is used to describe a set of environmental variables that 

are thought to influence occupancy. 



 

 

2 

In 1996, legally mandated amendments within the Magnuson-Stevens Fishery 

Conservation and Management Act (MSFCMA), established procedures that were 

designed to identify, conserve, and enhance Essential Fish Habitat (EFH) for those 

species regulated under various federal (US) fisheries management plans. US 

Congress defined essential fish habitat as: “those waters and substrate necessary to 

fish for spawning, breeding, feeding or growth to maturity” (16 U.S.C. 1802(10)). In 

2002, the EFH guidelines were further defined under 50 CFR 600.10: 

 
Waters include areas and their associated physical, chemical, and 
biological properties that are used by fish and may include aquatic 
areas historically used by fish where appropriate; substrate includes 
sediment, hard bottom, structures underlying the waters, and associated 
biological communities; necessary means the habitat required to 
support a sustainable fishery and the managed species’ contribution to a 
healthy ecosystem; and “spawning, breeding, feeding, or growth to 
maturity” covers a species’ full life cycle. 

 
In response to this definition, the NOAA National Marine Fisheries Service 

(NMFS) undertook efforts to model and delineate EFH, resulting in the Pacific 

Fisheries Management Council (PFMC) designating all waters from the high tide line 

to 3500 m depth along the West Coast as essential fish habitat for the 82 groundfish 

species under its jurisdiction (PFMC EFH Environmental Impact Statement (EIS) 

2005). As this depth range encompasses the range of depths inhabited by the 82 

groundfish species, there is clearly a need to refine our knowledge of EFH, which can 

be accomplished by developing basic understanding of the factors that influence fish 

distribution and abundance, and by determining the relative importance of how 

environmental variables shape the distribution of managed species. 

Assessment Surveys 

The NMFS West Coast Triennial bottom trawl surveys were originally 

designed to survey rockfish (Sebastes spp.), however, the rockfish biomass estimates 

produced from these surveys have always been highly variable. As a result, much 

uncertainty surrounds the stock assessment results for rockfish. Bottom trawl surveys 
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are able to obtain samples from trawlable habitats, and tend to cover large areas of 

mud and sand, which are occupied infrequently by most rockfish species. By 

definition, untrawlable areas cannot be surveyed with the bottom trawl, and are 

avoided so that damage to the sampling gear is reduced (Zimmermann 2003). 

Trawlable areas are trawlable due to a lack of obstacles, like rocky ridges and 

pinnacles. The Alaska Fisheries Science Center’s (AFSC) bottom trawl survey tows 

were approximately 30 minutes in duration (Weinberg 2002), which implies that the 

area sampled by the tow had to be reasonably flat and free of obstructions for a certain 

minimum distance (at least 2 km). While bottom trawl surveys provide valuable 

information on the distribution and abundance of species that occur in trawlable 

habitats, they cannot obtain quantitative samples from rough, rocky habitats, and are 

therefore limited in their ability to sample all habitats representatively. Submersible 

surveys off the coasts of Washington and Oregon have found that rockfish densities 

were higher in untrawlable habitat than in trawlable habitat, and when rocky, complex 

areas were compared to flat, soft-bottom areas, differences in fish abundance and 

species compositions were noted (Jagielo et al. 2003, Pearcy et al. 1989, Zimmermann 

2006). These differences in groundfish density between habitat types result in a trawl-

survey habitat-bias, or error in the abundance estimates from trawl surveys between 

habitat types (Jagielo et al. 2003). How to account for this trawl-survey habitat-bias in 

stock assessments, and improve abundance estimates of species that occur in 

untrawlable areas is the focus of ongoing research.  

Clearly, there is a need to develop a survey that more adequately samples 

where rockfish live, particularly in and around the rocky areas that cannot be sampled 

by the NMFS trawl survey gear, in order to provide a more reliable index of rockfish 

densities and biomass. If maps that accurately delineated the areas where rockfish are 

most likely to be found were made available, and assuming a suitable sampling device 

were available, it would be possible to stratify the survey based on the likelihood of 

finding rockfish in a certain area.  
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Identifying areas where rockfish are located is extremely valuable because 

excluding areas where rockfish are abundant will result in a survey producing 

estimates that underestimate overall rockfish abundance, while areas having few 

rockfish still require tows to measure their densities. By identifying the areas where 

rockfish are located, determining the total amount of their available habitat, and 

subsequently targeting these areas with survey gear, the amount of time and resources 

needed to perform the survey will be reduced, making the survey more efficient. 

Goals and Objectives 

The overarching goal of this research was to characterize areas where canary 

rockfish were located along the Washington and Oregon coasts. Using environmental 

data and commercial fisheries catch information, a statistical model was developed to 

predict areas where canary rockfish are likely to be present. A generalized additive 

model (GAM) was fitted to a dataset assembled from four fundamental sources. First, 

the Alaska Fisheries Science Center’s (AFSC) Triennial bottom trawl survey provided 

information at distinct locations and times on the presence/absence of canary rockfish 

and other fish and invertebrate species and the associated temperatures and depths. 

Second, the Seafloor Lithology Maps for Washington and Oregon, developed by the 

Active Tectonics and Seafloor Mapping Lab (ATSML) at Oregon State University 

(OSU), provided information on the physical characteristics of the seafloor, namely 

surficial lithology. Third, 100-meter gridded bathymetric data, derived from the 

Benthic Terrain Modeler, provided seafloor slope and rugosity information (ATSML 

2009). Finally, data from commercial trawl logbooks were used to identify the 

locations of canary rockfish hotspots, which provided information on distinct areas 

where commercial trawlers had been successful in the past at catching canary rockfish. 

The predictive model developed in this study can be used to identify areas off Oregon 

and Washington where canary rockfish are likely to be found in relation to various 

habitat factors, and can potentially be used to aid in the development of maps that 

delineate areas that should be heavily sampled in future surveys of canary rockfish. 
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Additionally, this research will help to improve our understanding of the factors that 

influence canary rockfish distribution, producing a more realistic definition of canary 

rockfish habitat. This study specifically focuses on canary rockfish, because this 

species currently constrains many West Coast fisheries for groundfish, however, the 

methods outlined here could be applied more generally to other species of interest.  

The goal of this study was to characterize canary rockfish habitat by analyzing 

the relationships between canary rockfish presence by location (i.e., their spatial 

distribution) and various biological and environmental factors. The specific objectives 

of this study were: 

1. to determine if canary rockfish are associated with specific biological and 

environmental conditions;  

2. to develop a statistical model that predicts areas off Oregon and Washington 

where canary rockfish are likely to be found, based on their associations with 

specific depth ranges, temperatures, physical characteristics of the seafloor, 

and the presence of other species, and based on their proximity to canary 

rockfish hotspots identified from bottom trawl logbooks; 

3. to develop maps of canary rockfish hotspots off Washington and Oregon, 

which can be used in consultation with the fishing industry, to help identify 

areas that should be targeted in future surveys of canary rockfish 

Canary Rockfish 

Canary rockfish are a mid-shelf mesobenthal species that are widely 

distributed in the northeastern Pacific Ocean, from Baja California, to the western 

Gulf of Alaska (Love 1996). When they are young, canary rockfish inhabit shallow 

water, moving into deeper waters as they mature (Love 1996). Canary rockfish adults 

and subadults aggregate around pinnacles and other high-relief rock, and are also 

common over flat rock and in mixed mud-boulder habitat, found usually near, but not 

on the bottom (Love et al. 2002). Canary rockfish adults appear to have two habitat 

preferences; some being semi-pelagic, forming loose schools above rocky areas, while 
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others are non-schooling, solitary benthic individuals (Stein et al. 1992). Historically, 

canary rockfish have been a major component of the commercial trawl fishery off the 

West Coast, with additional removals coming from the hook-and-line and recreational 

fisheries. In 2000, after declining to less than 25% of the population’s unfished 

biomass, canary rockfish were declared overfished (Methot and Stewart 2005). The 

canary rockfish spawning stock biomass has been increasing, after reaching a 

minimum in the mid 1990s, in response to reductions in harvest and above average 

recruitment in the previous decade (Stewart 2007). However, the stock remains 

depleted and currently, canary rockfish, along with several other species, severely 

constrain many West Coast fisheries for groundfish. In 2000, gear restrictions on 

footrope size were implemented to prevent trawling over rocky habitats in an effort to 

protect depleted shelf rockfish species (Bellman 2005). In 2002, spatially-based 

management measures, called Rockfish Conservation Areas (RCAs), were enacted to 

reduce bycatch of overfished rockfish species, with specific boundaries varying in 

response to changing discard rates and fishery dynamics. Rockfish Conservation Areas 

have been used as a management tool ever since, and have essentially prohibited most 

commercial fishing on the continental shelf (Methot and Stewart 2005). 

While these gear and area-based management measures have led to reductions 

in their overall catch, many rockfish species are still considered depleted or 

overfished, and additional management measures may be necessary if these 

populations are to recover.  Reports by the Pew Oceans Commission and the United 

States Commission on Ocean Policy have called for the use of an ecosystem-based 

approach to fisheries management (Pew 2003, USCOP 2004), however, the 

implementation of broader ecological considerations in fisheries management have not 

become widespread. Ecosystem-based fisheries management (EBFM) places strong 

emphasis on the importance of managing species in the context of the ecosystems they 

inhabit, taking into consideration predators, prey, species assemblages, and both biotic 

and abiotic habitat associations. In order to be effective, spatial structure and 

environmental processes should be incorporated into advanced EBFM models. While 
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this approach may seem extremely complex, the first critical step towards managing 

fisheries in an ecosystem context would be to understand the associations between fish 

and where they live.  

Depth may be the single most important factor that influences rockfish 

distributions (Williams and Ralston 2002). For example, juvenile Pacific Ocean perch 

(POP) distribution in the Aleutian Islands is strongly influenced by depth, with 96% of 

survey catches occurring between 76 m - 225 m (Rooper and Boldt 2005). Lee and 

Sampson (2000) found that variability in groundfish species compositions off 

Washington and Oregon appeared to be primarily associated with depth, while in a 

study of slope-dwelling groundfish from Washington to California, Tolimieri and 

Levin (2006) established that assemblage structure was strongly correlated with depth 

and latitude, and to a lesser extent temperature. “Bottom-trawl” fish assemblages 

along the West Coast were found to be distributed much more widely across latitude 

than across depth for comparable distances, indicating the potential existence of 

sharper environmental gradients across depth than latitude (Jay 1996). Finally, the 

abundance of POP in commercial trawls and fisheries surveys in Queen Charlotte 

Sound, British Columbia, Canada, has also been linked to depth, with depths having 

the highest abundance changing over the seasons (Scott 1995). 

Temperature is likely another important structuring variable of canary rockfish 

distribution. While few studies have specifically investigated the influence of 

temperature on rockfish distribution, many have indicated that temperature has an 

effect on their relative abundance (i.e., their spatial distribution). For example, 

quillback and yelloweye rockfish in southeastern Alaska were found in waters 

between 5.8°C and 10.6°C (Johnson et al. 2003), while catch rates of POP in 

commercial trawls and fisheries surveys increased with decreasing temperature (Scott 

1995). POP were found only in waters between 4°C and 7°C. Greater abundances 

occurred between 4.8°C and 6.5°C in commercial trawls, while most of the larger 

catch rates in survey tows occurred between 5.5°C and 6.0°C. When POP were 

targeted in commercial tows, vertical temperature profiles were consistently cooler 
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than tows in which POP were not the target species (Scott 1995). Seasonal movement 

of POP was thought to be a function of the fish following their preferred temperature 

range, as deep water masses were upwelled and downwelled due to seasonal wind 

patterns (Scott 1995). Similarly, Reynolds (2003) attributed the summer association 

with cooler water to a shift in the distribution of widow rockfish in response to 

nutrient-rich cooler water. Tolimieri and Levin (2006) have suggested that temperature 

tolerances of individual species are a potential cause of observed shifts in Pacific 

groundfish assemblage structure. Finally, some rockfish species that are relatively 

abundant in northern and central California are rare in much of southern California, 

where they are found only in deep water around offshore banks that are influenced by 

the California Current (Love and Yoklavich 2006). These distribution patterns suggest 

that some rockfish species may be associated with specific temperatures ranges.  

Many studies examining the habitat associations of demersal fishes indicate 

they are not randomly distributed, but are often aggregated near some structure on the 

bottom. In addition, many fish species associated with deep-water habitats are 

distributed in response to specific types of seafloor sediments and water depth (Pearcy 

et al. 1989, Stein et al. 1992, Love and Yoklavich 2006). While rockfish are frequently 

caught in marginally trawlable areas (Gunderson and Sample 1980), observations from 

submersible surveys have indicated that rockfishes are found mostly in rocky, 

untrawlable areas (Jagielo et al. 2003, Zimmermann 2006, Tissot et al. 2007). In fact, 

the majority of studies of Sebastes species have revealed an affinity for hard bottom 

substrates, often with substantial vertical relief (Brodeur 2001).  

In Southeast Alaska, observations from remotely operated vehicles (ROVs) 

found that canary rockfish were primarily associated with complex bottoms composed 

of rocks and boulders, though a few individuals were seen near soft sediments 

(Johnson et al. 2003). Additional research has found that seafloor type clearly affects 

canary rockfish distribution and abundance on Heceta Bank. Canary rockfish were 

found to be associated with “mid-depth boulder-cobbles” habitat, consisting of rocky 

bottoms dominated by cobbles, with small boulders and some ridges, occurring at 
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shallow to intermediate depths, as well as “deep cobbles” habitat, dominated by a 

mixture of deep cobbles and small boulders at intermediate deep depths (Tissot et al. 

2007).  

Canary rockfish have been found to co-occur with several other rockfish 

species, and may interact with them in ecologically significant ways. For example, 

canary rockfish have been observed in association with yellowtail, widow, and 

silvergray rockfish (Love 1996), and are commonly found in boulder and cobble fields 

with rosethorn, sharpchin, yelloweye, and pygmy rockfishes on Heceta Bank, off the 

Oregon coast (Stein et al. 1992). Finally, when the distribution and co-occurrence of 

rockfishes off the California coast were examined, canary rockfish were found to 

occur with the “Northern shelf” complex, which included yellowtail, widow, 

sharpchin, rosethorn, yelloweye, and redstripe rockfish (Williams and Ralston 2002).  

Megafaunal invertebrates can provide substantial structure on deep rock 

habitats, and as many are filter feeders, they can serve as indicators of areas with 

consistently favorable conditions for feeding and growth. Forming dense aggregations 

that create habitat structure and modify the benthic environment, they can provide 

refuge from predation, competition and physical stress, and serve as an important 

source of food and nursery habitat for fish (Puniwai 2002, Rooper and Boldt 2005). 

Geological substrate and depth are considered to be reliable indicators of suitable 

habitat for most species of structure-forming benthic invertebrates on the continental 

margin of Oregon and Washington (Strom 2006), and many species are found on 

substrate types that canary rockfish are closely associated with. For example, crinoid 

density on Heceta Bank generally decreases as habitat type changes from rocky to 

mud covered substrates in deeper water, with few being found on pure mud (Puniwai 

2002). Crinoids are also associated with the ‘mid-depth small boulder-cobble’ and 

‘deep cobble’ habitats that Tissot et al. (2007) identified as supporting canary rockfish. 

Along the WA and OR continental margin, basketstars are found most often attached 

to consolidated sediment, such as ridges or boulders, while sponges are found in high 

densities where the substrate is composed of mid-grain sediments, primarily boulder 
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and cobble fields (Strom 2006). Gorgonian corals have been found in the transition 

between high-relief rock and boulder habitats (Pirtle 2005, Strom 2006). Ridge and 

boulder habitat on Heceta Bank support vase sponge, basketstars, and crinoid 

communities, while crinoids, brittlestars, and demosponges are found in 

heterogeneous boulder and cobble habitats (Hixon et al. 1991).  

 Co-occurrence of species can be used to indicate favorable environmental 

conditions in an area. For example, canary rockfish may not be specifically attracted to 

yellowtail rockfish or corals, however, one possible explanation of why these species 

are found together is that they are all attracted to the particular conditions present in an 

area (e.g., currents or prey availability). Exactly what characteristics make it attractive 

to each species may not be known and may not be measurable, however, these species 

associations can provide information on areas with favorable environmental 

conditions. In addition, species associations result from niche overlap and habitat 

partitioning, and may indicate how similar two species are, or how heterogeneous the 

environmental conditions are (York 2005).  

Much like the associations among various species can provide information on 

unmeasured habitat traits, areas where commercial fishermen have consistently caught 

canary rockfish (canary hotspots) can provide valuable information that may not be 

measured by other traditional data sources. For an area to produce consistently large 

catches of canary rockfish, it must have a particular combination of resources and 

conditions that result in large aggregations, and therefore can potentially represent 

favorable canary rockfish habitat. Identifying the locations of canary rockfish hotspots 

is extremely useful, as they provide information on distinct areas along the 

Washington and Oregon coasts where the commercial trawl fishing fleet has been 

successful in the past at catching canary rockfish. 

Several studies investigating the effects of environmental variables on the 

distribution and abundance of species have found, not surprisingly, that many of these 

variables had a significant influence on species presence and abundance, and helped to 

identify key habitat associations of the examined species. For example, depth, 
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temperature, and both sponge and coral catches in bottom trawl surveys were found to 

influence juvenile POP abundance in the Aleutian Islands (Rooper and Boldt 2005), 

while Atlantic cod, winter flounder and yellowtail flounder survey abundances were 

affected by sediment type, depth, temperature, year, latitude, and longitude in the 

northwest Atlantic Ocean (DeLong et al. 2004). Several studies focusing on the 

distribution and abundance of Atlantic herring (Clupea harengus) in the North Sea 

have revealed that they are influenced by a variety of environmental variables, such as 

water column depth, seabed substrate, zooplankton biomass, latitude, SST, the depth 

of the thermocline, and the temperature difference between surface and seabed 

(Maravelias 1999, Maravelias et al. 2000).  Clearly, by understanding the factors that 

influence species distribution and abundance, key insight can be gained into their 

habitat associations, which can provide useful and necessary information to fisheries 

scientists and managers, helping to improve their ability to forecast fish population 

trends and distributions.  

This research identifies canary rockfish habitat factors along the Washington 

and Oregon coasts from environmental data using a flexible, non-parametric 

regression technique, namely the generalized additive model (GAM). The advantage 

of using GAM is that the environmental variables are assumed to affect the dependent 

variable through additive and unrestrictive smooth functions, and thus GAM are very 

well-suited to model nonlinear species-environment interactions (Hastie and 

Tibshirani 1990). In addition to being less restrictive in the assumptions about the 

underlying statistical distribution of the data, GAM provides a data-defined 

assessment of the shape of a species’ response to independent variables (Jagielo et al. 

2003, Maravelias and Papaconstantinou 2003). Fishery-independent bottom trawl 

survey data, fishery-dependent commercial trawl logbook information, and various 

seafloor characteristics were combined using GAM to predict areas off Oregon and 

Washington where canary rockfish are likely to be found in relation to various habitat 

factors. In addition to helping improve our understanding of the factors that influence 

canary rockfish distribution, this research will help refine our knowledge of canary 
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rockfish habitat. While this study specifically focuses on canary rockfish, the methods 

developed here can potentially be applied to other species of interest. 

Thesis Structure 

The current chapter (Chapter 1) provides a general background for this thesis 

research, and outlines key concepts, presents the goals and objectives of the study, and 

provides a brief overview of the analyses to follow in the subsequent chapters. Chapter 

2 details the GIS-based methodology used to identify the canary rockfish hotspots, or 

areas of high canary rockfish catch, in Washington and Oregon from commercial 

fisheries data. Chapter 3 describes the statistical analysis conducted to determine if 

canary rockfish presence is associated with specific biological and environmental 

conditions. Finally, in Chapter 4, the implications of this thesis research to fisheries 

management are discussed and future research recommendations are provided.  
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CHAPTER 2: IDENTIFYING CANARY ROCKFISH (SEBASTES 
PINNIGER) HOTSPOTS IN WASHINGTON AND OREGON 
FROM COMMERCIAL TRAWL LOGBOOK DATA 

Abstract 

Locations of canary rockfish hotspots, or areas where the commercial canary 

rockfish catch exceeded 250 lbs/hr/km2, were identified from Oregon commercial 

trawl logbook data collected between 1995 and 2001. Following the application of the 

4-hour tow duration and 1000 m tow distance filtering criteria, a total of 5756 

commercial trawl tows in Washington and Oregon were available for the hotspot 

analysis. The density of commercial trawl tow points, or the CPUE/km2, was 

calculated using the Kernel Density Tool in ArcGIS, and the resulting CPUE density 

data were converted to hotspot polygons. A total of 216 canary rockfish hotspots were 

identified along the Washington and Oregon coasts, covering an area of 957.20 km2. 

The canary rockfish hotspots ranged in size from 0.35 m2 to 72.32 km2, while the 

average hotspot area was 4.43 km2. For an area to produce consistently large catches 

of canary rockfish, it must have a particular combination of resources and conditions 

that result in large aggregations of canary rockfish, and therefore must represent 

favorable canary rockfish habitat. The hotspots developed in this study can be used to 

identify areas off Oregon and Washington where canary rockfish are likely to be 

found, and can potentially be used to aid in the development of maps, which delineate 

areas that should be sampled in future surveys of canary rockfish. 

Introduction 

The ultimate goal of this thesis research was to characterize canary rockfish 

habitat and identify areas where canary rockfish are located along the Washington and 

Oregon coasts using environmental data, and commercial fisheries catch information. 

While habitat is generally considered to be the place where an organism lives (Odum 

1971), it has commonly been defined as the collection of resources and conditions 

present (both biotic and abiotic) that support occupancy, including survival and 
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reproduction, by an organism (Hall et al. 1997). Since the resources and conditions 

that promote survival and reproduction vary between species, habitat is species-

specific, making it even more difficult to define accurately. Habitat, for the purposes 

of this study, can used to describe a set of environmental variables that are thought to 

influence occupancy. Precisely defining canary rockfish habitat would clearly be a 

difficult exercise, however, identifying the areas where rockfish live, as well as 

understanding their associations with specific environmental conditions, is a more 

realistic endeavor. 

Historically, canary rockfish have been a major component of the commercial 

trawl fishery off the West Coast, with additional removals coming from the hook-and-

line and recreational fisheries (Methot and Stewart 2005). In 2000, after the population 

declined to less than 25% of its unfished biomass, canary rockfish were declared 

overfished (Stewart 2007). Since then, canary rockfish, along with several other 

species, have severely constrained many West Coast fisheries for groundfish. Gear 

restrictions and spatially based management measures, called Rockfish Conservation 

Areas (RCAs), aimed to protect depleted shelf rockfish species, have effectively 

prohibited most commercial fishing on the continental shelf (Stewart 2007). 

