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Understanding the movement behavior and foraging strategies of individuals 

across multiple spatial and temporal scales is essential not only for understanding the 

biological requirements of individuals but also for linking individual strategies to 

population level effects.  Glacial fjords scattered throughout south-central and 

southeastern Alaska host some of the largest seasonal aggregations of harbor seals 

(Phoca vitulina richardii) in the world, and an estimated 15% of the harbor seal 

population in Alaska is found seasonally at these glacial ice sites. Over the last two 

decades, the number of harbor seals has declined at two of the primary glacial fjords, 

in Aialik Bay in south-central Alaska and in Glacier Bay in southeastern Alaska, thus 

raising concerns regarding the viability of seal populations in glacial fjord 

environments.  From 2004-2009, the foraging ecology, diving behavior, and migration 



patterns of harbor seals from Glacier Bay National Park, Alaska were examined in 

relation to prey availability and oceanographic features in Glacier Bay and the 

surrounding regions of southeastern Alaska.  Time-depth recorders, very high 

frequency transmitters, and satellite-linked transmitters were used to quantify the 

vertical and horizontal movement patterns of harbor seals in the marine environment.  

Specifically, (1) I characterized the  diving behavior, foraging areas, and foraging 

strategies of female harbor seals from terrestrial and glacial ice sites relative to prey 

availability during the breeding season (May-June) in Glacier Bay, (2) I quantified the 

intra-population variation in at-sea post-breeding season (September-April) 

distribution and movement patterns of female harbor seals in relation to oceanographic 

features, (3) I quantified the post-breeding season migration patterns of female harbor 

seals relative to the boundaries of the marine protected area of Glacier Bay National 

Park, and (4) I characterized the use of the continental shelf region of the eastern Gulf 

of Alaska by female harbor seals from Glacier Bay, both as a foraging area and as a 

migratory corridor in relation to oceanographic features.   

 During the breeding season, there was a substantial degree of intra-population 

variation in the diving behavior and foraging areas of juvenile and adult female seals 

from glacial ice and terrestrial sites in Glacier Bay.  The presence of multiple diving 

strategies suggests that differences in the relative density and depth of prey fields in 

glacial ice and terrestrial habitats in addition to seal age and reproductive status may 

influence diving and foraging behavior of harbor seals.   



 During the post-breeding season, juvenile and adult female harbor seals ranged 

extensively beyond the boundaries of the marine protected area of Glacier Bay 

National Park, throughout the northern inshore waters of southeastern Alaska and the 

continental shelf region of the eastern Gulf of Alaska between Cross Sound and Prince 

William Sound, Alaska (up to 900 kilometers away).  Seals exhibited a relatively high 

degree of intra-population variation in their at-sea post-breeding season distribution 

patterns that may be a function of extrinsic factors such as oceanographic 

characteristics, which can influence prey availability as well as intrinsic factors  

including previous experience with foraging areas and seal condition and age.  Use of 

the continental shelf region of the eastern Gulf of Alaska by harbor seals as a foraging 

area may be due to enhanced biological productivity which may be associated with 

ephemeral hydrographic and/or static bathymetric features.  Despite extensive 

migrations of seals from Glacier Bay during the post-breeding season, there was a 

high degree of inter-annual site fidelity of seals to Glacier Bay the following breeding 

season after seals were captured.   
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Chapter 1.  General Introduction and Overview of Dissertation 
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Natural selection acts at the level of the individual, thus examination of 

patterns of variation in foraging behavior and strategies of individuals may offer 

insights into the persistence and resilience of populations (Sutherland 1996).  

Movement and migratory behavior of individuals is intricately linked to important life 

functions including feeding and breeding.  Feeding and breeding behaviors can 

influence vital rates, including survival and reproduction, which ultimately can have 

population-level effects (National Research Council 2005).  Thus understanding 

movement and foraging strategies of individuals is not only essential for 

understanding the biological requirements of individuals, but also for linking 

individual strategies to population level-effects (Sutherland 1996).   

For upper-trophic level marine predators, such as seabirds, pinnipeds, and 

cetaceans, movement is a key adaptive behavior as these species must move to locate 

prey, acquire energy, and avoid predators (Turchin 1998, Austin et al. 2004).  

However, successful acquisition of prey by a marine predator requires both vertical 

and horizontal excursions in the multidimensional space of the water column (Austin 

et al. 2004).  Prey distribution, density, and environmental parameters may vary both 

spatially and temporally (Fretwell 1972), and in theory such changes should be 

reflected in the vertical and horizontal movements of predators in the marine 

environment.   

Precipitous declines in otariid (eared seals) and phocid (true seals) populations 

in the North Pacific Ocean (Merrick et al. 1987, Pitcher 1990, Towell et al. 2006, 

Small et al. 2008) have highlighted the need for a better understanding of predator-
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prey relationships in marine ecosystems, particularly the behavioral and demographic 

responses of pinnipeds to bottom-up (changes in quantity or quality of prey) and top-

down factors (predation) (Williams et al. 2004, Frid et al. 2006, Frid et al. 2009, 

Horning & Mellish 2012).    

One pinniped of particular conservation concern in Alaska is the harbor seal 

(Phoca vitulina richardii), which is a small, highly aquatic phocid that ranges along 

the rim of the North Pacific Ocean from Baja to Japan.  In Alaska, harbor seals have 

undergone dramatic declines in several regions (Pitcher 1990, Frost et al. 1999, 

Mathews & Pendleton 2006, Small et al. 2008); however, the factors contributing to 

the declines are unknown.  

Declines in harbor seals in Alaska are of concern for several reasons.  First, 

harbor seals likely play an important role in structuring  marine communities both as a 

consumer (e.g., Ward et al. 2012) and also as prey for other upper-trophic level 

species, such as transient killer whales (Orcinus orcas) (Williams et al.  2004). 

Second, harbor seals are an important cultural and nutritional resource for Alaska 

Natives, particularly for the Tlingit of southeastern Alaska (Wolfe 1993).  Finally, 

harbor seals have previously been managed as only three stocks in Alaska (Bering 

Sea, Gulf of Alaska, and Southeast Alaska stocks); however, based on genetics and 

telemetry data the National Marine Fisheries Service (NMFS) has recently designated 

12 new harbor seal stocks in Alaska (Allen & Angliss 2011).   

Glacial fjords scattered throughout south-central and southeastern Alaska host 

some of the largest seasonal aggregations of harbor seals in the world and an estimated 
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15% of the harbor seal population in Alaska is found seasonally at these glacial ice 

sites (Bengtson et al. 2007). Over the last two decades, the numbers of harbor seals 

have declined at two of the primary glacial ice sites, in Aialik Bay in south-central 

Alaska and in Glacier Bay in southeastern Alaska (Mathews & Pendleton 2006, 

Womble et al. 2010, Hoover-Miller et al. 2011), thus raising concerns regarding the 

viability of seal populations in glacial fjord environments.   

Population monitoring studies of harbor seals in Glacier Bay have spanned 

four decades from the 1970’s to the present (Streveler 1979, Calambokdis et al. 1987, 

Mathews & Pendleton 2006, Womble et al. 2010) representing one of only four sites 

(Tugidak Island, Nanvak Bay, Aailik Bay, and Glacier Bay) in Alaska with a history 

of population monitoring efforts dating back to the 1970’s (Streveler 1979, 

Calambokdis et al. 1987, Pitcher 1990, Jemison et al. 2006, Mathews et al. 2006, 

Womble et al. 2010, Hoover-Miller et al. 2011).  Historically, Glacier Bay supported 

one of the largest aggregations of seals in Alaska (Calambokidis et al. 1987).  Glacial 

ice emanating from an active tidewater glacier in Johns Hopkins Inlet (JHI) used to 

support in excess of 5,000 seals during the breeding season; however,  the number of 

harbor seals in Glacier Bay has declined by up to 75% from 1992-2002  (Mathews & 

Pendleton 2006).  The number of seals in Glacier Bay continues to decline based on 

the most recent data through 2008 (Womble et al. 2010).  Declines in the number of 

seals in Glacier Bay are in contrast to population trajectories of seals in the nearby 

regions of Ketchikan and Sitka where seals are stable or increasing (Small et al. 2003).  

As a result of the declines in the numbers of seals documented in Glacier Bay by 
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Mathews & Pendleton (2006), there was significant interest from Glacier Bay National 

Park, Alaska Department of Fish & Game, the Hoonah Indian Association, and the 

National Marine Mammal Laboratory in obtaining a better understanding of potential 

casual factors that may have contributed to the decline.  In 2004,  a multi-agency study 

was initiated that was aimed at (1) quantifying the health and disease status of seals, 

(2) assessing the behavioral reaction of seals to vessels, (3) quantifying the foraging 

and diving behavior during the breeding season, and (4) identifying the post-breeding 

season distribution of seals.  Prior to the onset of this study, little was known with 

respect to the life history, foraging ecology, migration patterns, vital rates, body 

condition, health status, and behavior of harbor seals in Glacier Bay.  This lack of 

understanding has made it difficult to discern specific causal factors that may have 

contributed to the decline.  Hypothesized reasons for the decline include interspecific 

competition, predation, emigration, and decreases in reproductive rate, human 

disturbance, and nutritional stress due to changes in prey base, disease, or 

contaminants.   

