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ABSTRACT
The importance of Alaskan embayments as adult walleye pollock and Pacific 

herring habitat is unknown. Seasonal hydroacoustic and trawl surveys were conducted in 

three oceanographically distinct bays to correlate abiotic and biotic habitat factors with 

nearshore fish distributions around Kodiak Island. Relationships between fish densities 

and sea surface temperature and salinity, bottom depth, zooplankton density and 

diversity, bottom temperature and salinity, and water column stratification were analyzed 

through General Additive Models (GAMs). Bathymetry and temperature were 

consistently included as important habitat variables. Relationships between fish density 

and habitat variables differed by season and location, suggesting factors defining 

preferred habitat vary seasonally. Herring appear to prefer warmer, fresher surface waters 

associated with the Alaska Coastal Current. Mean pollock density increased between 

February and August, indicating the nearshore area is important summer habitat, while it 

is less important for herring after winter spawning. Pollock and herring utilize different 

horizontal and vertical areas of the bays, with pollock in deeper waters. Pollock separated 

vertically by size class, but no vertical separation was found for herring of different size 

classes. The range of size classes and high densities of both species suggest these 

previously unsurveyed areas are important pelagic fish habitat.
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CHAPTER 1: 

INTRODUCTION

1.1 Essential Fish Habitat and Basis of Study

Healthy habitat is a basic requirement for the reproduction, growth, migration, 

and production of sustainable fish stocks (Langton et al. 1996; NMFS 1996; Peters and 

Cross 1996). The Magnusen-Stevens Fishery Conservation and Management Act 

(MSFCMA) recognizes that “one of the greatest long-term threats to the viability of 

commercial and recreational fisheries is the continuing loss of marine, estuarine, and 

other aquatic habitats” (USDOC 1996, Magnuson-Stevens Act, 16 U.S.C. 1801 et seq.). 

In 1996, the U.S. Congress passed the Sustainable Fisheries Act (SFA) (USDOC 1996, 

Public Law 104-297) to protect habitat essential to commercially important fish stocks. 

The SFA modified the MSFCMA, and provided a new habitat conservation tool in the 

form of an “essential fish habitat” mandate (Rosenberg et al. 2000).

The SFA requires that Essential Fish Habitat (EFH) be identified and described 

for each federally managed species (Schmitten 1999). EFH is defined as the waters and 

substrate necessary to fish for spawning, breeding, feeding or for growth to maturity 

(USDOC 1996). This definition includes any aquatic area utilized by fish and the 

associated physical, chemical and biological properties of that area. EFH is designed to 

encompass habitat used by the fish throughout and at any time within a species’ complete 

life cycle (National Marine Fisheries Service (NMFS) 1998). When combined with the 

SFA’s additional mandates to end overfishing and significantly reduce by-catch, EFH 

designation creates the foundation for an ecosystem approach to marine fisheries 

management (NMFS 1998; Rosenberg et. al 2000).

Because the statutory definition of EFH covers the entire life cycle of a species, 

EFH may be identified within both federal and state waters if a species utilizes state 

coastal waters, estuaries, rivers, lakes or other waters at some time during its lifecycle 

(United States Bureau of Reclamation 2003). Many federally managed fish species utilize 

nearshore habitats during at least one phase of their lives (Schmitten 1999) and it is
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estimated that seventy-five percent of recreationally and commercially exploited marine 

fish species depend on the waters of nearshore environments (usually encompassed by 

state waters) at some stage of their life cycle (Chambers 1992). In Alaskan waters, EFH 

potentially includes the North Pacific Exclusive Economic Zone (EEZ) and adjacent state 

waters, giving Alaska the largest potential EFH designation of any state (USDOC 2005).

Alaska is one of the United States’ richest fishing regions, with numerous species 

harvested from its waters at all times of the year. With a total catch of approximately 2.6 

million metric tons (mt), and a commercial value of just over 1.3 billion dollars, Alaskan 

commercial fisheries accounted for 57% of the weight and 33% of the value of total U.S. 

domestic landings in 2004 (NMFS 2006). The Gulf of Alaska (GOA) and Bering Sea are 

the primary fishing areas of the state, and the GOA accounts for approximately 5% of the 

1.67 million mt of walleye pollock (Theragra chalcogramma), the nation’s largest 

fishery, harvested in Alaska in 2004 (NMFS 2006). The GOA is also a major source of 

other demersal and pelagic species such as sablefish, Pacific cod (Gadus macrocephalus), 

Pacific halibut (Hippoglossus stenolepis), Pacific salmon (Onchorhynchus spp.). 

Increasing importance is being placed upon management measures incorporating habitat 

and ecosystem considerations, which require detailed knowledge of the habitat required 

for sustaining the GOA’s important fisheries resources.

Important Kodiak fisheries include Pacific herring (Clupea pallasii) and walleye 

pollock. In recent years, the main winter biomass of Pacific herring in the Kodiak 

Management Area (KMA) has shifted from eastside Kodiak to westside embayments, 

particularly Uganik Bay (B. Foster, Alaska Dept, of Fish and Game, personal 

communication 2005; Gretsch 2005). The cause of this shift is not known, but 

understanding factors that influence Pacific herring habitat and abundance will help to 

increase in-season managerial efficiency, as well as add to the much-needed knowledge 

base on herring life history and seasonal patterns of habitat use and location.

Additionally, although NMFS has conducted annual surveys in Shelikof Strait for 

walleye pollock since 1980, these surveys focus on spawning biomass. As such, they 

provide information on open-water life history and habitat use within Shelikof Strait, but
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do not cover nearshore areas to investigate embayment and nearshore habitat use, which 

may be important non-spawning habitat for pollock. More complete information on the 

importance of bays and other nearshore areas will provide managers with the ability to 

determine whether the nearshore area should be included in EFH designation and whether 

these areas require inclusion in future surveys and biomass assessments.

1.2 Ecology and Commercial Importance of Study Species

1.2.1 Walleye Pollock

Walleye pollock is an important ecosystem component in the Kodiak Island area 

because of their high abundance and their role in multiple trophic levels as both predators 

and prey. These fish are found throughout the North Pacific Ocean from the Sea of Japan 

through southeast Alaska and along the west coast of the U.S. to California (Carlson 

1995; Mecklenburg et al. 2002; Dorn et al. 2004). Pollock are semi-pelagic fish that 

inhabit nearshore areas, large estuarine environments, coastal embayments and open 

ocean basins, usually in dense aggregations (Bailey et al. 1999). Pollock follow a diel 

vertical migration pattern, spending daylight hours at depth and moving upwards in the 

water column at night (Muigwa 1988; Bailey et al. 1999). Pollock have been found at 

depths ranging from 30-300 m (Mecklenburg et al. 2002) with the greatest abundances of 

adult biomass usually found between 100 and 300 m depths (Swartzman et al. 1994; 

Carlson 1995).

Pollock are characterized by rapid growth, early maturity and high fecundity 

(Bailey et al. 1999). Shelikof Strait is a major spawning location for GOA stocks of 

pollock (Muigwa 1988; Grover 1990), and spawning typically occurs between March and 

May. Females spawn several batches of eggs over a few weeks, producing up to 2 million 

eggs (Bailey et al. 1999). The eggs hatch in 1-3 weeks at the depth of spawning (usually 

100-250 m), and larvae develop in shallow water (<30 m). Larvae are dispersed by water 

currents, and juveniles utilize estuaries and protected nearshore habitats as feeding and 

nursery areas (Incze 1994; Mueter and Norcross 1994). As pollock grow and mature, they 

move into deeper water (Grover 1990; Carlson 1995; Stokesbury et al. 2000).
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Late-stage larvae and juveniles feed on zooplankton, while larger pollock feed on 

small fishes, crab and shrimp (Grover 1990). Additionally, adult pollock are highly 

cannibalistic. Juvenile and adult pollock serve as important prey for a variety of 

organisms including arrowtooth flounder (Atheresthes stomias), Pacific cod (Gadus 

macrocephalus), larger pollock, and marine mammals such as Steller sea lions 

(Eumetopias jubatus) and harbor seals (Phoca vitulina) (Lowry et al. 1988).

In the 1970s, the commercial pollock harvest began as a foreign fishery, but by 

1988 it had become a completely domestic shore-based fishery (Bailey et al. 1999; Dorn 

et al. 2004). Kodiak is the major port for deliveries of GOA pollock, which are managed 

as a single stock (Dorn et al. 2004; Bailey et al. 1999). Winter fisheries are usually 

concentrated in Shelikof Strait and around the Shumagin Islands southwest of Kodiak 

Island. Summer fisheries are less concentrated, but usually occur on the east side of 

Kodiak Island and Alaska Peninsula (Dorn et al. 2004). During 2003, pollock made up 

64.6% of the commercial fisheries catch in Alaska (NMFS 2006).

1.2.2 Pacific Herring

In Alaska, Pacific herring (hereafter referred to as herring) are found from its 

southern boundary (55° N) to Norton Sound (64° N) in the northwest, including Kodiak 

Island in the GOA (Figure 1.1) (Alaska Dept, of Fish and Game (ADF&G) 1985; Funk 

1994; Mecklenburg et al. 2002). Herring are pelagic fish which school at depths ranging 

from surface waters to 250 m, although they are nearly always caught at depths less than 

150 m (Mecklenburg et al. 2002; Funk 1994). Herring follow a diel vertical migration 

pattern, in which they spend daylight hours in deeper waters, and move upwards in the 

evening to feed (Funk 1994).They are one of the most abundant fish along Alaska’s 

coast, forming dense nearshore aggregations in winter and spring, when they spawn on 

kelp and other substrate (Hay and Kronlund 1987; Brown and Carls 1998; Mecklenburg 

et al. 2002). Herring become sexually mature at approximately age two, and spawn from 

ages three or four (Funk 1994; Hay and Kronlund 2001). Juvenile herring utilize 

protected bays and inlets as nursery areas (Stokesbury et al. 2000).
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Herring are a significant component of the GOA ecosystem as consumers of low- 

trophic level plankton and as important prey sources for a variety of upper-trophic level 

predators. Adult herring appear to feed opportunistically on any large organisms 

predominating among the plankton (ADF&G 1985) and the most common prey items 

include Oikopleura spp., Chaetognaths, amphipods and copepods (Gislason and 

Asstthorsson 2002; Funk 1994). Herring of all life stages are an important food source for 

a variety of piscivorous fish, marine mammals, and birds (McGurk et al. 1993; Funk 

1994; Brown and Carls 1998).

Historically, herring fisheries supported both subsistence and commercial 

industries in Alaska. Used for its rich oil and as a source of nutrition by Native 

inhabitants (ADF&G 1985; Hay and Kronlund 1987), herring was also dried and pickled 

by early European explorers (Funk 1994). The commercial herring industry began in 

Alaska in 1878 (Funk 1994) and between 1904 and 1934 a lucrative industry existed for 

producing dry-salted herring. In the 1920s when herring were harvested for their oil and 

processed in reduction plants, stocks were recklessly exploited without regard to stock 

abundance (Funk 1987). Harvests as large as 113,400 mt were recorded in the 1920s and 

1930s. Substantial overharvest may have contributed to a drastic decline of stocks in the 

1940s and 1950s (Funk 1994) and this, coupled with the rising pressure of the lower-cost 

Peruvian anchovy fishery, lead to the closing of the last reduction plant in Alaska in 1967 

(Hay and Kronlund 1987).

Currently, herring in the Kodiak Management Area (KMA) support small-scale 

but important commercial and subsistence harvests. A commercial harvest has been 

managed in the Kodiak district since 1964 in which herring are harvested primarily in 

sac-roe fisheries and a small food and bait fishery. In 2005 roughly 3,500 mt with an 

estimated ex-vessel value of $1,660,500 were harvested (Gretsch 2005). Historically, 

fisheries were concentrated on the eastside of Kodiak Island such as Ugak Bay but in the 

last decade large harvests have shifted to the westside of the island, particularly in 

Uganik Bay (Figure 1.2)
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Guideline harvest limits in the KMA are determined by the Alaska Department of 

Fish and Game, and exploitation rates are set so as not to exceed 20% of the available 

spawning biomass (Gretsch and Brennan, 2005). Spawning biomass is determined 

through a combination of aerial surveys, short-term hydroacoustic surveys on the fishing 

grounds, and information from harvesters. Additionally, herring stocks from Kamishak 

Bay (a separate management area north of Shelikof Strait on the west side of Kodiak 

Island) traditionally overwinter in Shelikof Strait. As a result of this mixing, KMA 

herring stock harvests in the Shelikof region are limited according to the population 

estimates of Kamishak area herring. When Kamishak stock levels are low (<6,000 short 

tons), herring fishery managers are instructed to close the herring fishery in the northern 

Shelikof Strait (Alaskan Administrative Code 2005).

1.3 Oceanographic Influence on Fish Populations

EFH recognizes that habitat is not limited to substrate but also includes the 

physical and biochemical properties of water surrounding fish. The distribution and 

seasonal activities of marine fishes such as pollock and herring are controlled by their life 

history and influenced by changes in environmental factors (Kim and Nunnallee 1990; 

Stokesbury et al. 1999). Recent research has shown that spatial and temporal trends in 

pelagic fish distribution and behavior are related, at least in part, to environmental 

variations such as sea surface temperatures (SST), salinity levels, water depth, 

temperature at depth, and thermocline characteristics (Reid et al. 1993; Swartzman et al. 

1994; Maravelias 1997; Maravelias 2001; Corten 2001; Hansen et al. 2001).

Many studies have been conducted showing that oceanographic conditions such 

as temperature and salinity critically influence herring distributions. Significant positive 

correlations between recruitment and sea temperature have been shown for Norwegian 

spring-spawning Atlantic herring (Clupea harengus), whereas Atlantic herring abundance 

off the south-west of England have been shown to be greater in cooler temperatures 

(Southward et al. 1988). Some populations have been studied sufficiently to provide a 

preferred temperature range, such as studies which showed higher abundances of
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spawning Atlantic herring are correlated with surface temperatures of 11-12°C 

(Maravelias 2001). Water temperatures in the Bering Sea may influence densities of 

Pacific herring, as large schools of overwintering herring are often associated with 

temperatures of 2.0-3.5 C (Funk 1987). The spawning times of Being Sea herring is 

directly related to water temperatures, with earlier spawning times occurring in years 

with warmer water temperatures (Wespestad and Barton 1981). Additionally, juveniles 

may prefer less saline waters than adult herring (Funk 1987).

Pollock prefer certain temperature ranges and appear to avoid waters colder than 

0°C (Swartzman et al. 1994). Water temperatures in the Bering Sea were found to affect 

pollock annual distribution patterns, with broader dispersal of pollock onto the shelf in 

warm years. Additionally, high pollock abundance in the southern Bering Sea has been 

demonstrated to be associated with 50 m depth temperatures around 2.5 C (Swartzman et 

al. 1994). In Shelikof Strait, pollock favored bottom waters over 5°C with high salinity 

levels, and tended to avoid regions with fresher bottom waters under 4°C (Kim 1988). 

Water temperature changes have also been suggested as a major factor in the timing of 

spring spawning in the Eastern Bering Sea (Pola 1985; Kotwicki et al. 2005). 

Additionally, in Shelikof Strait, the major spawning area for GOA pollock, spawn timing 

may be related to water temperatures through surface influences on spring phytoplankton 

(and subsequent zooplankton) bloom timing (Kim 1988). The coincidence of spawning 

time of walleye pollock and the spring bloom in the eastern GOA has been suggested as a 

result of fish responding to light reduction as a spawning cue (Haldorson et al. 1988). In 

instances where other properties such as temperature and salinity at depth are likely 

uniform, rapid light reduction due to the phytoplankton bloom may the strongest 

environmental signal for demersal fish.