This paper describes a methodology for identifying canary rockfish hotspots, 

defined as areas with high canary rockfish catch, from commercial trawl logbook data. 

For an area to produce consistently large catches of canary rockfish, it must have a 

particular combination of resources and conditions that result in large aggregations of 

canary rockfish, and therefore must represent favorable canary rockfish habitat. 

Identifying the locations of canary rockfish hotspots is extremely useful, as they can 

provide information on distinct areas along the Washington and Oregon coasts where 

the commercial trawl fishing fleet has been successful in the past at catching canary 

rockfish. Once the canary rockfish hotspots have been mapped, they can be 

incorporated into a statistical model that uses trawl survey data and physical 

characteristics of the seafloor to predict areas off Oregon and Washington where 

canary rockfish are likely to be found. This model can also be used to identify the 
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factors that contribute to increased canary rockfish presence in particular areas. The 

commercial trawl logbook data source is much more extensive than that of trawl 

survey data alone, and the canary rockfish hotspots may bring additional information 

into the analysis. The factors measured by the trawl survey, the seafloor lithology 

maps, and the gridded bathymetric data may not include the important aspects of what 

makes a particular area attractive to a canary rockfish (e.g., currents or prey 

availability), and consequently, the commercial logbooks may provide information 

about where canary rockfish are located that is not represented by any of the 

measurements made by the other data sources. By incorporating trawl logbook 

information into the analysis through the canary rockfish hotspots, potential gaps in 

the other datasets may be bridged, which should lead to improved predictions of 

canary rockfish presence and a better understanding of the factors that influence where 

canary rockfish are located.  

In addition, the hotspot maps developed in this study can be used to help 

delineate areas that should be sampled in future surveys of canary rockfish. While this 

research focused specifically on canary rockfish, the methods outlined here can 

potentially be applied to other species of interest. 

While the local ecological knowledge of fishermen can provide valuable 

information on the distribution and abundance of the species they target, the 

information is considered anecdotal and is often marginalized because it is not 

collected using scientifically accepted methods (Mackinson 2001). The application of 

fishermen’s knowledge in fisheries science has been hindered by a prevailing belief 

held by fisheries scientists and managers that scientific knowledge of marine 

ecosystems and fishery dynamics is superior (Freire and García-Allut 1999, 

Mackinson and van der Kooij 2006). In addition, some biologists and economists 

mistrust the information provided by fishermen, based on the belief that the 

fishermen’s main objective is to maximize economic yield in the short term, with little 

concern for the future. As a result, any information provided or explanation offered 

about the distribution or abundance of species is believed to be biased by the 
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fishermen’s own interests (Freire and García-Allut 1999). Additionally, while fishery 

logbooks provide detailed and site-specific catch and effort information with broad 

temporal and spatial coverage, the use of fishery-dependent data in stock assessments 

and scientific studies has been limited, mostly due difficulties in the past of managing 

and analyzing the large volumes of data available, but also because of concerns about 

potential data biases (Fox and Starr 1996). Commercial fishing patterns and catches 

can be greatly influenced by market conditions, regulations, weather, and proximity to 

port. Consequently, fisheries scientists and managers assume that logbook CPUE do 

not provide an accurate index of abundance, and instead rely on fishery-independent 

survey catches, which they believe more accurately reflect actual fish distribution and 

abundance, to understand stock dynamics.  

Fishermen often question the reliability of scientific information, and complain 

that since standard fisheries surveys do not adequately sample the grounds targeted by 

commercial fleets, scientists tend to underestimate fish abundance (Bergmann et al. 

2004). While there has been concern expressed in the West Coast scientific 

community that the bottom trawl surveys have been unable to sample all habitats 

representatively (Jagielo et al. 2003, Zimmermann 2003), these surveys attempt to 

provide an unbiased assessment of average fish densities over the entire survey area, 

whereas fishermen attempt to locate maximum fish densities to make their fishing 

trips economically viable (Mackinson and van der Kooij 2006).  

Fishermen must have a practical, applied knowledge regarding the distribution 

and behavior of the species they target, as well as the marine environment they 

exploit, if they are to remain commercially viable (Mackinson 2001, Freire and 

García-Allut 1999). Many fishermen target particular species based on the fish’s 

habitat-specific behaviors, and often keep detailed records of exactly where they fish, 

when they fish, what they catch, and how much they catch (Bergmann et al. 2004). 

Based on the patterns they observe, fishermen often return to areas they have 

identified as fishing hotspots (Mackinson and van der Kooij 2006). Fishermen “know” 

their resource intimately, and their knowledge may represent several generations. This 
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knowledge is frequently updated to include the latest changes occurring in the local 

marine environment (Freire and García-Allut 1999). Since fishermen spend more time 

on the water than fisheries scientists, and are able to observe their catches each time 

they haul their nets, the number of ‘samples’ they collect far exceeds that of traditional 

scientific surveys, especially over the course of a fishing season (Bergmann et al. 

2004, Mackinson and van der Kooij 2006). Since many commercial fisheries obtain 

samples in every month of every year, as well as at many thousand sites, commercial 

fisheries data can have the potential to provide valuable information to fisheries 

science (Fox and Starr 1996).  

Despite their limitations, commercial trawl logbook data can be extremely 

informative and have been used in several studies of West Coast groundfish. For 

example, Lee and Sampson (2000) used Oregon commercial trawl logbook data to 

study the spatial and temporal characteristics of species compositions for 15 major 

commercial groundfish species off Oregon and Washington. While species 

compositions were most strongly correlated with depth, they also exhibited significant 

correlations with latitude, month, and year. The habitat associations of widow rockfish 

were also determined using Oregon commercial trawl logbook data, in conjunction 

with environmental data from the National Oceanographic Data Center (Reynolds 

2003). Widow rockfish exhibited affinities for bottom depths between 136 m and 298 

m, vertical depths between 101 m and 197 m, and temperatures between 7.1°C and 

8.1°C (Reynolds 2003). When logbook-derived catch locations, catch rates, and 

biomass estimates of several groundfish species were compared to those derived from 

bottom trawl survey data, the commercial trawl logbook data provided similar patterns 

of distribution and abundance (Fox and Starr 1996), making the case for their use in 

future analyses of fish populations. 

Methods 

This paper describes a GIS-based methodology for identifying canary rockfish 

hotspots, or areas with high canary rockfish catch, from Oregon commercial trawl 
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logbook data. This analysis uses information provided by fishermen to identify which 

spatial regions are inhabited by canary rockfish, without any preconceptions in regards 

to what characteristics make these regions attractive to canary rockfish.  

Study Area 

The study area is defined by the tow locations from the trawl logbooks, but is 

limited to north of the California/Oregon border so that the canary rockfish hotspots 

and AFSC trawl survey tows could be overlaid on the information provided by the 

Seafloor Lithology Maps for Washington and Oregon (Version 2) in the subsequent 

analysis  (Figure 2.1).  

Commercial Trawl Logbook Data 

Prior to 1995, canary rockfish were part of two mixed rockfish categories 

(large versus small), which included all rockfish species landed except for widow 

rockfish and Pacific ocean perch. Following the 1994 canary rockfish stock 

assessment (Sampson and Stewart 1994), trip limits specific to canary rockfish were 

imposed, and commercial vessels were required to separate canary rockfish from the 

mixed-species Sebastes complex. In 2000, footrope restrictions were implemented to 

prevent trawling over rocky habitats and in 2002, spatially based management 

measures, called Rockfish Conservation Areas (RCAs), were enacted to reduce 

bycatch of overfished rockfish species (Methot and Stewart 2005). Due to the changes 

in canary rockfish catch reporting methods and the re-distribution of commercial 

fishing effort after the establishment of RCAs (Bellman et al. 2005), only seven years 

of logbook data (1995-2001) from commercial trawlers landing in Oregon were 

analyzed for this study. While California, Oregon, and Washington all require canary 

rockfish catch to be recorded in commercial logbooks, those from Oregon are the most 

extensive, therefore, only Oregon commercial logbook data obtained from the Oregon 

Department of Fish and Wildlife (ODFW) were examined. 
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Figure 2.1: Study area for the canary rockfish hotspot analysis (outlined in orange) defined by the intersection of      
commercial trawl tows with seafloor lithology maps for Washington (left panel) and Oregon (right panel). 
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Logbook Entries 

Logbook entries contain detailed information about individual tows conducted 

by a vessel during a single fishing trip at sea, with one trip usually consisting of 

several tows. For each tow, commercial fishermen are required to enter tow start and 

end positions, bottom depth, effort in trawl hours, gear type used, and estimates of the 

retained groundfish catches. While both tow start (set) and tow end (haul) locations 

are recorded in paper logbooks, only tow start locations were transcribed into 

electronic databases in Oregon for the time period investigated. Tows with starting 

locations located over a landmass were removed from the dataset. Additionally, 

logbook data were limited to the following gear types: midwater trawl, groundfish 

trawl, and bottom trawl, which includes both roller gear and mud (sole) gear. In order 

to protect fishers’ identities, information on vessel type or size was not available.  

Selecting Tows 

In order to identify areas of high canary rockfish catch, or canary rockfish 

hotspots, from commercial trawl logbook data, only tows with a hail weight recorded 

for canary rockfish were examined. The hail weight is the skipper’s estimate of how 

much retained catch was taken during a given tow. For tows where canary rockfish 

were retained, logbook entries for canary hail weights were recorded in pounds. 

Pounds of retained catch were proportioned accordingly to each haul so that the trip 

total equaled the total canary catch officially reported on the corresponding fish ticket 

(Sampson et al. 1997), however, this adjustment may have resulted in catch being 

erroneously added to or removed from individual tows. Canary rockfish catch-per-

unit-effort (CPUE) was calculated by dividing the adjusted pounds of canary rockfish 

caught in a tow by the duration of the tow, and is expressed as pounds per hour 

(lbs/hr).  

Since seafloor lithology maps were only available for Washington and Oregon, 

commercial trawl logbook data were filtered so that only trawls with start positions 

occurring off the coasts of Washington and Oregon were represented. Only those tows 
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completely contained by the boundaries of the Washington and Oregon seafloor 

lithology maps were used in this analysis.  

A preliminary analysis of Oregon logbook information (Sampson, personal 

communication) found very low consistency between the tow locations reported in the 

trawl logbooks and reported bottom depths, suggesting that the information recorded 

in the trawl logbooks may not be entirely accurate. As fishing vessels were not 

equipped with Vessel Monitoring Systems (VMS) during the period covered in this 

study (1995-2001), it is impossible to validate the accuracy of the tow positions 

recorded in the logbooks. In an attempt to exclude inaccurate tow information from 

the hotspot analysis, various filters were tested and their effects on hotspot size were 

analyzed.  

Common sense dictates that fishermen would make more than one tow at a 

fishing spot if the catch in that particular location were good. Conversely, if fishing 

were poor in an area, fishermen would be less likely to set their gear a second time. 

Additionally, if an area was well known throughout the fleet as one producing 

consistently good catches, it is likely that more than one vessel would attempt to fish 

there. Based on these assumptions, the proximity of a tow start position to another tow 

start position was examined as a filtering tool in an attempt to remove potentially 

inaccurate logbook information. The distance from each trawl start position to the next 

closest trawl start position was calculated. Only those tows that were within 1000 m of 

another trawl start position were selected for further use in the hotspot analysis. 

Additional testing was done using a 500 m filter, however, the 1000 m filter was 

ultimately chosen because it provided sufficient hotspot coverage without excluding 

too many tow start locations. If any tows were inaccurately recorded in the trawl 

logbooks, this filter likely removed them from the analysis.  

Tow Duration 

When attempting to identify canary rockfish hotspots from trawl logbook data, 

it was critical that only tows providing relatively accurate information about where 
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canary rockfish were caught be used in the hotspot analysis. Tow duration ranged 

between 0.1 hours and 23.3 hours, and tow speed, although not recorded in the 

logbooks, likely varied among vessels and among tows. A vessel traveling in a straight 

line and towing for 0.1 hours at an average towing speed of 2.5 knots could potentially 

sample a strip of bottom approximately 0.46 km long (0.25 nm), while a vessel towing 

for 23.3 hours could potentially sample a strip almost 108 km long (58.25 nm). 

Clearly, if a vessel towed for 23.3 hours, it would be difficult to determine where the 

net actually encountered the canary rockfish fish caught during the tow, while if the 

vessel only towed for 0.1 hours, it would be much easier to determine where the 

canary rockfish were caught. Based on this information, logbook data were examined 

using filters based on 3-hour, 4-hour, and 5-hour tow durations. After examining the 

data and resulting hotspot areas, tows more than 4 hours in duration were excluded 

from the analysis because their geographic coverage was too broad. While a 4 hour 

tow appears to be relatively short, it is important to note that at an average towing 

speed of 2.5 knots, a vessel traveling in a straight line could potentially cover a strip of 

bottom about 19 km (10 nm) in length.  

Hotspot Analysis 

Biological hotspots are locations where organisms tend to concentrate 

regularly, or where there is high biological activity (Palacious et al 2006). For the 

purposes of this study, a hotspot is an area identified from commercial trawl logbook 

data, where the CPUE of canary rockfish exceeds 250 lbs/hr/km2 (113.40 kg/hr/ km2). 

Spatial Analysis 

Spatial analysis and mapping were performed using ArcGIS Desktop versions 

9.2 and 9.3 (Environmental Systems Research Institute, ESRI, Redlands, California), 

and included the use of the ArcInfo workstation, various ESRI extensions, and 

additional software tools (see Appendix A). In order to minimize spatial error, data 

layers created and used in this analysis were standardized using the same projected 

coordinate system (UTM Zone 10N) and datum (WGS 1984). This projection is well 
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suited for north-south areas such as the U.S. Pacific west coast, which falls along the 

center of Zone 10N, and places the central meridian within the center of interest to 

minimize distortion of spatial properties in that region.  

Kernel Density Calculation 

The density of commercial trawl tow points at each output raster cell 

(essentially, the CPUE/km2) was calculated using the Kernel Density Tool, which fits 

a smoothly curved surface over each tow start position. The surface value is highest at 

the tow start point and diminishes with increasing distance from this position, reaching 

zero at the chosen search radius distance. The volume under the kernel surface is equal 

to the adjusted lbs/hr of canary rockfish caught at that particular tow location. The 

density at each output raster cell is then calculated by adding the values of all the 

kernel surfaces where they overlay the raster cell center (ESRI 2008). For the Kernel 

Density calculation, the input point features were the filtered canary rockfish tows, the 

Population field was ‘adjlbsphr’ (the CPUE), the output cell size was 500 m, and the 

search radius was 1000 m. Since the Kernel Density calculation used a 1000 m search 

radius, the output raster cell displayed the density of points (in this case, commercial 

tow points with units in lbs/hr) per square kilometer. Different cell output sizes and 

search radii were compared, however, the 500 m cell size and the 1000 m search 

radius combination provided the most intuitive representation of the data for the 

hotspots.  

Once the kernel density was calculated, properties of the resulting raster layer 

were adjusted to improve hotspot visualization. First, as the canary rockfish 

CPUE/km2 was often zero or close to zero off the majority of the Washington and 

Oregon coastline, most of the map area was obscured by the color representing this 

density. Therefore, the lowest density layer (i.e., 0 - 250 lbs/hr/km2) was left blank (no 

fill), so that the hotspots and the underlying seafloor lithology were visible to see if 

there was any relationship between the locations with higher canary rockfish catch 

rates and specific bottom types. The CPUE/km2 was classified into seven categories; 
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0-250, 250.01-500, 500.01-1000, 1000.01-2500, 2500.01-5000, 5000.01-7500, and 

7500.01-28318 lbs/hr/km2. The break value between the lowest two density categories 

was adjusted according to the particular CPUE density being investigated. Next, the 

kernel density raster dataset was resampled using bilinear interpolation so that contour 

lines could connect points of equal density (Figure 2.2, right panel).  

Resampling is the process of extrapolating new cell values while transforming 

the raster dataset, altering the way in which the raster dataset is displayed. Bilinear 

interpolation uses the value of the four nearest input cell centers to determine the value 

on the output raster, where the new value for the output cell is a weighted average of 

these four values, adjusted to account for their distance from the center of the output 

cell (ESRI 2008). This technique is appropriate for resampling continuous data, and 

results in a smoother looking surface than the nearest neighbor technique used for 

resampling discrete (categorical) data (Figure 2.2, left panel).  

Figure 2.2: Example of canary rockfish CPUE density raster data displayed using 
nearest neighbor (left) and bilinear interpolation (right) resampling techniques. 
Inset map shows the location of the hotspot relative to the Washington coastline. 
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To determine the minimum canary rockfish CPUE density (lbs/hr/km2) 

required for an area to be considered a hotspot, the CPUE density raster data were 

converted to hotspot polygons so that area-based comparisons of different CPUE 

densities could be made. A base density of 100 lbs/hr/km2 was chosen to compare with 

the areas produced by 200, 250, 300, and 500 lbs/hr/km2 CPUE densities. After the 

raster data were resampled using bilinear interpolation, contours were drawn around 

the raster data, connecting points of equal density for the specific CPUE density being 

tested (i.e., 250 lbs/hr/km2 in Figure 2.3, left panel). The contour of interest was 

selected (Figure 2.3, right panel) and then converted to a canary rockfish hotspot 

polygon. 

When contours were converted to polygons, the empty areas in the hotspot 

raster data (‘donut holes’) surrounded by the contour of interest (in this case, the 250 

lbs/hr/km2 contour line) were filled in and needed to be removed. To accurately 

represent the area covered by the hotspots, each canary rockfish hotspot polygon was 

visually inspected and the Feature ID (FID) number of every polygon that should have 

been a ‘donut hole’ was recorded. The total area covered by the canary rockfish 

hotspots was then calculated for each CPUE density investigated.  

After comparing area totals and visually examining the different sizes of the 

hotspots produced, the 250 lbs/hr/km2 CPUE density was chosen as the hotspot 

threshold, as it provided a high canary rockfish catch rate, while still maintaining a 

focused hotspot (see Results section below). In addition, only 12.19% of the 

commercial trawl tows had canary rockfish CPUEs of 250 lbs/hr or more. It should be 

emphasized that CPUE density calculated in no way represents the actual density of 

canary rockfish encountered per square kilometer, rather, it is an artifact of the kernel 

density calculation, which calculated the density of tow start positions with associated 

canary rockfish catch in a circle (with a radius of 1000 m) around the center point of 

the raster output cell. Since the canary rockfish CPUE (lbs/hr) was chosen for the 

Population field for the kernel density calculation, and only trawl tow start positions 
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with no tow direction information were available, actual canary rockfish densities 

were not calculated.  

Initial CPUE density testing was conducted using all of the commercial trawl 

tow data, including tows located in California, tows greater than four hours in 

duration, and tows greater than 1000 m from another tow. Also, hotspot areas were 

calculated without removing polygons that should have been ‘donut holes.’ Once 250 

lbs/hr/km2 was chosen as the minimum CPUE density required for an area to be 

considered a hotspot, the commercial trawl tows were filtered and the hotspot analysis 

was performed using the methodology described above to create the final canary 

rockfish hotspots.  

Results 

A total of 8222 commercial trawl tows were used in this analysis. Following 

the application of various tow duration and tow distance filters (Table 2.1), the 

remaining tows were used to create hotspots, which were then visually examined to 

determine the appropriate filter combination.  

 

Table 2.1: Application of the tow duration and tow distance filters to the 8222 
commercial trawl tows. The number and percent (in brackets) of tows remaining 
after the filter was applied is shown. 

 

Overall, too many commercial tows were removed when the 3-hour filter was 

used, yielding fairly small hotspots. Both 4-hour filters produced substantially larger 

hotspots than the 3-hour filters, with the 1000 m tow distance filter preserving a fairly 

Filter ! 3 hours ! 4 hours ! 5 hours

500 m 3927 (47.8%) 4809 (58.5%) 5271 (64.1%)

1000 m 4688 (57.0%) 5840 (71.0%) 6480 (78.8%)
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high number of tows available for the kernel density calculation. While the 5-hour and 

1000 m tow distance filter increased the percentage of useable tows slightly over the 

4-hour tow duration, the minimal gain in hotspot area was deemed insufficient to 

warrant the use of longer trawl tows, and potentially less precise canary catch 

information. After choosing the 4-hour tow duration as the most appropriate filter, 

areas produced by the 500 m and the 1000 m tow distance filters were compared. The 

500 m filter produced a hotspot area of 801.63 km2, which was 69.4% of the hotspot 

area created using all tows, while the 1000 m filter generated a hotspot area of 976.99 

km2, or 84.6% of the total. The 4-hour tow duration and 1000 m tow distance filters 

were selected as being the most appropriate, as the hotspots they generated were 

sufficiently large without eliminating too many commercial trawl tows. Following the 

application of the logbook filtering criteria, a total of 5756 tows were available for the 

analysis. 

After comparing hotspot area totals to the 100 lbs/hr/km2 base density (Table 

2.2) and visually examining the different sizes of the hotspots produced, 250 

lbs/hr/km2 was chosen as the minimum CPUE density required for an area to be 

considered a hotspot, as it provided a high canary rockfish catch rate, while still 

maintaining a focused hotspot area. Hotspots for the area comparisons were made 

using all 8222 commercial tows. 

 

Table 2.2: Comparison of areas produced by the 100, 200, 250, 300, and 500 
lbs/hr/km2 CPUE densities, with percent compared to the 100 lbs/hr/km2 base 
density. 

CPUE Density Area Percent

(lbs/hr/km
2
) (km

2
) (%)

100 1986.14 100

200 1339.07 67.4

250 1155.43 58.2

300 1020.48 51.4

500 705.77 35.5
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After 250 lbs/hr/km2 was chosen as the hotspot threshold, canary rockfish 

hotspots were created using the filtered tows, the 250-contour was selected (Figure 

2.3) and then converted to canary rockfish hotspot polygons. After visually inspecting 

all of the hotspot polygons, the three ‘donut hole’ polygons in Washington (FIDs 216, 

217, and 220) and the seven ‘donut hole’ polygons in Oregon (FIDs 4, 25, 69, 75, 93, 

and 126) that were mistakenly filled in when the contours were converted to polygons 

were removed (Figure 2.4). 