Dissertation Overview 

 The primary objectives of the research described in this dissertation, which 

spanned from 2004-2009, were to (1) characterize the  diving behavior, foraging areas, 

and foraging strategies of female harbor seals from terrestrial and glacial ice sites 

relative to prey availability during the breeding season in Glacier Bay (Chapter 2),  (2) 

quantify the intra-population variation in the distribution and movement patterns of 

female harbor seals from Glacier Bay in relation to oceanographic features during the 
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post-breeding season (Chapter 3), (3) quantify the post-breeding season  distribution 

of female harbor seals relative to the boundaries of the marine protected area of 

Glacier Bay (Chapter 4), and (4) to characterize and quantify use of the continental 

shelf region of the eastern Gulf of Alaska by female harbor seals from Glacier Bay 

both as a foraging area and as a migratory corridor relative to oceanographic features 

(Chapter 5).  Collectively, such information is critical as the diving and movement 

behavior of individual harbor seals is intricately linked to important life functions, 

such as feeding.  Feeding behaviors influence vital rates, including survival and 

reproduction, which ultimately can have population-level effects.   

This dissertation was composed as four distinct chapters (described above) 

designed to be submitted as individual manuscripts to peer-reviewed journals.  As 

such, each chapter includes an abstract and some of the introductory material for each 

chapter may be repeated throughout all chapters.  
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Abstract 

Knowledge of marine vertebrate foraging behavior in relation to prey fields is 

essential for understanding how temporal and spatial variability in resources may 

influence the behavior of individuals.  Diving marine vertebrates may respond to 

reduced prey availability by traveling greater distances to forage, diving deeper, and 

increasing diving intensity.  Each of these potential responses may alter energetic costs 

and ultimately have fitness-level consequences.  Our primary objective was to assess 

how harbor seals (Phoca vitulina richardii) adjust their diving behavior in response to 

prey availability in two distinct marine habitats (glacial ice and terrestrial) of Glacier 

Bay, Alaska, by combining seal diving data from time-depth recorders with prey 

abundance data from hydroacoustic surveys.  There was a substantial degree of intra-

population variation in the diving behavior of seals in different regions of Glacier Bay.   

Hierarchical clustering partitioned seals into four behavioral dive groups based upon 

differences in diving behavior.  Seals in group 3 and 4 dived the deepest, had the 

highest diving intensity, lowest % bottom time, longest trip durations, and foraged in 

upper and central Glacier Bay in deeper waters with lower prey densities.  In contrast, 

seals in groups 1 and 2 dived shallower, had lower dive intensities, shorter trip 

durations, and foraged in lower Glacier Bay in shallower waters with higher prey 

densities.  The presence of multiple diving strategies suggests that differences in prey 

density and depth in glacial ice and terrestrial habitats may influence diving behavior 

of seals.  There may be temporary trade-offs for seals associated with using glacial ice 

habitat during the pupping season, and seals may temporarily forgo more productive 
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foraging opportunities to take advantage of the safety and stability of the glacial ice 

habitat. 

Key words:  Diving behavior, prey availability, pinniped, harbor seal 
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Introduction 

Pinnipeds are highly mobile, yet spatially constrained, upper-trophic level 

species that depend upon the marine environment for foraging while using land and 

ice-based sites to come ashore for parturition, caring for young, molting, resting, and 

avoiding predators (Bartholomew 1970).  As such, the availability of prey near the 

land and ice-based sites that are used by pinnipeds may be critical as traveling to 

foraging areas can be energetically costly (Womble et al. 2009) and may also increase 

the risk of predation ( Frid et al. 2006).   

 Several studies have demonstrated that the demographic and behavioral 

responses of some pinniped species appear to be tightly coupled with reductions in 

prey availability that are associated with El Niño – Southern Oscillation (ENSO) 

events (Trillmich et al. 1991).  The ENSO events, which are characterized by warm 

sea surface temperatures, reductions in upwelling, and reduced primary and secondary 

productivity (Barber & Chavez 1986), have led to changes in maternal attendance 

patterns, reduced pup production, decreased pup survival, and decreased adult survival 

in several pinniped species (Trillmich 1986, Trillmich et al. 1991, Horning & 

Trillmich 1997, Soto et al. 2004).   

 Proximate behaviors of pinnipeds, including maternal attendance and foraging 

behavior, are likely altered well before demographic responses are observed (Trillmich 

et al. 1991, Horning & Trillmich 1997) and may provide behavioral metrics that can 

be used to indirectly infer changes in prey availability (Horning & Trillmich 1999).  

Given that pinniped foraging behavior includes searching for and successful 
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acquisition of prey along both the vertical and horizontal dimensions in the marine 

environment (Hooker & Baird 2001), we would expect changes in foraging behavior 

to occur along both dimensions. 

  Pinnipeds descend from the ocean’s surface to depth to search for and 

encounter prey that are located in the water column.  These vertical movements or 

dives are a well-defined unit of behavior and a fundamental component of food 

capture in pinnipeds that can be used as proxies for an individual’s foraging effort 

(Boyd 1997, Bowen et al. 1999).  Proximate behavioral responses of pinnipeds to 

reductions in prey availability along the vertical dimension include adjusting their 

behavior by diving deeper, increasing dive durations, increasing time spent diving, or 

by increasing diving intensity (Feldkamp et al. 1989, Boyd et al. 1994, Boyd 1996, 

1999, Lea et al. 2006).  Diving deeper, which may reflect increased search effort for 

deeper prey, may result in reduced diving efficiency with more time spent in transit 

and less time spent along the bottom portion of the dive, which is often where foraging 

takes place (e.g., Costa & Williams 1999, Lesage et al. 1999, Austin et al. 2006).  

 Pinnipeds search horizontally from a land or ice-based site potentially ranging 

over relatively large spatial and temporal scales in the marine environment.  Proximate 

behavioral responses to reductions in prey availability along the horizontal dimension 

may be to travel greater distances to forage, increase time spent foraging, or alter time-

energy budgets (Croxall et al. 1985, Costa et al. 1989, Boyd et al. 1991, Horning & 

Trillmich 1997, Boyd et al. 1998, Crocker et al. 2006).  Increases in foraging trip 

durations can alter maternal attendance patterns of adult female pinnipeds and result in 
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reduced milk intake rates for pups, decreased growth rates of pups, and ultimately 

increased pup mortality (e.g., Ono et al. 1987).  Responses may also include switching 

to different prey types or species (Trillmich et al. 1991, Costa 2008) and each of these 

potential responses may result in increased energetic costs (Bowen et al. 2002) which 

can lead to fitness-level consequences (Costa 2008). 

 Pinniped life-history strategies vary along phylogenetic lines with some 

species likely more vulnerable to reductions in prey availability than others.  Otariids 

are income breeders with fewer fat stores than phocids (Williams et al. 2007), and they 

rely upon intermittent foraging throughout an extended lactation period (Boyd 1998).  

The extended lactation period, which may last up to three years in some species such 

as the Galapágos fur seal (Arctocephalus galapgoensis) (Trillmich 1986), establishes a 

direct link between local prey availability, offspring provisioning, and survival of 

young (Costa 1991).    

 Phocids, in contrast, have greater fat stores and typically a shorter lactation 

period ranging from 4-45 days (Bowen et al. 1985, Oftedal et al. 1987).  In general, 

adult females fast during lactation using body reserves acquired prior to parturition to 

fuel lactation (Trillmich et al. 1991, Boness & Bowen 1996) and may be less sensitive 

to reductions in local prey availability.  However, two small phocids, the harp seal 

(Pagophilus groenlandicus) and harbor seal (Phoca vitulina), forage during lactation 

similar to otariids (Lydersen & Kovacs 1993, Boness et al. 1994, Thompson et al. 

1994, Boness & Bowen 1996).  This deviation from the typical phocid pattern may be, 

in part, related to their small size and reduced capacity for energy storage (Bowen et 



17 
 

al. 1992, Boness et al. 1994).  Hence, smaller phocid species, such as harbor seals, 

may be more sensitive to changes in local prey availability than larger phocid species.  

 Precipitous declines in otariid and phocid populations in the North Pacific 

Ocean (Pitcher 1990, Merrick et al. 1987, Towell et al. 2006, Small et al. 2008) have 

highlighted the need for a better understanding of predator-prey relationships in 

marine ecosystems, particularly the behavioral and demographic responses of 

pinnipeds to reduced prey availability.  Although the diving and movement behavior 

of pinnipeds has been examined extensively in the North Pacific (Frost et al. 2001, 

Lowry et al. 2001, Small et al. 2005, Raum-Suryan et al. 2004, Robson et al. 2004, 

Sterling & Ream 2004, Ream et al. 2005, Rehberg & Burns 2008,  Lea et al. 2009 and 

2010), few studies have examined pinniped foraging behavior in the context of prey 

availability in the wild (but see Lea & Wilson 2006), primarily due to the difficulty in 

simultaneously quantifying predator behavior and prey availability over large spatial 

and temporal scales.  