In addition to preferred temperature and salinity levels, fish often exhibit distinct 

depth range preferences, often by life-history stage. In Puget Sound, Washington, the 

GOA and the Bering Sea, different life-stages of pollock and herring have well-defined 

depth stratifications with younger fish nearly always aggregating in shallower waters than 

adult fish (Kim and Nunnallee 1990; Carlson 1995; Stokesbury et al. 2000). For example,



abundance of adult pollock in the Bering Sea is usually greatest between 70-130 m depth, 

while juvenile pollock are generally found in the upper 50 m of the water column 

(Swartzman et al. 1994). Pollock and herring distribution in Prince William Sound were 

found to overlap temporally, though the species segregated spatially within the water 

column, with herring found at significantly shallower depths than pollock (Stokesbury et 

al. 2000).

In addition to abiotic parameters, biotic variables such as food availability, such 

as zooplankton abundance and composition, can influence pelagic fish habitat use. 

Atlantic herring abundances were found to be positively correlated to zooplankton 

abundances (Maravelias 1997), while low abundances specifically of C. finmarchicus, the 

principal food of North Sea herring, was correlated with low herring abundances (Corten

2001). In Alaska’s Prince William Sound, warm temperatures were correlated to low 

zooplankton densities, and therefore decreased herring feeding opportunities (Foy and 

Norcross 2001).

Environmental factors such as weather or sea temperatures can affect zooplankton 

success (Foy and Norcross 2001; McGurk et al. 1993), which ultimately affect rates of 

fish predation. Because the larval stage of Alaskan fishes often occurs in the spring when 

planktonic cycles are in their early stages, feeding and growth of fishes can be disrupted 

or delayed by adverse zooplankton conditions (Incze and Ainairel994). For example, 

strong wind mixing in the winter transports nutrients into the upper ocean layer, 

providing a basis for the spring phytoplankton bloom. When coupled with weak spring 

mixing, such conditions may enable pollock larvae to more easily locate and capture food 

(Dorn et al. 2004). Plankton bloom timing is crucial to larval fish and can drastically 

affect fish mortality rates, which in turn affects recruitment of adult fish to the fishery. 

Pollock feed on herring and other zooplanktivorous fishes, so effects of zooplankton 

abundance may have bottom-up implications for pollock feeding opportunities.
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1.4 Hydroacoustics

Zooplankton and fish distributions may be aggregated over a range of spatial 

scales from meters to kilometers. However, the spatial resolution of sampling techniques 

and survey area, as well as the dynamic nature of the open-water environment, limits our 

ability to describe and understand the spatial structure of these widely dispersed 

aggregations (Kern and Coyle 2002; Rossi et. al 1992).

Traditional fisheries assessments have commonly used only net sampling or 

hydroacoustic surveys combined with limited net sampling, both of which have 

advantages and shortcomings (Table 1.1). While net sampling provides localized detail 

on fish populations, it has many drawbacks, such as time and manpower requirements, 

and survey size limitations, when applied to large scale surveys. And while hydroacoustic 

surveys have a wide variety of advantages over net sampling, a major drawback to only 

using hydroacoustic surveys is that no biological samples are obtained. However, the use 

of direct sampling and prior experience to classify and identify acoustic targets can 

overcome this drawback (MacLennan and Simmonds 1991; Azzali 1982). Direct 

sampling can include still or video cameras, nets, trawls, traps, or weirs set in the 

surveyed areas. Biological samples taken during acoustic surveys allow for verification of 

target strengths and provide a means to identify the hydroacoustic signals. Acoustics 

targets in a sample may then be apportioned by the percentage of each species caught in 

direct sampling (Horne 2000). This technique assumes net catchability is equivalent to 

sonar system detectability and that the net catch provides a representative sample of the 

organisms seen in the acoustic backscatter (Aglen et al. 1999).

Early acoustic techniques were generally qualitative and focused on determining 

the presence or absence of fish (Ehrenberg et al. 1981), but increased computational 

power of recent computers has allowed hydroacoustics to become a powerful tool for 

understanding ecosystem and resource dynamics (MacLennan and Simmonds 1991). 

Acoustic methods have been successfully used to study the spatial distribution of a 

resource and the inter-relationships of environmental conditions (for example see 

Swartzman et al. 1994; Castillo et al. 1996; Corten 2001; Hansen et al. 2001; Paramo et
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al. 2003). The simultaneous collection of net samples, hydroacoustic information, and a 

variety of abiotic (temperature, salinity, current structure, bathymetry, etc) or biotic 

(zooplankton or other prey, etc.) variables allow for an increased understanding between 

population distribution and environment (Maravelias 1997).

Two methods of assessing fish abundance using hydroacoustic data are “echo 

counting” or “echo integration”. Echo counting is utilized when the spatial density of fish 

populations is sufficiently low, so that echo returns of individual fish can be identified 

and counted. This technique counts the number of detected echoes above a certain 

threshold and divides the total count by the total volume sampled (Enhrenberg 1981; 

MacLennan and Simmons 1991). Echo counting is suitable in lakes and rivers, where fish 

are spatially segregated and in low densities. Echo counting is sometimes used in the 

marine environment, especially at night when some fish species disperse. However, many 

marine fish, including pollock and herring, aggregate at depth during the day then 

undergo diel vertical migrations and disperse at near-surface depths. In both situations, 

individual fish are often indistinguishable, making echo counting difficult. Echo 

integration is utilized when individual echoes cannot be resolved, and has proved to be 

applicable to schooling fish or fish which aggregate in layers (MacLennan and Simmons 

1991). In contrast to using individual echo returns, echo integration involves calculating a 

mean integral from the accumulation of returned signals over a period of time or distance 

to estimate mean fish density (MacLennan and Simmons 1991). Echo integration can be 

used regardless of whether the received signal returning to the echosounder contained 

overlapping echoes. Echo integration is a common technique for resource surveys, and 

has been used extensively in the marine environment by numerous agencies and 

researchers.

To transform integrated sound signals to fish abundance, a species-specific Target 

Strength (TS) is applied to the returned acoustic signal. TS parameters allow the 

translation of acoustic backscatter into biomass so that assessments may be made on the 

population in question (Romaine et al. 1996). TS is the ratio of received signal to 

transmitted signal from an object 1 m from the transmitter (MacLennan and Simmons
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1991). Although it can be expressed in any unit, TS is usually expressed in decibels (db) 

referenced to 1 decibar (dbar) (Cushing 1968, MacLennan and Simmons 1991). TS 

equations consist of the log transformed length (cm) of the fish minus a constant b.

TS = m Log (L) -  b

where m and b are the species-specific slope and intercept, respectively, of the estimated 

linear regression of target strength on log L (length) for a species.

TS certainly is dependant on a variety of factors. TS parameters differ among 

authors and fish species, may also vary as a function of several factors including the 

length of the fish, whether the fish has a physoclistic or physostomic swimbladder, lipid 

content, gut fullness, position of the fish in the water column, water characteristics, and 

the configuration and frequency of the sonar equipment used (Home 2000; Romaine et. al

2002). For example, orientation of the fish in the water column may affect echo 

amplitude. Maximum backscatter is achieved when the fish are oriented head down 5-10 

degrees from horizontal, which orient the fish’s swimbladder perpendicular to the ship 

transducer (Home 2000). Excluding dawn and dusk surveys can alleviate the problem of 

changing fish orientation during diel vertical migration.

In some species, studies using both in situ and captured fish to establish TS have 

resulted in establishing a commonly accepted TS equation. For example, for many years 

NMFS and other researchers surveying walleye pollock, which have a physoclistic 

swimbladder, have used the TS equation:

TS = 20 log (L) - 66.0 

where L is the fork length in centimeters (Traynor 1996). Recent work on in-situ and 

laboratory backscattering properties of walleye pollock has led to the development of an 

updated TS equation:

TS = 19.2 log (L) -66 (Gauthier and Home 2004).

This new equation may be more appropriate for marine applications as it accounts for the 

tilt angle of fish in the marine environment.

For herring, where the physostomous swimbladder can cause increased variation 

in reflection of acoustic signal, the TS equation is less well defined. Considerable work
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on Atlantic and Baltic herring {Clupea harengus membras) has been conducted by 

International Council for Exploration of the Seas (ICES) and other research groups. An 

equation developed by Foote (1987) is widely used for clupeids:

TS = 20 log (L) -71.9.

Based on stock characteristics, this equation has been adapted for region-specific Atlantic 

herring assessments by varying the constant from -64 to -72.3. However, due to depth 

distribution differences, fish quality differences, and environmental variables, using TS 

created for Atlantic herring may not always be appropriate for other herring species.

A variety of TS for Pacific herring have been developed and refined in recent 

years, and for Alaskan Pacific herring, an equation using weight in addition to length to 

derive target strength is frequently used (Thome 1983):

TS -  10 logio (weight) = -6.0 logio L -  24.2 dB m2/kg 

This equation has provided an accurate measure of GOA herring target strength 

(Stokesbury et al. 2000), and incorporates the differences in gonadal fullness or quality of 

fish that may affect non-weight-derived TS accuracy.

1.5 Geostatistical Methodology

Marine organisms tend to have patchy distributions and are often found in high 

densities at some locations while other locations have sparse or absent populations. Many 

fish aggregate in response to some physical feature of the marine environment, such as 

bottom depth, water fronts, shelf edges, or reefs (Maravelias et al. 1996, Ohman and 

Rajasuriya 1998). Therefore, spatial dependence or autocorrelation in fish distribution is 

a common phenomenon in fisheries surveys. Autocorrelation occurs when points closer 

together are more correlated than points that are further apart, and in such cases 

traditional statistical methods to represent distribution may not be appropriate (Rivoirard 

et al. 2000).

Geostatistics is a branch of applied statistics that focuses on the detection, 

modeling, and estimation of spatial patterns (Rossi et al. 1992). A typical geostatistical 

analysis involves three steps. The first is to describe the spatial structures of the studied
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organism through variograms that allow the quantification of spatial dependency and 

partition it along various distance classes (Maravelias et. al 1996). A semivariogram is a 

means to ensure that pairs of measurements closer together should have smaller 

measurement differences than those farther away from one another. The more or less 

rapid increase of the variogram represents the more or less rapid deterioration of the 

influence of a given sample over more and more remote zones of the studied area (ESRI 

2005). In creating an empirical semivariogram, the squared distance between the values 

for all pairs of measured locations is calculated, and a model that provides the best fit to 

the data is calculated. The second step in geostatistical analysis is to fit a statistical 

model, often linear, spherical or exponential, which allows for analysis of the relationship 

of observed structures to hypothesized generating processes. Third, application of a 

spatial prediction method such as kriging uses the variogram to define coefficients to 

weight the observations taken over an area to obtain spatially interpolated estimates of 

abundance at any point of this area (Maravelias et. al 1996). Kriging allows for 

application of an equation to the weighting of known points in the prediction of unknown 

points (Romaine et al. 2002). These estimated values can then be used for mapping the 

studied variable, in this case fish density. In geostatistics, any data point with a known 

location can be included in the analysis, allowing for full coverage of a surveyed area. 

Once measured and predicted values have been calculated, these values can then be 

applied to create a map for delineation of fish distribution and abundance.

In any fisheries survey, researchers must take into account the variance of the 

abundance estimation. Zigzag transects provide maximum coverage during daylight 

hours and account for topographic variation within each bay. The major drawback of 

zigzag transects is that the expected degree of statistical independence from other 

adjoining legs varies with the position along the leg (Romaine et al. 2002). Because 

pelagic fish tend to form aggregations, transects may or may not pass over a group. The 

use of predetermined transects produces relatively complete and representative coverage, 

but there is no guarantee that data from these transect grids are completely representative 

of the true fish populations. Therefore, using geostatistical techniques to interpolate
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unknown points from the known points along survey transects allows for a more 

complete assessment of the pelagic biomass in the study area (Riviorard et. al 2000; 

Maravelias and Haralabous 1995).

1.6 Study Site

Kodiak Island is situated in the northwest GOA, in the North Pacific (Figure 1.1). 

The island’s rich marine ecosystem experiences a variety of oceanographic influences 

from the Alaskan Coastal Current, the Alaska Stream, and also large amounts of 

freshwater runoff into bays and inlets. The nearshore waters surrounding Kodiak Island 

are influenced primarily by the Alaska Coastal Current (ACC) and the Alaska Stream., 

The ACC is a swift, westward flowing near-shore buoyancy-driven current that extends 

for more than 1500 km along the coast of Alaska and through Shelikof Strait (Stabeno et 

al. 1995; Weingartner et al. 2005). Additionally, part of the ACC is advected along the 

eastern side of Kodiak Island, where it follows bathymetric contours in and out of sea 

valleys, thereby bringing water into bays from offshore areas (Stabeno et al. 2004). 

Westward transport of water along the coast is forced by freshwater additions from 

coastal runoff, and surface winds. The ACC is important in distribution of plankton, fish 

and invertebrate eggs, and nutrients throughout coastal Alaska from the south-eastern tip 

to the end of the Alaskan Peninsula (Coyle and Pinchuk 2003). As the ACC passes on the 

northeastern side of Kodiak Island, it follows the complex topography and provides some 

across-shelf movement of water (Stabeno et al. 2004). The Alaska Stream, a strong 

westward-flowing shelf-break current off the eastside of Kodiak Island, is located further 

off the shelf-break from Kodiak Island. This current is influential primarily through the 

offshore waters brought to Kodiak through deep gullies along the eastside of Kodiak 

Island.

The study sites, Ugak, Uganik, and Alitak Bays (Figure 1.2) each have current 

and/or historic importance to the commercial fishing industry of Kodiak and each is 

influenced by different external oceanographic influences. Ugak Bay, located on the 

eastern coast of Kodiak, is exposed to the GOA at the head of Bamabus Gully, which



15

runs north from Albatross Bank. The area north of Ugak Bay is an area of intense 

localized upwelling and vigorous tidal mixing, and as the ACC brings enriched water past 

Ugak Bay, it may contribute to the biological productivity of the area (Wilson et al.

2005). Uganik Bay is a fjord located on the northwest side of Kodiak Island, which opens 

onto Shelikof Strait and receives a large amount of freshwater input from the ACC.

Alitak Bay is located at the southern end of Kodiak Island near the southern end of 

Shelikof Strait. Eddies generated from the ACC at the southern end of Shelikof Strait 

make the large, shallow shelf area outside the bay well-mixed and highly productive.

This bay receives water from both the GOA and Shelikof Strait (Stabeno et al. 2004).

The two main objectives of this study are to: 1) identify and describe the seasonal 

trends in nearshore pelagic fish distribution and abundance in three bays around Kodiak 

Island and 2) relate abiotic and biotic environmental variables to the distribution and 

abundance of these fish. In Chapter 2, seasonal distribution and abundance of pelagic fish 

within Ugak, Alitak, and Uganik Bays are described and discussed within the context of 

geographic location, depth distribution, and species interactions. In Chapter 3, the 

distribution and abundance of herring and pollock are related to a series of biotic and 

abiotic variables, including sea surface temperature, sea surface salinity, depth, bottom 

temperature, bottom salinity, stratification of the water column, and zooplankton 

abundance and diversity. Together, these variables define aspects of the pelagic habitat 

which may influence fish distribution.
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Table 1.1 Comparison of Net Sampling and Hydroacoustic Sampling Surveys

Type of survey Advantages Disadvantages

local detail
provides info on fish quality, 

Net Sampling species composition, abundance 
simple technology

useful in shallow areas

not efficient for large scale 
(temporal or spatial) surveys 
small number samples, net 
avoidance
large manpower requirement 
large error ranges as result of 
fish patchiness

Hydroacoustic

detailed information over large 
area
high speed

useful in large scale surveys 
low operational costs 
requires little manpower 
independent from catch 
statistics
absolute population estimates 
possible
more complete spatial coverage 
per cost than net sampling 
low variance

no biological samples

no coverage in bottom and 
surface "dead zones" 
high initial cost 
complex technology

Target Strength uncertainties
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Figure 1. 1 Map of Gulf of Alaska circulation, after Stabeno et al. 1995.
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Figure 1. 2 Map of Kodiak Island, Alaska, A) showing dominant currents (after Stabeno et al. 2004) and B) 
showing three study bays with inset of Alaska. The 100 m bathymetric contour is shown.
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CHAPTER 2: 

TEMPORAL DISTRIBUTION OF WALLEYE POLLOCK (THERAGRA 
CHALCOGRAMMA) AND PACIFIC HERRING (CLUPEA PALLASII) IN THREE 

BAYS OF KODIAK ISLAND, ALASKA*

ABSTRACT

The seasonal walleye pollock and Pacific herring distributions in three bays of 

Kodiak Island, Alaska were assessed with hydroacoustic and midwater trawl sampling in 

winter, spring, and summer 2003. Pollock were located primarily in the deepest areas of 

the bays, while Pacific herring were located at the heads of bays. Pollock between 17 and 

25 cm were found shallower than larger pollock, while there was no difference in vertical 

distribution of herring size classes. Mean pollock density increased between February and 

August, indicating that the nearshore area is important summer habitat. Mean herring 

density decreased between February and August, indicating that nearshore habitat is less 

important for herring after spawning. Both species occupied a greater horizontal extent 

within the study bays in August. Spawning migration or predator/prey behaviors may be 

important factors that determine seasonal use of the bays. The wide variety of size classes 

and high densities of both species in the bays suggest these previously unsurveyed areas 

are potentially essential fish habitat.