Figure 2.3: Examples of canary rockfish hotspots displayed with 250 lbs/hr/km2 

CPUE density as the base contour (left) and the 250 lbs/hr/km2 contour selected 
in light blue (right). Inset map shows the location of the hotspot relative to the 
Washington coastline. 

A total of 216 canary rockfish hotspots were identified using the methodology 

described above, covering an area of 957.20 km2. The minimum hotspot area was very 

small, only 0.35 m2, and the maximum was 72.32 km2, while the average hotspot area 

was 4.43 km2. Of the 216 hotspots, 205 of them contained at least one commercial 

trawl tow in which canary rockfish were caught, while 11 hotspots did not contain any 
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commercial tows that caught canary rockfish. It may seem unusual that some canary 

rockfish hotspots do not contain any commercial tows, however, this can be attributed 

to overlap of the kernel surfaces placed over tow start positions. While the tows that 

produced the hotspot are not located within it, they are found in close proximity to it, 

with only their kernel surfaces overlapping to form the hotspot. A summary of canary 

rockfish hotspots, detailing the number of commercial trawl tows within each, the total 

canary rockfish catch, and the hotspot’s area is displayed in Table 2.3.  
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Figure 2.4: Example of final canary rockfish 250 lbs/hr/km2 CPUE density 
hotspots with ‘donut holes.’ Inset map shows the location of the hotspot relative 
to the Washington coastline. 
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Table 2.3: Canary rockfish hotspots with number of commercial tows completed 
in each hotspot, total commercial catch from the hotspot, and total hotspot area.  

Hotspot # of Catch Area Hotspot # of Catch Area Hotspot # of Catch Area

# Tows (lbs) (km2) # Tows  (lbs) (km2) # Tows (lbs)  (km2)

0 1 811 0.40 72 1 324 0.12 145 26 5016 4.96

1 62 15179 7.69 73 13 1783 2.95 146 15 5745 2.41

2 8 925 2.83 74 2 2137 1.19 147 3 215 0.19

3 1 261 0.89 75 3 5175 2.53 148 4 1091 0.70

4 56 10881 10.26 76 1 658 0.29 149 1 1605 0.60

5 15 5383 5.00 77 167 64634 37.85 150 2 8560 3.36

6 175 84627 30.69 78 3 1709 2.97 151 2 1546 1.93

7 32 8660 8.77 79 1 423 0.01 152 10 1574 0.79

8 9 1539 2.91 80 2 465 0.61 153 3 549 0.56

9 9 2959 3.87 81 15 1729 0.90 154 7 3578 2.65

10 3 1561 2.23 82 5 693 0.65 155 5 634 0.28

11 4 2638 0.88 83 3 539 0.16 156 117 93265 35.95

12 23 11229 8.04 84 5 767 0.66 157 1 640 0.11

13 1 907 0.61 85 18 3529 3.75 160 3 1718 0.53

14 1 1642 0.85 86 1 1201 0.23 161 1 1077 1.39

15 6 1850 1.35 87 11 4551 3.64 162 1 874 0.05

16 5 6790 3.65 88 1 986 0.31 163 1 291 0.24

17 3 4318 2.56 89 420 166257 51.73 164 322 204898 60.47

18 2 2623 1.29 90 15 2657 3.65 165 5 4768 2.43

19 2 1738 0.67 91 1 837 0.24 166 43 13681 5.94

20 4 7446 3.89 92 2 1387 0.23 167 7 2460 1.96

21 6 3752 2.16 93 9 718 2.02 168 1 2538 1.46

22 2 3312 1.63 94 2 1379 1.50 169 18 6968 5.04

23 2 5632 2.03 95 4 2472 1.94 170 2 1586 0.57

24 12 24004 8.96 96 49 13401 9.06 171 2 1203 0.44

25 17 37446 10.37 97 2 688 1.08 172 1 865 0.02

26 3 7971 1.70 98 2 727 0.86 173 1 240 0.33

27 18 20612 7.19 99 2 4170 3.11 174 2 760 0.76

28 5 6882 3.27 100 26 11223 7.09 175 4 1215 0.98

30 2 569 0.34 101 3 622 1.30 176 1 840 0.46

31 27 11646 5.72 102 1 953 0.07 177 8 948 0.85

32 3 1916 2.66 103 7 1832 2.40 178 1 532 0.55

33 3 1461 1.48 104 10 2511 5.53 179 5 1272 1.39

34 4 1370 1.75 105 18 7594 5.67 180 41 14395 9.65

35 16 9914 4.53 106 3 2168 1.73 181 2 956 1.82

37 1 642 0.06 107 2 2794 2.34 182 5 2667 2.62

38 6 3180 3.67 108 22 8227 4.88 183 4 2445 1.08

39 18 13328 9.59 109 1 251 0.14 184 1 860 0.29

40 7 1385 2.18 110 1 762 0.96 185 3 5246 0.54

41 5 3418 2.45 111 2 2396 1.84 186 5 3529 2.34

42 5 1023 1.74 112 11 9581 5.79 187 12 12150 4.25

43 24 20710 8.74 113 1 1049 0.42 188 7 1931 2.01

44 3 670 1.07 114 1 1900 1.26 189 1 669 0.50

45 3 8935 3.43 115 1 2845 1.27 190 2 794 1.23

46 6 2562 2.77 116 2 723 0.30 191 2 1400 0.73

47 3 766 1.97 117 3 2517 2.29 192 6 5811 5.66

48 3 969 0.23 118 3 481 0.68 194 32 19088 14.81

49 3 4919 2.85 119 5 874 0.91 195 3 1258 0.38

50 1 1999 1.08 120 197 130890 54.67 196 27 16303 13.13

51 9 4816 4.07 121 4 736 1.09 197 2 6561 2.89

52 2 1090 1.39 122 1 1434 0.83 198 4 2863 2.19

53 2 1636 0.84 123 3 2945 0.91 199 12 1918 1.60

55 1 504 0.15 124 1 1080 0.28 200 2 6099 2.16

56 3 972 0.07 125 1 1213 0.36 201 2 4575 1.97

57 4 881 0.10 126 3 732 0.40 202 110 189431 31.96

58 2 516 0.08 127 1 1250 0.33 203 14 11736 6.61

59 1 936 0.21 128 2 1581 1.31 204 4 5257 3.25

60 529 322140 72.32 129 5 826 0.72 206 1 911 0.08

61 8 2615 2.25 130 1 895 1.30 207 2 1880 1.46

62 5 860 0.24 131 8 2999 0.86 208 2 1373 0.86

63 2 2027 1.63 132 1 519 0.21 209 2 1976 1.40

64 1 678 0.04 133 109 22399 16.48 210 1 500 0.40

65 5 843 0.68 135 1 238 0.95 211 11 26398 5.13

66 16 3894 2.39 136 5 1398 0.98 212 2 2831 2.03

67 1 867 0.46 138 7 1041 3.58 213 2 8155 2.50

68 1 681 0.16 139 1 566 0.45 214 135 228367 62.92

69 2 572 0.13 140 7 1016 0.95 215 9 1148 2.19

70 715 240274 70.89 141 2 716 0.39

71 2 861 0.37 143 8 3426 2.21 Total 4287 2452055 956.80
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While only 52.1% (4287/8222) of all the commercial tows that caught canary 

rockfish between 1995 and 2001 were located within a hotspot, the tows within 

hotspots accounted for 76.2% of the commercial canary rockfish catch 

(2,452,055/3,216,098 lbs).  

When the hotspots were ranked according to total canary rockfish catch, the 

top 10 hotspots accounted for 70.3% of the total hotspot catch, 53.2% of the total 

hotspot area, and 53.6% of the total commercial catch. The top 20 hotspots accounted 

for 79.2% of the hotspot catch, 63.9% of the total hotspot area, and 60.4% of the 

commercial catch, while the top 30 hotspots made up 84.0%, 71.4%, and 64.1% of the 

hotspot catch, hotspot area, and commercial catch, respectively. Finally, the top 90 

hotspots made up 95.2% of the hotspot catch, 89.5% of the hotspot area, and 72.6% of 

the total commercial catch.  

The canary rockfish hotspot maps produced for the Washington and Oregon 

coasts using the commercial trawl logbook data were overlaid on NOAA Nautical 

Charts (i.e., Figure 2.5) 18480, 18500, 18520, 18580, and 18600 obtained from the 

Office of Coast Survey (www.nauticalcharts.noaa.gov). These maps were produced to 

aid in future discussions with members of the fishing industry about the accuracy of 

the canary rockfish hotspots, and can be easily updated to reflect the input from 

fishermen, and the predicted canary rockfish presence from the model presented in 

Chapter Three for a targeted canary rockfish survey. 

The canary rockfish hotspots maps for Washington and Oregon can be found 

in Appendix B.  
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Figure 2.5: Example of canary rockfish hotspots overlaid on NOAA Nautical 
Chart 18480. Inset map shows the location of the hotspot relative to the 
Washington coastline. 
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Discussion 

This study introduced a novel approach for using fishery-dependent trawl 

logbook data to identify canary rockfish hotspots, defined as areas with high 

commercial canary rockfish catch, along the Washington and Oregon coasts. Using the 

methodology described above, 216 hotspots with high catch rates of canary rockfish 

were identified, covering an area of 957.2 km2.  

While fishery-dependent data have been used in stock assessments, they are 

not collected in a random, standardized manner, making them difficult to include in 

scientific studies. However, valuable information can still be gained from these data, 

such as identifying specific areas where particular species were caught, and the degree 

to which the species is concentrated in those specific areas. In addition, commercial 

fishing data can provide information about the distribution and abundance of species 

during time periods not sampled by traditional fishery-independent surveys (Lee and 

Sampson 2000), which often occur during summer months when weather conditions 

are favorable.  

Fishermen often use their knowledge of the habitat-specific behavior of 

different fishes to target them (Bergmann et al. 2004), and regularly fish in areas 

where they have historically encountered the species they are targeting. While some of 

the tows used in this study may not have specifically targeted canary rockfish, the 

logbook records can still provide useful information about the amount, and the general 

locations of where the canary rockfish were caught. Since only tows with canary catch 

were used to create the hotspots, and more importantly, the tows used were 4 hours or 

less in duration, the spatial scale of the tows was sufficiently limited so that areas with 

high canary rockfish catch could be identified.  

Tows located within a hotspot accounted for most of the canary rockfish catch 

reported in the trawl logbooks, 76.2%. This result clearly indicates that the tows inside 

hotspots caught more canary rockfish than those outside, confirming that the hotspots 

represent areas of elevated canary rockfish catch.  
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While 17.0% of the tows in canary rockfish hotspots were made using 

midwater trawls and bottom (mud (sole) and roller gear) trawls, these gear types only 

accounted for roughly 10% of the logbook-reported catches of canary rockfish taken 

from the hotspots, and only 7.7% of the total logbook-reported catches of canary 

rockfish, indicating that these gear types were not responsible for much of the canary 

rockfish catch. 

While the commercial trawl logbook data have provided valuable information 

about canary rockfish catch locations and canary rockfish CPUE, some issues pose a 

major concern. First and foremost, the accuracy of the logbook data is questionable. 

Very low consistency was found between tow locations reported in trawl logbooks and 

the depths reported in digitized bathymetric charts (Sampson, personal 

communication), suggesting that the tow information used in this study may, in fact, 

be inaccurate. Prior to this analysis, several randomly selected commercial tows and 

their tow characteristics were examined, as were those of nearby tows, to evaluate the 

extent of potentially erroneous logbook data. While the depths reported in the 

logbooks often did not match those of the digitized bathymetric charts, they were 

similar to the depths reported by the surrounding vessels, suggesting consistency in 

depth reporting between boats, and perhaps the reported tow locations.  

Another problem with the commercial trawl logbook data is that the spatial 

resolution has been limited. In Oregon, the electronic conversion of paper logbooks 

results in only the tow start position being entered into the electronic database. While 

tow end-point information can be obtained from paper logbooks (Bellman et al. 2005), 

these data are often difficult to obtain for proprietary reasons, and collecting them 

manually is extremely time-consuming. Since only tow start positions were available 

for this analysis, valuable insight into fishermen’s behaviors, such as tow directions or 

tow patterns, has been lost. However, since Bellman et al. (2005) Oregon has been 

entering endpoint data into the database.  

In order to identify the canary rockfish hotspots from commercial trawl 

logbook data, only tows with a hail weight recorded for canary rockfish were 
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examined. By excluding records with zero canary rockfish catch, tows where canary 

rockfish may have been caught and discarded were inadvertently removed from the 

analysis. Fishermen who catch more fish than allowed by their trip limit discard the 

excess catch at sea, however, the logbooks do not reflect these discards (Pikitch et al. 

1988, Sampson 1994). For example, after meeting the trip limit for canary rockfish, 

subsequent catches of canary rockfish would be discarded, and recorded in the vessel 

logbook as zeroes. Since it was impossible to distinguish between tows with no canary 

catch and those where canary rockfish were caught but discarded, excluding zero tows 

from the analysis was necessary, though potentially valuable information was lost.  

Changes in canary rockfish catch reporting methods and the re-distribution of 

commercial fishing effort after footrope restrictions and RCAs were established 

limited the amount of logbook data available for this study. Despite using 5756 tows 

to create the canary rockfish hotspots, data were limited to those years between 1995 

and 2001, which is fairly dated logbook information.  

Currently, there are no directed fisheries for canary rockfish, and they are only 

encountered as incidental bycatch in other commercial and recreational fisheries. 

However, starting in 2001, the NMFS West Coast Groundfish Observer Program has 

assigned fisheries observers to vessels targeting groundfish, in order to collect 

biological information about the catch, and monitor fishery discards. While not all 

fishing vessels are monitored by observers, incorporating the information they collect 

on canary rockfish could help to further identify additional canary rockfish hotspot 

locations. This new data source can potentially be used to determine shifts in canary 

rockfish distribution over time, and evaluate any spillover effects that may have 

occurred from area closures. 

The hotspot methodology developed in this study clearly identifies areas with 

high canary rockfish catch, however, it should be noted that hotspot size and shape is 

dependent on the search radius and the output cell size chosen to display the raster 

data when the GIS software is used. While the general areas of canary rockfish catch 

remain the same, the spatial resolution of the data changes dramatically when different 
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input values are chosen. A small search radius and small cell output size produces 

many small hotspots, and essentially pinpoints the individual tows and their associated 

catch. When a large search radius and output cell size is used, hotspots are still 

apparent, but they are more expansive and are limited in their ability to represent 

distinct areas with high canary rockfish catch. The output cell size used in this study 

was a combination of both, providing the most intuitive representation of the data and 

showing the locations of canary rockfish catch on a scale meaningful to future 

analyses. 

Another issue that should be considered when evaluating the accuracy of the 

hotspots is that the selection of a canary rockfish CPUE density of ≥ 250 lbs/hr/km2 as 

the hotspot minimum was somewhat arbitrary. To begin with, the weight of canary 

rockfish caught per hour per square kilometer is a difficult concept to grasp, especially 

since in this analysis it does not represent the actual density of canary rockfish 

encountered. While the units (lbs/hr) imply a density once a towing speed is specified 

and the width of the net is determined, the extra km2 is unusual and is actually an 

artifact of the kernel density calculation. However, the information provided by the 

trawl logbooks was limited, and using the adjusted hail weight in pounds per hour in 

the kernel density calculation was the most meaningful way to represent the canary 

rockfish catch. Comparisons were made between the canary rockfish hotspot areas 

produced by selecting contours that represented different catch rates per square 

kilometer, however, the decision to select the contour representing 250 lbs/hr/km2 as 

the minimum for an area to be considered a hotspot was ultimately based on 

comparisons made among hotspot areas and also on the percent of tows that had a 

CPUE of 250 lbs/hr or more of canary rockfish, and not from any particular scientific 

evidence. Using a minimum catch rate of 250 lbs/hr per square kilometer for an area to 

be considered a hotspot may not be truly representing areas with high canary rockfish 

catch, and could potentially be over- or underestimating them. However, overall, the 

general locations of the hotspots remained the same, with only minimal changes in 
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hotspot areas observed when the contours representing different canary rockfish catch 

rates were used.  

One other point that should be considered is that the canary rockfish hotspots 

are based on catch rates of canary rockfish by commercial fishermen. Areas that are 

heavily targeted by fishermen, and those closer to shore, are more likely to show up as 

canary rockfish hotspots. Other areas where canary rockfish might be present in 

modest densities, or are located far from shore, may not be identified as a hotspot, as 

they do not attract a lot of fishing effort since the cost to the vessel of finding and 

exploiting them would not make the fishing trip economically viable. Additionally, an 

area may not be identified as a hotspot as it may have already been overfished, or it 

has yet to be discovered by fishermen. Another issue of concern is that the analysis 

treated the CPUE from each boat as being equivalent, however, it is often the case that 

fishing vessels differ substantially in their ability to catch fish in a given area, due to 

the different net types and gear types used. This analysis ignored any vessel or gear 

effects, and there is the possibility that these effects might be large. However, these 

effects could not be incorporated into this analysis due to the fact that no independent 

information was available to develop standardized catch rates, and that boat identities 

were masked to protect the fisher’s identity.  

The most obvious benefit of this research is realized when the canary rockfish 

hotspots are compared to the area covered by the current NWFSC bottom trawl 

survey. The 216 canary rockfish hotspots cover a total area of 957.2 km2, which is less 

than 4% of the 28,205 km2 covered by the NWFSC survey for roughly the same 

region (43.0°N to the US/Canada border, in depths from 55 m to 549 m (Keller et al. 

2008)), though the full survey extends to the California-Mexico border and to 1280 m 

in depth. Clearly, if a survey concentrated in sampling in the areas defined by the 

canary rockfish hotspots and this methodology could be extended to other species 

occupying similar habitats, the amount of time and resources needed to perform the 

survey would be drastically reduced, ultimately making the survey more efficient. The 

survey area could be potentially reduced further if small canary rockfish hotspots, with 
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little commercial catch, were eliminated. Obviously, each hotspot’s size and relative 

contribution to the total commercial canary rockfish catch would have to be examined 

before determining whether or not a hotspot should be included in potential future 

surveys of canary rockfish. The current NWFSC bottom trawl surveys are designed to 

provide information for a broad range of groundfish species, and are not designed 

specifically for estimating the distribution and abundance of canary rockfish. 

However, several other commercially important species that are not well sampled by 

the trawl survey could benefit from the research presented here. Similar hotspot 

analyses could be conducted for these species and a spatially stratified sampling 

design could be developed that sampled more heavily in areas that were identified as 

hotspots for one or more of the commercially important species.    

Despite their limitations, the hotspots developed in this study still provide 

valuable information about the locations of canary rockfish catch along the 

Washington and Oregon coasts. Both the AFSC and the current NWFSC bottom trawl 

groundfish surveys have always produced highly variable estimates of rockfish 

biomass, leaving great uncertainty about the stock assessment results for rockfish. By 

providing maps that accurately delineate the areas where rockfish are mostly likely to 

be found (i.e., their habitat), it would be possible to develop a survey that targets these 

areas, and lightly samples areas that are unlikely to contain rockfish. Implementing a 

survey that more adequately samples rocky, high relief areas, which cannot be 

sampled by traditional trawl survey gear, would almost certainly provide a more 

reliable index of rockfish densities and biomass.  
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CHAPTER 3: PREDICTING THE DISTRIBUTION OF CANARY 
ROCKFISH (SEBASTES PINNIGER) IN WASHINGTON AND 
OREGON USING THE GENERALIZED ADDITIVE MODEL  

Abstract  

The generalized additive model (GAM) was used to detect and analyze the 

quantitative relationships between canary rockfish (Sebastes pinniger) presence/ 

absence data, their spatial distribution, and various biotic and abiotic factors. Canary 

rockfish presence in AFSC trawl survey tows was associated with specific locations 

and ranges of bathymetry, temperatures, and substrate types, proximity to canary 

rockfish hotspots, and particular fish and invertebrate communities. Survey year had a 

strong effect on canary rockfish presence, as did bottom depth. The effect of survey 

tow location (latitude and longitude) on canary rockfish presence was negative in the 

nearshore region, and positive further from the coastline, with presence being highest 

off the Washington coast between 47.5°N and 48.5°N. Canary rockfish were found at 

depths between 57 m and 307 m in the survey, though the majority of tows with 

positive catch, over 90%, occurred between 57 m and 199 m. Though temperature was 

not significant in the GAM, canary rockfish were associated with specific temperature 

ranges, only being caught between 6.2°C and 9.0°. Over 89% of the tows with positive 

catch were between 6.2°C and 7.9°C. Canary rockfish presence was higher in tows 

made closer to canary rockfish hotspots, as well as hard bottom types. Additionally, 

the presence of lingcod, yellowtail, silvergray, and redstripe rockfish, as well as 

basketstars and corals, increased the likelihood of canary rockfish presence. The 

predictive model developed here can be used to identify areas off Oregon and 

Washington where canary rockfish are likely to be found in relation to various habitat 

factors, and can potentially aid in the development of maps delineating areas that 

should be sampled in future surveys of canary rockfish.  
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Introduction  

The bottom trawl surveys conducted by the National Marine Fisheries Service 

(NMFS), originally designed to survey rockfish (Sebastes spp.), have provided time 

series estimates of abundance for many of the commercially important groundfish 

species off the West Coast. However, survey estimates of rockfish biomass have 

always been highly variable, and consequently, great uncertainty surrounds the stock 

assessment results for rockfish. While bottom trawl surveys provide valuable 

information on the distribution and abundance of species occurring in trawlable areas, 

by definition, they are unable to sample untrawlable areas. As a result, bottom trawl 

surveys are limited in their ability to sample all habitats representatively, and tend to 

cover large areas of mud and sand, which are occupied infrequently by most rockfish 

species, while avoiding the rocky, untrawlable areas with which rockfish are mostly 

associated (Jagielo et al. 2003, Zimmermann 2003).  

Simply put, habitat is the place where an organism lives (Odum 1971), though 

it has also been defined as the collection of resources and conditions present (both 

biotic and abiotic) that support occupancy, including survival and reproduction, by an 

organism (Hall et al. 1997). Since the resources and conditions that promote survival 

and reproduction are variable among species, habitat is species specific, making it 

even more difficult to define accurately. Habitat is commonly used to describe a set of 

environmental variables that are thought to influence occupancy. Multiple definitions 

and uses of the term have produced confusion among biologists, wildlife managers, 

and the general public. While defining rockfish habitat would undoubtedly be a 

difficult exercise, identifying the areas where rockfish live, as well as understanding 

their associations with specific environmental conditions, is a more realistic endeavor. 