 Compared to more wide-ranging pinniped species, harbor seals exhibit 

relatively restricted movements over smaller geographic areas during the breeding 

season (Thompson & Miller 1990, Suryan & Harvey 1998, Tollit et al. 1998) which 

make them suitable models for assessing their at-sea behavior in relation to prey 

availability.  Harbor seals range along the rim of the North Pacific Ocean from Baja to 

Japan and use terrestrial sites, including sand bars and rocky reefs, to come ashore for 

pupping, resting, and molting.  In Alaska, harbor seals also use glacial ice or icebergs 

that emanate from active tidewater glaciers as a resting platform. Glacial fjords 



18 
 

scattered along the southeastern and south-central coasts of Alaska currently host 

some of the largest seasonal aggregations of harbor seals in the world. At least 10-15% 

of the harbor seal population in Alaska is found seasonally at these glacial ice sites 

(Bengtson et al. 2007). Over the last two decades, harbor seal abundance has declined 

at two of the primary glacial ice sites, in Aialik Bay in south-central Alaska and in 

Glacier Bay in southeastern Alaska (Mathews & Pendleton 2006, Womble et al. 2010, 

Hoover-Miller et al. 2011), and the reasons for the declines are not well understood.   

 Harbor seals in Glacier Bay use two distinct habitats (glacial ice and terrestrial 

sites) within the same marine ecosystem, thus providing a comparative framework for 

addressing our primary objective which was to determine whether harbor seals adjust 

their foraging and diving behavior relative to prey abundance in glacial ice and 

terrestrial habitats.  Our primary hypothesis was that differences in diving behavior 

and foraging effort are influenced by prey availability and our specific objectives were 

to (1) characterize diving and foraging strategies of harbor seals, (2) assess gradients 

in diving behavior of harbor seals, and (3) assess diving and foraging behavior of 

harbor seals in the context of prey availability in distinct marine habitats.  

Methods 

Study Area 

Glacier Bay is a recently deglaciated estuarine fjord in southeastern Alaska that 

constitutes a part of Glacier Bay National Park (Figure 2.1).  Glacier Bay has 

undergone rapid deglaciation over the past 225 years (Cooper 1937, Field 1947, Hall 

et al. 1995) and has distinct oceanographic and circulation patterns (Syvitski et al. 
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1987, Mann & Lazier 1996, Etherington et al. 2007, Hill et al. 2009).  In the lower 

portion of Glacier Bay, tidal currents along the entrance sill promote low stratification, 

intense vertical mixing, and relatively high levels of primary productivity.  The central 

portion of the bay is characterized by moderate stratification, strong mixing, and high 

levels of primary productivity.   In contrast, the upper portions of Glacier Bay are 

highly stratified by freshwater discharge from tidewater glaciers with lower levels of 

chlorophyll a than other regions of the bay (Etherington et al. 2007).   

Harbor Seal Captures and Instrument Deployment 

Harbor seals in Glacier Bay use two distinct habitat types as haulout platforms 

(glacial ice and terrestrial).  The largest concentrations of seals in Glacier Bay are 

found in Johns Hopkins Inlet (~66% of seals in Glacier Bay), the primary glacial ice 

site in the upper West Arm and in the Beardslee Islands (terrestrial sites) (~22% of 

seals in Glacier Bay) during the pupping (June) and molting (August) periods.  Harbor 

seals are also found at smaller terrestrial sites that are scattered throughout Glacier 

Bay and at two small glacial ice sites in McBride Inlet (East Arm) and Tarr Inlet 

(West Arm) (Womble et al. 2010) (Figure 2.1).  

Juvenile and adult female harbor seals (n = 25) (Table 2.1) were captured 

between mid-April and early May from 2004-2007 at both terrestrial and ice sites.  

Seals were captured at a suite of terrestrial sites in the Lower Bay (Spider Reef 

Complex, Kidney Reef, Geikie Rock, Leland Reef, and Boulder Island) using a 

multifilament seine net (Small et al. 2005).  At the primary glacial ice site in Johns 

Hopkins Inlet (JHI) (Figure 2.1), seals were captured using monofilament gillnets 
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deployed from inflatable skiffs. Seals were placed in hoop nets and transferred to a 

larger vessel where they were sexed, weighed (to the nearest 0.1kg), and measured (to 

the nearest cm).  Seals were physically restrained and sedated with 0.25 mg/kg of 

diazepam administered intravenously prior to the application of telemetry devices.  

The age of seals was determined morphometrically and seals >3 years old were 

classified as adults, while seals < 3 years of age were referred to as juveniles (Blundell 

& Pendleton 2008).   

Diving Data 

Harbor seal diving behavior was quantified using  electronic MK-9 time-depth 

recorders (TDRs) (Wildlife Computers, Redmond, Washington, USA) which measure 

pressure to calculate depth to a resolution of 0.5 m (±1%).  TDRs were attached to the 

pelage on the dorsum of the seal, lateral to the lumbar vertebrate, using 5-minute 

epoxy and were programmed to record depth every 2 seconds and temperature, light 

levels, and conductivity every 20 seconds.  TDRs were embedded in syntactic foam to 

make the package buoyant after it detached from the seal during the annual molting 

period.  An MM230B VHF transmitter (Advanced Telemetry Systems, Isanti, 

Minnesota, USA) was also included in the flotation package to allow for VHF-

tracking and retrieval of the shed TDRs.  Shed TDRs were retrieved using boats, 

fixed-winged aircraft, and kayaks.     

After instrument retrieval, TDR data were downloaded and processed using 

software supplied by the manufacturer (Wildlife Computers, Instrument Helper 

Version 2.0).  The data were zero-offset corrected (ZOC) to account for any drift in 
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the zero reading of the depth sensor.  The Dive Analysis Toolkit within Instrument 

Helper was used to identify and classify individual dives from the zero-offset 

corrected data.   Only dives ≥ 4 meters were analyzed to avoid including instrument 

noise in the data (Bowen et al. 1999, Baechler et al. 2002, Lesage et al. 1999).  

Focal Foraging Areas 

 Focal foraging areas (FFA) of a subset of the instrumented seals were 

determined by conducting real-time vessel-based VHF-tracking of individual seals 

(e.g., Lea & Wilson 2006) from the R/V Capelin (8.5m) and a Boston Whaler (6.5m).  

Individual radio frequencies associated with the VHF-head mounts were scanned 

continuously during vessel surveys.  After a VHF signal was detected, two observers 

attempted to visually locate the seal on the surface of the water using hand-held 

binoculars (Swarovski 10 X 42 & Zeiss 20 X 60).  Once the VHF-tagged seal was 

located and confirmed by both observers the seal was followed to quantify its at-sea 

behavior.  Surface positions (latitude, longitude) of seals were recorded using a global 

positioning system (Garmin GPS Map 76) on the vessel.  An area was designated as 

an FFA if an individual dove repeatedly in the same general area for >1 hour and did 

not appear to be traveling.  The TDR Record was combined with the corresponding 

VHF location data to provide a position (latitude, longitude) for each FFA.   

Prey Abundance 

Large-scale hydroacoustic surveys were conducted to provide an index of prey 

abundance near the largest terrestrial and glacial ice habitats for seals in Glacier Bay.  

The survey area near the terrestrial habitat was in the Beardslee Entrance, which is 
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within a 10-km radius of the Spider Reef Complex haulout area.  The survey area near 

the glacial ice habitat was in Johns Hopkins Inlet which is the primary glacial ice site 

for seals in Glacier Bay (Figure 2.1).  Smaller-scale hydroacoustic surveys were also 

conducted at focal foraging areas of a subset of the instrumented seals.  Acoustic data 

were collected using a portable 38-kHz split-beam Simrad EK60 echo-integration 

system with a 12° beam angle, and stored on disk. The echo-sounder transducer was 

towed in a fin beside the R/V Capelin at 9 km h
-1

.  Location data from a GPS were 

collected simultaneously.  Hydroacoustic data were the sum of the returning echoes of 

fish below the boat.   Hydroacoustic data were classified by 0.183-km length intervals 

and 10-m depth intervals, and corrected for instrument calibration using the echo 

integration software Sonar Data Echoview (Sigler et al. 2004, Womble & Sigler 2006, 

Sigler et al. 2009).   

Data Analysis 

Diving behavior measured by time depth recorders yields numerous response 

variables, and we used a multivariate analytical approach to objectively classify 

individual seals into behavioral dive groups and to assess the predominant gradients in 

dive behavior.  Fourteen  parameters were extracted and derived from the diving 

record of each seal including (1) dive rate (h
-1

), (2) maximum dive depth (m), (3) 

average dive depth (m), (4) dive duration (sec),  (5) surface duration (sec), (6) bottom 

time (time spent  at >85% of the maximum depth of the dive), (7) wiggle count 

(number of vertical movements within the bottom portion of the dive), (8) descent rate 

of dive (m/sec), (9), ascent rate of dive (m/sec), and (10) diving efficiency (bottom 
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time/(dive duration + surface duration) (Ydenberg & Clark 1996), (11) percent time 

diving (%), (12) diving intensity (total vertical distance dived/total time at sea) 

(Boveng et al. 1996), (13) vertical distance dived (sum of dive depth multiplied by 

two, km) (Horning & Trillmich 1997),  and (14) percent bottom time (bottom 

time/dive duration).   