2.1 Introduction

Healthy habitat is a basic requirement for the reproduction, growth, migration, 

and production of sustainable fish stocks (Langton and Haedrich 1996, NMFS 1996, 

Peters and Cross 1996). Established in 1996, the Magnuson-Stevens Fishery 

Conservation and Management Act (MSFCMA) requires the identification of Essential 

Fish Habitat (EFH) for federally managed species (USDOC 1996). EFH is defined as the 

waters and substrate necessary to fish for spawning, breeding, feeding or for growth to

* Loewen, M.E. and R.J. Foy. 2007. Temporal distribution of walleye pollock (Theragra chalcogramma) 
and Pacific herring (Clupea pallasii) in three bays of Kodiak Island, Alaska. To be submitted to 
Transactions of American Fisheries Society.
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maturity (USDOC 1996) and is designed to encompass habitat used at any point within a 

species’ complete life cycle (NMFS 1998). For any species, preferred habitat may vary 

according to life history stage, seasons, interactions among species, spawn timing, current 

structures, and food availability (Diana 1995, Castillo et al. 1996, Maravelias 1997, Ross 

and Larson 2003). Additionally, some fish are restricted to particular aspects of habitat 

structure or certain depth ranges, thereby influencing localized species distribution, 

composition and abundance (Ohman and Rajasuriya 1998). Because the definition of 

EFH covers the entire life cycle of a species, it is not limited to federal waters and may be 

identified within state waters if a species utilizes state coastal waters, estuaries, rivers, 

lakes or other waters at some time during its lifecycle (U.S. Bureau of Reclamation

2003). EFH has been designated over broad scales for federally important species. 

However, there is insufficient fine-scale or seasonal information on the distribution and 

relative abundance of pelagic fish species in nearshore environments to establish EFH 

designations.

Walleye pollock (Theragra chalcogramma) and Pacific herring (Clupea pallasii) 

dominate the pelagic fish biomass of the Kodiak nearshore area. Both species are 

important components of the Gulf of Alaska (GOA) ecosystem as prey for piscivorous 

fish, marine mammals, and seabirds (Springer 1992, Brodeur and Wilson 1996, Brown 

and Carls 1998, Sturdevant et al. 2001, Brown et al. 2002). Additionally, pollock and 

herring are valuable commercially fished species in the GOA. Although large scale (10s 

to 100s of km) distributions of pollock and herring are relatively well described in Alaska 

(Funk 1994, Bailey et al. 1999), small and mesoscale (0.1 to 10s of km) vertical and 

horizontal distributions of these species are not well understood, and the importance of 

the nearshore habitat has not been adequately described for these species.

Knowledge of a population’s distribution is fundamental for estimating total 

abundance and for determining habitat use (Brodeur and Wilson 1996). The distribution 

of spawning adult pollock is well documented during springtime National Marine 

Fisheries Service (NMFS) biomass surveys in the Shelikof Strait, GOA (Hermann et al. 

1996). However, the non-spawning pollock distribution is not surveyed in other months
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or areas, even though localized spawning occurs in nearshore areas (Wilson et al. 2005) 

and juveniles are known to use coastal areas in other seasons (Carlson 1995). Similarly, 

distributions of herring in the Kodiak Management Area (KMA) are assessed by the 

Alaska Department of Fish and Game (ADF&G) during winter and spring spawning. 

Herring biomass is estimated from in-season aerial surveys, short-term hydroacoustic 

surveys on the fishing grounds, and information from harvesters. The data from surveys 

in the last decade indicate that spawning herring may be redistributed from historical 

concentrations on the east side of Kodiak Island to areas on the west side of the island, 

particularly Uganik Bay (Gretsch 2005). Herring distributions outside spawning areas 

and seasons are not surveyed and are therefore unknown in the Kodiak nearshore waters.

The overall goal of this study is to assess the nearshore distribution of pelagic 

fish to understand the importance of nearshore habitat for pollock and herring. Therefore, 

the objectives of this study include quantifying size class structure, vertical distribution, 

and horizontal distribution of nearshore pollock and herring populations.

2.2 Methods

2.2.1 Study Site

The Kodiak Archipelago is located in the northwest GOA in the North Pacific 

Ocean (58° N, 152° W) (Figure 2.1). Kodiak Island is the largest island within the 

archipelago and has a rugged coastline made up of bays and inlets. The oceanography 

around Kodiak Island is primarily influenced by the Alaska Coastal Current (ACC), a 

westward-flowing low-salinity nearshore buoyancy-driven current on the west side of 

Kodiak Island, and the Alaska Stream, a strong westward-flowing shelf-break current 

east of Kodiak Island. As such, the nearshore habitats around Kodiak Island are 

characterized by different physical attributes.

Three bays located on the east, west, and south sides of Kodiak Island were 

chosen to assess the distribution of pelagic species. Ugak, Uganik, and Alitak Bay are or 

historically have been commercially fished (Figure 2.2). Ugak Bay is a deep bay at the 

head of a trough located on the eastern coast of Kodiak Island The biological productivity
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of Ugak Bay is influenced by ACC-driven upwelling and tidal mixing (Stabeno et al. 

2004, Wilson et al. 2005). The bay is exposed to the GOA and offshore waters are 

brought into the bay through gullies and canyons. Uganik Bay is a fjord located on the 

west side of Kodiak Island, which opens into Shelikof Strait and receives a large amount 

of freshwater input from the ACC. Alitak Bay is a shallow estuary with several deep 

arms. It is located at the south end of Kodiak Island, where eddies generated from the 

ACC at the end of Shelikof Strait make for a well-mixed, highly productive area at the 

mouth of the bay (Stabeno et al. 2004).

2.2.2 Survey Design

Data were collected 17-25 February, 23-30 May, and 12-20 August 2003 to assess 

pelagic fish distribution during three different seasons. Zigzag transects with nodal arms 

spaced approximately 7.4 km (4 nmi) apart were run from the mouth to the head of each 

bay (including each arm). Zigzag transects are the best method for nearshore marine 

acoustic surveys because they provide adequate spatial coverage while maximizing time 

efficiency (Kimura and Lemberg 1981, Nickerson and Dowd 1997, Riviorard et al. 2000, 

Romaine et al. 2002). Transects were spaced to maximize coverage of the bay during 

daylight hours and to account for topographic variation within each bay. All transects 

were run during daylight to avoid variation in acoustic backscatter caused by diel vertical 

migrations of pelagic fish in these bays.

2.2.3 Hydroacoustic Methodology and Fish Collection

Fish abundance and distribution data were collected acoustically with a Simrad 

EK60 echosounder using a hull-mounted 38 kHz split-beam transducer (transducer depth 

= 3.6 m). System electronics were connected to shipboard GPS and an onboard laptop. 

The echosounder was operated at 1000 watts transmit power, 1.024 m pulse length, 1 

ping/sec, 20 log R Time Varied Gain (TVG) correction for absorption losses, and a -70 

db minimum threshold (Traynor 1997). Acoustic data were collected continuously while 

underway, with an average vessel speed of 14.8 km/hr (8 knots) and constant engine rpm
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to minimize noise fluctuations. Standard sphere calibrations were conducted before and 

after cruises to ensure data quality (Foote et al. 1983).

Midwater trawls were deployed to verify and identify the acoustic backscatter and 

obtain species size composition. The vessel used in the study was a 26 m commercial 

midwater trawler, and the net used was a DanTrawl Bering Billionaire Trawl (4.8 x 3.65 

x 78.0 m with 54.86 m bridals and 9.14 m door legs, 4 m Nets alloy doors used with a 

Nets Aleutian Wing Trawl 11 m codend with 0.10 m mesh and 0.025 m mesh liner). The 

fish in each haul were identified and counted while the total length of at least 100 of each 

species was measured to the nearest cm. A minimum of ten fish of each species from 

each tow were retained and frozen for weight measurements in the lab. The catchability 

of each species and size class was assumed to be equal and representative of the true 

composition in the water column. Pollock was classified into the following size 

categories based on age-length regressions from NMFS (Guttormsen and Wilson 2000): 

<16 cm, 17 to 26, 27 to 33, 34 to 43, and >44 cm. Herring was classified into the 

following size categories <15 cm, 16 to 20, 21 to 25, and 26 to 30, and >31 cm (Brown 

and Carls 1998, Schwiegert et al. 2002).

2.2.4 Biomass Assessment 

Acoustic backscatter was integrated into 5 m vertical by 185 m horizontal bins using 

Echoview 3.2 software (Sonar Data 2005) by applying published species specific target 

strength (TS) - length equations (Romaine et al. 2002, Forbes and Nakken 1972). For 

pollock the following equation was used:

TS= 19.2 log (L) + X

where L is fish length (cm) and X is a constant value of -66.0 (Gauthier and Home 2004). 

For herring the following target strength-length equation was used:

TS= 13.3 log (L) + X

where L is fish length (cm) and X is a constant value of -55.9 (Gauthier and Home 2004).

Acoustic backscatter was assigned to a species based on fish collected in net tows, 

TS evaluation, and school shape or position in the water column. Questionable acoustic
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targets that were not directly sampled were analyzed by minimum, maximum, and mean 

target strength, target strength frequency distributions and comparison with published TS 

values for species identification. Seasonal differences in mean depth of each species were 

tested using ANOVA and Tukey’s Unequal-N HSD for post-hoc comparisons (StatSoft 

2005). Within a season significant differences in mean depth between species in each bay 

were tested using a t-test.

2.2.5 Geospatial Analyses

The major drawback of zigzag transects is that the expected degree of statistical 

independence from other adjoining legs varies with the position along the leg (Romaine 

et al. 2002). This can be overcome using geostatistical techniques to minimize 

autocorrelation and create independence among samples (Riviorard et al. 2004). ArcGIS 

9.0 was used to generate semivariograms from kriging models offering the best fit based 

on analysis of root-mean-squared error, standard and predicated error estimates of the 

predicted and measured values. The data were then interpolated across bays using 

ordinary kriging to estimate species density by size class (Maravelias et al. 1996, 

Riviorard et al. 2000, Romaine et al. 2002, ESR1 2005). For analysis of seasonal 

horizontal distribution, bays were further divided into sections based upon distance from 

the mouth of the bay. Sections were labeled Inner, Middle, and Outer.

Kriged whole bay pollock and herring density estimates were compared among 

seasons. In addition, kriged pollock and herring density estimates from bay sections were 

compared among and within seasons for each bay. Lilliefors tests of normality showed 

the kriged distribution data were non-normal. Therefore, nonparametric Kruskal-Wallis 

and Mann-Whitney U tests were used (StatSoft 2005).

2.3 Results

A total of 1,085 km of active transect lines and 38 midwater tows were completed 

during February, May and August 2003. Logistical difficulties and equipment 

malfunction during the May survey limited the number of trawls conducted in Alitak and
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Uganik Bays. A total of 10,840 fish were retained for weight and length measurements. 

Fish biomass was dominated by walleye pollock in all bays throughout the study, 

although herring were locally dominant in some areas of the bays, especially in winter. 

Pollock were captured in all bays, all seasons, with greatest biomass in August. Herring 

were most common in February (spawning time) and May, and rarely captured in August. 

Capture of other species, salmon (Oncorhynchus spp.), capelin (Mallotus villosus),

Pacific sandfish (Trichodon trichodon), and eulachon (Thaleichthys pacificus) in the 

midwater net constituted a combined percentage of less than 6% in any tow.

2.3.1 Seasonal Size Composition and Whole Bay Density Comparisons 

Mean pollock densities and sizes varied among bays and seasons. Mean pollock densities 

were greatest in Uganik in August (Figure 2.3). Pollock lengths ranged from 8 to 78 cm 

across all months and bays. Pollock density increased significantly in all bays from 

February to August (Table 2.3). In Ugak Bay, this increase was dominated by higher 

densities of >44 cm pollock in May and 34 to 43 cm pollock in August. Some 17 to 26 

cm pollock were found in Ugak Bay in all seasons, but these fish constituted a relatively 

small part of the total bay biomass. In Alitak Bay, the range of lengths was greater than 

any other bay. Pollock ranging from 8 to 68 cm, and a distinct group of very small 

pollock (<10 cm) were observed in February and August that were not seen in the other 

two study bays (Figure 2.3). In Alitak, increases in mean pollock density were dominated 

by higher densities of >44 cm pollock in May, and increased densities of both >44 cm 

and 34 to 43 cm pollock in August. In Uganik Bay, increases in mean pollock density 

were dominated by >44 cm pollock in May, and 34 to 43 cm pollock in May, as well as 

increased densities of 26 to 33 cm pollock in both May and August.

Mean herring densities and sizes also varied among bays and seasons. Mean 

herring densities were greatest in Ugak and Uganik Bay in February (Figure 2.4). Herring 

density decreased significantly in all bays from February to August (Table 2.3) except in 

Uganik, where there was no significant difference in mean herring density between May 

and August. Herring length ranged from 16 to 34 cm, with the largest fish (30 to 33 cm)
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observed only in Ugak Bay. In Ugak Bay, the decrease in mean herring density was due 

to a decrease in density of herring >30 cm from February to May, and decreased density 

of 16 to 20 cm herring from May to August. In Alitak Bay, the decrease in mean herring 

density was caused by the presence of 16 to 20 cm herring in February, which were not 

present in other seasons. In Uganik, decreases in mean herring density were less 

pronounced than in other bays, but were due to herring from 21 to 25 cm present in the 

bay in February, and leaving by August.

2.3.2 Vertical Distribution

Mean depth of pollock and herring varied significantly within a bay among 

seasons (Table 2.4). Pollock and herring were shallowest in all bays in February (Figure 

2.5). Mean pollock depth was greatest in May in Ugak and Uganik, and in August in 

Alitak. Mean herring depth was greatest in May in Ugak and Alitak, and in August in 

Uganik.

Mean depth of pollock was significantly different than the mean depth of herring 

in all bays in all seasons except Ugak in May and Alitak in August (Table 2.5). Mean 

depth of pollock was greater than herring in February and August, but in Alitak in May 

mean depth of herring was greater than pollock (Figure 2.5). Mean depth was not 

significantly different between species in Ugak in May and Alitak in August.

Mean depth of pollock varied by size class, with 17 to 26 cm pollock shallower 

than larger size classes (Figure 2.6). No trends in mean depth were found among herring 

size classes.