The objective of this research was to characterize canary rockfish habitat along 

the Washington and Oregon coasts using environmental data and commercial fisheries 

catch information. This paper identifies canary rockfish habitat factors by relating 

canary rockfish commercial catch data and various biological and environmental 
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factors, to information on canary rockfish presence and absence from bottom trawl 

surveys. A generalized additive model (GAM) was fitted to a dataset assembled from 

four fundamental sources. First, the Alaska Fisheries Science Center’s (AFSC) 

Triennial bottom trawl survey provided information at distinct locations and times on 

the presence/absence of canary rockfish and other fish and invertebrate species, and 

the associated temperatures and depths. In addition to their routine use in stock 

assessments, the AFSC bottom trawl survey data have provided a wealth of 

information to the field of fisheries science, having been used in numerous studies of 

West Coast groundfish. For example, the AFSC data have been used to identify 

various groundfish assemblages (Williams and Ralston 2002, Zimmermann 2003), and 

determine their distribution in relation to various environmental variables (Jay 1996). 

Additionally, they have been used to provide information on changes in body size, 

abundance, and energy allocation in rockfish assemblages (Harvey et al. 2006).  

Another source of information was the seafloor lithology maps for Washington 

and Oregon (Romsos et al. 2007), which provided information on physical 

characteristics of the seafloor. Seafloor habitat information based on lithologic 

substrates has been used in several studies to understand West Coast groundfish 

abundances and distributions (Nasby 2000,Yoklavich et al. 2000, Whitmire 2007), and 

can be extremely valuable in analyzing species-habitat associations. For example, in 

Monterey Bay, assemblage structure and species distributions across the continental 

shelf could be predicted based on composition, complexity, and configuration of the 

seafloor (Anderson and Yoklavich 2007). Additional physical characteristics of the 

seafloor, namely information on slope and rugosity, were derived from 100-meter 

gridded bathymetric data using the Benthic Terrain Modeler.  

The last source of data used in this analysis were the canary rockfish hotspot 

maps created from Oregon commercial trawl logbook data, which provided 

information on distinct areas where the trawl fishing fleet had successfully caught 

canary rockfish in the past (refer to the previous chapter). While commercial trawl 

fisheries data have been used in the past to identify habitat affinities for several 
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species, including widow rockfish (Reynolds 2003) and squid paralarvae (Sanchez et 

al. 2008), this study is one of the first to incorporate fishing hotspots, identified from 

trawl logbook data, into a statistical model that can predict species presence.  

Fishermen must have a practical, applied knowledge of the distribution and 

behavior of the species they target if their fishing trips are to be economically viable. 

As a result, the local ecological knowledge of fishermen can provide valuable 

information on the distribution and abundance of the species they target.  Commercial 

fishermen spend more time on the water and collect more samples than fisheries 

scientists, often obtaining samples in every month of every year, as well as at many 

thousand sites (Bergmann et al. 2004, Mackinson and van der Kooij 2006). 

Consequently, commercial fisheries data have the potential to provide valuable 

information to fisheries science (Fox and Starr 1996). The Oregon commercial trawl 

logbook data source is much more extensive that the AFSC trawl survey data alone. In 

addition, the factors that are measured by the trawl survey, the seafloor lithology 

maps, and the gridded bathymetric data may not include important aspects of what 

makes a particular area attractive to a canary rockfish (e.g., currents or prey 

availability). As a result, the commercial logbooks may provide information about 

where canary rockfish are located that is not represented by any of the measurements 

made by the trawl survey and seafloor data. By incorporating commercial trawl 

logbook data into the analysis in the form of canary rockfish hotspots, gaps in the 

bottom trawl survey could potentially be bridged, leading to improved predictions of 

canary rockfish presence and a better understanding of canary rockfish habitat. 

While significant correlations between the distribution and abundance of fish 

and environmental conditions have been determined using linear modeling techniques 

(Lee and Sampson 2000, Rooper and Boldt 2005), many species have been found to 

exhibit nonlinear and nonmonotonic relationships in response to environmental 

factors. Generalized additive models are especially well suited to model nonlinear 

relationships between species and their environment, and therefore, have been utilized 

in many studies to determine species-environment interactions. For example, DeLong 
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and Collie (2004) used GAM to model the distributions of Atlantic cod, winter 

flounder, and yellowtail flounder, finding that these species were influenced by 

latitude and longitude, sampling year, as well as several habitat-related characteristics 

such as water depth, water temperature and sediment type. Ecological associations of 

Atlantic herring (Clupea harengus) were identified using GAM, with water column 

depth, seabed substrate, and zooplankton biomass each having a significant effect on 

herring presence and relative abundance in the North Sea (Maravelias 1999). 

Additionally, areas of high egg concentrations were identified using GAM in a study 

investigating walleye pollock (Theragra chalcogramma) spawning aggregations in the 

Gulf of Alaska (Ciannelli et al. 2007). Since GAMs are well-suited to model species 

distribution and abundance in relation to environmental variables, they can be useful 

in identifying the locations of major population concentrations of the species under 

investigation. 

If sufficiently accurate, the GAM developed in this study can be used to 

predict areas along the Oregon and Washington coasts where canary rockfish are 

likely to be present, which can potentially aid in the development of maps defining 

areas that should be targeted by future surveys of canary rockfish. This research can 

help to improve our understanding of the factors that influence canary rockfish 

presence, producing a more realistic definition of canary rockfish habitat. When 

associations with specific environmental conditions, such as bottom depths, 

temperatures, and seafloor substrate types are identified for canary rockfish, a clearer 

picture emerges of the factors that contribute to an area being inhabited by canary 

rockfish. Conversely, the characteristics of areas where canary rockfish are never, or 

rarely present also provide valuable information, and may indicate that an area 

provides less suitable conditions for canary rockfish. By studying the relationships 

between species and their environment, we can begin to understand the relative 

importance of how environmental variables shape the distribution of examined 

species. While this study specifically focuses on canary rockfish, the techniques 
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developed here could be used to identify habitat associations for other species of 

interest.  

Methods 

Study Area 

The study area is defined by the region where the seafloor lithology maps for 

Oregon and Washington overlap with the area covered by the Alaska Fisheries 

Science Center (AFSC, Seattle, Washington) Triennial bottom trawl surveys (Figure 

3.1). The boundaries of the lithology data extend from the U.S.-Canada border to the 

California border, encompassing the region from the intertidal zone to the edge of the 

continental slope, roughly 3000 m in depth, while the AFSC bottom trawl survey 

covered depths between 55 m and 500 m.   

Substrate Analysis 

The continental margin off Oregon and Washington is comprised of many 

seafloor lithologies, and through the integration of multibeam bathymetry and 

backscatter data, core and grab samples, seismic reflection profiles, and submersible 

observations, the Active Tectonics and Seafloor Mapping Lab at Oregon State 

University has created the most comprehensive map to date of this area (Romsos et al. 

2007). The Seafloor Lithology Maps for Oregon and Washington provided 

information on the physical characteristics of the seafloor, and were used in 

conjunction with the AFSC bottom trawl survey data to investigate the relationships 

between substrate type and the presence of canary rockfish.  

The original surficial lithology layer was comprised of 11 lithology categories. 

Island, Cobble, and Tuff categories, which covered only a small fraction of the study 

area, were eliminated from the analysis as they likely had little influence over the 

outcome. The remaining eight surficial lithology categories (Gravel, Sand/Gravel, 

Boulder, Rock, Rock/Sand, Sand, Sand/Mud, and Mud) were used in the analysis. For 
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simplification, categories were combined to form the following three Bottom Type 

categories:  

• Hard Bottom: Rock 

• Mixed Bottom: Boulder, Rock/Sand 

• Soft Bottom: Mud, Sand/Mud, Sand/Gravel, Sand, Gravel 

Trawl Survey Data 

In order to determine the distribution, abundance, and biological characteristics of 

groundfish resources off California, Oregon, and Washington, the AFSC conducted 

triennial bottom trawl groundfish assessment surveys along the U.S. west coast 

continental shelf from 1977 to 2001. Surveys were conducted during daylight hours 

from at least two fishing vessels over the continental shelf and upper slope of the 

Pacific coast, from early to mid-June until late September or early October. Depth 

zones covered in the survey were between 55 m and 500 m deep, except for the 1977 

survey, which extended from 91 m to 457 m. Sampling locations were chosen prior to 

the commencement of each survey, and were allocated randomly along fixed track 

lines, approximating a fixed site survey in later years but random sampling was 

assumed. If a designated sampling location was deemed untrawlable, a radius of 1 

nautical mile was searched around the original sampling location. If a suitable 

alternative location was not found within a reasonable amount of time (0.5 h), the 

sampling location was abandoned. Further details of the 1977-2001 surveys can be 

found in Gunderson and Sample (1980), Weinberg et al. (1984, 1994, 2002), Coleman 

(1986, 1988), Zimmermann et al. (1994), Wilkins et al. (1998), and Shaw et al. (2000).  

The AFSC Triennial bottom trawl survey data provides information at distinct 

locations and times on the presence/absence of canary rockfish and other fish and 

invertebrate species, and the associated depths and temperatures. The survey data used 

in this study consisted of tow date converted to Julian day, survey year, survey vessel, 

gear depth, gear temperature, location (latitude and longitude), and the 

presence/absence of canary rockfish and various other fish and invertebrate species 
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described below. Records were only used where trawl performance was considered 

satisfactory (performance code ≥ 0), and where the distance fished was recorded. 

Additionally, trawl survey sites without gear depth or temperature data were 

eliminated from the analysis. Gear depth and water temperature were measured using 

a temperature-depth recorder attached to the trawl net during tows, or with an 

expendable bathythermograph deployed from the survey vessel. All fish captured 

during the survey trawls were sorted by species, counted, and the total weight and 

number of each species in the catch was determined. Catch per unit of effort (CPUE, 

kg/km) of canary rockfish was calculated by dividing the total weight of canary 

rockfish caught per haul by the distance towed. To ensure the survey tows covered the 

same extent as the seafloor lithologies for Oregon and Washington, only tows falling 

between the California border at 42.0°N and the Washington-Canada border at 

approximately 48.5°N were used in this analysis. 
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Figure 3.1: Study area of the GAM analysis (outlined in orange) defined by the intersection of AFSC trawl survey tows       
with seafloor lithology maps for Washington (left panel) and Oregon (right panel).
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Species Selection 

There were 640 separate species codes entered into the database from the 

1977-2001 AFSC Triennial surveys. To analyze and interpret the relationships 

between canary rockfish presence and each species caught would be difficult, so the 

species selected for the model were reduced to a more manageable number. Using the 

1977-2001 AFSC trawl survey data, the percentage each species contributed to the 

total survey biomass was calculated by dividing the total weight for that species in all 

survey years by the total survey biomass. Species were sorted in ascending order and 

the cumulative percentage of total survey biomass was calculated. After excluding the 

five most abundant non-fish species (jellyfish, echinoderms, Brisaster latifrons, 

unidentified heart urchins, and Cancer magister, which together made up 2.82% of the 

survey biomass), the 47 most abundant species comprising 95% of the total survey 

biomass were selected. Correlations with canary rockfish were calculated based on 

species presence (1) or absence (0) in each survey tow rather than species weights so 

that large catches would not falsely inflate the coefficient of correlation.  The five 

species most correlated with canary rockfish were chosen for inclusion in the analysis. 

Although some invertebrates were identified to species during the surveys, for 

the purposes of this analysis, sponges were defined as species belonging to the phylum 

Porifera, while black corals, gorgonian corals, hydrocorals, cup corals, and soft corals 

were grouped as corals. All crinoids were grouped together, and only one species of 

basketstar was present in the survey data. For each survey tow, presence (1) or 

absence (0) of the above fish and invertebrate species was recorded so that their 

influence on the presence canary rockfish could be determined.    

Proximity Analysis 

Canary rockfish hotspots, or areas with high canary rockfish catch, were 

created from Oregon commercial trawl logbook data, in order to provide information 

on distinct areas where the trawl fishing fleet had successfully caught canary rockfish 
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in the past (refer to Chapter 2). Canary rockfish presence was expected to be higher in 

survey tows that were located in close proximity to canary rockfish hotspots.  

Canary rockfish are known to aggregate around pinnacles and other high relief 

rock, and have been observed over flat rock and in mixed mud-boulder habitats (Love 

et al. 2002). Based on this information, the presence of canary rockfish was expected 

to be higher in survey tows that were located in close proximity to areas identified as 

having hard or mixed bottom.  

Spatial analysis and mapping were performed using ArcGIS Desktop versions 

9.2 and 9.3 (Environmental Systems Research Institute, ESRI, Redlands, California), 

and included the use of the ArcInfo workstation, various ESRI extensions, and 

additional software tools (see Appendix A). In order to minimize spatial error, data 

layers created and used in this analysis were standardized using the same projected 

coordinate system (UTM Zone 10N) and datum (WGS 1984). This projection is well 

suited for north-south areas such as the U.S. Pacific west coast, which falls along the 

center of Zone 10N, and places the central meridian within the center of interest to 

minimize distortion of spatial properties in that region.  

Trawl survey data were imported into ArcInfo, with trawl tow tracks and tow 

start and end points mapped to represent the location of each tow. After visually 

comparing the proximity of survey tows to canary rockfish hotspots and the various 

Bottom Type polygons, it was apparent that the midpoints of many trawl tracks were 

closer to the edge of the polygon of interest than either of the tow endpoints. The 

midpoint of each trawl track was calculated, and while the actual survey tow midpoint 

was not recorded in the database, it was assumed that the tow midpoint calculated 

provided a sufficiently accurate midpoint position since it was derived from the tow 

start and end locations, and survey tows were only 30 minutes in duration.  

Distances to the nearest canary rockfish Hotspot, Hard Bottom, and Mixed 

Bottom Type polygons were calculated for each survey tow using the Near Tool in 

ArcGIS. Each time a Near operation was performed, three Near Distances were 

calculated; one for the tow start position, one for the tow midpoint, and one for the 
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tow end position. If a canary rockfish hotspot polygon or bottom type polygon 

contained or intersected a trawl survey tow start-, mid-, or endpoint, the Near Distance 

was zero. For each survey tow, the point that was closest (i.e., the minimum Near 

Distance) to the particular polygon in question was selected for use in the GAM 

analysis.  

Bathymetric Data Analysis 

Since canary rockfish are found in rocky, high relief areas, and are known to 

aggregate around pinnacles and sharp drop-offs (Love 1996, Love et al. 2002), it 

seemed prudent to investigate how canary rockfish presence was affected by the slope 

and rugosity of the seafloor.  The slope and rugosity rasters analyzed in this study 

were derived from 100-meter gridded bathymetric data using the Benthic Terrain 

Modeler (BTM), and were provided by the OSU ATSML. The BTM analyzes 

bathymetry data to derive various products, such as slope, aspect, rugosity and 

bathymetric position index, which can be used to classify benthic terrain.  

Both slope and rugosity rasters contained artifacts resulting from the overlay of 

different bathymetry data on top of one another. The mismatch in the quality of the 

various bathymetry data sources was displayed in ArcGIS as distinct lines (from ship 

tracks) with artificially elevated slope and rugosity values. To avoid incorporating 

these artifacts into the GAM model, the survey tows in Washington and Oregon that 

intersected the artifacts were removed from the analysis. To aid in the extraction of 

slope and rugosity data, the remaining trawl survey tow lines were converted to points 

at 50 m intervals. Since the slope and rugosity raster data were only available for the 

area covered by the seafloor lithologies, the trawl survey tows that extended beyond 

the boundaries of these maps (i.e., those crossing into California or into Canada) were 

removed from the analysis.  

Slope 

Slope, the first derivative of depth, is defined as the change of elevation in the 

neighborhood of a target pixel. Since it is limited by the spatial resolution of the data, 
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here it is referred to as the local slope. Slope grids have been used by Romsos et al. 

(2007) to confirm the presence and extent of flat or inclined topography observed in 

the bathymetric image, with areas of high local slope (>10°) corresponding well to 

ridge and canyon wall habitat types off Oregon. Whitmire (2003) found that ridges on 

Heceta Bank produced medium slope values between 4°-30°, while areas of boulders 

or cobbles or flat surfaces of unconsolidated sediments had slope values <4°. These 

studies suggest that slope can potentially be a useful tool in determining the 

relationship between canary rockfish presence and the physical characteristics of the 

seafloor in areas where they are found.  

Gridded slope data were imported into ArcGIS, slope values were extracted to 

each point along individual trawl survey lines, and the maximum slope value for each 

survey tow was selected for use in the GAM analysis.  

Rugosity 

Rugosity is a measure of terrain complexity, or roughness, which is based on 

the area of a 3-dimensional surface relative to a 2-dimensional surface area. The 3D 

surface is approximated by a set of 8 triangles arranged to form a square. First, a 

cluster of nine grid cells is examined, with the center grid cell being the unit whose 

rugosity value will be calculated based on its relation to its eight neighboring cells 

(Figure 3.2). Then, the center points of the eight adjacent grid cells are linked to the 

centroid of the center grid cell, and the areas of the eight triangles that result are 

calculated and summed for comparison to the 2D, or planimetric area, of the center 

cell. The ratio of the 3D surface versus the 2D area has a minimum value of one, and 

while typical values range from one to three, larger values are possible in very steep 

terrains. 
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Figure 3.2: Rugosity is a measure of terrain complexity, or roughness, which is 
based on the area of a 3-dimensional surface relative to a 2-dimensional surface 
area. The 3D surface is approximated by a set of eight triangles arranged to form 
a square.  

Gridded rugosity data were imported into ArcGIS, rugosity raster values were 

extracted to each point along individual trawl survey lines, and the maximum rugosity 

value for each survey tow was selected for use in the GAM analysis.   

During preliminary modeling and data exploration, several rugosity outliers 

were uncovered. The GAM output summaries for several models suggested that the 

rugosity smooth term should remain in the model. While the p-value was not 

statistically significant, in each case the model fit decreased when the rugosity smooth 

term was removed. However, upon closer inspection of the smooth plots, only a few 

outlying rugosity data points seemed to be influencing the fit of the GAM. Further 

inspection of the trawl survey data revealed only one of these tows caught canary 

rockfish, so these outliers (rugosity values between 1.21 and 1.868) were removed 

from the dataset. To ensure equal treatment of the data used to build and test the 
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various models, two tows in the same range of rugosity values (1.600 and 1.815) were 

removed from the dataset used to validate the models. 

In addition to the rugosity outliers, the preliminary modeling and data 

exploration revealed a strong year effect on the presence of canary rockfish, therefore, 

year was included in each model as a factor. Subsequent tests indicated that Julian day 

was significant in some of the models, so a more thorough investigation into the 

timing of the survey was conducted. In the most recent canary rockfish stock 

assessment, Stewart (2007) identified the large change in triennial survey timing as a 

major concern, and partitioned the triennial trawl survey index into two-time periods, 

1980-1992 and 1995-2004. To test if survey timing had an effect on the presence of 

canary rockfish, timing was included as a factor in each model, with late survey timing 

(1986-1992) coded as 1, and early survey timing (1995-2001) coded as 0. Various 

models incorporating timing, Julian day, and year as factors were compared for each 

model category to determine the effect of each on canary rockfish presence.  

Data Displays 

Canary rockfish catch data and substrate type were mapped over the 

Washington and Oregon coasts using ArcGIS. Maps showing bathymetry and the 

locations of trawl survey tows, along with the relative canary rockfish catch, were 

created for each survey year used in the GAM analysis (1986-2001) in order to 

visualize locations of canary rockfish catch in the study area.  

Graphs were created to show the relationship between the percent of survey 

tows that caught a canary rockfish and levels of different explanatory variables, such 

as bottom depth, bottom temperature, and distance to the nearest canary rockfish 

hotspot, hard bottom and mixed bottom types. Histogram bars represent the proportion 

of the tows within a given category of the chosen explanatory variable (i.e., a 

particular depth bin in the bottom depth graph) that caught canary rockfish. The 

proportion of tows with positive catches of canary rockfish is essentially what the 

GAM attempts to model, and takes into consideration both tows with and without 
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canary rockfish catch. After calculating the percentage of survey tows in each depth 

bin that caught one or more canary rockfish, survey tows with zero canary rockfish 

catch were removed from the dataset, and the cumulative percentages of survey tows 

with canary rockfish and canary rockfish CPUE were calculated for each variable and 

its associated bin value. The curve representing the cumulative percent of tows with 

canary shows how the tows that caught canary rockfish were distributed with regard to 

the particular explanatory variable examined, but without regard to how many canary 

rockfish were caught in any tow. The curve representing the cumulative percent 

canary rockfish CPUE demonstrates how the abundance of canary rockfish was 

distributed with regard to the particular explanatory variable. If each tow caught the 

same number of canary rockfish then the two cumulative percent curves would lie on 

top of each other. If, however, each tow did not catch the same number of canary 

rockfish, then the curves are not superimposed on each other.  

Additionally, a scatterplot matrix comparing Julian day, latitude, longitude, 

slope maximum, and rugosity maximum for tows that caught canary rockfish was 

created in order to visualize and interpret the relationships between these variables.  

Statistical Modeling 

The statistical analysis was conducted using a non-parametric regression 

technique, namely the generalized additive model (GAM). Essentially, GAM is a 

flexible regression technique that is not tied to a functional relationship (e.g., linearity, 

Wood 2006). The advantage of using GAM is that the environmental variables are 

assumed to affect the dependent variable through additive and unrestrictive smooth 

functions, and thus GAM are very well-suited to model nonlinear species-environment 

interactions (Hastie and Tibshirani 1990). The local smoother in GAM replaces the 

least squares estimate of the multiple linear regression, while the deviance, or the 

likelihood-ratio statistic, takes the role of the residual sum of squares for generalized 

models (Maravelias 2001). In addition to being less restrictive in the assumptions 

about the underlying functional relationships among covariates, GAM provides a data-
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defined assessment of the shape of a species’ response to independent variables 

(Maravelias and Papaconstantinou 2003). 

For the GAM analysis, only AFSC Triennial bottom trawl survey data from the 

1986 (n = 168), 1989 (n = 37), 1992 (n = 242), 1995 (n = 241), 1998 (n = 249), and 

2001 (n = 236) surveys were used, due to concerns over the accuracy of the 

temperature data (Wilkins, personal communication) and insufficient bottom contact 

by the trawl gear in earlier survey years (Zimmermann 2003). GAMs were developed 

to model trends in canary rockfish presence or absence in the Triennial surveys as 

functions of survey year, survey vessel, Julian day of tow, geographical location (start 

latitude and longitude), bathymetry, temperature, proximity to canary rockfish 

hotspots, hard and mixed bottom types, slope, rugosity, and the presence/absence 

various fish and invertebrate species (yellowtail, silvergray, greenstriped, and redstripe 

rockfish, lingcod, corals, sponges, crinoids, and basketstars). The presence or absence 

of canary rockfish was modeled using GAM with a binomial distribution family and a 

logit link function (e.g., Fox et al. 2000).  