Behavioral Dive Groups 

Hierarchical cluster analysis (HCA) was used to objectively group individual 

seals into behavioral dive groups based upon similarities in diving behavior using the 

following eight dive  parameters including (1) dive rate (h
-1

), (2) maximum dive depth 

(m), (3) dive duration (sec),  (4) bottom time (time spent  at >85% of the maximum 

depth of the dive), (5) percent time diving (%), (6) wiggle count (number of vertical 

movements within the bottom portion of the dive), (7) descent rate of dive (m/sec), 

and (8) vertical distance dived (sum of dive depth multiplied by two, km).  HCA was 

implemented using Ward’s method of clustering, a space-conserving linkage method, 

and a Euclidean distance matrix in PC-ORD (McCune & Mefford 2006).  All dive 

parameters were transformed by relativizing each parameter by the maxima (McCune 

& Grace 2002).   

Differences in diving behavior groups (age, capture habitat, reproductive 

status, and year) were evaluated using a multi-response permutation procedure 

(MRPP) (Miekle et al. 1976, Miekle & Berry 2001) based on a rank-transformed 

Sørenson distance matrix in PC-ORD (McCune & Mefford 2006).  The Sørenson 

proportional coefficient (Faith et al. 1987) was used as the distance measure and the A 
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test statistic, which ranges from 0 to 1, was reported as a measure of effect size along 

with the corresponding p values.  A natural weighting factor (Ci = ni/∑ni) (Mielke et 

al.  1976) was applied to items in each group where C is a weight that depends upon 

the number of items in a group.  MRPP provided a chance-corrected within-group 

agreement (A) that described within-group homogeneity, compared to the random 

expectation.  If A = 1 then all items are identical within groups; however, if A = 0 then 

heterogeneity within groups equaled expectation by chance (McCune & Grace 2002).   

Dive Behavior Gradients 

Non-metric multidimensional scaling (NMS) (Kruskal 1964, Mather 1976), a 

multivariate ordination technique, was used to objectively reduce the dimensions of 

the multivariate dive data (e.g., Lea et al. 2002) and to visually assess gradients 

associated with differences in dive behavior among individual seals.  NMS is an 

iterative search for the best positions of n entities on k dimensions (axes) that 

minimizes the stress of the k-dimensions configuration.   NMS avoids the assumption 

of linear relationships among variables, uses ranked distances to linearize the 

relationship between distances measured in species space and distances in 

environmental space, and is well-suited to data that are on multiple scales and are not 

normally distributed (McCune & Grace 2002).The primary data matrix (25 sample 

units X 8 dive parameters) consisted of the grand mean of each of the eight dive 

parameters for each seal.  The secondary data matrix (25 sample units X 4 variables) 

included categorical variables (capture year, age, capture habitat, and reproductive 

status) associated with each seal.  Data were standardized by using only dive variables 
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from May and June, during the primary breeding season of harbor seals.  All dive 

parameters were transformed by relativizing each parameter by the maxima (McCune 

& Grace 2002).   

NMS was conducted using Sørenson’s distance (Bray & Curtis 1957), in slow 

and thorough autopilot mode using random starting configurations in PC-ORD.    To 

evaluate whether NMS extracted stronger axes than expected by chance, a Monte 

Carlo randomization test was performed which compared the final stress from the 

original  data with final stress from multiple runs (n= 250) of randomized data.   

Dimensionality was selected by comparing the final stress values among the best 

solutions and by visually inspecting a scree plot of the original data in relation to 

randomized data.  The scree plot showed stress as a function of dimensionality of the 

gradient model where stress is an inverse measure of fit to the data (McCune & Grace 

2002). 

Trip Durations 

 Trip durations of harbor seals were estimated by dividing the observed time 

into ‘dry’ and ‘wet’ intervals, based on data from the wet-dry sensor on the TDR. A 

time interval was defined as ‘dry’ if the wet-dry sensor measurement of conductivity 

was continuously ≥ 248 and ‘wet’ if conductivity was < 248. This value was 

determined by examining graphs of TDR conductivity and depth measurements 

(corrected for surface error) to judge at what level seals appeared to be truly hauled 

out (i.e., dry).  For analysis of ‘trips’ we used all wet intervals > 30 minutes duration. 

Data were transformed using natural logarithms because the distribution was highly 
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skewed (i.e., a few trips of very long duration, with many shorter ones) (Blundell et al. 

2011). 

Prey Abundance  

 Hydroacoustic backscatter data provided an index of prey density and the 

vertical distribution of prey in the water column (1) adjacent to the primary harbor seal 

haulout areas in the Beardslee Entrance (terrestrial site) and in Johns Hopkins Inlet 

(glacial ice site) and (2) at a subset of focal foraging areas of instrumented harbor 

seals.  Acoustic backscatter data were expressed as the nautical area scattering 

coefficient (NASC; m
2
nmi

-2
), a relative measure of density.  The NASC values were 

integrated over 0.183-km length intervals and 10-m depth bins. An average prey index 

was calculated for each hydroacoustic survey which accounted for both the density 

and the depth of the prey as both attributes are important to consider in the context of 

harbor seal diving behavior.  The average prey index was calculated as: 

                   
 

 
          

    

  
 

  

   

          

 

   

 

where n is the number of 0.183-km long samples in the survey and mi is the number of 

10-meter depth bins in the i-th sample (which varies with water depth). Each NASC 

value is divided by the lower bound of the depth bin (d), which implies that deeper 

prey have a lower net value for harbor seals. This formulation implies that net value 

decreases quicker for shallow depths and slower for deeper depths. As an example, 

assuming a NASC value of 10 at 10, 20, and 30 m, then the prey index will decrease 

with increasing depth as follows:  1.0, 0.5, and 0.3.  
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Foraging and Diving Behavior in relation to Prey Availability 

To assess relationships between harbor seal foraging and diving behavior and 

indices of prey availability, specific predictions were formulated based upon trip 

durations and the predominant gradients in diving behavior that were identified by 

NMS.  The primary behavioral gradients identified by NMS were linked to response 

variables derived from the diving record that are likely to reflect proxies of diving 

effort and included (1) diving intensity (total vertical distance dived/total time at sea) 

(Boveng et al. 1996), (2) diving efficiency (bottom time/ (dive duration + post-dive 

interval)) (Ydenberg & Clark 1989), and (3) percent bottom time (bottom time/dive 

duration).  The following predictions were evaluated.   

 Prediction 1:  Trip durations will increase with decreasing prey index. 

 Prediction 2: Diving intensity of seals will increase with decreasing prey index.  

Prediction 3:  Diving efficiency of seals will increase with increasing prey 

index.  

 Prediction 4: Percent bottom time will decrease with decreasing prey index.   

  Candidate model sets for each prediction included explanatory terms for prey 

availability (average prey index), age of seal (juvenile, adult), mass of seal (kg), year 

(2005, 2006, 2007), capture region (glacial ice, terrestrial), and reproductive  status 

(0,1).  Candidate models sets for each prediction were analyzed as linear models in R 

2.9.2 using the {nlme} package (Pinheiro et al. 2011).  Candidate model sets were 

assessed using an information-theoretic approach and were evaluated using relative 

changes in the small-sample version of Akaike’s Information Criterion (AICc) and 
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associated model weights (wAICc), which are a measure of support for a model 

relative to the other models in the candidate model set (Burnham & Anderson 2002).  

To account for uncertainty in choosing the most appropriate model, model averaging 

or multimodel inference was used (Burnham & Anderson 2002) by computing a 

weighted average of the parameters estimates and associated standard errors using the 

AICc model weights. Model ranking and averaging were conducted in R 2.9.2 using 

the {AICcmodavg} package Mazerolle (2010).   

Results 

Diving Behavior 

 The average deployment period of time-depth recorders on female harbor seals 

was 56.5 ± 6.3 days (range: 40.5 – 70.0 days) for total of 1,411 seals days from May 

through June 2004-2007 during the  harbor seal pupping period in Glacier Bay.  A 

total of 572,106 dives were extracted from the diving record of 25 female seals.  The 

mean dive depth for all seals was 29.4 ± 11.3 m (Table 2.2) and mean dive duration 

was 2.8 ± 0.5 min.  The average number of dives per hour was 9.1 (2.1) and was 

highly variable across individual seals, ranging from 5.0 to 12.6.  The average vertical 

distance traveled by seals was 692.8 ± 228.2 km with substantial variability among 

individual seals, ranging from 271.4 to 1351.2 km.  The average percent bottom time 

(time spent at >85% of maximum dive depth) was 0.5 and ranged from 0.4 to 0.7 

(Table 2.2). The maximum dive depth attained by any seal (PV05GB29: juvenile) was 

326 m with a dive duration of 17.7 min which exceeded the estimated theoretical 
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aerobic dive limit of harbor seals Bowen et al. (1999).  In addition, three other seals 

(PV04GB14; PV05GB25; PV06GB18) also reached depths exceeding 300 meters.   