2.3.3 Horizontal Distribution

2.3.3.1 Ugak

In Ugak Bay, horizontal distribution of pollock differed from that of herring, with 

pollock generally found in outer, deeper areas and herring found at the head of the bays 

(Fig 2.7 and Fig. 2.8).
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Mean pollock density varied among sections within Ugak Bay in all seasons 

(Table 2.6). In February this was caused by a greater amount of 34 to 43 cm pollock in 

the Middle section and a lack of pollock in the Inner section. In May, >44 cm pollock 

were equally distributed in the Middle and Outer sections of the bay, while a large 

amount of 34 to 43 cm pollock were only found in the Outer section. In August, higher 

densities of 34 to 43 cm and >44 cm pollock occurred in the Middle and Inner sections, 

while 17-25 cm pollock were only found in the Inner section.

Mean pollock density in each section of the bay also varied among seasons (Table

2.7). Differences in usage of the Inner section of the bay were driven by increasing 

densities of large pollock from February to August. In the Middle section, no significant 

differences were found in overall usage between February and May, but 34 to 43 cm 

pollock densities were greater in August. In the Outer section adult pollock (>34 cm) 

densities were greatest in May.

Mean herring density varied among sections within Ugak Bay in all seasons 

(Table 2.6). In February this was caused by a high densities of >30 cm herring in the 

Inner section, and few herring in other parts of the bay. In May, herring of a variety of 

size classes were found in all sections, but a large amount of 16 to 20 cm and 21 to 25 cm 

herring were found in the Middle section of the bay. In August, few herring were found 

anywhere in the bay, but some 21 to 25 cm and 26 to 30 cm herring were present in the 

Middle section.

Mean herring density in each section of the bay also varied among seasons (Table

2.7). Differences in the Inner section of the bay were driven by decreased densities of 

>30 cm herring from February to August. Herring were present in the Middle section in 

May, but not in significant quantities in February or August. Additionally, in the Outer 

section, no significant differences were found in herring usage between February and 

August, but relatively higher densities of 16 to 20 cm and 21 to 25 cm herring were 

observed in the Outer section of the bay in May.
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2.3.3.2 Alitak

In Alitak Bay, horizontal distribution of pollock and herring were similar, with 

greatest densities found narrow, deep Inner section of Alitak Bay in all seasons (Fig 2.9 

and Fig 2.10).

Mean pollock density varied among sections within Alitak Bay in all seasons 

(Table 2.8). In all seasons, differences were due to greatest pollock densities in the Inner 

section and only low pollock densities in the Middle or Outer sections. In February, 

greatest densities in the Inner section were attributed to 26 to 33 and >44 cm pollock. In 

May, densities in the Inner section were dominated by >44 cm pollock. In August, 

pollock were distributed throughout the bay but greatest densities of 34 to 43 cm and >44 

cm pollock were found in the Inner section.

Mean pollock density in each section of the bay also varied among seasons (Table 

2.9). Differences in usage of the Inner section of the bay were driven by increased 

densities of adult (34-43 cm and >44 cm) from February to August. In the Middle 

section, differences were due to increased densities of 26 to 33 cm pollock from February 

to August. In the Outer section densities of 34 to 43 cm and >44 cm pollock increased 

slightly in August.

Mean herring density also varied among sections within Alitak Bay in all seasons 

(Table 2.8). Similar to observations of horizontal habitat use by pollock, herring densities 

were greatest in the Inner section in all seasons. In February high densities in the Inner 

section were attributed to 16 to 20 cm herring. In May, a small amount of 21 to 25 cm 

and 26 to 30 cm herring were found in the Inner section, and few herring in other parts of 

the bay. In August, some 26 to 30 cm herring were found in the Middle section, but 

densities were greatest in the Inner section.

Mean herring density in the Inner and Middle sections of Alitak Bay varied 

among seasons, but no seasonal differences occurred in the Outer section (Table 2.9). 

Differences in the Inner section of the bay were driven by decreased densities of 16 to 20 

cm herring densities from February to May and increased densities of 26 to 30 cm herring 

from February to August. In the Middle section 16 to 20 cm herring were present in
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February and 26 to 30 cm herring in August. Significant overall differences in herring 

usage were caused by low densities in May.

2.3.3.3 Uganik

In Uganik Bay, horizontal distribution of pollock differed from that of herring, 

with pollock found in the Outer and Middle sections of the bay, and herring found in the 

arms of the bay (Fig 2.11, Fig 2.12).

Mean pollock density varied among sections within Uganik Bay in all seasons 

(Table 2.10). In February this was caused by a greater densities of 34 to 43 cm and >44 

cm pollock in the Outer section. In May, a variety of pollock size classes were found in 

all sections but a large amount of 26 to 33 cm pollock was found in the Middle section, 

and high densities of >44 cm pollock were found in both the Inner and Outer sections. In 

August, highest densities of >44 cm pollock occurred in the Middle section, while 

greatest densities of 34 to 43 cm pollock occurred in the Outer sections.

Mean pollock density in each section of the bay also varied among seasons (Table 

2.11). These differences were driven by increased densities of pollock in the bay in all 

sections from February to August. Differences in usage of the Inner section of the bay 

were driven by increased densities of 34 to 43 cm and >44 cm pollock in May. In the 

Middle section, 26 to 33 cm pollock densities were greatest in May and densities of >44 

cm pollock greatest in August. Differences in the Outer section were caused by increased 

densities of 26 to 33 cm and 34 to 43 cm pollock from February to August, and decreased 

densities of >44 pollock.

Mean herring density varied among sections within Uganik Bay in all seasons 

(Table 2.10). In February and May differences were caused by high densities of 16 to 20 

cm, 21 to 25 cm and 26 to 30 cm herring in the Inner section and Middle sections. In 

May, herring densities were relatively low and more evenly dispersed, but densities of 16 

to 20 cm and 26 to 30 cm herring were greatest in the Inner section. In August 21 to 25 

cm herring were only found in relatively low densities in the Inner and Middle sections.
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Mean herring density in the Inner and Middle sections of the bay varied among 

seasons, but no significant difference existed in densities in the Outer section among 

seasons (Table 2.11). These differences were driven by overall decreased herring 

densities throughout the bay from February to August. In the Inner section densities of 26 

to 30 cm and 21 to 25 cm herring decreased from February to August. In the Middle 

section, densities of 16 to 20 cm and 21 to 25 cm herring decreased from February to 

August. In the Outer section, relatively low densities of 16 to 20 cm and 21 to 25 cm 

herring in February and 16 to 20 cm and 26 to 30 cm herring in May were observed. 

However, herring densities in the Outer section were so low in all seasons that no 

significant differences existed.

2.4 Discussion

Marine fish depend on habitat for survival and reproduction. For pelagic fish such 

as pollock and herring, habitat consists of abiotic and biotic water column properties such 

as temperature, salinity, stratification, depth, or prey availability. Areas designated as 

EFH should include those habitats that support all life stages of each managed species, 

however, a species may use many different habitats throughout its life (i.e., spawning, 

nursery, feeding, and shelter habitats). Habitat of commercially important fish is 

generally well known during particular life history stage aggregations such as spawning 

and overwintering. Pollock and herring managers have the benefit of long time series of 

spawning abundance surveys but basic information on habitat use in non-spawning times 

and locations is lacking. To maintain healthy fisheries, identifying EFH during all life 

stages is important. Pollock and herring dominated the observed biomass in the Kodiak 

nearshore area, and acoustic assessment revealed geographic and seasonal differences in 

fish density and species composition that may be important for designating potential 

EFH.
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2.4.1 Seasonal Distribution

Pollock and herring dominate the pelagic biomass in the nearshore embayments. 

Pollock densities increased from February to August, while herring densities decreased 

over the same time period.

The seasonal patterns of mean pollock density observed in this study appear to 

agree with hypotheses that local pollock population abundances are driven largely by 

seasonal migrations to spawning areas. Spawning areas around the Kodiak Archipelago 

include Shelikof Strait (Kim and Nunnallee 1990) and Chiniak Gully (Wilson et. al 

2005). In February, low pollock densities in the bays may be due to the beginning of 

migration to offshore spawning areas. In May, pollock densities increased in the bays, 

possibly due to adults dispersing from spawning grounds into the nearshore areas. The 

greatest observed pollock densities occurred in August, indicating the nearshore area is 

especially important habitat in summer seasons. Similar seasonal maximums in pollock 

density have been noted in nearby Prince William Sound (Stokesbury et al. 2000). 

Therefore to appropriately define EFH, major life history strategies including spawning 

and feeding aggregations must be taken into account.

The seasonal patterns of herring densities observed in this study are similar to 

other findings. Winter and spring spawning herring distributions throughout Alaska and 

British Columbia are close to shore, but summer and fall distributions are poorly defined 

(Schweigert et al. 2002). Surveys conducted in bays and inlets in southeast Alaska found 

herring biomass peaked in January, during spawning, but few herring were observed in 

the area in other months (Sigler, pers. comm.). Herring densities in the nearshore Kodiak 

area are greatest in February, just prior to spawning (Brown and Carls 1998). Herring 

schools remaining in the nearshore zone in other months disperse throughout the bays, as 

seen in Ugak and Uganik bays. Low population densities in the nearshore area during 

summer indicate herring have largely left nearshore spawning grounds and reside outside 

the bays.
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2.4.2 Pollock and Herring Size Compositions

Adult pollock 34 to 43 cm and >44 cm dominated the observed pollock biomass 

in all bays. Smaller pollock in <16 cm and 17 to 25 cm size ranges were only found in 

Ugak and Alitak bays, suggesting that these embayments may be important as nursery 

habitat (Wilson et al. 2005, Guttormsen and Wilson 2000). The majority of the GOA 

spawning pollock population is present in Shelikof Strait, although localized spawning in 

the nearshore area is also believed to occur in gullies on the northeast side of Kodiak 

Island (Wilson et. al 2003, Wilson et al. 2005). Downstream transport from spawning 

areas may explain the presence of juvenile <16 cm and 17 to 25 cm pollock in Ugak and 

Alitak bays. Eddies generated at the south end of Shelikof Strait (Stabeno et al. 2004) 

may entrain larval and juvenile pollock, and transport them into the mouth of Alitak Bay. 

Similarly, juveniles spawned on the northeast side of Kodiak may be transported south to 

Ugak Bay by ACC flow. The ACC bifurcates north of Kodiak Island, and the complex 

bathymetry of northeastern Kodiak Island causes some advection of ACC waters into 

Ugak Bay, potentially bringing juvenile pollock and eggs into the bay. Strong ACC flow 

through Shelikof Strait would transport eggs and larvae past Uganik Bay. However, this 

bay appears to be important habitat for adult pollock, which utilize it during nonspawning 

times.

Herring found in Ugak Bay were consistently significantly larger than in other 

bays. This finding concurs with anecdotal KMA length- and weight-at-age measurements 

that indicate Ugak herring are longer and heavier than herring of the same age in other 

parts of the island (B. Foster, Alaska Dept, of Fish and Game, personal communication 

2005). Biological productivity in Ugak Bay may be enhanced by the ACC advection 

along the eastern side of Kodiak Island. The current follows bathymetric contours in and 

out of sea valleys, bringing water and potential prey resources into eastside bays from 

offshore areas (Stabeno et al. 2004, Weingartner et al. 2005, Wilson et al. 2005). In 

addition, the area north of Ugak Bay is an area of intense localized upwelling and tidal 

mixing, and as the ACC transports some of this enriched water past Ugak Bay, it may 

contribute to the biological productivity of the bay (Wilson et al. 2005). Zooplankton
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availability may be higher in Ugak Bay due to this nutrient rich offshore water, resulting 

in greater herring growth rates compared to other parts of the Kodiak Archipelago.

2.4.3 Vertical Distributions
In this study, mean depth of pollock and herring varied seasonally within bays, 

with pollock depth remaining the same or increasing from February to August, and 

herring shallowest in February and deepest in May. The vertical distributions of pollock 

in this study are well within published vertical distribution ranges for pollock, which 

indicate pollock have been found at depths ranging from 30 to 300 m (Mecklenburg et al. 

2002) with the greatest adult biomass usually between 100 m and 300 m depths (Carlson 

1995, Swartzman et al. 1995). Published vertical distribution ranges indicate herring have 

been found from the surface to 200 m (Mecklenburg et al. 2002) although herring are 

nearly always commercially caught above 150 m (Funk 1994). Depth distributions of 

herring observed in this study are well within these vertical ranges. Observations of 

pollock and herring seasonal depth distribution in this study differ from seasonal 

distributions were of pollock and herring in southeastern Alaska, where fish were 

distributed deeper in winter than in summer (Sigler, NOAA, pers. comm.). In southeast 

Alaska, pollock were distributed between 65 m to 235 m from November to March and 

between 35 m to 235 m from April to October. Deeper distributions were attributed to 

large pollock, and shallower distributions to juveniles. These vertical ranges are greater 

than those observed for pollock in our study, but encompass the mean depths at which 

pollock were distributed in the Kodiak nearshore areas. In the southeast Alaskan study, 

vertical depth ranges were greater and slightly shallower than those observed for Kodiak 

herring, with herring biomass greatest between 75 m to 125 m from December to March, 

between 15 m to 85 m from April to August, and between 35 m to 115 m from September 

to November (Sigler, pers. comm.). Herring vertical distributions may reflect seasonal 

patterns of predator avoidance. Low ambient light in February provide protection from 

visual predators such as pollock even at shallow depths, and herring activities are likely 

driven by spawning patterns rather than predator avoidance. Increased light levels in May 

would drive herring deeper to avoid detection by visual predators. Further work to
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determine the extent of changes in ambient light levels may show that by August, light 

levels are beginning to decrease and feeding opportunities may outweigh increased 

predation risk at shallow depths.

Herring were shallower than pollock in all seasons except May in Ugak and 

August in Alitak. These findings largely agree with other studies of vertical partitioning 

of pollock and herring. Similar patterns of vertical segregation were found in PWS 

(Stokesbury et al. 2000) with herring shallow and pollock near the bottom throughout the 

year. Adult pollock are piscivorous predators, and herring may utilize shallower depths of 

the water column to avoid predation. Herring are counter shaded (light on bottom, dark 

on upper sides) and form small, dynamic schools, which is a common strategy for 

reducing predation in a visual environment such as shallow waters where light levels are 

greater (Moyle and Cech 2000). Alternatively, differences in mean depth distribution 

might reflect differences in feeding strategies. Herring might remain in shallower waters 

overall to more effectively target copepod zooplankton prey found in the upper part of the 

water column, while pollock remain deeper to target euphausiids and other prey. Future 

diet and zooplankton studies might indicate pollock and herring target different prey in 

the bays and whether vertical distributions of pollock and herring follow vertical 

distributions of zooplankton.

Vertical separation among pollock size classes was also apparent, with 17 to 25 

cm pollock shallower than other pollock. On the western GOA shelf, age-1 

(approximately equivalent to <16 cm pollock in this study) and age-2 (approximately 

equivalent to 17 to 25 cm pollock in this study) pollock in bottom and mid-water trawl 

catches were found in shallower waters than larger pollock (Duffy-Anderson et al. 2003). 

Furthermore, larger pollock consistently occurred in greater numbers in bottom trawls, 

indicating that larger fish are primarily demersal. Physiological studies indicate that 

younger pollock have a greater thermal tolerance range than older fish (Duffy-Anderson 

et al. (2003), possibly explaining why larger fish are found primarily near the bottom, 

where water masses are relatively stable and cooler than surface waters. Alternatively, 

differences in vertical distribution among size classes may result from predator avoidance
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strategies. Small pollock are known to segregate from larger pollock to reduce predation 

by piscivorous adults because adults cannibalize young-of-the-year and sometimes age-1 

or -2 pollock (Grover 1990). In the Bering Sea, vertical separation of age-1 and age-2 

pollock from larger fish has been shown in some years, with age-2 pollock aggregated 

higher in the water column and age-1 clustered near the bottom with larger fish (Duffy - 

Anderson et al. 2003). These findings are similar to observations in the nearshore Kodiak 

area, but Bering Sea findings should not automatically be accepted for GOA pollock 

because of substantial environmental differences between the two areas, such as current 

structures, bathymetry, salinity and temperature differences, and seasonal changes in ice 

cover.