Of the 22 variables used in the GAM analysis, 12 were treated as factors, and 9 

were treated as smooth terms (Table 3.1). The positional effect of latitude and 

longitude was captured through the interaction of the two terms, which were combined 

into one smooth term for the GAM analysis.  

To determine how complex of a model was needed to accurately predict the 

distribution of canary rockfish, various model formulations were developed based on 

the characteristics of the covariates and their anticipated influence on the canary 

rockfish response. The basic Hotspot Model related canary rockfish presence/absence 

to the proximity of a survey trawl tow to a canary rockfish hotspot. The Substrate 

Model investigated how the presence of canary rockfish was influence by a tow’s 

distance to hard and mixed bottom types, along with seafloor slope and rugosity 

maximums. The Physical Model included several covariates related to physical 

characteristics of the tow, such as tow location, gear depth, temperature, and distance 

to hard, and mixed bottom types, while the Biological Model was based on the 
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presence/absence of other fish and invertebrate species. Effectively, the Biological 

Model is a generalized linear model, because there are only factor variables. Finally, 

the Full model was the most complex and included the full set of explanatory variables 

that was considered. The various models tested are summarized below, where the 

notation ‘s (X)’ represents a smooth function of the variable (X). 

 

Hotspot Model: 4 covariates 

canary ~  factor (year) + factor (timing) + s (Julian) + s (hotspot.dist)        

         

Substrate Model: 7 covariates 

canary ~  factor (year) + factor (timing) + s (Julian) + s (hard.dist) + s (mixed.dist) +  

s (slope.max) + s (rugo.max) 

 

Proximity Model: 6 covariates 

canary ~  factor (year) + factor (timing) + s (Julian) + s (hotspot.dist) + s (hard.dist) + 

s (mixed.dist) 

 

Physical Model: 10 covariates 

canary ~  factor (year) + factor (timing) + s (Julian) + s (longitude, latitude) + s (temp) 

+ s (bot.depth) + s (hard.dist) + s (mixed.dist) + s (slope.max) + s (rugo.max)  

 

Biological Model: 12 covariates 

canary ~  factor (year) + factor (timing) + s(Julian) + factor (yellowtail) +  factor 

(silvergray) + factor (greenstriped) + factor (redstripe) + factor (lingcod) + factor 

(coral) + factor (sponge) + factor (crinoid) + factor (basketstar) 
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Full Model: 22 covariates 

canary ~  factor (vessel) + factor (year) + factor (timing) +factor (yellowtail) + factor 

(silvergray) + factor (greenstriped) + factor (redstripe) + factor (lingcod) + factor 

(coral) + factor (sponge) + factor (crinoid) + factor (basketstar) + s (Julian) + s 

(longitude, latitude) + s (temp) + s (bot.depth) + s (hotspot.dist) + s (hard.dist) + s 

(mixed.dist) + s (slope.max) + s (rugo.max) 
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Table 3.1: Summary of variables used in the GAM analysis. 

 

Variable Type Description Data Source

vessel factor survey vessel used 1986 - 2001 AFSC triennial bottom trawl survey

year factor year of survey 1986 - 2001 AFSC triennial bottom trawl survey

Julian smooth date of survey tow according to Julian calendar 1986 - 2001 AFSC triennial bottom trawl survey

timing factor timing of survey; early (1995-2001) or late (1986-1992) 1986 - 2001 AFSC triennial bottom trawl survey

yellowtail factor presence/absence of yellowtail rockfish 1986 - 2001 AFSC triennial bottom trawl survey

silvergray factor presence/absence of silvergray rockfish 1986 - 2001 AFSC triennial bottom trawl survey

greenstriped factor presence/absence of greenstriped rockfish 1986 - 2001 AFSC triennial bottom trawl survey

redstripe factor presence/absence of redstripe rockfish 1986 - 2001 AFSC triennial bottom trawl survey

lingcod factor presence/absence of lingcod 1986 - 2001 AFSC triennial bottom trawl survey

sponge factor presence/absence of sponges (all Porifera) 1986 - 2001 AFSC triennial bottom trawl survey

coral factor presence/absence of selected corals 1986 - 2001 AFSC triennial bottom trawl survey

crinoid factor presence/absence of crinoids 1986 - 2001 AFSC triennial bottom trawl survey

basketstar factor presence/absence of basketstars 1986 - 2001 AFSC triennial bottom trawl survey

longitude, latitude smooth start position of survey tow 1986 - 2001 AFSC triennial bottom trawl survey

bot.depth smooth bottom depth of survey tow 1986 - 2001 AFSC triennial bottom trawl survey

temp smooth temperature recorded during survey tow 1986 - 2001 AFSC triennial bottom trawl survey

hotspot.dist smooth distance to nearest canary rockfish hotspot polygon Oregon commercial trawl logbooks (midwater, groundfish, bottom)

hard.dist smooth distance to nearest hard bottom polygon (rock) Interim Seafloor Lithology Maps for Washington and Oregon

mixed.dist smooth distance to nearest mixed bottom polygon (boulder, rock/sand) Interim Seafloor Lithology Maps for Washington and Oregon

slope.max smooth maximum seafloor slope encountered during survey tow 100-meter gridded bathymetric data from Benthic Terrain Modeler

rugo.max smooth maximum seafloor rugosity encountered during survey tow 100-meter gridded bathymetric data from Benthic Terrain Modeler
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Approximately 85% of the data, or 995 tows, were used to build each model, 

while 15% of the observations, or 172 tows, were randomly selected and reserved for 

model validation. All of the variables were initially included in each model, and the 

set of significant covariates were selected using backward stepwise elimination based 

on the significance term of each model (i.e., variables with the highest p-value were 

removed first). The model with the lowest Un-Biased Risk Estimator (UBRE) score, 

which is a measure of the predicted squared error of the fitted model, was chosen to 

explain the presence/absence of canary rockfish. An important feature of the UBRE 

formulation is that excessively wiggly functions (i.e., those with high degrees of 

freedom) are penalized, making the UBRE efficient in compromising between 

roughness and smoothness. 

Statistical Model Validation 

Once a final model was selected in each category, the residual deviance and 

residual degrees of freedom were calculated, and the observed and predicted values 

were plotted to visually inspect the fit of the model to the data. To examine the 

observed and predicted values for the spatial location covariate, which captured the 

interaction between latitude and longitude, a grid with a cell size of 0.25° x 0.25° was 

overlaid on the study area. The number of tows with canary rockfish catch within each 

cell was determined, and then divided by the total number of survey tows falling 

within that grid cell, essentially providing the proportion of tows with canary rockfish 

catch per cell. Grid cells without any samples were removed, while both observed and 

predicted proportions of canary rockfish were calculated and overlaid on the 

corresponding grid cell. 

Deviances and residual degrees of freedom were calculated for each term to 

determine the relative importance of each covariate in the final model in each 

category, with models being ranked according to the lowest residual deviance. The 

reserved survey data were then used to validate each model, and again, the validation 

models were ranked according to the lowest calculated residual deviance. Ultimately, 
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the model chosen from the Full Model category produced the lowest UBRE score 

overall, with both the lowest residual deviance when the model was developed and 

validated. Therefore, this final Full Model was selected as the appropriate model to 

predict canary rockfish presence, and plots were created to demonstrate the effect each 

covariate had on canary rockfish presence. All of the statistical analyses were carried 

out in R, using the ‘mgcv’ library (Wood 2006). 

Results 

Species Selection  

Correlations with canary rockfish of the 47 most abundant species, which 

together made up 95% of the total 1977-2001 AFSC survey biomass, ranged from -

0.14 to 0.33 (Table 3.2). The five species most correlated with canary rockfish were 

yellowtail rockfish (S. flavidus, r = 0.333), silvergray rockfish (S. brevispinus, r = 

0.286), greenstriped rockfish (S. elongatus, r = 0.282), redstripe rockfish (S. proriger, 

r = 0.237), and lingcod (Ophidon elongatus, r = 0.216).  

Several invertebrate species were selected for the analysis based on their 

expected co-occurrence with canary rockfish. All sponges, defined as species 

belonging to the phylum Porifera, were included, while black corals, gorgonian corals, 

hydrocorals, cup corals, and soft corals were selected to represent the coral category. 

All crinoid records were grouped together in the crinoid category, while only one 

species of basketstar was present in the survey data. 
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Table 3.2: Correlations and ranks of the 47 most abundant fish species 
comprising 95% of the Total AFSC Survey Biomass. Species marked with an 
asterisk (*) were included in the GAM analysis. 

 

Substrate Analysis 

The total area covered by the seafloor lithology maps was 77,127.69 km2. The 

Hard Bottom category consisted of 1864 polygons, which covered 2148.16 km2, or 

2.79% of the total seafloor area. Mixed Bottom seafloor type was made up of 83 

polygons, and covered 382.21 km2, or 0.50% of the total area. The area covered by the 

976 polygons classified as Soft Bottom was 74,597.23 km2, or 96.7% of the total 

Species Corr Rank Species Corr Rank

* Canary rockfish 1 N/A Pacific halibut 0.131 11

Pacific hake -0.09 43 Widow rockfish 0.156 9

Spiny dogfish 0.042 19 Shortspine thornyhead -0.07 40

Sablefish 0.018 25 * Silvergray rockfish 0.286 2

Dover sole 0.042 20 Walleye pollock 0.033 22

Arrowtooth flounder 0.128 12 * Greenstriped rockfish 0.282 3

* Yellowtail rockfish 0.333 1 Spotted ratfish 0.088 15

Pacific sanddab -0.01 31 American shad 0.017 26

Rex sole -0.02 34 Longnose skate 0.022 23

Shortbelly rockfish 0.036 21 Pacific cod 0.191 7

Splitnose rockfish -0.1 45 Petrale sole 0.116 14

Chilipepper rockfish -0.05 37 Pygmy rockfish 0.171 8

Jack mackerel -0.02 36 Eulachon 0.122 13

Pacific ocean perch 0.017 27 Slender sole 0.072 16

Stripetail rockfish -0.01 30 Big skate -0.01 29

Pacific herring 0 28 Rougheye rockfish -0.06 39

* Lingcod 0.216 5 Flathead sole 0.059 17

* Redstripe rockfish 0.237 4 Chinook salmon -0.06 38

English sole 0.045 18 Aurora rockfish -0.14 46

Bocaccio rockfish 0.147 10 Plainfin midshipman -0.09 44

Sharpchin rockfish 0.193 6 Pacific sardine -0.01 33

Darkblotched rockfish 0.019 24 Bigfin eelpout -0.08 41

Chub mackerel -0.02 35 Redbanded rockfish -0.01 32
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seafloor area. The seven excluded Cobble and Tuff polygons covered only 0.095 km2, 

or less than 0.001% of the total study area. 

Proximity Analysis 

A total of 216 canary rockfish hotspots, or areas identified as having high 

canary rockfish catch, were created from Oregon commercial trawl logbook data. The 

minimum hotspot area was small, only 0.35 m2, and the maximum was 72.32 km2, 

while the average hotspot area was 4.43 km2. Of the 216 hotspots, 205 of them 

contained at least one commercial trawl tow in which canary rockfish were caught, 

while 11 hotspots did not contain any commercial tows with canary rockfish catch. 

The distance of a trawl survey tow to the nearest canary rockfish hotspot ranged from 

0 m (56 tows) to 32, 905 m.  

In addition, the distance of a trawl survey tow to the nearest hard bottom (rock) 

or mixed bottom (boulder, rock/sand) area was measured to determine if the proximity 

of a trawl survey tow to these bottom types had an effect on the presence of canary 

rockfish. The distance from a trawl survey tow to hard bottom was between 0 m (49 

tows) and 38,394 m, while the distance to mixed bottom ranged from 0 m (26 tows) to 

216,160 m.  

Bathymetric Data Analysis 

The bathymetric data analyzed in this study provided basic information on the 

slope and rugosity of seafloor relative to the locations of the trawl survey tows, so that 

their effects on canary rockfish presence could be determined.  

After removing the trawl survey tows that intersected the artifacts in the slope 

and rugosity rasters, the number of tows available for the analysis was reduced from 

2955 to 2899. This number was further reduced to 2889 after the 10 tows that crossed 

into California and Canada were removed, due to the fact that slope and rugosity raster 

data were not available for these areas.  
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Data Displays 

Canary rockfish were encountered in 256 (21.8%) of the 1173 AFSC survey 

tows used in this analysis that were made off Washington and Oregon between 1986 

and 2001. The number of survey tows that caught canary rockfish was higher in the 

1986 survey (Figure 3.3), encountering greater numbers of canary rockfish than the 

1989 survey (Figure 3.4). While a greater number of survey tows were made off the 

northern Washington coast in 1986 than in 1989, not only did more of the 1986 tows 

have canary rockfish catch, but the number of canary rockfish caught was higher than 

that caught in 1989. This pattern is evident along both the Washington and Oregon 

coasts. The number of tows with canary rockfish catch in the 1992 survey (Figure 3.5) 

was similar to that of the 1989 survey, with minimal change in the catch locations 

between the two survey years. Very few survey tows in 1995 caught canary rockfish, 

though there still seemed to be canary rockfish catch around Heceta Bank off Oregon. 

However, for the northern Washington coast, which in previous years had more tows 

with positive catches and higher numbers of canary rockfish, the 1995 canary rockfish 

catch was virtually non-existent (Figure 3.6). The number of survey tows that caught 

canary rockfish increased from 1995 to 1998 (Figure 3.7), though the number of 

canary rockfish caught was extremely low, and did not exceed 19 fish in any one tow. 

While the locations where canary rockfish were caught in the 2001 survey were 

similar to those in the 1998 survey, canary rockfish were encountered in higher 

numbers (Figure 3.8).    
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Figure 3.3: 1986 AFSC Triennial bottom trawl survey sites with associated canary rockfish catch.  
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Figure 3.4: 1989 AFSC Triennial bottom trawl survey sites with associated canary rockfish catch.  
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Figure 3.5: 1992 AFSC Triennial bottom trawl survey sites with associated canary rockfish catch. 
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Figure 3.6: 1995 AFSC Triennial bottom trawl survey sites with associated canary rockfish catch. 
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Figure 3.7: 1998 AFSC Triennial bottom trawl survey sites with associated canary rockfish catch. 
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Figure 3.8: 2001 AFSC Triennial bottom trawl survey sites with associated canary rockfish catch.



 

 

71 

Canary rockfish were strongly associated with particular depths, and were only 

found between depths of 57 m and 307 m (Figure 3.9). The highest percentages of 

survey sites with canary rockfish catch were between 125 m and 199 m, with no 

canary rockfish found in the 150 tows made in depth bins greater than 325 m. Over 

90% of the tows with canary rockfish catch and over 99% of the canary rockfish 

CPUE occurred between the depths of 57 m and 199 m.  

Figure 3.9: Cumulative percent of canary rockfish tows and CPUE, and percent 
of trawl survey tows with one or more canary rockfish present, in relation to 
bottom depth. The number of tows completed in each depth bin is shown. 

Canary rockfish were only caught at temperatures between 6.2°C and 9.0°C 

(43.2°F and 48.2°F) in the survey, with over 89% of the tows with canary rockfish 

catch and almost 99% of the canary rockfish CPUE occurring between 6.2°C and 

7.9°C (43.2°F and 46.0°F). The highest percentages of survey sites with canary 

rockfish catch occurred between 6.8°C and 7.3°C, with canary rockfish present at 

roughly 30% of the survey sites in these temperature bins (Figure 3.10).  
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Figure 3.10: Cumulative percent of canary rockfish tows and CPUE, and percent 
of trawl survey tows with one or more canary rockfish present, in relation to 
temperature.  The number of tows completed in each bin is shown. 

Over 50% of the tows catching canary rockfish and almost 54% of the canary 

rockfish CPUE were within four kilometers of a hotspot, which was an area of high 

canary rockfish catch identified from commercial trawl logbook data (Figure 3.11). 

Additionally, almost 40% of the survey tows conducted within 1 or 2 kilometers of a 

hotspot caught one or more canary rockfish. The jump in the canary rockfish CPUE 

seen at a hotspot distance of 8-9 km was mostly attributed to a single large canary 

rockfish tow with a CPUE of 846.99 kg/km. The percent of tows with canary rockfish 

catch generally decreased as the distance from a hotspot increased, except for an 

increase between 19 and 21 km.  
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Figure 3.11: Cumulative percent of canary rockfish tows and CPUE, and percent 
of trawl survey sites with one or more canary rockfish present, in relation to 
hotspot distance. The number of tows completed in each bin is shown. 

The relationship between canary rockfish presence and distance to hard bottom 

was less apparent than those for bottom depth, temperature, and hotspot distance. 

While 33% of the survey sites within 1 km of hard bottom caught one or more canary 

rockfish, only 19% of the tows with canary rockfish and roughly 25% of the canary 

rockfish CPUE was accounted for at this distance (Figure 3.12). At a distance of 10 

km, 70.7 % of the tows that caught canary rockfish and 74.6% of the canary rockfish 

CPUE were accounted for. Large increases in the canary rockfish CPUE between 7 

and 8 km and 16 and 17 km were attributed to a few tows with large canary rockfish 

catches. 

Distance to mixed bottom showed no clear relationship with canary rockfish 

presence or abundance. Just over 10% of the tows that caught one or more canary 

rockfish, and 20% of the canary rockfish CPUE had been accounted for within 10 km 

of mixed bottom (Figure 3.13). The percent of sites with canary rockfish catch were 

fairly evenly spread across all depth bins, making it difficult to discern the mixed 

bottom relationship, if any. 
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Figure 3.12: Cumulative percent of canary rockfish tows and CPUE, and percent 
of trawl survey tows with one or more canary rockfish present, in relation to 
hard bottom distance. The number of tows completed in each bin is shown. 

 

 

Figure 3.13: Cumulative percent of canary rockfish tows and CPUE, and percent 
of trawl survey tows with one or more canary rockfish present, in relation to 
mixed bottom distance. The number of tows completed in each bin is shown.  
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There was a strong relationship between Julian day and latitude (Figure 3.14). 

The survey followed a south to north pattern along the coastline, with the shift in 

survey timing clearly evident. No relationship between Julian day and the other 

covariates was apparent. Slopes appeared greater at higher latitudes, as did rugosity 

maximums. The highest slope and rugosity values occurred between 124.5°W and 

125.0°W. Most survey tows with canary rockfish had low slope and rugosity values. 

 

Figure 3.14: Scatterplot matrix of Julian day, latitude, longitude, slope and 
rugosity covariates from AFSC trawl survey tows with canary rockfish catch. 
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Statistical Modeling 

During the backward stepwise elimination process, terms were removed from a 

model based on the significance of each term in each model (i.e., variables with the 

highest p-value were removed first) and the UBRE score that resulted when that 

particular term was removed. Since the UBRE score is a measure of the predicted 

squared error of the fitted model and is penalized somewhat by model complexity, the 

model with the lowest UBRE score represents the best fit to the data. Even if the p-

value of a term was not significant, if the UBRE score increased when the term was 

removed, that term remained in the model.  

The timing factor dropped out of each model category tested, but was the only 

term that dropped out of the Hotspot Model (Table 3.3). The UBRE score of the final 

Substrate Model was lowest when the mixed bottom distance and the slope smooth 

terms were removed. The final Substrate Model was the only other model, besides the 

final Hotspot model, in which the Julian day term remained. All three of the distance 

smooth terms (hotspot, hard bottom and mixed bottom) remained in the final 

Proximity Model. The UBRE score of the final Physical Model was lowest after the 

slope, rugosity and temperature smooth terms were removed, while the removal of the 

sponge and crinoid factors produced the lowest UBRE score for the final Biological 

Model. In addition to the timing factor and Julian day smooth term dropping out of the 

final Full Model, the UBRE score was lowest when vessel, greenstriped, sponge and 

coral factors were removed, and the slope, rugosity, and temperature smooth terms 

were removed.   

Overall, the model chosen from the Full Model category, the final Full Model, 

had the lowest UBRE score (-0.17725) and explained the most deviance (27.1%) of all 

the models, and was therefore ranked as the best model to explain the presence of 

canary rockfish based on its UBRE score. The other final models, ranked in 

descending order based on their UBRE score were the Biological, Physical, Proximity, 

Hotspot, and Substrate models.  
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Table 3.3: Comparison of GAM models showing factors and smooth terms along with associated adjusted R2, Deviance 
Explained, and UBRE score. Models are ranked according to lowest UBRE score. In = term remained in model; Out = term 
removed from model.  
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%Dev 

Expl'd UBRE Rank

Hotspot In Out In In 0.128 12.4% -0.0632 5

Substrate In Out In In Out Out In 0.1 11.0% -0.03641 6

Proximity In Out Out In In In 0.138 13.9% -0.06751 4

Physical In Out Out In In Out Out In In Out 0.194 21.8% -0.13751 3

Biological In Out Out In In In In In In Out Out In 0.204 20.2% -0.14065 2

Full In Out Out In In In Out Out In In Out In In Out In In In Out Out In Out 0.254 27.1% -0.17725 1
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Statistical Model Validation 

While the final Full Model had the lowest UBRE score out of all the models, 

further testing was required to determine if it was the best model to use for predicting 

the presence of canary rockfish. The residual deviance of each model was calculated, 

along with the model degrees of freedom. Unlike other standard statistical modeling 

approaches, fractional degrees of freedom are possible because the smoothers used in 

GAM utilize the same data points more than once. While large model deviances are 

preferred, since more of the variability in the data is explained, large residual 

deviances are undesirable, since they are measuring the fit of the model to the data. 

The model categories differ in the explanatory variables they use and in how well they 

fit the data. For example, the final Full Model had nine more variables than the final 

Hotspot Model, but the extra complexity also provided a great improvement in the fit, 

a drop of 152.47 deviance units (Table 3.4). The better fit of the final Full Model was 

expected, given its greater number of explanatory variables, however, because of this, 

the model used up the most degrees of freedom. The final Full Model also provided a 

much better fit than the final versions of the simpler Biological Model (a drop of 74.56 

deviance units), and the Substrate Model (a drop of 166.75 deviance units). The final 

Physical Model fit the data almost as well as the final Full Model, with a difference of 

55.14 deviance units, but had fewer explanatory variables and used up fewer degrees 

of freedom. However, based on the ordering of the residual deviance, the final Full 

Model was considered most appropriate for fitting the presence of canary rockfish.  
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Table 3.4: Summary of model deviances, degrees of freedom (DF) and model 
rank, based on the lowest residual deviance. 