Behavioral Dive Groups 

The hierarchical cluster analysis of the eight dive behavior variables revealed 

four distinct behavioral dive groups of seals as indicated by considerable separation in 

the dendrogram (~62.5%  information remaining  and percent chaining = 4.85) (Figure 

2.2).  Dive group one was comprised of 11 seals (9 seals from terrestrial sites; 2 seals 

from glacial ice sites), dive group two was comprised of five seals captured at 

terrestrial sites, dive group three was comprised of 5 seals (3 seals from terrestrial 

sites; 2 seals from glacial ice sites), and dive group four was comprised of four 

juvenile seals captured at the glacial ice site.  Pregnant females were found in groups 

1, 2, 3 and but not in group 4. 

Average dive depths for seals in dive group 1 (22.8 ± 7.6 m) and group 2 (27.3 

± 5.2 m) were shallower than for seals in group 3 (38.4 ± 8.2 m) and group 4 (39.1± 

16.7 m) (A = 0.11, p = 0.01) (Table 2.3).  Seals in group 3 and group 4 reached the 

greatest maximum depths (Table 2.3) with eight seals performing dives exceeding 200 

meters and four seals performing dives exceeding 300 meters.  Maximum depths 

attained by seals in groups 1 and 2 were typically less than 150 meters.    

For dive groups 1 and 2, the proportion of total dives for juveniles and adults 

ranged from 4 to 100 meters with 90% of dives occurring in the upper 50 meters of the 

water column (Figures 2.3a & 2.3b) whereas 69% and 71% of dives occurred in the 

upper 50 meters for groups 3 and 4, respectively (Figure 2.3c & 2.3d).  Approximately 
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10% of dives for seals in groups 3 and 4 exceeded 90 meters with some dives 

exceeding 200 and 300 meters (Figure 2.3c & 2.3d).  In addition, the vertical distance 

traveled was greatest for seals in group 4 (mean vertical distance traveled = 937.0 km) 

(Table 2.3).   Seals in group 4 also had the highest dive intensity (0.2 ± 0.1); however, 

seals in group 3 and 4 had the lowest percent bottom time (0.5 %) of any of the 

behavioral dive groups (Table 2.3).   

Seals in dive group 4 exhibited a strong diel pattern in diving behavior with 

deeper dives (~50 meters) during daylight hours (from 0500 hrs to 2000 hrs) and 

shallower dives (~20 meters) during  nighttime periods (from 2200 hrs to 0400 hrs) 

(Figure 2.4d).  Behavioral dive groups 1 and 2 also exhibited similar diel patterns in 

diving behavior; however, dives were shallower for both dive groups (Figure 2.4a and 

2.4b).  For dive group 1, dives during daylight hours averaged ~25m and dives during 

nighttime hours averaged between 13-15m (Figure 2.4a).  For dive group 2, dives 

during daylight hours averaged ~35m and dives during nighttime hours averaged 

between 20-25m (Figure 2.4b). On average dive group 3 reached similar dive depths 

as dive group 4; however, a diel pattern was not apparent for seals in dive group 3 

(Figure 2.4c).   

Average dive durations were shortest for dive groups 1 (2.4 ± 0.3 min) and 4 

(2.9 ± 0.5 min) and longest for dive groups 2 (3.4 ± 0.3) and 3 (3.1 ± 0.2 min) (A = 

0.39, p = 0.00001).  Likewise, the amount of time spent along the bottom portion of 

the dive was also shortest for dive groups 1 (1.4 ± 0.2 min) and 4 (1.4 ± 0.3 min); 

however, the percent bottom time (bottom time/dive duration) was shortest for dive 
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groups 3 and 4.  The diving efficiency ((bottom time/ (dive duration + surface 

duration) was lowest for dive group 3 and highest for dive group 2.   

Multi-response permutation procedures revealed strong differences in the 

diving behavior of seals relative to capture habitat (A = 0.11, p=0.004), seal age (A = 

0.08, p = 0.01), and reproductive status (A = 0.08, p = 0.01).  Differences were not 

detected in diving behavior of seals between years (A = 0.04, p = 0.19) (Table 2.4).  

Focal Foraging Areas  

The focal foraging areas (FFA) of individual seals from each behavioral dive 

group were associated with distinct regions and oceanographic habitats in Glacier Bay.  

The focal foraging areas of seals from dive groups 1 and 2 occurred predominantly in 

the lower bay region of Glacier Bay primarily in the vicinity of the Beardslee Island 

archipelago and Sitakaday Narrows  in relatively shallow waters, typically less than 85 

meters deep (Figure 2.1).  However, one seal from group 1 was documented on several 

occasions in 2007 in Reid Inlet, a glacially influenced inlet, in the upper West Arm of 

Glacier Bay (Figure 2.1).  The focal foraging areas of seals in dive group 3 occurred 

primarily in the central bay region of Glacier Bay along the boundary between the 

lower and central Bay near Willoughby Island and the north end of the Beardslee 

Entrance in an area of strong mixing near a density front that shifts positions with the 

tide with depths ranging to around 100 meters (Cokelet et al. 2007, Etherington et al. 

2007) (Figure 2.1). Focal foraging areas of dive group 4 occurred predominantly in the 

upper West Arm of Glacier Bay in the vicinity of Johns Hopkins Inlet, Tarr Inlet,  and 

Russell Passage in deeper water (up to 400 meters) (Figure 2.1). 
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Trip Durations and Distances to Foraging Areas 

 The trip durations of seals also varied considerably among behavioral dive 

groups.  Average trip durations were shortest for dive groups 1 (9.7 ± 2.7 hr), 2 (8.8 ± 

3.5 hr), and 3 (6.9 ± 2.2 km) and longest for dive group 4 (15.0 ± 3.4 hr).  Maximum 

trip duration was shortest for group 2 (73.8 ± 39.1 hr) and longest for groups 3 (146.5 

± 104.2 hr) and 4 (230.5 ± 79.8 hr) (Table 2.3).   

Dive Behavior Gradients 

NMS revealed a stable, three-dimensional solution with stress lower than 

expected by chance (final stress= 7.1, final instability <0.00001, iterations = 59) 

(Figure 2.5; Table 2.5).  The three-dimensional solution explained 94.6% of the 

variation with three major gradients (Axis 1 = 46.6%, Axis 2 = 25.1%, Axis 3 = 22.9 

%) capturing most of the variance in diving behavior (Figure 2.2).   Higher dimensions 

improved the model very little.  Dominant gradients along Axis 1 were strongly 

correlated with dive duration (r = 0.79), maximum dive depth (r = 0.78), and vertical 

distance dived (r = 0.69).   Axis 2 was strongly correlated with dives per hour (r = 

0.89) and percent time diving (r = 0.70).  Axis 3 was correlated with bottom time (r = 

0 .68) and wiggles (r = 0.60) (Figure 2.5).   

Prey Abundance 

Overall, the index of prey abundance was consistently higher in the Beardslee 

Entrance (Figure 2.6), adjacent to the primary terrestrial harbor seal haul out sites, 

(terrestrial) (mean = 45,719.4 ± 8,970 m
2 
nmi

-2
) than at Johns Hopkins Inlet in the 

upper West Arm (glacial ice mean =7,853.4 km ± 1,140.2) (Figure 2.7).  At the 
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Beardslee Entrance site, prey were concentrated from the surface to 130 m.  In 

contrast, in John Hopkins Inlet prey occurred from the surface down to 350 m but in 

much lower relative densities than found in the Beardslee Entrance (Figures 2.8a-c) 

Indices of prey availability at focal foraging areas for a subset of the seals 

suggest that prey availability was of higher density and at shallower depths in FFAs of 

seals from dive groups 1 and 2 than in focal foraging areas of seals from dive group 4 

(Figure 2.9). Approximately 95% of NASC (m
2
/nmi

2
) for dive group 1 and 80% of 

NASC for dive group 2 focal foraging areas were found in the upper 30 meters of the 

water column.  In contrast, at group 4 focal foraging areas, only 30% of NASC 

(m
2
/nmi

2
) was found in the upper 30 meters of the water column with 95% of NASC 

(m
2
/nmi

2
) extending down to 110 meters in depth. 

Foraging and Diving Behavior in Relation to Prey Availability  

Prediction 1:  Trip durations will increase with decreasing prey index. 

 There was an inverse relationship between (log) trip duration and prey index 

with trip durations of seals increasing with decreasing prey index based upon the 

model-averaged parameter estimates of prey index (-0.57, unconditional SE 0.20, 95% 

CI (-0.97, -0.18)).  The top-ranked model (Model 7: wAICc= 0.58) which included 

prey index, capture region, and seal mass as explanatory variables.  There was also 

substantial support for the second-ranked model (model 12: wAICc = 0.19) that 

included seal age as an explanatory variable (Table 2.6).   
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Prediction 2: Diving intensity of seals will increase with decreasing index.  

Model-averaged parameter estimates of prey availability suggest that the 

diving intensity of seals (vertical distance traveled/time at sea) increased with 

decreasing prey index (-0.19, unconditional SE = 0.08, 95% CI (-0.35, -0.03)).  The 

top ranked model (model 1:  wAICc= 0.32) included prey index as an explanatory 

factor; however, there was also substantial weight for Model 6 (wAICc= 0.25) which 

includes prey index and seal mass as explanatory factors in the model (Table 2.7).   

Prediction 3:  Diving efficiency will increase with increasing prey index.   