2.4.4 Horizontal Distributions

Total pollock density in each bay increased from February to August. Pollock 

dispersion throughout the bays was greatest in August, coinciding with peak zooplankton 

abundance, which may lead to decreased feeding competition. Diet studies should be 

conducted to indicate whether prey resources available to pollock are greater inside the 

bays relative to less protected environments, or if other factors determine the relative 

values of nearshore and offshore habitat. Although the extent of pollock distribution 

increased seasonally, greatest densities always occurred in deeper regions of the bays 

regardless of whether these areas were closer to the mouth of the bay, such as in Ugak 

and Uganik, or far within the bay, such as in Alitak Bay. Deep bathymetry in Alitak is 

only found in the Inner section, and increased dispersal in August throughout the bay was 

less pronounced in Alitak Bay. Pollock were observed in the Middle section only in areas 

of deeper bathymetry, and rarely in the shallow Outer section. Areas of deeper 

bathymetry may be preferred habitat because low levels of ambient light in deeper areas 

provide protection from predators, especially for smaller pollock. High pollock densities 

in deep areas in all seasons indicate the importance of nearshore habitat is tied to 

bathymetry, but other factors may be important in understanding year-round distributions.
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Herring distribution throughout the bay increased from February to August in 

Ugak and Uganik. Greatest herring densities occurred in the Inner and Middle sections of 

the bays in all seasons. The highest herring densities observed in this study occurred in 

February, when herring are forming pre-spawning aggregations. Although suitable 

spawning substrate was not measured in this study, it is probable that preferred spawning 

habitat (i.e., kelp, eelgrass, or areas of complex bathymetry; Funk 1994) occurs primarily 

in the Inner and Middle sections of the bay. Spawning herring are localized and highly 

abundant throughout coastal Alaska (Funk 1994), and increased herring dispersion after 

the February survey may be the result of changed habitat preferences based on anti

predator strategies. Deeper areas may be preferred habitat for non-spawning herring 

because of increased protection from predators. A main anti-predation strategy for 

herring is schooling, and schooling ability is probably greater in oceanic or open-water 

areas near the mouth of a bay, rather than the heads of bays where bathymetry and 

coastlines make herring more vulnerable to predation. Herring dispersion after spawning 

was not observed in Alitak Bay, most likely due to deep habitat available in the same 

areas used for spawning.

2.4.5 Sources o f Error

Density estimates from fisheries surveys inherently have large associated error 

due to the patchy nature of schools and the difficulties of assessing every fish within a 

large and changing environment (Maravelias et al. 1996). Acoustic estimation using a 

large boat such as the one in this study and a commercial size midwater net may not 

accurately assess herring densities in shallow water along the edges of the bay. Aerial 

surveys may show schools that are in shallow areas inaccessible to a vessel the size used 

in this survey, but are imprecise and accuracy varies with observer skill and experience 

(MacLennan and Simmons 1991, Riviorard et al. 2000). Additionally, our ability to 

collect juvenile pollock and differentiate horizontal and vertical distributions patterns 

may be affected by year-class strength. In cases where a very strong year-class results in 

large numbers of age-1 individuals, patterns of separation will most likely be easier to



46

identify, whereas low numbers of individuals may make discerning patterns more 

difficult (Duffy-Anderson et al. 2003).

Fish assessment using acoustics is further complicated by acoustic ‘deadzones’ 

near the surface and bottom (MacLennan and Simmons 1991). Fish within these 

approximately 3 meter zones are not quantifiable acoustically and can potentially contain 

numerous fish. As an example, the Middle section of Uganik Bay contains a major 

herring spawning area (Gretsch 2005) During the day, herring school densely on the 

bottom to avoid predation. Our daylight survey of this area did not reveal an unusual 

amount of herring, but opportunistic transects at night, when the herring were rising off 

the bottom into the water column revealed approximately 50 mt in one small square of 

survey area. Night surveys, when both herring and pollock are dispersed, have been 

suggested as a means to assess these acoustically invisible fish (B. Foster, Alaska Dept, 

of Fish and Game, personal communication, 2005). However, our surveys were designed 

to avoid problems associated with the tilt angle and changes in backscatter and TS 

associated with vertically migrating fish, which can significantly affect abundance and 

density estimates (MacLennan and Simmons 1991).

Other sources of error in density estimates may result from echointegration error 

or kriging methods. Echointegration error may arise from the use of different TS, changes 

in TS due to depth differences, and from seasonal variation in body condition, such as 

gonad fullness, which can affect TS values by up to -3.2 dB (Home 2003). Practical field 

estimations of TS usually disregard changes in TS due to body condition or depth, but 

laboratory studies suggest that overall biomass estimations may vary significantly when 

factors such as abdominal cavity contents, (Ona 1990) degree of aggregation, (Misund 

and Floen 1993) and orientation of the target in the water column, (Medwin and Clay 

1997) are taken into account (Aglen et al. 1999). Multifrequency may improve three- 

dimensional spatial representations of schooling fish and zooplankton, and can increase 

the ‘information’ provided in future surveys. Additionally, use of appropriate kriging 

methods should mitigate estimation errors by accounting for the patchy nature of fish 

schools. In some cases, especially for patchy schools of small pollock or herring, local
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variability dominated the variograms, causing estimations to be biased. A longer 

sampling unit, for example 925 m (0.5 nm) rather than 185 m (0.1 nm) may have cleared 

up some of this local variation, but 0.1 nm is reasonable for surveys that take place in 

small study areas such as fiords and bays (MacLennan and Simmons 1991). Additionally, 

studies on the North Sea herring (Clupea harnegus), where fish are also patchy and a 

high number of zero values contribute to the variogram, use kriging methods similar to 

this study, and have consistently indicated they are the most practical and useful method 

for generating accurate density estimates (Riviorard et al. 2000).

2.5 Conclusion

This study shows that the Kodiak Island nearshore area contains large densities of 

pollock and herring in all seasons, indicating that it is important habitat for both species. 

However, clear patterns of seasonal usage and horizontal distribution within each bay 

indicate that all-inclusive year-round EFH designation might be inappropriate. Results 

about the factors driving seasonal distributions in the nearshore area suggest food, shelter 

(in the form of deep bathymetry) and life history patterns should be further examined. 

Because the pelagic habitat is best characterized by physical water column properties, 

identifying those specific properties correlated to high use during any stage of a fish’s life 

cycle is important to define essential habitat. EFH should be identified by surveying areas 

and times beyond spawning and commercial harvest times. Seasonal surveys such as 

those in this study provide important detailed distribution data to properly designate EFH 

for commercially important species such as pollock and herring. However, an 

understanding of the particular factors that make the nearshore habitat essential to pelagic 

fish is required before fully-informed decisions can be made regarding nearshore EFH. 

Further studies should continue to assess variations in habitat use, especially with 

emphasis on the influence abiotic and biotic factors that characterize pelagic habitat may 

exert on fish populations. Understanding EFH is especially important for better 

understanding and management of impacts due to resource utilization in the nearshore 

environment such as the pollock and herring fisheries.
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Table 2. 1 Maximum depth and surface area of each section in study bays 
maximum area

Bay Section depth (m) (km2)
Ugak Inner 50 29

Middle 75 34
Outer 110 62

Alitak Inner 180 107
Middle 110 39
Outer 50 231

Uganik Inner 90 35
Middle 180 48
Outer 260 143

Table 2. 2 Number of midwater tows deployed in e
Bay February May August

Ugak 4 4 4
Alitak 4 4 5

Uganik 5 3 5

Table 2. 3 Summary of Kruskal-Wallis tests of mean pollock and herring densities among seasons in each 
bay.
Species Ugak Alitak Uganik

F (df,n) p-value F p-value F p-value
Pollock 1555.37 (2,3) <0.001 142.47 (2,3) <0.001 104428 (2,3) <0.001
Herring 3682.92 (2,3) <0.001 145.58 (2,3) <0.001 89.2 (2,3) 0.027

Table 2. 4 Summary of ANOVA tests of mean pollock and herring depth among seasons in each bay. 
Species Ugak Alitak Ueanik

F (df,n) p-value F p-value F p-value
Pollock 220.38 (2,3) <0.001 887.78 (2,3) <0.001 2110.40 (2,3) <0.001
Herring 554.39 (2,3) <0.001 496.36 (2,3) <0.001 113.52 (2,3) <0.001

Study Bay Feb May August
t-value (df) p-value t-value (df) p-value t-value (df) p-value

Ugak 10.27 (3309) <0.001 4.13 (11839) 0.055 13.59(6968) <0.001
Alitak 8.32 (12967) <0.001 4.4 (7529) <0.001 1.18(4912) 0.236
Uganik 20.38 (27890) <0.001 30.16 (11168) <0.001 18.75 (15900) <0.001
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Table 2. 6 Summary of Kruskal-Wallis and Mann-Whitney U tests of mean fish density in horizontal 
sections of Ugak bay. Kruskal-Wallis tests were used in all seasons except for February pollock, which 
were only found in the Outer and Middle sections of the bay.
Month pollock herring

H-statistic p-value H-statistic p-value
February 24.26* <0.001 2570.35 <0.001

May 975.17 <0.001 1850.39 <0.001
August 1138.68 <0.001 4940.46 <0.001

Table 2. 7 Summary of Kruskal-Wallis and Mann-Whitney U tests of seasonal mean fish density in 
horizontal sections of Ugak bay. Kruskal-Wallis tests were used for Outer and Middle comparisons. 
Pollock was not found in the Inner section in February, so Mann-Whitney U was used for comparison of 
densities of pollock in that section.

Inner Middle Outer
F p-value F p-value F p-value

Pollock 29.40* <0.001 48.18 <0.001 2123.53 <0.001
Herring 1037.82 <0.001 2920.93 <0.001 2774.85 0.027

Table 2. 8 Summary of Kruskal-Wallis and Mann-Whitney U tests of seasonal mean fish density in 
horizontal sections of Alitak bay. Kruskal-Wallis tests were used in all seasons except for May pollock, 
which were only found in the Inner and Middle sections of the bay.

H-statistic p-value H-statistic p-value
February 13939.48 <0.001 6452.29 <0.001

May 41.48* <0.001 13103.6 <0.001
August 8305.71 <0.001 1131.93 <0.001

Table 2. 9 Summary of Kruskal-Wallis and Mann-Whitney U tests of seasonal mean fish density in 
horizontal sections of Alitak bay. Kruskal-Wallis tests were used for Inner and Middle comparisons. 
Pollock was not found in the Outer section in May, so Mann-Whitney U was used for comparison of 
densities of pollock in that section.

Inner   Middle Outer
F (df,n) p-value F p-value F p-value

Pollock 839.02 <0.001 1325.87 <0.001 4.38 <0.001
Herring 1845.97 <0.001 390.83 <0.001 183.27 0.372



56

Table 2. 10 Summary of Kruskal-Wallis tests of seasonal mean fish density in horizontal sections of 
Uganik bay.

pollock
H-statistic p-value H-statistic p-value

February 389.19 <0.001 2191.81 <0.001
May 263.95 0.024 1106.85 <0.001

August 2198.05 <0.001 695.79 0.004

Table 2. 11 Summary of Kruskal-Wallis and Mann-Whitney U tests of seasonal mean fish density in 
horizontal sections of Uganik bay.

Inner Middle Outer
F (df,n) p-value F p-value F p-value

Pollock 896.5 <0.001 263.95 0.019 4351.39 0.001
Herring 1925.6 <0.001 2452.42 <0.001 1058.15 0.372
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Figure 2. 1 Map of Kodiak Island, Alaska, A) showing dominant currents (after Stabeno et al. 2004) and B) 
showing three study bays with inset of Alaska. The 100 m bathymetric contour is shown.
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Alitak Ba'

Kilomete)

Figure 2. 2 Detailed maps of survey bays. Bathymetric contours represent 60 m (dashed), 100 m (black), 
and 150 m (line with circles) intervals. Lines show divisions of bays into Inner, Middle, and Outer sections.
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Figure 2. 3 Mean seasonal pollock densities by size class in study bays. Bars show standard error.
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Figure 2. 4 Mean seasonal herring densities by size class in study bays. Bars show standard error.
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Figure 2. 5 Mean seasonal depth of pollock and herring in study bays. Bars show standard errors.
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Figure 2. 6 Seasonal mean depth of pollock in study bays. Bars show standard deviations.



63

Figure 2. 7 Horizontal distribution of mean pollock densities in Ugak bay. Bars show standard error.
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Figure 2. 8 Horizontal distribution of mean herring densities in Ugak bay. Bars show standard error.
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Figure 2. 10 Horizontal distribution of mean herring densities in Alitak bay. Bars show standard error.
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Figure 2. 12 Horizontal distribution of mean herring densities in Uganik bay. Bars show standard error.
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CHAPTER 3:

ABIOTIC AND BIOTIC HABITAT FACTORS CORRELATED TO WALLEYE 
POLLOCK (THERAGRA CHALCOGRAMMA) AND PACIFIC HERRING 
(iCLUPEA PALLASII) DISTRIBUTION IN THE NEARSHORE AREA OF 

KODIAK ISLAND, ALASKA *
ABSTRACT

This study considers the nearshore abiotic and biotic habitat factors of two pelagic 

fish species in three oceanographically distinct embayments of Kodiak Island, Alaska. 

General Additive Models (GAMs) were used to analyze trends in density distributions of 

walleye pollock and Pacific herring in relation to sea surface temperature and salinity, 

bottom depth, zooplankton density and diversity, bottom temperature and salinity, and 

stratification of the water column. Consistent inclusion of bottom depth in GAMs 

indicates that nearshore bathymetry is important for defining pollock essential fish habitat 

(EFH). Herring appear to prefer wanner, fresher surface waters associated with the 

Alaska Coastal Current. Significant relationships between fish density and habitat 

variables differed by season and location, suggesting factors defining preferred habitat 

vary seasonally. A substantial amount of variability in pollock and herring density was 

accounted for in the models, and provides a basis for defining nearshore EFH. Other 

factors or a combination of factors such as life history strategies, predator dynamics or 

spawning migrations may be important for identification of pollock and herring habitat. 

Because EFH requires identification of essential habitat at all life stages, it is important to 

fully understand the factors influencing populations at any given time. Further work is 

needed to accurately identify potential differences in essential pollock and herring 

habitats among age classes, life history stages, or geographic location.

* Loewen, M.E. and R. J. Foy. 2007. Abiotic and biotic habitat factors correlated to walleye pollock 
(:Theragra chalcogramma) and Pacific herring (Clupeapallasii) distribution in the nearshore area of 
Kodiak Island, Alaska
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3.1 Introduction

Suitable habitat is a basic requirement for the reproduction, growth, migration, 

and production of sustainable fish stocks (Langton and Haedrich 1996; NMFS 1996; 

Peters and Cross 1996). In 1996, the U.S. Congress passed the Sustainable Fisheries Act 

(Public Law 104-297) that amended the Magnuson-Stevens Fishery Conservation and 

Management Act (MSFCMA) to protect Essential Fish Habitat for commercially 

important species. Habitat distributions of commercially important fish are generally well 

known during times when fish aggregate during particular life history stages such as 

spawning and overwintering. For example, broad scale seasonal distributions of spawning 

walleye pollock (Theragra chalcogramma) (Bailey et al. 1999) and Pacific herring 

('Clupea pallasii) in the Gulf of Alaska (GOA) (Funk 1994) have been identified through 

long time series of abundance surveys. In addition, recent surveys have identified herring 

and pollock distributions in the nearshore areas of Kodiak Island, Alaska in non

spawning areas and seasons (Chapter 2).