 

The relative importance of the individual terms making up each of the final 

models was determined by measuring the change in residual model deviance and 

degrees of freedom that resulted from dropping each variable one-at-a-time from the 

final model. For the sake of simplicity, the changes in residual deviances and degrees 

of freedom are only shown for final Full Model (Table 3.5). Removing the Year factor 

from each of the final models resulted in the largest increases in residual deviance 

units, suggesting that the Year factor was extremely important in explaining the 

presence of canary rockfish. For the final Full Model, removing the Year factor 

resulted in an increase of 43.23 deviance units, while removing the location (combined 

latitude and longitude) smooth term had the second largest increase in deviance, a total 

of 26.90 units. Bottom Depth appeared to be the third most important variable in the 

Full Model, with an increase of 17.66 deviance units observed when it was removed 

from the model. The most surprising result was that the residual deviance 

Model 

Category Deviance DF Rank

Hotspot 909.96 983.93 5

Substrate 924.24 977.73 6

Proximity 893.76 977.97 4

Physical 812.63 972.23 2

Biological 829.05 982.00 3

Full 757.49 964.42 1
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Table 3.5: Relative importance of each final Full Model variable expressed as 
changes in residual deviance values and changes in degrees of freedom after the 
variable was removed.  

 

actually decreased when the Mixed Distance smooth term was removed from the 

model, suggesting the final Full Model’s fit to the survey data was better when this 

term was excluded. However, during GAM modeling process, the UBRE score 

increased when the Mixed Distance smooth term was removed. Since the UBRE score 

is a measure of the predicted squared error of the fitted model, the lower UBRE score 

Variable Residual Deviance DF

Removed Deviance Change DF Change

None (Full) 757.49 - 964.42 -

Year 800.71 43.23 968.46 4.03

Yellowtail 765.79 8.30 965.33 0.91

Silvergray 760.93 3.45 964.97 0.55

Redstripe 761.96 4.47 964.66 0.24

Lingcod 765.39 7.90 966.10 1.68

Coral 760.20 2.71 964.58 0.15

Basketstar 765.23 7.74 964.44 0.02

Lat/Long 784.39 26.90 974.15 9.72

Bot.Depth 775.15 17.66 962.21 -2.21

Hotspot 765.10 7.61 967.28 2.85

Hard.dist 759.98 2.49 965.61 1.18

Mixed.dist 752.59 -4.90 961.26 -3.17
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produced when the Mixed Distance term was in the final Full Model suggested that 

including this term gives the best fit to the data.  

The final step in the statistical modeling process was to validate the various 

models using the excluded survey dataset. In addition to examining the adjusted R2 

values, the UBRE scores, and the percent deviance explained, the residual deviance 

and the degrees of freedom were calculated for each model.  The models were then 

ranked based on their residual deviance, with the model having the lowest deviance 

giving the best fit to the data. The final Full Model, though much more complex than 

the final Substrate Model, provided an improvement in fit, with a drop of 67.48 

deviance units (Table 3.6). Though the drops in deviance were not as large when 

compared to the other models, the final Full Model provided the best fit to the 

validation dataset.   

After comparing the different models, the final Full Model was chosen as the 

most appropriate for predicting the presence of canary rockfish. In addition to having 

the lowest UBRE of all the models, it explained the greatest amount of the deviance, 

and had the lowest residual deviance. However, it should be noted that the final 

versions of the Physical and Biological models, which were simpler than the final Full 

Model, explained 21.8% and 20.2% of the deviance, and produced UBRE scores of -

0.13751 and -0.14065, respectively. Observed and predicted values from the final Full 

Model were plotted for each explanatory variable to examine the goodness of fit of the 

model to the data. For year, yellowtail, silvergray, redstripe, lingcod, coral, and 

basketstar factors, the binomial model fits to each level were exact. 
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Table 3.6: Application of the final models to the validation set, with associated 
adjusted R2 values, percent deviance explained, UBRE scores, residual deviances, 
model degrees of freedom, and model ranks, based on the lowest residual 
deviance. 

 

When observed and predicted values were plotted to visually inspect the fit of 

the final Full Model to the data, some interesting results were noted. Three large 

positive residuals were observed for 165 m, 285 m and the 305 m bottom depth classes 

(Figure 3.15). These fairly large discrepancies indicate that the model is not fitting the 

data as well as it should for these depth classes.  

 

% Dev. Residual Model

Model R
2

Expl'd UBRE Deviance DF Rank

Hotspot 0.0919 13.2% 0.069657 162.02 161.02 5

Substrate 0.00257 4.5% 0.14072 178.20 163.00 6

Proximity 0.095 15.6% 0.081142 157.46 157.75 4

Physical 0.136 20.5% 0.024732 148.26 158.00 2

Biological 0.104 16.6% 0.055812 155.60 159.00 3

Full 0.32 40.7% -0.01856 110.72 142.96 1
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Figure 3.15: Observed and predicted values for Bottom Depth produced by the 

final Full Model.  

Similarly, there were large positive residuals for the 17 km, 19 km and 29 km 

distance-to-hotspot classes, while the classes between 23 km and 27 km had residuals 

that were large and negative (Figure 3.16). However, the fit of the model to the data at 

other distance-to-hotspot classes were almost exact, indicating that the final Full 

Model fit the data well in these classes.  
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Figure 3.16: Observed and predicted values for Hotspot Distance produced by 
the final Full Model. 

When the graphs showing the observed and predicted values for the distance-

to-hard bottom classes were examined, large negative residuals were evident in the 25 

km, 29 km, and 31 km classes, while a fairly large positive residual was evident for 

the 27 km distance-to-hard bottom class (Figure 3.17). The final Full Model fit the 

data fairly well for the other hard bottom distance classes.  

Six large negative residuals were apparent, as well as four large positive 

residuals in the distance-to-mixed bottom evaluation, indicating that the mixed bottom 

smooth term is not fitting the data well (Figure 3.18). This result is not surprising, 

given that the p-value for the mixed bottom smooth was not significant in the GAM 

output summary, and that the residual deviance actually decreased when the mixed 

bottom term was removed from the model. The model’s fit to the data improved, 

however, as the distance to mixed bottom decreased, indicating that the model predicts 

more accurately when tows were closer to areas with mixed bottom. 
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Figure 3.17: Observed and predicted values for Hard Bottom Distance produced 
by the final Full Model. 

 

Figure 3.18: Observed and predicted values for Mixed Bottom Distance produced 
by the final Full Model. 
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Both observed and predicted proportions of canary rockfish for the final Full 

Model were calculated and overlaid on the corresponding grid cell (Figure 3.19), 

along with a scatterplot showing observed vs. predicted values for canary rockfish 

presence. While the general areas are similar between observed and predicted values, 

the model does not seem to produce a good fit to the data for the location term. 

 

Figure 3.19: Observed (left) and predicted (center) proportions of canary 
rockfish per 0.25° X 0.25° grid cell for location (latitude and longitude) produced 
by the final Full Model. Observed vs. predicted proportions are shown (right), 
with the line representing observed = predicted. Grayscale is related to the 
proportion of canary rockfish, with black being the highest. 
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In addition to the large discrepancies between some of the observed and fitted 

values, a jagged pattern is apparent. Given that the data were fit with a GAM 

smoother, it seems odd that the predicted values should vary so erratically with the 

four continuous explanatory variables. One possible explanation for this phenomenon 

could be that the observed and predicted values were binned into classes, and that if 

individual points were displayed, the lines connecting the points would be less jagged. 

Another explanation could be that the factor variables in the final Full Model also 

contribute to the predicted variables. The observed and predicted values for adjacent 

levels of the explanatory variable could have different values for the factor variables. 

For example, the value for the 150 m depth class may have been based on data from 

1986, whereas the adjacent values may have been from other years when canary 

rockfish were scarcer.  

The parametric component of the GAM summary output of the final Full 

model (see Appendix C): 

 

canary ~ factor (year) + factor (yellowtail) + factor (silvergray) + factor 

(redstripe) + factor (lingcod) + factor (coral) + factor (basketstar) + s (s.long, 

s.lat) + s (bot.depth) + s (hotspot.dist) + s (hard.dist) + s ( mixed.dist) 

 

indicated that the average probability of finding a canary rockfish in the reference 

survey year (1986) was 0.1721 (Table 3.7). The likelihood of encountering a canary 

rockfish decreased in relation to the reference year in 1989, 1992, 1995, 1998, and 

2001 by -0.1232, -0.1445, -0.1106, and -0.1115, respectively. Yellowtail rockfish were 

present in 232 of the 995 tows used in the analysis, and their presence was correlated 

with an increase in the probability of a canary rockfish being present to 0.2814. When 

silvergray rockfish were present, which occurred in 25 of the survey tows, the 

probability of a canary rockfish being present increased to 0.4180. Redstripe rockfish 

were present in 76 of the survey tows, with their presence increasing the average 

probability of finding a canary rockfish by 0.1378. The presence of lingcod, which 
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were encountered in 425 of the survey tows, increased the probability of finding a 

canary rockfish to 0.2534.  

Basketstars were found in 249 survey tows, and their presence increased the 

probability of a canary rockfish being present to 0.2835. The largest increase in the 

probability of encountering a canary rockfish was when corals were present, with the 

likelihood increasing by 0.6960 to 0.8682. However, corals were only encountered in 

four of the 995 survey tows, and since only two of those tows caught canary rockfish, 

the effect of coral on canary rockfish presence is most likely over-stated.  

 

Table 3.7: Summary of final Full Model factor estimates, with associated 
probabilities of canary rockfish presence and differences in effects against the 
reference survey year (1986).  

 

Covariates were plotted for the final Full Model to visualize the effect of each 

on the presence of canary rockfish presence (Figure 3.20). The y-axis in each covariate 

plot measures the effect that the covariate has on the response variable, and is on the 

logit scale. The x-axis for each covariate effect plot includes a ‘rug’, which shows the 

Estimate Combined Prob. Diff. from 

Factor Logit Scale Logit Canary Ref. Year

Intercept -1.5706 - 0.1721 -

1989 -1.8184 -3.389 0.0326 -0.1395

1992 -1.3957 -2.9663 0.0490 -0.1232

1995 -1.9907 -3.5613 0.0276 -0.1445

1998 -1.1544 -2.725 0.0615 -0.1106

2001 -1.1706 -2.7412 0.0606 -0.1115

Yellowtail 0.6331 -0.9375 0.2814 0.1093

Silvergray 1.2397 -0.3309 0.4180 0.2459

Redstripe 0.7701 -0.8005 0.3099 0.1378

Lingcod 0.4899 -1.0807 0.2534 0.0812

Coral 3.4555 1.8849 0.8682 0.6960

Basketstar 0.6436 -0.927 0.2835 0.1114
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density of the data over the range of variation. The effect of each variable is the 

conditional effect, meaning that it is the effect that variable has, given the other 

variables are included in the model. The cumulative effect at any given point is given 

by the sum of all partial effects, plus a constant, which in this case is the average of 

the response variable, or average canary rockfish presence. The spatial location effect 

is a result of the interaction between latitude and longitude, and is plotted accordingly, 

with lines connecting locations with a similar response value. Residuals were removed 

to better visualize the effects of the covariates on the response.  

 

Figure 3.20: Additive effects of bottom depth, hotspot distance, hard bottom 
distance, and mixed bottom distance covariates on canary rockfish presence 
produced by the final Full Model. The response (y-axis) is on the logit scale. 
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After examining the covariate plots, the effect of bottom depth on canary 

rockfish presence was clearly non-linear (Figure 3.20, top left panel). Bottom depths 

between 55 m and roughly 230 m had a positive effect on canary rockfish presence, 

while deeper tows had a negative effect. The model output summary confirms that the 

effect of bottom depth covariate was not linear (EDF > 1), and that the p-value was 

significant.  

Hotspot distances between 0–5 km from a survey tow had a positive effect on 

the presence of canary rockfish, but between 5 km and roughly 13 km, the effect was 

negative (Figure 3.20, top right panel). The hotspot distance effect on canary rockfish 

presence became positive again until a distance of roughly 19 km, after which it 

decreased. While this seems unusual, it should be noted that the confidence interval of 

the mean prediction above 5 km included zero throughout this range. The observations 

showed a similar trend with increasing probabilities at around 20 km. While the p-

value of the hotspot distance covariate was not significant, the relationship was clearly 

not linear (EDF = 3.596), and the UBRE score increased when the hotspot distance 

term was removed from the model.  

There appeared to be a linear relationship between hard bottom distance and 

canary rockfish presence (EDF = 1), with distances between 0-9 km from a survey tow 

having a positive effect, and distances greater than 9 km having a negative effect on 

presence (Figure 3.20, bottom left panel). The p-value was not significant, and while 

the confidence interval of the mean prediction included zero throughout its range, the 

UBRE score decreased when the hard bottom covariate was removed from the model.  

The effect of Mixed Bottom distance on canary rockfish presence in survey 

tows was negative between 0 km and approximately 35 km, became positive until 

about 80 km, and then became negative again (Figure 3.20, bottom right panel). The 

effect of Mixed Bottom was not linear (EDF = 2.990), however, the p-value was not 

significant, and the confidence interval included zero throughout the mean. Although 

the UBRE score decreased when the Mixed Bottom covariate was removed from the 

model, the total variance explained increased to 27.5%.  
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Figure 3.21. Additive effect of spatial location (the interaction between latitude 
and longitude) on canary rockfish presence produced by the final Full Model 
with contour lines joining points with the same location effect. Values decrease 
from 1 to -1.5 moving from west to east.
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Finally, the effect of spatial location, or the interaction between latitude and 

longitude, on canary rockfish presence was positive at more westerly locations (Figure 

3.21). The probability of a canary rockfish being present was greatest between 47.5°N 

and 48.5°N off the northern Washington coast, but decreased to the point of having a 

negative effect on presence along the coast in the nearshore region. Although the p-

value of the longitude/latitude smooth term was not significant in the GAM output 

summary, the model’s UBRE score increased when the smooth was removed.  

A preliminary study, which investigated the effects of various environmental 

variables on canary rockfish CPUE, indicated that temperature had a significant effect 

on the abundance of canary rockfish. In the current study, the temperature covariate 

dropped out of every model tested, which was unexpected. Since bottom temperature 

generally decreases with increasing depth (Rooper and Boldt 2005, Tolimieri and 

Levin 2006), models were run with temperature, but without bottom depth in each 

model. In each case, temperature remained in the final model, strongly suggesting a 

correlation between temperature and depth. To investigate this relationship further, 

temperature was plotted against bottom depths at which canary rockfish were found 

(57 m to 307 m) for the survey data used to build the models, and the R2 value was 

calculated. An inverse relationship (R2 = 0.1781) between temperature and depth in 

survey tows is apparent (Figure 3.22), with a decrease in temperature with increasing 

bottom depth.  
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Figure 3.22. Correlation between temperature and bottom depths between 57 m 
and 307 m for 1986 to 2001 AFSC survey data used to develop the GAM models. 

Since an increase in the percent of tows where canary rockfish were present 

was observed between 19-21 km from a hotspot (Figure 3.11), and a similar effect was 

seen in the hotspot covariate plot, further investigation into this unexpected 

phenomenon was warranted. After mapping the 15 tows with hotspot distances 

between 19 and 21 km, no conclusion could be drawn as to why an increase in canary 

rockfish presence would occur (Figure 3.23). Closer inspection of the tows showed 

that all of them were between the depths of 57 m and 102 m, 12 of them were between 

7.0°C and 7.8°C, while no relationship to hard bottom distance was revealed. A 

possible explanation could be that the commercial vessels tended to target canary 

rockfish at certain depths, as some of the tows with an unusually high percent of 

canary rockfish were much shallower or deeper than the canary rockfish hotspots. 

Another possible reason for the hotspot anomaly could simply be that not all canary 

rockfish hotspots or hard bottom areas have been identified. 
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Figure 3.23: Location of tows in Washington (left), northern Oregon (center) and southern Oregon (right) with distances to   
the nearest canary rockfish hotspot between 19 and 21 km. Areas in black represent rock formations.
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Similarly, an increase in the percent of tows with canary rockfish was seen at 

distances to hard bottom between 9-10 km, and 20-22 km. The 27 tows at these 

distances were mapped (Figure 3.24), and the resulting maps were inspected for clues 

as to why canary rockfish presence may have increased in these tows. Closer 

inspection of the tows revealed that they had fairly similar tow characteristics, such as 

year, depth, temperature, and distance to a canary rockfish hotspot or mixed bottom. 

However, 15 of the 27 tows were between 6.9°C and 7.8°C, while 17 tows occurred at 

depths between 100 m and 200 m. Similar to the hotspot anomaly, another possible 

reason for the hard bottom anomaly could be that not all hard bottom areas have been 

identified. 
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Figure 3.24: Location of tows in Washington (left), northern Oregon (center) and southern Oregon (right) with distances to  
the nearest hard bottom between 9-10 km and 20-22 km. Areas in black represent rock formations.
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Discussion 

Canary rockfish were infrequently encountered in the AFSC Triennial bottom 

trawl survey tows between 1986 and 2001, with only 256 of 1173 tows, approximately 

22%, catching one or more canary rockfish. This paucity of canary rockfish in the 

AFSC survey can partially be attributed to the fact that bottom trawl surveys avoid 

rocky areas in order to ensure that the survey gear maintains sufficient bottom contact 

with the seafloor, and that damage to the sampling gear is reduced (Zimmermann 

2003). However, it should be noted that the area covered by hard bottom is a very 

small percentage of the overall sea floor, only 2.97% of the area covered by the 

lithology maps, so even if the survey tows were completely random, very few of them 

would be located in hard bottom areas. Additionally, while the AFSC surveys were 

originally designed to obtain estimates of rockfish abundance, over the years, the 

survey changed and became a general survey of groundfish resources. Another 

possible explanation as to why canary rockfish were not encountered regularly in the 

survey can be attributed, in part, to the fact that by 1985, the canary rockfish stock had 

been depleted to 25% of its unfished biomass, and by 2001, it was down to about 5% 

of its original size (Stewart 2007). 

As trawl surveys conduct sampling with a trawl, by definition they cannot 

sample in untrawlable areas. Since these surveys cannot obtain quantitative samples 

from rough, rocky habitats, they are limited in their ability to sample all habitats 

representatively. Jagielo et al. (2003) found that rockfish densities were higher in 

untrawlable habitat than in trawlable habitat during submersible surveys off the coast 

of Washington. Because of these differences in groundfish density between habitat 

types, a trawl-survey habitat-bias exists, which is essentially the error in abundance 

estimates between habitat types (Jagielo et al. 2003). How to account for this trawl-

survey habitat-bias in stock assessments, and improving abundance estimates of 

species that occur in untrawlable areas, is a focus of ongoing research. For now, 

bottom trawl survey information may be the best data source available for estimating 
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species abundances, as ROV, autonomous underwater vehicle, and submersible 

surveys are expensive and limited in their area of coverage, making their use as a 

standard survey tool prohibitive (but see Yoklavich et al. 2000, O’Connell et al. 2007).  

Year had a significant effect on the presence of canary rockfish, which was 

surprising given that trawl survey locations varied little from year to year. The AFSC 

bottom trawl survey design incorporated fixed transects, and as a result, each survey 

tended to resample from the same general area. After further examination of the 

locations of trawl survey tows and the associated catch in the various survey years, a 

drastic reduction in canary rockfish catch was apparent after 1986. This decrease in 

canary rockfish presence in survey tows after 1986 was also reflected in the year effect 

of the final Full GAM Model. The year effect may suggest that canary rockfish are 

moving from year to year, perhaps in response to environmental variability, or simply 

that the canary rockfish population is declining. Canary rockfish tagging experiments 

have noted that some individuals move great distances, with one individual traveling 

380 nm (over 700 km) in 4 years (Lea et al. 1999), though the reasons for these 

migrations remain unclear. However, it is unlikely that the observed decline of canary 

rockfish is a result of them moving entirely out of the survey area. Since the trawl 

surveys cover most of the continental shelf, canary rockfish should have been 

encountered in survey tows even if they had moved somewhere else. Because the 

survey mostly targeted areas that were not identified as hotspots, the availability of 

canary rockfish CPUE may vary considerably. Typically, suboptimal regions can 

experience greater variability of biomass, due both to variation in environmental 

conditions, as well as population density. 

The observed canary rockfish decrease may be related to a change in ocean 

conditions, which may have caused canary rockfish to concentrate more in 

untrawlable areas so that fewer survey tows encountered them. In the Pacific 

Northwest, a change in the Pacific Decadal Oscillation (PDO) from a productive cool 

phase, to a less productive warm phase occurred in 1977. Cold ocean conditions are 

considered good for Chinook and coho salmon, with higher returns observed during 
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cool PDO years, while declines in salmon returns were observed during warm 

conditions (Peterson et al. 2006). While canary rockfish are a long-lived species that 

are less likely to be influenced by changing ocean conditions than a short-lived species 

like salmon, they are undoubtedly affected by poor ocean conditions, as evidenced by 

modeled decreases in growth, condition and fecundity for rockfish during warm El 

Niño years (Harvey 2005). However, a more likely explanation for the observed 

decreases in canary rockfish after 1986 is that there were fewer rockfish in the stock, 

due to fishing or other unknown reasons. Overall, the negative effect each survey year 

had on the presence of canary rockfish is consistent with the observed decline in 

relative canary rockfish abundance over time, which ultimately led to the stock being 

declared overfished in 2000.  

The results of the GAM analysis indicate that survey timing did not have an 

effect on the presence of canary rockfish. Stewart (2007) partitioned the survey index 

into two time-periods (1980-1992 and 1995-2004) for the most recent canary stock 

assessment, using separate catchability parameters for each time-period, based on the 

change in survey timing. However, the current study found no apparent timing effect 

on canary rockfish presence; the UBRE score of the final model remained unchanged 

when the Timing factor was removed. A possible explanation could be that the year 

effect captured more of the variability in the data than the timing factor, or that the 

assessment by Stewart (2007) was based on canary rockfish biomass rather than 

presence/absence data. Another explanation could be that some of the models had a 

location component, which would include some sort of mechanism to have more fish 

present in the north than in the south. As a result, there is less of a need for a Timing 

or Julian day variable in the model.    