 Model-averaged parameter estimates of prey availability suggest that the 

diving efficiency (bottom time/ (dive duration + post-dive interval)) increased with 

increasing prey index (0.20, unconditional SE = 0.05, 95% CI (0.10, 0.31).  The top-

ranked model (model 1 wAICc= 0.55) included prey index as an explanatory factor 

(Table 2.8).    

Prediction 4: Percent bottom time will decrease with decreasing prey index.   

 Percent bottom time increased with increasing prey index based upon the 

model-averaged parameter estimates of prey index (0.20, unconditional SE = 0.06, 

95% CI (0.09, 0.32).  The top-ranked model (Model 1: wAICc = 0.48) included prey 

index as the single explanatory factor.   Other models that received substantial weight 

included (Models 2, 6, 10) prey index as well as explanatory factors for capture 

region, seal age, and seal mass (Table 2.9).   
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Discussion 

 Several lines of evidence suggest that there is a substantial degree of intra-

population variation in the diving behavior of harbor seals in different oceanographic 

zones of Glacier Bay and that there may several factors that influence these behavioral 

differences including the relative density and depth of prey fields in different habitats, 

seal age, and reproductive status. 

Seals in groups 1 and 2 foraged primarily in the lower bay region where prey 

were higher in density and shallower in the water column than in other areas of 

Glacier Bay (Figure 2.1).  Focal foraging areas of seals from dive group 3 occurred 

along the boundary of the lower and central bay relatively close to the capture sites in 

an area where chlorophyll a and phytoplankton biomass levels are highest compared 

to other regions of Glacier Bay (Etherington et al.  2007).  Seals in group 4 were 

captured at the glacial ice site and were all juveniles that foraged primarily in the 

upper West Arm of Glacier Bay in areas of lower prey densities and deep prey.     

Several metrics of diving and foraging behavior suggest that seals in groups 3 

and 4 may be working harder to search for and acquire prey resources than seals in 

groups 1 and 2.  Seals in groups 3 and 4 dived the deepest (both average and 

maximum dive depths), had the highest diving intensity, lowest % bottom time (Table 

2.3), and longest trip durations.  Seals in dive group 3 foraged primarily in upper and 

central Glacier Bay in deeper waters with substantially lower prey densities.  In 

contrast, seals in groups 1 and 2 dived shallower, had lower dive intensities, shorter 

trip durations, and foraged in lower Glacier Bay (Figure 2.1) in shallower waters with 
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higher prey densities.  Seals in group 4 consistently attained greater average and 

maximum dive depths than seals in groups 1 and 2 (Table 2.3).  The maximum dive 

depths of seals in group 4, some of which exceeded 300 meters, indicate that seals in 

group 4 may have been exerting more effort to search for and obtain prey than seals in 

groups 1 and 2.   

 For air-breathing marine vertebrates, diving deeper can result in more time 

spent in the transit, ascent, and descent phases of the dive and less time spent 

searching for and acquiring prey which may occur during the bottom phase of dives 

(Costa 1991, Lesage et al. 1999, Baechler et al. 2002).  Seals in group 4 had the lowest 

percent bottom time (0.5) of any of the behavioral dive groups which suggests that 

they were spending less time along the bottom portion dives which is often where 

foraging takes place.  If animals are diving deeper, as was the case for seals in group 

4, then unless dive duration is increased, the amount of time spent along the bottom 

portion of the dive will be reduced.  In contrast, a shallow diver will spend less time in 

transit which allows for more time to acquire prey.   

 From an optimality perspective, if dives are similar in duration, a diver would 

attain the greatest cost-energy benefit by making many short dives, assuming all things 

equal (Costa 1991, Mori & Boyd 2004). Furthermore, longer and deeper dives can 

result in an anaerobic debt that requires an increase in the post-dive recovery time at 

the surface thus reducing overall diving efficiency (Costa 1991, Horning & Trillmich 

1997).  Ultimately, deep diving may only be beneficial when the predator is foraging 

on large prey of substantial energy density (Costa et al. 2008). 
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In addition to extrinsic constraints such as the depth and relative density of 

prey, the diving abilities of pinnipeds are limited by physiological factors including 

body mass, oxygen stores in the blood, muscle, and lung, and the rate at which oxygen 

stores are used (Kooyman 1989).  Given the influence of physiology on diving 

behavior of pinnipeds, young-of-year and juvenile harbor seals may be at a 

disadvantage when prey are lower in density and deeper in the water column as 

younger seals have more limited diving abilities than adult seals, due to reduced 

oxygen stores and biochemically immature muscles (Burns et al. 2005, Clark et al. 

2007, Prewitt et al. 2010).  Consequently, younger seals using glacial ice habitat in 

Johns Hopkins Inlet may not be able to repeatedly dive as long or as deep as needed to 

access prey at greater depths.  Although harbor seals may have the physiological 

capacity to perform deeper and longer dives, seals rarely exceeded the estimated 

aerobic dive limit for harbor seals that was calculated by Bowen et al. (1999).   

If seals are unable to repeatedly dive to access deeper prey in glacial ice sites 

such as Johns Hopkins Inlet, an alternative strategy may be for seals to travel to areas 

outside of the glacial ice site, where prey may be shallower and higher in density.  

Average and maximum trip durations were consistently longer for seals in dive group 

4 than for seals in the other behavioral dive groups (average trip duration15.0 ± 3.4 hr; 

maximum trip duration 230.5 ± 79.8).  In addition, the distances that seals traveled to 

FFAs were greater for seals from dive group 4 than from other dive groups.  Indices of 

prey availability in Johns Hopkins Inlet were consistently lower and prey were deeper 

than adjacent to the Beardslee Entrance (Figure 2.8 a-c).  Likewise, indices of prey 
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availability at focal foraging areas of seals from group 4 were much lower in density 

and prey were deeper than for FFAs of seals from groups 1 and 2 (Figure 2.9). The 

increase in trip durations and distances traveled to focal foraging areas are consistent 

with predictions that seals should increase their foraging trip durations in areas of 

lower prey availability.  In addition to the influence of prey availability, seal age may 

influence trip durations.  Trip durations were longest for juvenile female seals who are 

not constrained by the presence of a pup.   Traveling to more productive foraging 

areas outside of the glacial ice areas may be beneficial as seals may be able to access 

areas of higher prey availability in shallower waters.  Nonetheless, traveling greater 

distances to forage may also come at a cost to seals.  Increased travel distances and 

foraging trip durations may result in increased energetic expenditures and risk of 

predation.  Some juvenile seals captured in Johns Hopkins were observed foraging in 

the mouth of Glacier Bay in Sitakaday Narrows approximately 100 km from Johns 

Hopkins Inlet (J.N. Womble, personal observation) where prey densities are much 

higher.  Although prey densities are higher in the lower reaches of Glacier Bay, the 

densities of potential predators including transient killer whales (Orcinus orcas) and 

Steller sea lions (Eumetopias jubatus) are also likely higher (Womble et al. 2009, 

Mathews et al. 2011).  Indeed, attempted and actual predation events have been 

observed on harbor seals in the lower and central regions of Glacier Bay 

(Calambokidis et al. 1987, Matkin et al. 2007, Womble et al. 2007, Mathews & 

Adkison 2010, Womble & Conlon 2010) suggesting that the risk of predation for seals 
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in the lower and central Glacier Bay may be higher than for seals than in the upper 

reaches of the bay, particularly in Johns Hopkins Inlet.  

Traveling greater distances to forage for adult females that have dependent 

young also has the potential to alter maternal attendance patterns and result in reduced 

provisioning to young pups.  If females are expending more energy by traveling 

farther to forage, we would expect the amount of energy delivered to their dependent 

pups to decrease.  A reduction in energy transferred to pups can negatively influence 

their transition to nutritional independence (Muelbert et al. 2003) and could lead to 

reduced body mass of pups at the time of weaning which could result in reduced 

survival.  For example, in Sweden the probability of surviving to age 1 for harbor seals 

pups (4 months of age) was 0.63 for pups of small body mass (17 kg).  In contrast, the 

survival rate was much higher (0.96) for larger pups (32kg) (Harding et al. 2005).  

Hence, if an adult female is unable to adequately acquire prey, then the body mass of 

pups prior to weaning may be impacted, which can influence pup survival.  

Ultimately, if young seals are operating at or close to their maximum physiological 

capacity, they may be less capable of compensating for fluctuations in food 

availability or other environmental changes (Costa et al. 2001).   

The intra-population differences in the diving and foraging behavior of harbor 

seals in distinct habitats in Glacier Bay are also supported by data from a companion 

study that assessed the diet, body condition, fidelity to capture habitat, and activity 

budgets of seals in each habitat (Blundell et al. 2011).  Seals captured in glacial ice 

habitat had diets higher in pelagic fishes than seals captured at terrestrial habitats.  
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Although the body condition of seals was similar for seals from both habitats in 

spring, body condition was substantially lower for adults females captured in the 

glacial ice habitat during autumn after the pupping season.  In addition, seals from 

both habitats exhibited a high degree of fidelity to the site or haulout substrate (ice vs. 

terrestrial) where  they were initially captured suggesting that seals generally returned 

to specific habitat to rest when not foraging (Blundell et al. 2011).  Collectively, data 

from this study and Blundell et al. (2011) reinforce the notion that distinct behavioral 

differences occur in seals terrestrial and glacial ice habitats and highlight the benefits 

of using multiple approaches to assess the foraging ecology of pinnipeds.  