Essential Fish Habitat (EFH) is defined as an aquatic area and its associated 

physical, chemical and biological properties utilized by fish for spawning, breeding, 

feeding or growth to maturity (United States Department of Commerce 1996) throughout 

and at any point within a species’ full life cycle (NMFS 1998). Habitat of pelagic fish 

such as pollock and herring can be characterized by abiotic and biotic surface and water 

column properties such as temperature, salinity, stratification, depth, or prey availability. 

Although pollock and herring distributions in the nearshore areas of Kodiak Island,

Alaska have been described (Chapter 2), the abiotic and biotic properties that define the 

nearshore habitat are lacking.

Abiotic water column properties influence distribution and behavior of fish. For 

example, juvenile and adult pollock distributions have been correlated to water 

temperatures (Bailey et al. 1999; Wilson et al. 2005), thermocline structure (Swartzman 

et al. 1995), bathymetry (Kim and Nunnallee 1990; Swartzman et al. 1995; Shima et al. 

2002), and light and prey abundance (Bailey et al. 1999). Herring distributions in Alaska 

have been correlated to bathymetry (Stokesbury et al. 2000) and water temperatures
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(Funk 1987). Atlantic herring (Clupea harengus) distributions have been correlated to 

water temperature, salinity, and localized current structures (Maravelias 1997; Maravelias 

et al. 2001; Corten 2001). However, it is unknown how abiotic factors affect pollock and 

herring nearshore distributions and how they may be used to define EFH.

Biotic variables such as prey availability may also influence the distribution and 

behavior of fish (Haldorsen et al. 1988; Reid et al. 1993; Maravelias 1997). Juvenile 

pollock consume large and small copepods while larger pollock consume euphausiids and 

become cannibalistic on smaller pollock (Grover 1990). Herring in the Gulf of Alaska 

consume zooplankton such as Oikopleura spp., Cirripedia nauplii, amphipods and 

copepods (Foy and Norcross 1999). The GOA zooplankton community on the shelf is 

dominated by calanoid copepods (Coyle and Pinchuk 2003); however, nearshore 

zooplankton communities are not well described. In addition to the lack of understanding 

of influential abiotic factors, is the role of zooplankton availability for pollock and 

herring in determining EFH is unknown.

The goal of this study is to correlate abiotic and biotic habitat factors with pollock 

and herring distributions in the nearshore area. Therefore, the objectives of this study 

include quantifying and describing abiotic and biotic variables within three nearshore 

embayments, and modeling functional relationships among these variables and seasonal 

pollock and herring densities.

3.2 Methods

3.2.1 Study Site

The Kodiak Archipelago is located in the northwest GOA in the North Pacific 

Ocean (approx. 58° N, 152° W) (Figure 3.1). Kodiak Island is the largest island within the 

Archipelago and has a rugged coastline made up of bays and inlets. The oceanography 

around Kodiak Island is primarily influenced by the Alaska Coastal Current (ACC), a 

westward-flowing low-salinity nearshore buoyancy-driven current on the west side of 

Kodiak Island, and the Alaska Stream, a strong westward-flowing shelf-break current 

east of Kodiak Island. Complex topography and strong tidal mixing on the northeastern
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side of the island provides exchange of transport of slope waters up canyons and into the 

nearshore zone (Ladd et al. 2005).

Three bays located on the east, west, and south sides of Kodiak Island were 

chosen to correlate abiotic and biotic factors to the distribution of pelagic forage species. 

Ugak, Uganik, and Alitak Bay are or have historically been commercially fished (Figure 

2.2). Ugak Bay biological productivity is influenced by ACC-driven upwelling and tidal 

mixing (Stabeno et al. 2004; Ladd et al. 2005; Wilson et al. 2005) and offshore waters are 

brought into the bay through gullies and canyons. Uganik Bay is a fjord located on the 

west side of Kodiak Island, which opens into Shelikof Strait and receives a large amount 

of freshwater input from the ACC. Alitak Bay is a shallow estuary with several deep arms 

located at the south of Kodiak Island, where eddies generated from the ACC at the end of 

Shelikof Strait make for a well-mixed, highly productive area at the mouth of the bay 

(Stabeno et al. 2004).

3.2.2 Fish Distribution and Density

Pelagic fish densities were assessed during daylight surveys during 17-25 

February, 23-30 May and 12-20 August using a 26 m commercial midwater trawl vessel 

(Chapter 2). Acoustic data were collected with a Simrad EK60 echosounder using a hull- 

mounted 38 kHz split-beam transducer according to Chapter 2. Acoustic data were 

collected continuously while underway, with an average vessel speed of 14.8 km/hr (8 

knots) and constant engine rpm to minimize noise fluctuations. Standard sphere 

calibrations were conducted before and after cruises to ensure data quality (Foote et al. 

1983). Zigzag transects were run from the mouth to the head of each bay (including each 

arm). Transects were spaced to maximize coverage of the bay during daylight hours and 

to account for topographic variation within each bay.

Midwater trawls were deployed to verify and identify the acoustic backscatter and 

obtain species size composition. See Chapter 2 for specific methods. Species composition 

and length data were used to echointegrate acoustic backscatter by applying published 

species-specific target strength-length equations (Gauthier and Home 2004)
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walleye pollock: TS = 19.2 log (L) - 66.0 dB 

Pacific herring: TS = 13.3 log (L) - 55.9 dB 

where L is the average length (cm) of the fish samples obtained in net hauls.

3.2.3 Abiotic Factors

Between 18 and 30 CTD (Seabird 19plus CTD) stations were distributed 

throughout each bay to cover major bathymetric and geographic features. Temperature 

(°C) and salinity (calculated from conductivity) were measured at 0.1 s intervals as a 

CTD was lowered to the bottom at 0.5 m/s. Data were integrated into 1.0 m depth 

intervals to smooth small scale fluctuations. Sea-surface temperature (SST °C) and sea- 

surface salinity (SSS: calculated from conductivity) were measured at 5 s intervals along 

transects using a hull-mounted SeaBird45 continuously-recording thermosalinograph 

(TSG) connected to GPS. These data were averaged over 1 min intervals to smooth small 

scale fluctuations. Bottom temperature (Tbot) and bottom salinity (Sb0t) were calculated as 

the mean temperature of the bottom 10 m of the water column. Water column 

stratification (O) was calculated from water density data (derived from temperature and 

salinity from the CTD) as a measure of the work (J/m3) needed to mix the water column 

(Simpson 1977). Thermocline depth was measured as the maximum AT/z over 5m depth. 

The stratification parameter (O) was calculated as:

O = \ { p -  p)gzdz
h
where z is depth (m), g is -9.8 m/s2, p is density (kg/m3), h is depth at a point in the water

column, and p  = — pzdz . The CTD and TSG were calibrated pre- and post-cruise to 
h

ensure quality of data and to check for sensor drift.

ANOVA followed by post-hoc Tukey Unequal-N HSD tests were used to test for 

differences in mean SST, SSS, Tbot, Sbot, and among bays and seasons (StatSoft 2005) 

to characterize oceanographic features of the bays.
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3.2.4 Kriging Methods

Ordinary kriging techniques in ArcGIS 9.0 (ESRI 2005) were used to generate 

whole-bay estimates of SST, SSS, Tbot, Sbot, and (J) measurements from CTD and TSG 

data throughout each bay. The semivariograms from kriging models were examined for 

the best estimation based on analysis of root mean squared error, standard and predicated 

error estimates of the predicted and measured values, (for more detail see Chapter 2)

3.2.5 Biotic Factors

Mesozooplankton from the mixed-layer (upper 25 m of water column) were 

collected with a 130 ^m, 1.0 m diameter ringnet from 4 to 8 stations within each bay. 

Zooplankton were preserved onboard in a 10% formalin-seawater solution, and later 

counted and identified to lowest practical taxonomic level in the lab. Zooplankton density 

(Zoopdens) was calculated as the total count/m3 of each taxa in samples from each bay in 

each season. Species diversity (Zoopdiv) was calculated using Simpson’s D index of 

diversity (Simpson 1949).

Simpson’s D was calculated as:

S = 1-D, where D = 1 - Y
^  N ( N - 1)

N = total number of individuals of all species and «, = number of individuals of the j-th 

species)

3.2.6 Functional Relationships

The relationship between pollock and herring densities (logio number fish/km2) 

and variables within 1.85 km (1.0 nmi) of each station were described using generalized 

additive models ((GAMs) Hastie and Tibshirani 1990; StatsSoft 2005).

GAMs are nonparametric regressions offering advantages over conventional 

regression techniques because they are not tied to a particular functional relationship (i.e. 

linearity) and because they are less restrictive in assumptions about the underlying 

statistical distribution of the data (Hastie and Tibshirani 1990; Swartzman et al. 1995).
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The general form of a GAM is:

g(x)=a + Zfj(xi)

where g(x) is an additive predictor, a is a constant intercept, the f, are 

nonparametric functions of predictors and x; are predictors.

A known function of the expected value, called the link function, is modeled as a 

sum of smooth functions of variables. The underlying probability distribution for the data 

can be any distribution, including the normal (used in this study). In GAMs the least 

squares estimates of the multiple linear regression is replaced by a local smoother. In this 

study the cubic spline smoother, s (Hamming 1973) was used. The degree of smoothing 

performed is determined by the degrees of freedom (df) associated with the smooth; 

therefore, the fewer degrees of freedom, the less flexible the function. To alleviate 

problems in selecting the amount of smoothing for a given covariate, the degrees of 

freedom were fixed (Hastie and Tibshirani 1990). Therefore, for variables already 

selected, backward stepwise selection was performed between the fit having a covariate 

with smoothing spline with df=4 and one with df=l (i.e., linear fit; Hastie and Tibshirani 

1990; Borchers et al. 1997). GAMs were fit with backward stepwise selection, and the 

best predictive model was chosen based on Akaike Information Criteria (AIC).

Acoustic backscatter, abiotic variables collected continuously (fish density, SST, 

SSS, Zbot(from acoustics)), and kriged abiotic variables from point locations (Tb0t, Sbot, 

stratification (O)) were averaged along the transect line into 0.185 km (0.1 nm) intervals. 

Zoopdens and Zoopdiv at stations where zooplankton was not collected were calculated as 

the mean value of the nearest two stations. Diagnostic plots (GAM plots) were used to 

analyze the importance of individual terms in the fitted models. The plots show fitted 

curves, 95% confidence intervals, and the locations of observations on the variable. The 

shape of the curve or slope of the line for each term is important, while the y-axis is a 

relative scale, with positive or negative values indicating an associated positive or 

negative effect on the dependant variable (fish density) (Hastie and Tibshirani 1990). A 

significance value (p) is determined for each variable in the model, so that the relative 

importance among the variables can be ascertained.
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3.3 Results

3.3.1 Hydroacoustic Survey and Fish Density Distribution

A total of 10,840 fish were retained from 38 midwater tows along 1,085 km of 

transect lines. The majority of collected fish were adults. Pollock densities increased from 

February to August, and were greatest overall in Uganik bay in August (Table 3.2). 

Density distribution through the bay increased from February to August in Ugak and 

Uganik bays. Herring densities decreased from February to August, and were greatest in 

February in Uganik and Ugak bays (Table 3.2). Density distribution through the bay 

increased from February to August in Ugak Bay, but not in Uganik or Alitak. For more 

detailed information on seasonal distributions within the study bays, see Chapter 2.

3.3.2 Abiotic Variables

During the survey 141 CTD casts and 48 zooplankton tows were completed, 

which provided abiotic and biotic information in each bay (Table 3.1). Abiotic variables 

varied seasonally within each bay (Table 3.2). Mean values of abiotic variables varied 

significantly within a season among bays (Table 3.3). In all seasons mean SSS was 

freshest in Uganik, and most saline surface waters in May and August occurred in Alitak 

(Table 3.2, Figures 3.4 and 3.5). In all seasons surface waters were warmest in Uganik 

Bay (Figure 3.5). Mean Tb0t among bays was significantly different in February, but not 

May or August (Table 3.3). In February, Uganik Bay Tb0t was warmer than other bays. In 

May and August, no significant differences were found among the bays. In February, 

mean Sbot was lowest in Alitak Bay, and did not differ significantly between Ugak and 

Uganik bays (Table 3.3). In May and August, differences in mean Sbot were due to saline 

waters in Ugak and increasingly fresh waters in Uganik. Mean Tbot and Sbot generally 

decreased from the mouth to the head of each bay in each season. Stratification of the 

water column increased from winter to summer. In all seasons Uganik Bay was most 

highly stratified, although in February differences among bays were not significant 

(Table 3.3).
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Thermoclines occurred within the upper 30 m of the water column (Figure 3.6) in 

all bays and seasons and shallowed slightly (2 m to 6 m) with increasing distance into the 

bay. In Ugak Bay well developed thermoclines were only observed in August, and in all 

seasons water temperatures below the thermocline were variable. In Alitak Bay, 

thermoclines were well developed at the head of the bay (Deadman Bay), but were poorly 

developed in all bays in February and May. Water temperatures below 80 m in Alitak 

Bay (all of which occurred in Deadman Bay) were nearly uniform (4.7° C-5.70 C) 

throughout the year. Thermoclines were well developed in Uganik Bay with nearly 

uniform temperature from below the thermocline to the bottom. Waters below the 

thermocline were warmer in February than in May.

3.3.3 Biotic Variables

Zooplankton collections showed that Zoopaens varied among bays and seasons, 

with increased densities in August, and greatest densities in Uganik Bay (Figure 3.7). 

Ugak Bay in all seasons had the greatest measured Zoopdiv Calanoida nauplii, 

pseudocalanus and Oithona spp. dominated overall seasonal densities, especially in 

February. In May, high densities of barnacle nauplii and Oithona spp. occurred in Ugak 

and Alitak bays. In August, Acartia longremis densities were high in Alitak and Uganik, 

and bivalve larvae and barnacle nauplii densities were high in Ugak Bay.

3.3.4 Functional Relationships

Fish density was significantly influenced by different variables among bays and 

seasons, and between species. Variables included as significant for each bay, season, and 

species are listed in Tables 3.4-3.8.

3.3.4.1 Ugak Bay

3.3.4.1 a Pollock

Seasonal pollock density in Ugak Bay was significantly influenced by Zb0t, 

stratification, Tbot, and SSS. Pollock densities were positively related to Zb0t in all seasons 

(Figures 3.8, 3.9, 3.10), especially in May (Figure 3.9) and August (Figure 3.10). Pollock
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densities were negatively related to stratification in all seasons (Figures 3.8, 3.9, 3.10), 

especially in May and August. In February high pollock densities were non-linearly 

related to stratification and with higher densities concentrated at moderately high 

stratification areas and between 5.6° C and 5.8° C (Figure 3.8). In May and August 

pollock density was negatively related to SSS (Figure 3.9).

3.3.4.1 b Herring

Zbot, SST and SSS were significantly related to herring density in at least one 

season. Significant non-linear relationships between herring densities and Zb0t were found 

in all seasons (Figures 3.11, 3.12, 3.13). In February, trends of herring density associated 

with SST were weak (Figure 3.11). In May the majority of herring densities were found 

between 7.6° C and 8.3° C SST although greatest herring densities were observed below 

7.5° C and above 8.4° C (Figure 3.12). In May herring densities were greatest below SSS 

of 30.0, although moderate herring densities were observed between 29.5 and 32.0. In 

August, herring densities were greatest between SSS of 31.0 and 32.0 (Figure 3.13).

3.3.4.2 Alitak Bay

3.3.4.2 a Pollock

As in Ugak Bay, seasonal pollock density in Alitak Bay was significantly 

influenced by Zbot, Tb0t, and SSS. SST was also a significant variable. Pollock density 

was positively related to Zb0t in all seasons, with increased importance in May and 

August (Figure 3.14, 3.15, 3.16). In February, greater pollock densities also were 

correlated to Tbot of approximately 4.5° C (Figure 3.14), although the relationship may 

have been skewed by one extremely warm measurement at the head of the bay. In May, 

pollock densities were greatest at SSS levels between 30.7 and 31.0 (Figure 3.15). In 

August pollock densities were negatively related to SSS and non-linearly related to SST 

with greatest densities in cooler waters below 13.5° C (Figure 3.16).