Julian day did not have an effect on canary rockfish presence, except in the 

final Hotspot and Substrate models. While the p-value was not significant in the 

Hotspot Model (p-value = 0.150), it was significant in the Substrate Model (p-value = 

0.04172). Stewart (2007) analyzed catch rates as a function of time of day and day of 

the year, but found no evidence that either affected canary rockfish catch rates 
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directly. Again, this discrepancy could result from the use of canary rockfish biomass 

in Stewart’s assessment, rather than the presence/absence data used in the current 

study. The Hotspot and Substrate models explained the least amount of variation in the 

data of all the models, 12.4% and 11.0%, respectively. In both models, the later the 

Julian day, the higher the likelihood of a canary rockfish being present, which is 

intuitive as the AFSC survey concluded in northern Washington, where canary 

rockfish presence was higher, especially at more westerly locations. It is unusual that 

Julian day did not remain in any of the other models, though its effect may have been 

captured by the year effect.  

Although seven different vessels were used over the six survey years, both the 

survey gear used and the trawl survey protocols were standardized. While survey 

vessel was only included as a factor in the Full Model, survey standardization likely 

explains why the survey vessel was not a significant factor in the GAM.  

The results of this study reveal a fairly narrow bathymetric distribution (from 

57 m to 307 m) for canary rockfish along the Washington and Oregon coasts, with 

canary rockfish presence being higher between 57 m and 175 m. This observation is 

consistent with the depth ranges reported for canary rockfish, largely based on trawl 

survey information. While almost all adults are found between 46 m and 229 m, they 

are most frequently found between 91 m and 137 m (Love 1996). Canary rockfish 

were absent in survey tows at depths greater than 307 m, which again is consistent 

with previous findings, as canary rockfish are considered a shelf species (Williams and 

Ralston 2002), and are encountered infrequently in deep water. Canary rockfish were 

caught in 23% of the tows that occurred in the shallowest depth class, which suggests 

that had tows occurred in shallower depths they may also have also caught canary 

rockfish. However, the survey does not cover depths shallower than 55 m, and 

therefore does not fully cover the depth range occupied by canary rockfish.  

Three noticeable limitations of the AFSC bottom trawl survey are (1) that it 

does not sample in shallow waters, (2) that it uses survey gear that does not adequately 

sample the small fish encountered during a tow, and (3) it only samples certain habitat 
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types. As a result, the survey greatly under-represents juvenile and small canary 

rockfish, which are primarily located in the nearshore region.  

Larvae and pelagic juveniles, which are not represented in the AFSC trawl 

surveys, occur in upper 100 m for up to 3-4 months, then undergo an ontogenetic shift 

and descend to benthic habitats (Love et al. 2000). This analysis did not distinguish 

between juvenile and adult canary rockfish catch in the survey, though future studies 

may be able to detect differences in depth distributions between the two, if any. This 

analysis confirms the important role that depth plays in the distribution of canary 

rockfish, and reinforces the findings of previous studies, where depth was an 

important structuring variable in the distribution of many West Coast groundfish 

species (Williams and Ralston 2002, Lee and Sampson 2000, Tolimieri and Levin 

2006).  

The temperature and bottom depth of the trawl survey tows are correlated, so it 

is difficult to identify which is the causative factor in determining the probability of a 

canary rockfish being present. While temperature was expected to have an effect on 

the presence of canary rockfish, it dropped out of each model examined. Despite the 

lack of a temperature effect in the GAM models, canary rockfish seemed to be 

associated with specific temperature ranges based on their presence in trawl survey 

tows. Canary rockfish were absent in survey tows with temperatures below 6.2°C and 

above 9.0°C, with 89.8% of tows with canary rockfish and 98.8% of the canary 

rockfish CPUE occurring at temperatures between 6.2°C and 7.9°C. While both Scott 

(1995) and Johnson et al. (2003) found that temperature influenced the presence and 

abundance of several rockfish species, few studies have specifically investigated the 

effect of temperature on rockfish distribution. One possible explanation as to why no 

temperature effect is evident is that the AFSC survey was conducted during the 

summer months, when an upwelling regime dominates the West Coast region. 

Seasonal POP movements have been attributed to the fish following their preferred 

temperature range, as deep water masses were upwelled and downwelled due to 

seasonal wind patterns (Scott 1995). Canary rockfish have been identified as an 
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indicator species for the “Upwelling Habitat” identified by Juan Jordá et al. (2009), 

and since the trawl survey did not overlap with the downwelling season, which occurs 

between October/November and April/May (Juan Jordá 2006), it is unlikely that any 

seasonal movements of canary rockfish were captured. While another change in survey 

timing is unlikely, survey tows during the downwelling season could potentially reveal 

stronger temperature distributions for canary rockfish. Another reason why 

temperature might not have had an effect in the GAM analysis is that temperature is 

correlated with depth, and its effect was being masked by the bottom depth variable. 

When depth was removed from the analysis, temperature had a significant effect on 

canary rockfish presence.  

While canary rockfish seem to exhibit specific depth and temperature 

distributions, the surface area encompassed by these depth and temperature ranges is 

very large. Since the actual percentage of tows that caught canary rockfish is much 

smaller than this area, clearly other factors besides bottom depth and temperature are 

influencing where canary rockfish are found. However, even if canary rockfish have 

very broad habitat requirements, if their abundance is very low, then the locations they 

are found will likely be quite limited.  

The geographic location (start latitude and longitude) of a survey tow clearly 

had a negative effect on the presence of canary rockfish in the nearshore region, and a 

positive effect the further the location was from the coastline. This was expected, since 

canary rockfish are considered a shelf, rather than a nearshore, species (Williams and 

Ralston 2002). In addition, the bathymetry off the Washington and Oregon coasts is 

relatively simple, meaning that moving offshore generally corresponds to moving into 

deeper water. However, the location effect remained in each GAM model it was 

initially included in, implying that the influence of depth on the presence of canary 

rockfish is not uniform, and that the strength of the depth effect depends on the 

location.  

Mostly juveniles are found in the nearshore region, though they are not well 

represented in the AFSC survey. Stewart (2007) found that the small fish encountered 
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shallower than 90 m in the survey were patchily distributed along the coast. A major 

population concentration of canary rockfish is known to exist between latitudes 

44.5°N and 45.0°N off Oregon (PFMC 2005), but this was barely evident in the 

location plot (Figure 3.21). Canary rockfish presence was highest off the Washington 

coast between 47.5°N and 48.5°N, and this was likely due to complexities in 

circulation over the Washington continental shelf. The region off the Strait of Juan de 

Fuca is highly productive, serving as foraging grounds for birds, fish and whales, as 

well as an important area for commercial fishing. During the summer months a large 

anti-clockwise (cyclonic) eddy develops over the Juan de Fuca Canyon at the mouth of 

the Strait, causing upwelling of deep, nutrient-rich water into the surface layers 

(Freeland and Denman 1982).  Although the catch rates were generally lower for the 

AFSC survey than the current NWFSC survey, the areas where canary rockfish have 

been caught are fairly consistent between surveys (Stewart 2007). Future analysis of 

NWFSC trawl survey data may show a similar location effect as the one found in this 

study.  

As anticipated, the probability of finding a canary rockfish increased with 

decreasing distance of a survey tow to a canary rockfish hotspot. Fishermen usually 

fish in areas where they have historically caught whichever species they are targeting. 

By only using short trawl tows with canary rockfish catch in the Hotspot Analysis, the 

canary rockfish hotspots are essentially identifying areas with high canary rockfish 

catch, so it follows that canary presence would be higher in survey tows closer to these 

areas. This study introduces a novel approach for incorporating commercial trawl 

logbook data into models that predict species presence. Though fisheries-dependent 

data are regularly used in stock assessments, the non-random manner in which it is 

collected usually makes it difficult to analyze in scientific studies. However, this 

information is invaluable, and can provide great insight into fishing effort and catch 

locations. In addition, commercial fishing data usually extend for longer time periods 

and cover different seasons than traditional fisheries-independent surveys, which often 

occur during summer months when weather conditions are favorable.  
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However, some limitations to commercial fishing data remain. Logbook 

accuracy is always an issue of concern (Sampson, personal communication), and 

often, complete tow information is difficult to obtain for proprietary reasons. One 

issue that remains unresolved is the increase in canary rockfish presence at distances 

between 19 and 21 km from a hotspot. Most of the anomalous tows (80%) were 

outside of the depth range that canary rockfish mostly associated with, while 80% 

were within their associated temperature range. The method for defining the canary 

rockfish hotspots was fundamentally based on canary rockfish CPUE. Consequently, 

this method would tend to favor areas that produced large quantities of canary 

rockfish, along with other species that co-occur with canary rockfish. The survey tows 

with canary rockfish catch that were located far away from any canary rockfish 

hotspots may have caught them in relatively low numbers, or may not have had 

appreciable quantities of other commercially important groundfish species that co-

occur with canary rockfish. These areas would not be attractive to commercial 

fishermen trying to make an economically viable fishing trip, along with isolated 

patches of fish that are long distances from other patches. Since cost of finding these 

patches and exploiting them would be too expensive, fishermen are unlikely to target 

these areas, and they might not be identified as hotspots. Overall, the canary rockfish 

hotspots did not explain much of the variability in the presence of canary rockfish in 

the trawl survey, which was an unexpected result. 

The results of this study show that canary rockfish presence was higher in 

trawl survey tows that occurred near hard bottom areas, which is consistent with the 

literature. Many studies examining the habitat associations of demersal fishes indicate 

they are not randomly distributed, but are often aggregated near some structure on the 

bottom. The majority of studies of Sebastes species have revealed an affinity for hard 

bottom substrates, often with substantial vertical relief. Canary rockfish adults and 

subadults aggregate around pinnacles and other high-relief rock (Love et al. 2002). 

From the GAM analysis, there was a clear, linear relationship between canary rockfish 

presence and hard bottom; the further a survey tow was from hard bottom, the less 
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likely the probability was of encountering a canary rockfish. However, the 95% 

confidence intervals around the hard bottom effect on the presence of canary rockfish 

were very wide, indicating that a great deal of uncertainty exists in the relationship. A 

likely explanation for this result is that there was insufficient information to determine 

the curvature in the relationship.   

Complex circulation around ridges and banks, such as that found at Heceta 

Bank, can make these areas biologically productive (Pearcy et al. 1989, Juan Jordá et 

al. 2009), and could potentially affect the presence of canary rockfish. After 

examining the survey data, it seemed like a fairly high percentage of survey tows 

made at distances far from hard bottom caught one or more canary rockfish, which 

was an unexpected result. One possible explanation is that these tows were within the 

depth and temperature ranges canary rockfish were found to associate with. Another 

likely explanation could be that these tows were actually near hard bottom, but this 

bottom has yet to be identified and included in the seafloor lithology maps used in this 

analysis. The actual data available to determine substrate type is quite limited relative 

to the spatial area encompassed by the seafloor lithology maps. For further discussion 

of the available sample information used to identify areas of hard or mixed bottom in 

Washington and Oregon, see Romsos et al. (2007). 

Though mixed bottom appeared to have an effect on the presence of canary 

rockfish, it was not significant and overall, the relationship between canary rockfish 

presence and the proximity of a trawl tow to mixed bottom was unclear. This result 

was unusual, as canary rockfish are commonly found over flat rock and in mixed mud-

boulder habitat (Love et al. 2002). Similarly, Tissot et al. (2007) found that canary 

rockfish were associated with the mid-depth (100 m - 150 m) small boulder-cobbles 

habitat on Heceta Bank. Perhaps because the area covered by Mixed Bottom was 

extremely small (382.21 km2, or 0.50% of the total seafloor area), few survey tows 

were near this bottom type and therefore, no real relationship could be determined. 

From the seafloor lithology maps, it is obvious that boulder and rock/sand lithology 

types are patchily distributed. Certainly, the seafloor lithology maps have not yet 
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identified all the Mixed Bottom areas, and improvements to these maps, as more 

information becomes available, may be able to further elucidate the relationship 

between canary rockfish presence and distance to Mixed Bottom. 

The presence of lingcod, yellowtail, silvergray, or redstripe rockfish in a 

survey tow increased the likelihood of a canary rockfish being present, which is 

consistent with previous findings where canary rockfish occurred with yellowtail, 

widow, sharpchin, rosethorn, yelloweye, and redstripe rockfish (Williams and Ralston 

2002). The increase in canary rockfish presence observed when these species were 

present comes as little surprise, as the species were selected for the GAM analysis 

from the AFSC trawl survey data because they were highly correlated with canary 

rockfish to begin with. While the presence of several types of invertebrates was 

expected to affect canary rockfish presence based on studies by Tissot et al. (2007), 

Puniwai (2002), and Strom (2006), only corals and basketstars had a significant 

positive effect.  

An additional consideration that should be taken into account when relating 

invertebrate presence to that of canary rockfish is that not all invertebrates 

encountered during a survey tow make it into the codend (Rooper and Boldt 2005). 

The configuration of the bottom trawl footrope keeps the net elevated off the seafloor, 

reducing the catchability of several species, including sponges and corals, which 

would underestimate their effect on canary rockfish presence. Overall, it is interesting 

that a model with only presence/absence of fish and invertebrate species can explain a 

similar amount of the variability in canary rockfish presence as a model containing 

several physical variables. Using the presence of other fish and invertebrate species to 

predict the presence of canary rockfish (e.g., to design a canary rockfish survey) has 

its limitations, however, since there must be a sufficiently accurate way of predicting 

where these other species are located. It is unclear if the modeling techniques 

developed for canary rockfish in this study would work well for other species. 

Neither slope nor rugosity had an effect on the presence of canary rockfish in a 

trawl survey tow. These results were unexpected, since canary rockfish are usually 
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associated with pinnacles and sharp drop-offs (Love 1996), as well as rocky areas with 

high relief. Yet in hindsight, the results are not surprising, given that the trawl survey, 

by definition, avoids untrawlable areas that are usually characterized by rocks and 

pinnacles. In addition, low values for slope and rugosity were observed in the 

scatterplot matrix. Since vessel operators were required to maintain bottom contact for 

30 minutes in the AFSC surveys, rocky areas, as well as areas with steep slopes, like 

pinnacles and ridges, would likely have been avoided. Instead, tows would have been 

concentrated in flat bottom areas without obstructions. The slope and rugosity rasters 

analyzed in this study were derived from 100-meter gridded bathymetric data, and this 

resolution may also explain the lack of effect of both slope and rugosity on canary 

rockfish presence. Slope and rugosity are used to identify specific topographic features 

in bathymetric imagery, however, both are limited to the spatial resolution of the data, 

and are best at depicting specific-size class features. Since the grids were 100 m2, 

larger features, such as ridges, would be apparent, but smaller outcroppings would not. 

Though different sized bathymetry grid sizes were used in his analysis, 

Whitmire (2003) identified areas with boulders, cobbles, or flat surfaces of 

unconsolidated sediments on Heceta Bank as having slope values less than 4°, while 

ridges had slope values between 4°-30°. In the current study, only 161 tows had slope 

values greater than 4°. Additionally, the highest rugosity value was 1.868, meaning the 

terrain was nearly twice as complex (had twice the surface area) as a perfectly flat 

surface. A rough comparison of the values observed by Whitmire (2003) to the slope 

and rugosity values derived from the survey data indicates that most survey tows 

covered relatively flat seafloor bottoms with little variation in slope, which likely 

explains why these variables did not affect canary rockfish presence. 

While the canary rockfish hotspots have provided a starting point for defining 

the boundaries for a canary rockfish survey, the results of the GAM analysis indicate 

that the canary rockfish hotspots did not have a lot of explanatory power when it came 

to predicting the presence of canary rockfish. The final Full Model, although quite 

complex, did not have a great deal of explanatory power, only explaining 27.1% of the 
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variability in canary rockfish presence. It not clear whether the lack of explanatory 

power in the model is due to limitations in the data used in the analysis, or whether it 

is because the locations where canary rockfish are found are highly variable and 

unpredictable, though it is likely a combination of both. The biomass estimates for 

rockfish in both the AFSC and NWFSC surveys have always been highly variable, and 

each of the datasets used in the analysis could be improved.  

Some of the unexplained variability may be due to sampling biases related to 

the sampling gear, or the survey design itself. Many hard bottom areas within the 

survey area cannot be sampled, due to pinnacles and snags, which may lead to error in 

the trawl survey abundance estimates, which result in a trawl survey habitat bias. 

Striking differences in species composition and fish density between trawlable and 

untrawlable habitats off Washington have been observed (Jagielo et al. 2003), with 

rockfish being over three times as abundant in untrawlable habitat samples. In 

addition, the survey is not efficient at catching small fish and invertebrate species, and 

does not sample the nearshore region, which is undoubtedly part of the canary rockfish 

range. 

The Oregon commercial trawl logbook data used to create the canary rockfish 

hotspots are another likely source of unexplained variability. In addition to the 

accuracy of the commercial trawl logbooks being questionable, the method used to 

create the canary rockfish hotspots is based on the canary rockfish CPUE, and 

therefore the behavior of the fishermen themselves likely introduced biases into the 

analysis. 

Another source of unexplained variability could be due to the lack of precise 

seafloor lithology information, as not all the hard bottom and mixed bottom areas have 

been identified along the Oregon and Washington coasts. Though the seafloor 

lithology maps used in this study are the most comprehensive ones available to date, 

they are by no means complete, and are continuously being updated as new lithology 

information is discovered.  
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Additional unexplained variability in canary rockfish presence may be due to 

habitat characteristics not measured during the trawl surveys, such as dissolved 

oxygen, salinity, pH, PAR, and prey availability. Current patterns likely play an 

important role in the distribution of canary rockfish and should be a focus of future 

investigations, especially since canary rockfish have reportedly been found in areas of 

considerable current (Love et al. 2002). By incorporating additional environmental 

variables into the model in the future, perhaps more variability in canary rockfish 

presence will be explained.  

In addition to the problem of not knowing all of the conditions in the places 

that canary rockfish like to inhabit (e.g., physical characteristics of the seafloor, water 

column properties, associated species) it is important to note that areas that provide 

favorable habitat for canary rockfish will not always be occupied by them, because 

their numbers are limited. Canary rockfish are known to associate with a variety of 

different habitats, and have been observed around pinnacles and other high-relief rock, 

in mixed mud-boulder or boulder-cobble habitats, as well as near soft sediments. 

Along with an affinity for certain substrate types, this study indicated that canary 

rockfish were associated with certain depth and temperature ranges. If habitat is 

considered any space that it used by an animal, then an animal that uses a variety of 

different types of space, such as canary rockfish, will have a low probability of 

occupying any one type of space just because of the breadth of different types of space 

it occupies. Because they occupy a variety of habitats, identifying habitat factors of 

canary rockfish is difficult, though not impossible.  

Overall, the current study has provided insight into some of the factors that 

influence the presence of canary rockfish. In addition to canary rockfish being 

associated with specific bottom depths, temperatures, as well as other fish and 

invertebrate species, their presence in trawl survey tows were influenced by the 

distance to canary rockfish hotspots and to a lesser degree hard and mixed bottom 

types.  
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CHAPTER 4: IMPLICATIONS OF THIS THESIS RESEARCH 
FOR FISHERIES MANAGEMENT AND FUTURE RESEARCH 
RECOMMENDATIONS 

Implications for Fisheries Science and Management 

Habitat is an important determinant of marine ecology, integrating many 

significant environmental factors that influence the distribution, abundance, and 

diversity of Pacific Coast groundfish (Pearcy et al. 1989, Stein et al. 1992, Yoklavich 

et al. 2000). While habitat is commonly defined as the place where an organism lives, 

it has also been defined as the collection of resources and conditions present (both 

biotic and abiotic) that support occupancy, including survival, growth, and 

reproduction, by an organism (Odum 1971, Hall et al. 1997). Habitat is species-

specific, since the resources and conditions that promote survival and reproduction 

vary between species. Defining habitat for fish is especially difficult, since they can 

readily move through their environment and often use different habitats throughout 

their life cycle (Juan Jordá et al. 2009), however, several studies have found that fish 

associate with specific geographical locations, bathymetry, temperatures, sediment 

types and other environmental variables (DeLong and Collie 2004, Maravelias and 

Papaconstantinou 2003, Maravelias et al. 2006).    

Fishermen have often complained that standard fisheries survey data do not 

adequately reflect the grounds they target and as a result, they often question the stock 

abundance estimates derived from these surveys (Bergmann et al. 2004). The NMFS 

West Coast bottom trawl surveys are currently designed to provide biomass estimates 

for numerous groundfish species, however, they tend to cover large areas of mud and 

sand, which are occupied infrequently by many rockfish species. While the available 

lithology information suggests that only a small percentage of the bottom is rocky, 

several underwater video projects have revealed that rockfish tend to associate with 

these rocky areas. Consequently, there is a clear need to develop a survey that more 

adequately samples where rockfish live, particularly in and around the rocky areas that 
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are not well sampled by the NMFS survey trawl gear, in order to provide a more 

reliable index of rockfish densities and biomass. While the hotspots and predictive 

GAMs presented in this study were developed for canary rockfish, the methods used 

to produce them could potentially be applied to other rockfish species. By identifying 

the areas where rockfish are located, it would be possible to develop a survey that 

targets them in these areas, while lightly sampling the locations where they are less 

common. In addition to producing area-specific abundance estimates for rockfish, a 

targeted survey would reduce the amount of time and resources needed to perform the 

survey, thus allowing it to be more efficient.  

Increasing survey efficiency and producing area-specific estimates of rockfish 

abundance will ultimately result in better stock assessments, which should lead to 

better management decisions. Currently, several species of groundfish severely 

constrain many West Coast groundfish fisheries because their stocks are considered 

depleted or overfished. Gear restrictions on footrope size and Rockfish Conservation 

Areas (RCAs) have essentially prohibited most commercial fishing on the continental 

shelf. By improving their knowledge of rockfish stock status through improved 

rockfish abundance estimates, fisheries managers will be able to implement the 

appropriate management measures necessary for stock recovery. For example, if a 

stock is less abundant than originally believed, additional gear restrictions could be 

implemented, or time and area closures increased. However, if a stock’s abundance is 

higher than previously estimated, the current fishing restrictions may be eased, or even 

removed.  

There is a growing recognition in the scientific community of the need to 

implement ecosystem-based fisheries management strategies. In the future, fisheries 

managers will need to consider interactions that a fish stock has with predators, 

competitors, and prey species. In addition, they should take into account the effects of 

climate variability on fisheries biology and ecology. Since climate is a strong force 

that clearly influences the dynamics of populations and communities along our coast 

and around the world, it is important for us to better understand the factors controlling 



 

 

112 

fish distribution (Perry et al. 2005), so that fisheries managers can evaluate potential 

management strategies in the face of climate variability, such as El Niño events, and 

the Pacific Decadal Oscillation. This study has the potential to be the first step in a 

larger study, which could investigate the roles of interannual and interdecadal climate 

variability on the patterns of canary rockfish distribution and abundance.  