Trade-Offs 

  Evidence from this study and others (Blundell et al. 2011) suggests that harbor 

seals typically do not forage within the glacial ice habitat of Johns Hopkins Inlet in 

Glacier Bay.  These observations are further supported by satellite telemetry data from 

seals (n = 37) captured in JHI which demonstrates that the tagged seals predominantly 

used JHI during the late spring, summer, and autumn seasons and traveled to other 

areas outside of JHI and Glacier Bay during winter.   

The glacial ice habitat may provide temporary benefits to harbor seals during 

the breeding season and this premise is supported by several lines of evidence.  First, 

an unusually high percentage of pups (34-37%) are found in these glacial ice areas 

(Calambokidis et al. 1987, Mathews & Pendleton 2006) and one of their primary 

predators, transient killer whales (Orcinus orcas), (Baird & Dill 1995, Matkin et al. 

2007) are rarely observed in densely-packed ice where seals occur (Calambokidis et 
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al. 1987, Womble & Conlon 2010). The combination of these factors suggests that 

glacial ice sites may serve as a refuge from predation for newborn and recently-

weaned seals that are predator-naïve (Calambokidis et al. 1987). Second, in contrast to 

terrestrial haulout sites, glacial ice sites provide a substrate that is available to seals 

during all times of days and at all tidal states thus providing a stable platform for 

resting and rearing pups which may ultimately facilitate energy transfer from adult 

female seals to their pups during the brief three to five week lactation period (Blundell 

et al.  2011).  

The marine environment of Glacier Bay is highly dynamic environment and 

has undergone rapid landscape change over the last 250 years representing one of the 

most dramatic glacial retreats ever observed (Cooper 1937, Field 1947, Hall et al. 

1995).  The rapid glacial retreat (>100 km) has resulted in substantial physical changes 

that have influenced biological and ecological processes in the marine environment 

which in turn may influence the foraging ecology of upper trophic-level species.  

Given that harbor seals depend upon the marine environment for foraging and use land 

and ice-based sites to come ashore to haul-out, these two behaviors are intricately 

linked.  From an optimality perspective, seals should forage as close to their land or 

ice-based sites as possible to decrease energetic costs associated with travel.   

However, due to extensive glacial retreat, the productive foraging areas for seals may 

currently be much further away from the glacial ice substrate in JHI than in the past, 

thus increasing the distance that seals must travel to forage and subsequently 

increasing energetic costs and the risk of predation.  The continuing retreat of 
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tidewater glaciers, which may be exacerbated by climate change, may result in further 

decoupling of productive foraging areas from the relatively safe and stable glacial ice 

habitat that is used by harbor seals during the pupping season in Glacier Bay and such 

decoupling could have fitness-level implications for seals.   
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Table 2.1.  Harbor seals (n = 25) instrumented with time-depth recorders and VHF-

tags in Glacier Bay National Park, Alaska from 2004-2007.   

                

Animal ID# Sex Age 

Mass 

(kg) Pregnant 

Capture 

Date Capture Site 

Capture 

Habitat 

PV04GB02 F Adult  81.3 Yes 4/14/2004 Kidney Reef Terrestrial 

PV04GB03 F Adult  85.7 Yes 4/14/2004 Kidney Reef Terrestrial 

PV04GB04 F Adult  53.5 No 4/14/2004 Kidney Reef Terrestrial 

PV04GB05 F Adult  102.6 Yes 4/14/2004 Kidney Reef Terrestrial 

PV04GB06 F Juvenile 45.1 No 4/14/2004 Kidney Reef Terrestrial 

PV04GB08 F Adult  108.4 Yes 4/16/2004 Boulder Island Terrestrial 

PV04GB11 F Juvenile 33.2 No 4/16/2004 Boulder Island Terrestrial 

PV04GB14 F Adult  71.3 No 4/19/2004 Geikie Rock Terrestrial 

PV04GB16 F Adult  99.2 Yes 4/19/2004 Leland Reef Terrestrial 

PV05GB06 F Adult  96.7 Yes 4/24/2005 Spider Reef Complex Terrestrial 

PV05GB12 F Adult  55.6 Yes 4/24/2005 Spider Reef Complex Terrestrial 

PV05GB24 F Juvenile 41.0 No 4/27/2005 Johns Hopkins Inlet Glacial Ice 

PV05GB25 F Juvenile 39.0 No 4/27/2005 Johns Hopkins Inlet Glacial Ice 

PV05GB29 F Juvenile 35.0 No 4/27/2005 Johns Hopkins Inlet Glacial Ice 

PV06GB05 F Juvenile 29.8 No 4/26/2006 Johns Hopkins Inlet Glacial Ice 

PV06GB11 F Juvenile 34.9 No 4/27/2006 Johns Hopkins Inlet Glacial Ice 

PV06GB13 F Adult  83.8 Yes 4/27/2006 Johns Hopkins Inlet Glacial Ice 

PV06GB14 F Adult  106.0 Yes 4/28/2006 Johns Hopkins Inlet Glacial Ice 

PV06GB18 F Juvenile 47.3 No 4/28/2006 Johns Hopkins Inlet Glacial Ice 

PV06GB23 F Adult  98.7 Yes 5/1/2006 Kidney Reef Terrestrial 

PV06GB24 F Adult  50.3 No 5/1/2006 Kidney Reef Terrestrial 

PV06GB25 F Juvenile 32.8 No 5/1/2006 Kidney Reef Terrestrial 

PV07GB03 F Juvenile 32.7 No 4/21/2007 Spider Reef Complex Terrestrial 

PV07GB04 F Juvenile 31.4 No 4/21/2007 Spider Reef Complex Terrestrial 

PV07GB06 F Juvenile 30.2 No 4/21/2007 Spider Reef Complex Terrestrial 
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Table 2.2.   Average of diving parameters for female harbor seals (n = 25) during 

May and June in Glacier Bay. 

         

Diving Parameter Grand Mean SD Minimum Maximum 

Mean dive depth (m) 29.4 11.3 10.1 63.5 

Maximum dive depth (m) 171.4 91.4 51.0 326.0 

Dives per hour (h-1) 9.1 2.1 5.0 12.6 

Time spent diving (%) 0.4 0.1 0.3 0.6 

Dive intensity  0.1 0.0 0.1 0.3 

Dive duration (min) 2.8 0.5 2.0 3.8 

Surface duration (min) 4.0 3.9 1.6 22.1 

Bottom time (min) 1.6 0.4 1.1 2.7 

Wiggles 2.3 0.5 1.1 3.4 

Descent speed (m/s) 0.9 0.1 0.6 1.2 

Ascent speed (m/s) 0.9 0.1 0.5 1.1 

Diving efficiency 0.4 0.1 0.1 0.6 

Vertical distance traveled (km) 692.8 228.2 271.4 1351.2 

Percent bottom time (%) 0.5 0.1 0.4 0.7 
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Table 2.3.  Summary statistics of diving parameters and trip durations for harbor seals 

from each behavioral dive group based on groupings identified by hierarchical cluster 

analysis. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

         

 
Behavioral Dive Group 

     

 
Dive Group 1 Dive Group 2 Dive Group 3 Dive Group 4 

Parameters Average SD Average SD Average SD Average SD 

Mean dive depth (m) 22.8 7.6 27.3 5.2 38.4 8.2 39.1 16.7 

Maximum dive depth (m) 125.0 61.2 109.4 41.6 265.0 56.5 259.5 92.6 

Vertical distance traveled (km) 648.0 211.8 650.1 186.3 638.9 80.9 937.0 342.6 

Dives per hour (h-1) 10.7 1.2 8.1 0.8 6.4 1.0 9.5 1.5 

Time spent diving (%) 0.4 0.1 0.5 0.1 0.3 0.0 0.5 0.1 

Dive duration (min) 2.4 0.3 3.4 0.3 3.1 0.2 2.9 0.5 

Surface duration (min) 4.4 5.9 3.6 0.8 4.9 0.9 2.5 0.7 

Bottom time (min) 1.4 0.2 2.3 0.3 1.6 0.2 1.4 0.3 

Wiggles 2.2 0.4 2.7 0.5 2.0 0.6 2.8 0.3 

Descent speed (m/s) 0.9 0.1 1.0 0.1 0.8 0.1 0.9 0.1 

Ascent speed (m/s) 0.9 0.1 0.9 0.1 0.8 0.2 0.9 0.1 

Dive intensity (m/s) 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.1 

Diving efficiency 0.4 0.1 0.5 0.1 0.3 0.0 0.4 0.0 

Percent bottom time (%) 0.6 0.1 0.6 0.0 0.5 0.0 0.5 0.0 

Mean trip duration (hr) 9.7 2.7 8.8 3.5 6.9 2.2 15.0 3.4 

Maximum trip duration (hr) 109.5 68.7 73.8 39.1 146.5 104.2 230.5 79.8 
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Table 2.4.  Chance-corrected within-group agreement (A) and p-value for ranked 

multi-response permutation procedures (MRPP) to test for differences among 

capture habitat, age, year, and pregnancy status for each behavioral dive group. 
 