79

3.3.4.2 b Herring

Functional relationships between herring density and biotic and abiotic variables 

were difficult to define. In February, SSS and Sbot were non-linearly related to herring 

densities (Figure 3.17). Herring densities were greatest at SSS levels of approximately 

31.0 in February although SSS was barely significant (p=0.049) in the model. Plots of the 

effect of Sbot on herring density had wide confidence intervals indicating it may have 

been important through interactions with other terms. In May, herring density was 

positively related to bottom depth, with increased densities until approximately 130 m 

(Figure 3.18). No variables were significant in August, possibly due to overall low 

occurrences of herring.

3.3.4.3 Uganik Bay

3.3.4.3 a Pollock

GAMs of pollock density indicated significant variables varied among seasons. 

Pollock densities were positively related to Zbot in each season (Figure 3.19, 3.20, 3.21), 

especially in May and August. Few pollock were observed in areas shallower than 50 m, 

and greatest densities were associated with approximately 100-150 m bottom depth. In 

February pollock density was non-linearly related to stratification, and wide confidence 

intervals on the GAM plot indicate that the variable may be important through interaction 

with some other factor. Pollock densities also were negatively related to SST with 

greatest densities occurring below 7.0° C (Figure 3.19). In May greatest pollock densities 

were found between 8.0° C and 9.0° C (Figure 3.20). In both February and May 

relationships between pollock density and stratification were negative except at the 

deepest point of the bay where greatest densities of pollock were associated with the 

highest stratification values (Figure 3.20). In May plots of the effect of Sbot on pollock 

density had wide confidence intervals indicating it may have been important due to 

interactions with other terms. In August a weak positive relationship between pollock 

densities and Sbot occurred. Pollock densities were greatest between Tbot of 8.7° C and 

11.0° C (Figure 3.21).
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3.3.4.3 b Herring

Seasonal herring density in Uganik Bay was influenced by Zbot, SSS and SST. 

Herring densities were positively related to Zb0t and negatively related to SSS in February. 

Non-linear relationships between herring densities and stratification and SST were found, 

with greatest densities between 6.6° C and 7.0° C SST (Figure 3.22). In May, only Zbot 

was significant in GAMs (p=0.001) and the relationship was non-linear (Figure 3.23). In 

August pollock densities were negatively related to SSS (Figure 3.24). Although bottom 

depth was included in GAMs in both February and May, hydroacoustic echograms 

greatest densities of herring were observed between 140 m-170 m bottom depth and 

between 90 m and 110m bottom depth in May.

3.4 Discussion

3.4.1 Functional Relationships

3.4.1.1 Pollock

The consistent inclusion of bottom depth in GAMs in all bays and seasons 

indicates that nearshore bathymetry is important for defining pollock EFH. Pollock 

densities were greatest in areas of deepest bathymetry in all bays and seasons (Chapter 2). 

Vertical distribution of pollock deepened from February to August as pollock densities in 

deep water increased. The influence of bottom depth on GOA pollock concentrations has 

also been demonstrated by other research. Triennial surveys conducted from 1984 to 

1996 showed adult pollock concentrations increase with depth and were greatest at 

bottom depths between 100 and 200 m (Shima et al. 2002). In areas of the Shelikof Strait, 

densities of spawning pollock increase with depth regardless of yearly changes in water 

properties, suggesting that the main influencing factor of spawner distribution may be 

depth (Kim and Nunnallee 1990). This study shows the same trends important to pollock 

in open-water environments may apply to nearshore pollock. Pollock in nearshore 

habitats may aggregate in deep water for protection through avoidance of light levels 

(Ryer and Olla 1999). Light levels are higher in May and August and may limit pollock 

vertical distribution. In February, light levels are low even in shallow waters due to short
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periods of weak winter daylight. However in summer increased day length and light 

intensity would make pollock in shallow areas vulnerable to detection by visual 

predators.

Stratification was most important as an indicator of pollock density in Ugak in all 

seasons. The metabolic costs associated with migrations through highly stratified water 

increases with greater stratification (Ross and Larsen 1993). Juvenile pollock incur high 

metabolic stress during vertical migrations through highly stratified water (Sogard and 

Olla 1993). In August when stratification was greatest in all areas of the bay, 

stratification was not important in determining pollock density because pollock were 

deeper in the water column, possibly to avoid the thermocline. Adult pollock in the 

Bering Sea avoid migrating through highly stratified water by remaining below or at the 

thermocline for feeding (Swartzman et al. 1995; Traynor 1996). To assess the extent of 

pollock vertical migrations related to the thermocline depth, studies should be conducted 

that include nighttime surveys.

Bottom temperature and salinity influence pollock density distributions. Pollock 

are heterothermic ectotherms; therefore, variations in water conditions such as 

temperature have effects on pelagic fish physiology and behavior (Leonard et al. 1999; 

Claireaux et al. 2000). In the Eastern Bering Sea, pollock schools tend to aggregate 

between 2° C and 4° C (Swartzman et al. 1994) and avoid cold pools (Wyllie-Echeverria 

and Wooster 1998; Kotwicki et al. 2005). In Shelikof Strait spawning pollock aggregate 

in bottom waters 5° C or warmer and avoid waters below 4° C (Kim and Nunnallee 

1990). Summertime GOA surveys found pollock at bottom temperatures ranging from 

1.2°-10.6° C (Shima et al. 2002). In the nearshore area bottom temperature was correlated 

to pollock density only in February in Ugak and Alitak bays and in August in Uganik 

Bay. Bottom salinity was correlated to pollock density only in May and August in 

Uganik. However, the relationships between both variables and pollock density were 

always non-linear suggesting that the preferred temperature and salinity ranges of pollock 

are well within the ranges measured during this study. Further studies in areas where the
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temperature or salinity ranges are outside that preferred by pollock may show an effect on 

pollock density similar to that found in open waters.

Surface water characteristics were most important as indicators of pollock density 

in Ugak and Alitak bays in August, where SSS was negatively correlated to pollock 

density. However, in Alitak SSS was greatest at the shallow outer section of the bay, and 

may be negatively correlated to depth. SST and SSS are often used as indicators of 

surface fronts, which are common aggregation areas for zooplankton and forage fishes. It 

is possible that pollock are feeding on zooplankton at depth rather than utilizing surface 

fronts or that the scale of our sampling efforts was not sufficient to capture this 

relationship.

3.4.1.2 Herring

Differing seasonal relationships between bathymetry and herring density may be 

due to seasonal patterns of herring migration, spawning, and predator avoidance. Bottom 

depth was most important as an indicator of herring density in May and August and was 

expected due to seasonal patterns of dispersal within the bays (Chapter 2). In February, 

herring were likely aggregating in pre-spawning assemblages in shallow waters (Funk 

1994) and the need for suitable spawning habitat outweighed other abiotic and biotic 

factors. In May non-spawning life history strategies may drive dispersion into deeper 

parts of the bay where herring can avoid light levels and utilize the pelagic area for 

predator avoidance through more efficient schooling behavior. In August, bottom depth 

was not important in Ugak or Alitak bays because herring have largely left the bays 

(Chapter 2). However, in August, herring were still observed in Uganik Bay. This bay is 

a fjord, with deep bathymetry throughout the bay, so herring may be able to utilize the 

bay for both spawning and protective habitat throughout the year. In bays with sufficient 

depth, productivity rates and suitable spawning habitat, herring may be able to remain in 

the bays throughout the year, making bottom depth a potentially important factor in EFH 

considerations.
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SST and SSS characteristics were important determinants of herring density 

distribution in winter when herring vertical distribution was shallowest. In May and 

August herring were deeper in the water column and not as influenced by surface water 

properties. Herring can perceive temperature changes smaller than 0.1° C (Laevastu 

1993), allowing fish to select a limited thermal range in which they tend to congregate. 

Annual patterns of high Atlantic herring abundance between 11° C and 12° C and to a 

lesser extent between 13° C and 14° C SST have been documented in the North Sea 

(Maravelias 1997). In the nearshore area greatest herring densities always occurred in 

Uganik Bay, suggesting that herring may prefer warmer and fresher waters associated 

with ACC influence on the bay. However, relationships between herring density and 

surface properties were often non-linear making identification of important habitat solely 

through SST or SSS difficult. In August, herring had largely left Ugak and Alitak Bays, 

and small sample sizes may have obscured relationships between surface characteristics 

and herring density distribution. Additional fine-scale surveys throughout the year 

covering a greater proportion of each bay would help to assess the use of surface 

temperature or salinity for defining herring EFH.

Although it was anticipated that herring might be concentrated in areas of high 

zooplankton abundance, zooplankton density and diversity were not correlated to herring 

density distributions. High herring densities would correlate to peak zooplankton 

densities if food availability were the primary factor explaining herring density 

distributions. Zooplankton abundance has been found to be a significant variable in 

explaining Atlantic herring abundance (Corten 2001; Maravelias 2001). However, in 

August when zooplankton densities were greatest, relatively low densities of herring were 

observed in the bays. It is possible that zooplankton densities are even greater outside the 

bays, so herring leave the nearshore areas to maximize feeding opportunities.

Zooplankton and herring both form small, patchy aggregations (Coyle and Pinchuck 

2003). The scale of our survey may have been inappropriate to capture significant 

correlations between herring distributions and zooplankton densities due to the dynamic 

relationships between these species. Although time consuming, a more intensive study to
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assess zooplankton timing, patchiness and overall productivity in Uganik Bay should be 

conducted to provide further insight into the fine-scale prey resource availability for 

herring. Understanding the full effects of biotic factors in determining important habitat 

is necessary for complete description of EFH.

In the last two decades, the majority of commercial herring harvests have shifted 

from embayments on the east side of Kodiak to westside embayments such as Uganik 

(Gretsch 2005). Consistently high adult herring densities in Uganik bay relative to other 

areas of the island may be a result of the influence of ACC inputs to the bay. As a result 

of ACC inputs, thermoclines in Uganik Bay are well developed in all seasons and bottom 

waters warmer in February and May than in other study sites. Juvenile herring growth 

and survival rates are influenced by water temperatures (Stokesbury et al. 1999), and 

warm ACC waters in Uganik Bay may be ideal rearing habitat for young herring. Greater 

juvenile survival rates would likely result in subsequently greater densities of adult 

herring returning to the area for spawning each year.

Although potentially important, I was not able to assess spawning habitat in this 

study. In addition to the variables tested in this study, herring is likely to be sensitive to 

factors such as seabed substrate (Maravelias 2001).In February, herring are beginning 

prespawning aggregations in the Kodiak archipelago, and the seasonal need for 

appropriate habitat to lay herring eggs may outweigh other variables modeled in this 

study. Managers must use knowledge of species life history and biology, such as known 

spawning migration timing, in addition to other abiotic factors when determining what 

constitutes essential habitat for herring.

3.4.2 Sources o f Error

Interactions among known and unknown abiotic and biotic habitat factors, may 

obscure single factor influence on fish density distributions during model selection 

process. Testing for interactions and using only one among a suite of related variables is a 

common solution to avoid multicollinearity in GAMs. In this study, preliminary data 

analysis included correlation matrices for all variables pooled across seasons and study
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sites, and correlation between SST and SSS was sometimes as high as 0.8 or as low as 

0.42. However, with data was examined according to a single season within a bay, 

correlations between abiotic and biotic factors were low, suggesting inclusion of all 

variables in all models was appropriate. Further fme-scale surveys within bays to 

determine the extent of interactions among abiotic and biotic variables may help 

distinguish which factors are truly important indicators of essential pollock and herring 

habitat.

Although prey availability is an important factor in determining habitat 

(Stokesbury et al. 1999; Maravelias 1997; NMFS 1996), no significant relationships 

between zooplankton and fish density were found in any season. In this study, 

zooplankton was the only measured prey category, which may not be representative of 

adult pollock diets. Diet studies might provide insight into more accurate pollock 

predator/prey dynamics which could then be incorporated into GAMs. Although herring 

feed exclusively on zooplankton, it possible that survey transects within the bays were 

spaced too widely to encounter important aggregations of zooplankton and foraging fish. 

Additionally, the timing of May and August surveys may have missed the peak in 

zooplankton density in these seasons. Further surveys with more narrowly spaced 

transects and the ability to survey the extreme nearshore (for example, using skiffs 

instead of large vessels) might provide more complete coverage of zooplankton/fish 

dynamics.

Nearshore herring density may be more accurately assessed through use of small 

vessels and smaller nets. Herring are known to aggregate along the shore, especially 

during spawning, and the size and draw of the vessel used in this study prevented extreme 

nearshore work. A skiff equipped with acoustics and a seine net, which could be 

deployed and retrieved more quickly than a commercial trawl net, may more effectively 

capture herring.
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3.5 Conclusion

Pollock and herring distribution are assumed to change according to life history 

and seasonality (Funk 1994; Carlson 1995; Swartzman et al. 1995; Stokesbury et al. 

2000). Significant relationships between fish density and habitat variables differed by 

season and location, suggesting preferred habitat is defined by different factors among 

seasons and locations. Abiotic and biotic variables correlated to pollock density were 

more consistent during this study than those for herring. This suggests that defining EFH 

for herring will be more complex and require a finer scale understanding of habitat 

characteristics. Since EFH requires identification of essential habitat at all life stages, it is 

important to fully understand the factors influencing populations at any given time. 

Further work is needed to accurately identify potential differences in essential pollock 

and herring habitat among age classes, life history stages, or geographic location.

Although a substantial amount (40% to 80%) of variability in pollock and herring 

density was accounted for in the models, other factors or a combination of factors may be 

important for identification of pollock and herring EFH. In addition, a trend towards 

increased species’ densities associated with increased R2 values in models indicated that 

EFH may be more accurately defined at the highest densities of a species’ distribution. 

Seasonal and among bay variability in some nearshore habitat parameters may be too 

small to influence fish distribution. Small-scale perturbations of the environment such as 

storm action may also induce variability in density distributions that are not indicative of 

true changes in population distribution. Identifying consistent relationships between fish 

distributions and environmental conditions is a first step towards incorporating 

environmental variability into habitat designations.

The effort and financial resources required to fully understand seasonal habitat for 

wide-ranging species may be prohibitive. If fine-scale seasonal studies are not possible, 

year-long pooled models may provide some value in EFH identification. Consistent 

yearly trends within a season have been documented for walleye pollock in the Bering 

Sea (Swartzman et al. 1995) and herring in the North Sea (Maravelias 2001) and PWS 

(Stokesbury et al. 2000). However, these broad models may mask important seasonal
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factors associated with life history activities. Multi-year studies in Kodiak’s nearshore 

area would help to confirm seasonal trends observed in this study and subsequently 

identify EFH for both species.
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Table 3. 1 Number of midwater trawls, CTD casts and zooplankton tows deployed in each bay in each 
survey. Additional CTD stations were added in Alitak and Uganik in May.

Bay Midwater trawls CTD casts Zooplankton tows
February May August February May August February May August

Ugak 4 4 4 9 9 9 6 6 6
Alitak 4 4 5 18 20 20 5 5 5
Uganik 5 3 5 18 19 19 5 5 5

Table 3. 2 Summary of mean (SE) abiotic variables in February, May and August in 
Tbot= bottom temperature, Sbot = bottom salinity, O = stratification

study bays.