The novel approach taken in this thesis research could eventually help to 

develop an ecosystem-based approach to management through the incorporation of a 

habitat perspective. By studying the relationships between species and their 

environment, we can begin to understand the relative importance of how 

environmental variables shape the distribution of examined species. In order for 

ecosystem-based management strategies to be successful, the functional relationships 

between organisms and their habitat must be accurately measured. While it is unlikely 

that initial forays into EBFM will be area specific and will require good knowledge of 

species-habitat relationships, as EBFM strategies improve, our knowledge and 

understanding of the factors that influence fish distribution will become more 

important. The results of this study will help refine scientific knowledge of canary 

rockfish Essential Fish Habitat (EFH). Currently, EFH is defined as “those waters and 

substrate necessary to fish for spawning, breeding, feeding or growth to maturity” (16 

U.S.C. 1802(10)). Expansion of the EFH definition in 2002 has led to the designation 

of the entire continental shelf as essential fish habitat for the 82 groundfish species 

under the PFMC’s jurisdiction (PFMC EFH Environmental Impact Statement 2005). 

While the EFH for canary rockfish covers a smaller portion of the West Coast, 

improving our knowledge of the factors influence the distribution of canary rockfish 

will help refine areas designated as canary rockfish EFH, and could ultimately help to 

improve fisheries science, and develop ecosystem-based fisheries management 

strategies.  
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Research Recommendations  

Canary rockfish were found to exhibit associations with specific geographical 

locations, bottom depths, temperatures, substrates, and the presence of several fish and 

invertebrate species. The majority of the canary rockfish caught in the AFSC triennial 

surveys were found at depths between 100 m and 199 m, and temperatures between 

6.8°C and 7.9°C. Canary rockfish presence in survey tows was highest near areas with 

hard or mixed bottom, and also increased with proximity to canary rockfish hotspots, 

or areas where the commercial trawl fleet had successfully caught canary rockfish in 

the past. In addition to being found at more westerly locations, canary rockfish were 

more likely to be encountered in the presence of corals, basketstars, lingcod, and 

yellowtail, silvergray, and redstripe rockfish. The results of this study have increased 

our understanding of how various environmental factors affect the presence of canary 

rockfish along the Washington and Oregon coasts, however, as with many scientific 

studies, this research has revealed numerous ways in which improvements could be 

made. While several of these research recommendations can easily be implemented, 

others will likely not be realized in the immediate future.  

While collecting more information may improve the predictive power of the 

models, there is the fundamental issue of being able to predict the locations where a 

particular species of interest is found. A model can only predict within the range of 

data used to create it. For example, the final Full Model would be able to predict the 

presence of canary rockfish at any site of interest for which the year (between 1986-

2001), location (within the area covered by the survey), bottom depth, distance to 

canary rockfish hotspot, hard bottom, mixed bottom, and the presence of the other 

species in the model was known. Some of this information can be interpolated from 

various data sources, such however, determining the presence of other species would 

require another predictive model, which could introduce additional uncertainty into the 

predictions.  
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Another issue that arises is that if the dominant factors in a model created to 

identify habitat are ones that change over time (e.g., the presence of other species, 

temperature), it would be difficult to design a survey because the information needed 

to define areas to be heavily sampled would not be available. More data collection will 

not help if the changes over time happen very quickly. If the factors that are dominant 

are ones that are fixed but aren’t well known at present (e.g., substrate types), then 

more data collection would be beneficial. 

Expansion of Study Area 

Canary rockfish hotspots and GAM models were developed for Oregon and 

Washington, however, their range extends beyond this region, both northward to 

Alaska and southward to Baja California (Love 1996). In order to improve our 

understanding of the factors that influence canary rockfish distribution, it would be 

prudent to develop models that incorporate these regions. Unfortunately, at the present 

time, little information about seafloor lithology has been collected for the Alaskan and 

Canadian continental shelves. California could potentially be included in the model, 

since both the AFSC and the current NWFSC bottom trawl surveys extend into this 

region. However, once again, the limiting factor is the paucity of seafloor lithology 

information along the California coast. While some seafloor mapping has occurred in 

California (for further details, see the Seafloor Mapping Lab at CSUMB), the data 

available are not as comprehensive as those compiled for Washington and Oregon. In 

addition, California commercial logbook records are not as extensive, and the quality 

controls are less effective than those from Oregon (PacFIN 2009). 

Alaska, Washington, Oregon, and California have all held Seafloor Mapping 

Workshops to draw attention to the need for improved seafloor mapping. These 

workshops, attended by state and federal resource and science agencies, brought 

together scientists, managers, and policy makers to discuss seafloor mapping 

technologies and products, the status of mapping efforts, and the steps needed to 

advance comprehensive mapping of marine waters in their states. Recent funding 
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requests to improve seafloor mapping of Oregon’s Territorial Sea may soon be 

granted, which gives hope for the advancement of seafloor mapping in other areas. 

The predictive model developed in this study will need to be updated periodically to 

reflect improvements in seafloor lithology information. For example, this study was 

conducted using information from Version 2 of the Seafloor Lithology Maps for 

Washington and Oregon in the GAM analysis, however, at the time of writing, 

Version 3 was soon to be released. 

Observer Information 

Another potential way to improve our understanding of canary rockfish habitat 

is to incorporate observer data collected by NOAA’s West Coast Groundfish Observer 

Program, along with the new lithology maps developed for Oregon’s Territorial Sea 

(Agapito 2008) to extend the canary rockfish hotspots and GAM model into the 

nearshore area. One issue, which may pose a problem, is that the spatial resolution of 

the observer data may be too coarse. Canary rockfish catch data from commercial 

fishing vessels are proprietary information, and are only made available by the 

NWFSC in 10 km by 10 km grid cells to protect fishers’ identities, catch locations, 

and associated financial information (PaCOOS 2009). Using the methods described in 

this study, it would be difficult to create the canary rockfish hotspots from the 

observer data available at this resolution, however, through collaboration with the 

NWFSC, this problem could potentially be resolved. 

Collaboration with Fishermen 

The primary motivation of this study was to delineate canary rockfish habitat 

with the goal of developing a targeted survey that can be used to improve canary 

rockfish abundance estimates. In addition to a model that can be used to predict the 

presence of canary rockfish, other products of this research were maps showing the 

locations of canary rockfish hotspots along the Washington and Oregon coasts. These 

hotspots have been overlaid on NOAA nautical charts using ArcGIS, and will 

hopefully be circulated among commercial fishermen, particularly those that have 
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targeted canary rockfish in the past, so they can provide feedback as to the accuracy of 

canary rockfish hotspot locations. The integration of fishermen’s knowledge into 

science and management has the potential to be a valuable tool, and their input should 

not be overlooked (Pederson and Hall-Arber 1999). By conducting interviews with 

groups of commercial fishermen in a manner similar to those conducted for the Spatial 

Community Outreach Project to assess the effectiveness of the RCA (Bloeser et al. 

2006), additional information on catch locations may be revealed, which can help 

expand or contract the hotspot areas to be targeted during a canary rockfish survey.  

Another project involving collaboration between scientists and commercial 

fishermen served as the inspiration for the current study. Using rock-hopper bottom 

trawl gear with an open codend, a video camera mounted near an angled grate, and 

fishermen’s local knowledge of prime canary rockfish fishing locations, researchers 

investigated the feasibility of conducting a non-lethal video-trawl survey to obtain 

estimates of canary rockfish densities in rough bottom habitat from video footage 

(Sampson et al. 2008). If the canary rockfish areas identified in this study were 

surveyed in a standardized fashion over broad areas of the coast, using the methods 

developed in the video-trawl study, the canary rockfish stock assessment could be 

provided with valuable data, in the form of an index of abundance (Stewart 2007). 

Given the current depressed state of many West Coast fisheries, employment 

opportunities for fishermen would likely be welcome, and the contribution to scientific 

knowledge would create a win-win situation for all involved. 

Though many collaborative studies can be successful, some issues can arise. 

For example, Bergmann et al. (2004) found that while many fishermen volunteered for 

interviews or questionnaires, fewer were willing to identify key fishing grounds on 

charts due to concerns that the information might lead to negative management 

developments for fishermen in the form of fishery closures. Another concern 

highlighted by (Maurstad 2000) was that the publication of maps and other 

information provided by fishermen in scientific forums can put scientists in an 
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awkward position, in terms of intellectual property rights of fishermen and protecting 

confidential information.   

The need for improved collaboration between fisheries scientists and the 

fishing industry is becoming widely recognized (Bergmann et al. 2004, Mackinson 

2001). If the rockfish assessment surveys were developed using input and guidance 

from the fishing industry, the credibility of both fisheries science and survey results 

may be greatly improved.  

Expansion of Study to Other Species 

While this study has focused on canary rockfish, similar techniques could be 

applied to other species, including the other West Coast rockfish stocks that have been 

classified as either depleted or overfished. It is highly unlikely that a survey 

specifically targeting canary rockfish would be developed, especially given both state 

and federal budgetary constraints. Canary rockfish stocks, along with those of Pacific 

hake, widow rockfish and Pacific ocean perch, are considered depleted, while many 

other species, such as yelloweye, darkblotched, bocaccio and cowcod stocks, are 

currently below the overfished threshold. As most of these species are rockfish that 

live in similar habitats as canary rockfish (Love et al. 2002), the methods for creating 

the hotspots and predictive models outlined in this study could potentially be applied 

to these, and other rockfish species that are associated with specific bottom types. 

While this approach will work well with some species, it would probably not work 

well for Pacific hake, as this species seems to be highly variable in where it is located 

from year to year. In addition, the habitat for some species may be so variable that it is 

essentially unpredictable, such as those that target prey patches or follow frontal 

systems for their food. 

Once hotspots and predicted areas have been delineated for each species, these 

areas can be combined and targeted, producing a better groundfish assessment survey 

that concentrates sampling in areas where rockfish are likely to be present. Clearly, 

sampling these areas with traditional bottom trawl survey gear would be problematic, 
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since NMFS these surveys cannot obtain quantitative samples from rough, rocky 

habitats and have an inherent habitat bias (Jagielo et al. 2003). However, standardized 

surveys could be conducted using alternative methods, such as submersibles, remotely 

operated vehicles, or autonomous underwater vehicles. By using survey methods that 

can sufficiently sample untrawlable habitats, habitat-specific abundance estimates can 

be determined, which would greatly improve the stock assessment results for species 

occupying these areas. 

Additional Survey Information 

While NOAA trawl surveys collect a variety of information from the biological 

catch in each tow, such as species compositions, lengths, weights, age structures and 

sex ratios, little information relating to the physical characteristics of each survey tow 

is collected. Collecting additional information such as salinity, pH, PAR 

(Photosynthetically Active Radiation), and dissolved oxygen levels could be 

extremely helpful in determining if these variables affect canary rockfish distribution 

and abundance, as well as that of other groundfish species. For example, Tolimieri and 

Levin (2006) and Juan Jordá et al. (2009) noted changes in groundfish species 

assemblages in the vicinity of the Columbia River plume, which seem to indicate that 

some species may have specific affinities for particular salinities. In addition, 

Tolimieri and Levin (2006) surmised that the changes in groundfish assemblages seen 

in relation to depth were most likely attributed to changes in temperature and oxygen 

levels. While PAR designates the spectral range of solar light that is useful to 

terrestrial and marine plants in the process of photosynthesis, PAR measurements can 

also be used to calculate the euphotic depth in the ocean (Sanchez et al. 2008). Since 

canary rockfish live at moderate depths and are visual predators, their distribution may 

be influences by light levels and the depth of the photic zone. Collecting these 

additional types of physical information regularly during trawl tows could help to 

evaluate their effects on canary rockfish presence, especially in light of hypoxic events 

observed along the Oregon coast in recent years. With recent advances in scientific 
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instrumentation, it would be quite simple and relatively inexpensive to add this type of 

equipment to the survey gear, so that tow-specific information could be gathered. 

These parameters could then be incorporated into a GAM model that predicts canary 

rockfish presence. If the physical traits of the water are the dominant factors 

determining canary rockfish presence, using a predictive model to define areas for 

intense sampling could be somewhat problematic, as these traits are likely to be highly 

variable from one year to the next. This problem could potentially be circumvented 

using climatological monthly means, similar to those developed for temperature, 

salinity, chlorophyll-a, and currents by Juan Jordá (2006). While climatologies may 

not provide precise information, they may be accurate enough to determine species 

presence and define areas for sampling. 

Many fishermen now carry multibeam sonar equipment on their vessels to help 

them identify seafloor structures, and aid in locating the fish they are targeting. While 

some survey vessels already have this instrumentation on board, it has yet to be 

utilized in conjunction with trawl survey tows to provide real-time seafloor mapping 

of tows. Though these systems would need to be calibrated and corrections made for 

tides, collecting multibeam sonar data during a trawl survey tow would provide tow-

specific information on seafloor structure, making comparisons between species 

caught and seafloor lithologies possible. Not only would new information on seafloor 

structure be produced, but the ability to determine more specific relationships between 

seafloor substrate and survey catch would be extremely valuable to fisheries scientists 

trying to understand species-habitat associations.  

Rooper and Boldt (2005) identified the distribution of juvenile POP in the 

Aleutian Islands by relating their abundance in survey tows to several habitat 

variables. While the current study did not examine differences in distribution between 

adult and juvenile canary rockfish, this type of analysis would be possible, as length 

measurements for canary rockfish already exist in the survey database. One issue that 

should be taken into consideration is that juvenile canary rockfish were generally not 

well represented in the AFSC survey. Many more small (< 30 cm, less than the length 
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at 50% maturity) canary rockfish have been caught in the NWFSC survey than in the 

AFSC survey, even in 2004 when both surveys were conducted at the same time. 

While survey design has varied, the cause of the difference in juvenile catches 

between the two surveys remains unknown (Miller and Hastie 2007).  

The current study attempted to identify canary rockfish habitat by relating 

historic catch information and various biological and environmental factors to data on 

canary rockfish presence from bottom trawl surveys. However, a preliminary study by 

the author, which investigated the effects of various environmental variables on canary 

rockfish CPUE, indicated that depth, location, and temperature had a significant effect 

on canary rockfish abundance. The previous study only used 1995-2001 trawl survey 

data, and the analysis did not include the full suite of variables used in this study. If 

the current study were extended to investigate how canary rockfish CPUE is affected 

by specific ranges of bathymetry, temperatures, geographical locations, substrate 

types, slope, rugosity, other associated species, and proximity to canary rockfish 

hotspots, a clearer understanding of how these variables affect canary rockfish 

abundance would be developed.  

Finally, more recent trawl survey information should be included in any future 

analyses of canary rockfish distribution or abundance. Since 1998, the NWFSC has 

conducted annual bottom trawl surveys in various forms off the West Coast. Because 

of different protocols between the AFSC and NWFSC surveys, including towing 

speed and duration, the size and type of nets and footropes used, and the selection of 

tow locations, changes in species’ catchability and selectivity have occurred. For 

example, the 2003-2005 NWFSC survey caught canary rockfish in a smaller 

proportion of the total tows, with positive catch rates being larger and more variable 

than those observed in the AFSC survey. In addition, many more NWFSC survey 

tows have caught canary rockfish south of San Francisco Bay (Miller and Hastie 

2007). By incorporating this new survey information into a predictive model, new 

insights into canary rockfish distribution and abundance could be gained.  
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CHAPTER 5: CONCLUSION 

This study introduced a novel approach for identifying canary rockfish 

hotspots along the Washington and Oregon coasts from commercial trawl logbook 

data. While many studies have developed models using environmental variables to 

predict the presence or abundance of species (Maravelias and Papaconstantinou 2003, 

Sanchez et al. 2008), this study is believed to be the first to incorporate proximity to 

fishing hotspots developed from commercial fishing data as a variable in a predictive 

model.  

Canary rockfish presence in bottom trawl survey tows was influenced by 

location, bottom depth, and their proximity to canary rockfish hotspots, hard bottom, 

and mixed bottom types. Survey years 1989, 1992, 1995, 1998, and 2001 all had a 

negative effect on canary rockfish presence, whereas the presence of yellowtail, 

silvergray, and redstripe rockfish, as well as lingcod, corals and basketstars, increased 

the likelihood of encountering a canary rockfish.  

If a survey was specifically designed to target canary rockfish, and sampling 

effort was concentrated only in the areas defined by the canary rockfish hotspots, the 

amount of time and the resources needed to perform the survey could be drastically 

reduced, making the survey much more efficient. For example, the 216 hotspots 

created in this study covered an area of 957.2 km2, which is a mere fraction of the 

28,205 km2 covered by the NWFSC survey for roughly the same region (Keller et al. 

2008).  

While the canary rockfish hotspots provide a good starting point for defining 

the boundaries for a canary rockfish survey, the results of the GAM analysis indicate 

that the canary rockfish hotspots did not have a lot of explanatory power when it came 

to predicting the presence of canary rockfish. Considerable variability in canary 

rockfish presence was unexplained by the various GAM analyses presented here. It 

remains unclear whether the lack of explanatory power in the models is due to 

limitations in the data used in the analysis, or whether it is because the locations where 
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canary rockfish are found are highly variable and unpredictable, though surely it is a 

combination of both. The biomass estimates for rockfish in both the AFSC and 

NWFSC surveys have always been highly variable, and the datasets used in the 

analysis could be improved. Some of the unexplained variability is likely due to 

sampling biases associated with the sampling gear and survey design. As previously 

mentioned, the survey gear does not sufficiently sample the rocky, high relief areas 

frequently occupied by rockfish, leading to the trawl-survey habitat-bias (Jagielo et al. 

2003).  In addition, the accuracy of the commercial trawl logbook data used to create 

the canary rockfish hotspots is questionable. While the seafloor lithology information 

is the most comprehensive available, it is still largely incomplete, with the amount of 

rocky habitat located along the Washington and Oregon coasts probably greatly 

underestimated.  

While the results of this study have improved our understanding of the factors 

that influence the presence of canary rockfish along the Oregon and Washington 

coasts, further investigation into the factors that affect their overall distribution and 

abundance is necessary.  

At present, many West Coast rockfish species are considered depleted or 

overfished. Survey biomass estimates for rockfish remain quite variable, and as a 

consequence, great uncertainty surrounds the stock assessment results for rockfish. 

Better information is needed to determine the true status of West Coast rockfish, 

however, this information is often costly to collect. Once the habitat of the species of 

interest are identified using predictive models, such as those developed in this study, 

targeted surveys for rockfish can be developed, which in turn will provide much-

needed information about rockfish stocks along our coast. By generating a greater 

understanding of the factors that control the distribution and abundance of canary 

rockfish, as well as other rockfish species, fisheries managers will be able to make 

better-informed management decisions that will help ensure the long-term 

sustainability of West Coast fisheries. Further analysis of the survey data in the future 

may help determine the exact relationship between temperature and canary rockfish 
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distribution. Currently, little significance has been placed on the role that temperature 

plays in the distribution of canary rockfish, or other species of groundfish found along 

our coast. However, since climate is a strong force that clearly influences the 

dynamics of populations and communities along our coast and around the world, it is 

important for us to understand the relationship between fish distribution and 

temperature (e.g., Perry et al. 2005), so that fisheries managers can evaluate potential 

management strategies in the face of climate variability, such as El Niño events, and 

the PDO. By studying the relationships between species and their environment, we can 

begin to understand the relative importance of how environmental variables shape the 

distribution of examined species.  
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Appendix A: Geographical Information Systems (GIS) Computer Software and Extensions Used in Analyses 

 

Main GIS Software Package: 

Environmental Systems Research Institute (ESRI). 2009. ArcGIS Desktop Version 9.2 and 9.3. Redlands, California. 

 

 ESRI Extensions: ArcGIS Spatial Analyst 

        

 

Additional Software Extensions: 

Beyer, H.L. 2004. Convert Path to Points Tool. Hawth’s Analysis Tools for ArcGIS. Available at  

http://www.spatialecology.com/htools.



 

 

 

 

 

 

 

 

Appendix B: Washington and Oregon canary rockfish hotspot maps 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure B.1: Locations of canary rockfish hotspots off Washington.  



 

 

 

Figure B.2: Locations of canary rockfish hotspots off northern Oregon. 

 



 

 

 

Figure B.3: Locations of canary rockfish hotspots off southern Oregon.  

 



 

 

 

 

 

 

 

 

Appendix C: GAM final Full Model output summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Full Model Output Summary  

Family: binomial  
Link function: logit  
 
Formula: 
canary ~ factor(year) + factor(yellowtail) + factor(silvergray) +  
    factor(redstripe) + factor(lingcod) + factor(coral) + factor(basketstar) +  
    s(s.long, s.lat) + s(bot_depth) + s(hotspot.dist) + s(hard.dist) +  
    s(mixed.dist) 
 
Parametric coefficients: 
                      Estimate   Std. Error  z value   Pr(>|z|)     
(Intercept)           -1.5706     0.3039   -5.168    2.37e-07 *** 
factor(year)1989     -1.8184     0.6300   -2.886    0.003899 **  
factor(year)1992      -1.3957     0.2988   -4.671    3.00e-06 *** 
factor(year)1995      -1.9907     0.3309   -6.017    1.78e-09 *** 
factor(year)1998     -1.1544     0.2877   -4.013    6.00e-05 *** 
factor(year)2001      -1.1706     0.3024   -3.871    0.000108 *** 
factor(yellowtail)1    0.6331      0.2102    3.012     0.002598 **  
factor(silvergray)1    1.2397      0.6008    2.063     0.039077 *   
factor(redstripe)1     0.7701      0.3036    2.536     0.011200 *   
factor(lingcod)1       0.4899      0.1940    2.525     0.011576 *   
factor(coral)1        3.4555      1.7741    1.948     0.051446 .   
factor(basketstar)1    0.6436      0.2053    3.134     0.001722 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
Approximate significance of smooth terms: 
                    edf  Ref.df  Chi.sq     p-value    
s(s.long,s.lat)   8.304   8.804  11.390    0.236    
s(bot_depth)    2.686   3.186  13.228    0.005 ** 
s(hotspot.dist) 3.596   4.096   6.951      0.146    
s(hard.dist)      1.000   1.500   1.391      0.372    
s(mixed.dist)   2.990  3.490   5.006      0.225    
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
 
R-sq.(adj) =  0.254   Deviance explained = 27.1% 
UBRE score = -0.17725  Scale est. = 1         n = 995 
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