Ugak Alitak Uganik
Feb May Aug Feb May Aug Feb May Aug
5.73 7.84 13.54 6.14 8.13 13.31 6.62 8.61 14.33

SST (0.03) (0.02) (0.05) (0.02) (0.02) (0.02) (0.01) (0.02) (0.01)
31.35 30.97 30.43 31.13 31.23 30.82 29.92 30.54 30.01

SSS (0.01) (0.05) (0.07) (0.01) (0.02) (0.03) (0.05) (0.03) (0.01)
5.66 6.02 9.71 4.76 5.76 9.70 6.17 5.99 9.29

Tbot (0.09) (0-23) (0.26) (0.1) (0.25) (0.53) (0.02) (0.13) (0.32)
31.93 31.92 31.95 31.72 31.80 31.86 31.93 31.63 31.41

Sbot (0.02) (0.02) (0.04) (0.04) (0.04) (0.06) (0.12) (0.09) (0.07)
32.38 37.47 52.87 35.39 58.30 100.04 75.0 96.93 251.70

<s> (5.03) (1.84) (9.06) (9.13) (14.55) (16.61) (16.2) (8.09) (32.80)
1430 3953 10400 2410 2580 3890 7788 7854 11836

pollock density (354) (1304) (8032) (1050) (585) (260) (987) (861) (846)
1976 922 55 1386 67 116 781 450 605

herring density (109) (21) (6) (442) (23) (38) (196) (99) (130)

Table 3. 3 ANOVA results of seasonal among-bay comparisons of abiotic variables. Tbot =bottom 
temperature, Sbot = bottom salinity, = stratification______________________________________

February May August
F _......P _ . df, n F P df, n F P df, n

SST 232.9 <0.001 2,3 360.31 <0.001 2,3 310.53 <0.001 2,3
SSS 1600.5 <0.001 2,3 80.88 0.01 2,3 108.88 <0.001 2,3
Tbot 104.27 <0.001 2,3 0.49 0.617 2,3 0.3 0.743 2,3
Sbot 19.3 <0.001 2,3 3.82 0.034 2,3 15.51 <0.001 2,3
o 3.49 0.04 2,3 4.82 0.013 2,3 16.59 <0.001 2,3
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Table 3. 4 Summary of GAM models testing for effect of biotic and abiotic habitat variables on pollock by

Study
Site Season Model

Res.
Dev. Res. df r2

Ugak February Zbot+strat+T bot 21.5 31.2 89.2
May S S S+Zbot+strat 1.9 19.9 79.3
August S S S+Zbot+strat 8.2 37 75.3

Alitak February Zbot + Tbot 1.8 23 57.7
May SSS+ Z^t 1.2 22 71.0
August SST+SSS+Zbot 7.3 34 71.9

Uganik February SST+ Zbot+strat 28.0 66 44.9
May SST+ Zbot+strat+Sbot 19.2 77 64.2
August Zbot+T bot~̂ Sb0t 6.3 52 77.4

Table 3. 5 Summary of significant variables remaining in backwards stepwise regression models which 
tested for effect of abiotic and biotic habitat variables on pollock and herring density in Ugak Bay.

Species Month Variable Parameter estimate st. err p-value
Pollock February Strat 0.02 0.02 <0.001

Tbot 2.05 1.30 <0.001
Zbot 0.00 0.03 0.030

May Zbot 0.03 0.01 <0.001
Strat -0.02 0.01 0.006
SSS -0.41 0.66 0.048

August SSS -0.89 0.28 <0.001
Strat -0.04 0.01 0.007
Zbot 0.06 0.01 0.021

Herring February zbot 0.06 0.01 0.042
SST 1.69 1.27 0.043

May SST -0.32 0.23 <0.001
zbot 0.04 0.00 <0.001
SSS 0.07 0.09 0.002

August zbot 0.03 0.02 <0.001
SSS -0.18 0.08 0.046
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Table 3. 6 Summary of significant variables remaining in backwards stepwise regression models which 
tested for effect of biotic and abiotic habitat variables on pollock and herring density in Alitak Bay.

Alitak
Species Month Variable Parameter estimate St. err p-value
Pollock February Zbot 0.004 0.003 0.011

Tbot -0.649 0.585 0.015
May Zbot 0.012 0.003 <0.001

SSS -0.223 0.268 0.002
August SSS -0.233 0.118 0.028

Zbot 0.019 0.005 0.007
SST 0.947 0.233 0.002

Herring February Shot 0.176 0.317 0.016
SSS - 0.147 0.253 0.048

May Zbot 0.011 0.003 0.021

Table 3. 7 Summary of significant variables remaining in backwards stepwise
tested for effect of abiotic and biotic habitat variables on pollock and herring d

Uganik
Species Month Variable Parameter estimate st. err p-value
Pollock February b̂ot 0.00 0.00 <0.001

SST -0.30 0.29 0.036
strat 0.00 0.00 0.049

May strat 0.00 0.00 <0.001
SST -0.13 0.14 0.001
b̂ot 0.01 0.00 0.003

Sbot 0.60 0.23 0.03
August Sbot 0.70 0.36 <0.001

Tbot 0.21 0.25 0.005

zbot 0.02 0.00 0.034

Herring February zbot 0.01 0.00 <0.001
SST 0.90 0.33 <0.001
SSS -1.41 0.34 0.012
strat 0.00 0.00 0.014

May b̂ot 0.01 0.01 0.001
August SSS -0.09 0.19 0.036
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Table 3. 8 Summary of GAM models testing for effect of biotic and abiotic habitat variables on herring by
bay and season.

Study Site Season Model Res. Dev. Res. df r2
Ugak February SST+Zbot 32 32.9 47.6

May SST+SSS- 24.9 114.9 59.4
August s s s + z bot 31.7 87.9 33.4

Alitak February s s s +  s bot 5.8 22.9 77.4
May Zbot 4.9 31.9 51.6
An fri icf/\Ug,Ubl

Uganik February SST+SSS- 23.6 66.9 59.9
May Zbot 7.7 18 57.9
August SSS 13.3 46.8 54.1
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Figure 3. 1 Map of Kodiak Island, Alaska, A) showing dominant currents (after Stabeno et al. 2004) and B) 
showing three study bays with inset of Alaska. The 100 m bathymetric contour is shown.
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Figure 3. 2 Map of study bays around Kodiak Island, Alaska, showing CTD locations. Bathymetric contour 
represents 100m depth.
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Figure 3. 3 Ordinary kriged SST and SSS in Ugak Bay in February, May, and August 2003.
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Figure 3. 4 Ordinary kriged SST and SSS in Alitak Bay in February, May, and August 2003.
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Figure 3. 5 Ordinary kriged SST and SSS in Uganik Bay in February, May, and August 
2003.
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■ ■  February i— I May ^=3 August
Figure 3. 7 Seasonal whole-bay Zoopdens in study bays.
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Stratification

Tbot(C )

Zbot (m)
Figure 3. 8 Plotted GAM results of functional relationships between pollock density and abiotic variables in
Ugak Bay in February. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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Zbot(m)

Stratification

SSS
Figure 3. 9 Plotted GAM results of functional relationships between pollock density and abiotic variables in
Ugak Bay in May. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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SSS

Stratification

Zbot 0 )̂
Figure 3. 10 Plotted GAM results of functional relationships between pollock density and abiotic variables
in Ugak Bay in August. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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Zbot (m)

SST (C)
Figure 3.11 Plotted GAM results of functional relationships between herring density and abiotic variables 
in Ugak Bay in February. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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SST (C)

Zbot (m)

SSS
Figure 3.12 Plotted GAM results of functional relationships between herring density and abiotic variables
in Ugak Bay in May. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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Zbot (m)

SSS
Figure 3. 13 Plotted GAM results of functional relationships between herring density and abiotic variables 
in Ugak Bay in August. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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Zbot (m )

Tbot (C )

Figure 3.14 Plotted GAM results of functional relationships between pollock density and abiotic variables 
in Alitak Bay in February. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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Zbot (rn)

SSS

Figure 3.15 Plotted GAM results of functional relationships between pollock density and abiotic variables 
in Alitak Bay in May. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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SST (C)

Z t̂ (m)

sss
Figure 3.16 Plotted GAM results of functional relationships between pollock density and abiotic variables
in Alitak Bay in August. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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SSS

b̂ot
Figure 3. 17 Plotted GAM results of functional relationships between herring density and abiotic variables 
in Alitak Bay in February. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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Zbot (m)
Figure 3. 18 Plotted GAM results of functional relationships between herring density and abiotic variables 
in Alitak Bay in May. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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Zbot (m)

SST (C)

Stratification

Figure 3. 19 Plotted GAM results of functional relationships between pollock density and abiotic variables
in Uganik Bay in February. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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Stratification

SST (C)

Zbot (m)
Figure 3. 20 Plotted GAM results of functional relationships between pollock density and abiotic variables
in Uganik Bay in May. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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b̂ot
Figure 3.20 Continued: Plotted GAM results of functional relationships between pollock density and 
abiotic variables in Uganik Bay in May. The plots show fitted curves, 95% confidence intervals, and the 
locations of observations on the variable.
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Sbo,

Tbot (C)

Z bot (m )

Figure 3.21 Plotted GAM results of functional relationships between pollock density and abiotic variables
in Uganik Bay in August. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.



119

Zbot (m)

SST (C)

SSS
Figure 3.21 Plotted GAM results of functional relationships between herring density and abiotic variables
in Uganik Bay in February. The plots show fitted curves, 95% confidence intervals, and the locations of
observations on the variable.
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Stratification
Figure 3. 22 Continued: Plotted GAM results of functional relationships between herring density and 
abiotic variables in Uganik Bay in February. The plots show fitted curves, 95% confidence intervals, and 
the locations of observations on the variable.
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Zbot (fll)
Figure 3. 23 Plotted GAM results of functional relationships between herring density and abiotic variables 
in Uganik Bay in May. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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sss

Figure 3. 24 Plotted GAM results of functional relationships between herring density and abiotic variables 
in Uganik Bay in August. The plots show fitted curves, 95% confidence intervals, and the locations of 
observations on the variable.
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CHAPTER 4:

CONCLUSION
Healthy habitat is a basic requirement for the reproduction, growth, migration, 

and production of sustainable fish stocks (Langton and Haedrich 1996; NMFS 1996; 

Peters and Cross 1996). In 1996, the U.S. Congress passed the Sustainable Fisheries Act 

(SFA) (USDOC 1996, Public Law 104-297) to protect habitat essential to commercially 

important fish stocks. The SFA provided a new habitat conservation tool in the form of 

an “essential fish habitat” (EFH) mandate (Rosenberg et al. 2000). EFH is defined as the 

waters and substrate necessary to fish for spawning, breeding, feeding or for growth to 

maturity, including any aquatic area utilized by fish and the associated physical, chemical 

and biological properties of that area. EFH has been designated over broad scales for 

federally important species. However, there is insufficient fine-scale or seasonal 

information on the distribution and relative abundance of pelagic fish species in 

nearshore environments to establish EFH designations. Increasing importance is being 

placed upon management measures incorporating habitat and ecosystem considerations, 

which require detailed knowledge of the habitat required for sustaining the Gulf of 

Alaska’s important fisheries resources, including the commercially valuable walleye 

pollock and Pacific herring stocks.

Most habitat studies traditionally have focused on substrate (Rivoirard et al. 2000) 

but pelagic fish habitat also includes the physical and biochemical properties of the 

surrounding water, including food availability, depth, water column statification and 

temperature and salinity throughout the water column (Reid et al. 1993; Swartzman et al. 

1994; Maravelias 1997; Maravelias 2001; Corten 2001; Hansen et al. 2001). Because 

pelagic habitat is best characterized by water column properties, it is essential to identify 

those specific properties correlated to high use during any stage of a fish’s life cycle. The 

surveys conducted in this study show that the Kodiak Island nearshore area contains large 

densities of pollock and herring in all seasons, and is important habitat for both species.

The presence of multiple pollock size classes and high density in the bays indicate 

these areas are important pollock habitat. Pollock >34 cm comprised the greatest amount
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of fish found in the study bays. A wide range of sizes were found in all bays, with the 

greatest variety in Alitak Bay. Pollock utilize different areas of the water column 

depending on life stage and season, as indicated by 17 and 25 cm fish consistently found 

shallower in the water column than larger pollock, and increased mean depth of pollock 

from February to August. Mean density and distribution throughout the bays also 

increased between February and August, signifying that the nearshore area is especially 

important as summer habitat. Pollock may migrate into the nearshore zones for feeding 

and predator avoidance after springtime spawning in deeper oceanic waters.

Nearshore bathymetry is especially important for defining pollock EFH. Pollock 

densities were positively correlated to bottom depth in all seasons and locations, with 

increased significance in May and August. In the Shelikof Strait, densities of spawning 

pollock increase with depth regardless of yearly changes in water properties (Kim and 

Nunnallee 1990). Triennial surveys conducted from 1984 to 1996 in the Gulf of Alaska 

showed adult pollock concentrations increase with depth and were greatest at bottom 

depths between 100 m and 200 m (Shima et al. 2002). Results of this study show the 

same trends important in establishing pollock habitat in open-water environments may 

apply to nearshore zones.

Pacific herring utilized the nearshore zone differently among locations and 

seasons. Highest herring densities were found at the heads of bays where preferred 

spawning habitat (i.e., kelp, eelgrass, or areas of complex bathymetry; Funk 1994) is 

most likely to occur. Increased herring dispersion throughout the bays in May and August 

may be the result of seasonal changes in habitat preferences based on anti-predator 

strategies. Deeper areas, where herring can school more efficiently, may be preferred 

habitat for non-spawning herring because of increased protection from predators. Total 

mean herring density in each bay decreased between February and August, indicating that 

nearshore embayment habitat is less important for herring after spawning. Future surveys 

in more open nearshore waters, such as Shelikof Strait, might reveal more detailed 

patterns of seasonal nearshore and oceanic herring distribution. There was no difference 

in vertical distribution of herring size classes, although use of a commercial midwater
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trawl net may have prevented accurate targeting of juvenile or larval herring because it 

could not be set in extremely shallow waters where juvenile herring are known to occur 

(Stokesbury et al. 2000).

Relationships between herring and oceanographic variables were inconsistent 

through seasons and locations, suggesting that defining EFH for herring will be complex 

and require a fine scale understanding of habitat characteristics. The highest densities of 

herring in all seasons were observed in Uganik Bay, suggesting herring appear to prefer 

warmer, fresher surface waters associated with the Alaska Coastal Current. However, 

relationships between herring density and surface properties were often non-linear, 

making identification of important habitat solely through SST or SSS difficult. In August, 

small sample sizes may have obscured relationships between surface characteristics and 

herring density distribution. Additional fine-scale surveys throughout the year covering a 

greater proportion of each bay would help to assess the use of characteristics for defining 

herring EFH.

Although a substantial amount of variability in pollock and herring density was 

accounted for in the models, other factors or a combination of factors are likely important 

to determining pelagic EFH. This might include predator/prey interactions, light levels, or 

other variables not included in this study. Small-scale perturbations of the environment 

such as storm action may also induce variability in density distributions that are not 

indicative of true changes in population distribution. Increased models R2 values were 

associated with areas of greatest fish density, suggesting EFH may be best defined at the 

highest densities of a species’ distribution.

Clear patterns of seasonal usage and horizontal distribution within each bay 

indicate that EFH designation will need to be species and location specific. Significant 

relationships between fish density and habitat variables differed by species, season and 

location. Seasonal surveys such as those in this study provide important detailed 

distribution data to properly designate EFH for commercially important species such as 

pollock and herring. However, an understanding of the particular factors that make the 

nearshore habitat essential to pelagic fish is required before fully-informed decisions can
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be made regarding nearshore EFH. Multi-year studies in Kodiak’s nearshore area would 

help to confirm seasonal trends observed in this study and subsequently identify EFH for 

both species. Results about the factors driving seasonal distributions in the nearshore area 

suggest food, shelter (in the form of deep bathymetry) and life history patterns should be 

further examined. Further studies should continue to assess variations in habitat use, 

especially with emphasis on the influence abiotic and biotic factors that characterize 

pelagic habitat may exert on fish populations.
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