Parameter Categories A p 

Capture habitat Terrestrial, Glacial  Ice 0.11 0.004* 

Age Juvenile, Adult 0.08 0.014* 

Pregnant Pregnant, Not pregnant 0.08 0.011* 

Year 2004,2005,2006,2007 0.04 0.19 
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Table 2.5.  Stress in relation to dimensionality (number of axes) from  

nonmetric multidimensional scaling (NMS), comparing 250 runs on real  

data with 250 runs on randomized data using a Monte Carlo randomization 

test.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 
  Stress in real data   Stress in randomized data     

  (250 runs)     Monte Carlo Test  (250 runs)   

Axes 

(#) Min Mean Max Min Mean Max p* 

1 32.85 45.90 55.38 30.00 47.22 55.38 0.012 

2 15.58 17.70 38.29 18.00 23.56 38.55 0.004 

3 6.90 6.92 12.22 11.58 14.93 19.42 0.004 

4 4.51 4.83 5.31 8.43 10.56 12.45 0.004 

5 3.13 3.20 3.72 6.05 7.76 9.32 0.004 

p* = proportion of randomized runs with stress < or = observed stress 

  
i.e., p  = (1 + no. permutations <= observed)/(1 + no. permutations) 
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Table 2.6.  Ranked linear models examining the effect of prey index on (log) mean  

trip duration (hours) of harbor seals in Glacier Bay. 
 

        
Candidate Models K AICc ∆ AICc AICcWt Cum.Wt log(L) 

Evidence 

Ratio 

~prey index +mass + region 5 1.70 0.00 0.58 0.58 8.43 

 

~age 3 3.89 2.19 0.19 0.78 2.39 2.99 

~prey index + region+ preg 5 5.67 3.97 0.08 0.86 6.45 7.28 

~prey index + age + mass+ region 6 6.39 4.69 0.06 0.91 9.81 10.42 

~prey index + age 4 8.09 6.39 0.02 0.94 2.45 24.39 

~prey index +mass 4 8.55 6.85 0.02 0.96 2.22 30.74 

~prey index +region 4 8.94 7.24 0.02 0.97 2.03 37.37 

~prey index + mass + region + preg 6 9.12 7.42 0.01 0.99 8.44 40.80 

~prey index + year 4 11.75 10.04 0.00 0.99 0.63 151.74 

~year 3 11.83 10.13 0.00 0.99 -1.58 158.40 

~prey index + age +mass 5 12.90 11.20 0.00 1.00 2.84 270.07 

~prey index 3 13.19 11.49 0.00 1.00 -2.26 312.02 

~1 2 13.80 12.09 0.00 1.00 -4.30 422.74 

~prey index +region + preg 5 15.64 13.93 0.00 1.00 1.47 1061.37 

~prey index +age+mass+region+preg 7 16.62 14.92 0.00 1.00 9.89 1738.46 

~age + mass + region + preg 6 20.79 19.08 0.00 1.00 2.61 13939.26 

        Model-averaged estimate: -0.57  

       Unconditional SE: 0.2  

        95 % Unconditional confidence interval: -0.97 , -0.18  
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Table 2.7.  Ranked linear models examining the effect of prey index on dive intensity   

of harbor seals of harbor seals in Glacier Bay. 

        

Candidate Models K AICc ∆ AICc AICcWt Cum.Wt log(L) 

Evidence 

Ratio 

~prey index 3 10.13 0.00 0.32 0.32 -1.06 

 

~prey index + mass 4 10.63 0.50 0.25 0.56 0.50 1.28 

~prey index + region  4 12.81 2.68 0.08 0.65 -0.59 3.81 

~prey index + region + preg 5 12.83 2.70 0.08 0.73 1.59 3.85 

~prey index + age 4 12.84 2.72 0.08 0.81 -0.60 3.89 

~prey index + mass + age 5 12.86 2.73 0.08 0.89 1.57 3.92 

~prey index + mass + region 5 14.98 4.85 0.03 0.92 0.51 11.28 

~mass + region + preg 5 15.16 5.03 0.03 0.95 0.42 12.39 

~age 3 15.79 5.66 0.02 0.96 -3.89 16.92 

~1 2 17.58 7.45 0.01 0.97 -6.33 41.53 

~prey index + year 5 17.61 7.48 0.01 0.98 -0.81 42.11 

~prey index + mass + region + preg 6 17.74 7.61 0.01 0.99 1.80 44.95 

~prey index + age + mass + region 6 18.12 7.99 0.01 0.99 1.61 54.35 

~age + mass + region + preg 6 19.05 8.92 0.00 1.00 1.14 86.41 

~prey index + age + mass + region + 

preg 7 19.09 8.96 0.00 1.00 4.46 88.17 

~year 4 24.24 14.11 0.00 1.00 -6.30 1156.35 

        Model-averaged estimate: -0.19  

       Unconditional SE: 0.08  

        95 % Unconditional confidence interval: -0.35 , -0.03  
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Table 2.8. Ranked linear models examining the effect of prey index on dive  

efficiency of harbor seals in Glacier Bay. 

                

Candidate Models K AICc 

∆ 

AICc AICcWt CumWt log(L) 

Evidence 

Ratio 

~prey index 3 0.00 0.00 0.55 0.55 4.01 

 
~prey index + age 4 3.27 3.28 1.00 0.64 4.18 5.16 

~prey index + region  4 3.36 3.37 1.00 0.74 4.14 5.39 

~prey index + mass 4 3.49 3.50 0.90 0.83 4.07 6.13 

~prey index + year 5 3.70 3.71 0.80 0.91 6.15 6.4 

~prey index + mass + age 6 5.67 5.68 0.30 0.94 7.83 17.14 

~prey index + region + preg 5 6.86 6.88 0.20 0.96 4.57 45.49 

~prey index + mass + region 5 7.31 7.33 1.00 0.97 4.34 38.99 

~prey index + mass + region + preg 5 7.63 7.64 1.00 0.99 4.19 45.63 

~mass + region + preg 6 8.48 8.49 1.00 0.99 6.43 69.79 

~prey index + age + mass + region 5 10.36 10.37 0.00 1.00 2.82 178.62 

~1 7 10.94 10.95 0.00 1.00 8.53 239.21 

~age 6 11.88 11.89 0.00 1.00 4.73 382.06 

        Model-averaged estimate: 0.20  

       Unconditional SE: 0.05 

        95 % Unconditional confidence interval: 0.10, 0.31  
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Table 2.9.  Ranked linear models examining the effect of prey index on bottom time  

of harbor seals in Glacier Bay.  
 

        

Candidate Models K AICc 

∆ 

AICc AICcWt Cum.Wt log(L) 

Evidence 

Ratio 

~prey index 3 -7.17 0.00 0.48 0.48 7.58 

 

~prey index + region  4 -4.94 2.23 0.16 0.64 8.29 3.04 

~prey index + age 4 -4.51 2.66 0.13 0.76 8.08 3.77 

~prey index + mass 4 -3.80 3.37 0.09 0.85 7.72 5.39 

~prey index + age + mass + region + preg 5 -2.53 4.63 0.05 0.90 9.27 10.15 

~prey index + region + preg 5 -1.47 5.69 0.03 0.93 8.74 17.24 

~prey index + mass + age 5 -0.86 6.31 0.02 0.95 8.43 23.48 

~mass + region + preg 5 -0.08 7.09 0.01 0.96 8.04 34.72 

~prey index + year 5 0.03 7.20 0.01 0.97 7.98 36.67 

~age + mass + region + preg 6 0.29 7.46 0.01 0.99 10.52 41.74 

~prey index + age + mass + region 6 0.51 7.68 0.01 1.00 10.41 46.59 

~prey index + mass + region + preg 6 2.49 9.66 0.00 1.00 9.42 125.11 

~prey index + age + mass + region + preg 7 5.93 13.09 0.00 1.00 11.04 3.00 

~age 3 11.82 18.99 0.00 1.00 -1.91 13265.94 

~1 2 14.92 22.09 0.00 1.00 -5.00 62592.60 

~year 4 21.25 28.42 0.00 1.00 -4.81 1484408.00 

        Model-averaged estimate: 0.2  

       Unconditional SE: 0.06  

        95 % Unconditional confidence interval: 0.09 , 0.32  
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Figure 2.1.  Study area in Glacier Bay National Park, Alaska with harbor seal 

capture locations (white stars) and focal foraging areas (FFA) for harbor seals 

(colored circles) from each behavioral dive group.  Map projection is Albers, 

map datum is NAD 1927. 
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Figure 2.2. Dendrogram from hierarchical cluster analysis (HCA) of dive parameters 

from 25 female harbor seals showing four distinct groups.  HCA was conducted using 

Ward’s method of clustering and a Euclidean distance matrix. 
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Figure 2.3 (a-d).  Proportion of total dives by depth for juvenile and adult female 

harbor seals for each behavioral dive group. 
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Figure 2.4 (a-d).  Average dive depth of harbor seals in relation to time of day for  

each behavioral dive group.   
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Figure 2.5.  Nonmetric multidimensional scaling (NMS) 3-D plot of samples units 

(harbor seals) in species space (dive variables). 
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Figure 2.6.  Inverse-distance weighted interpolated surface of prey index values  

from hydroacoustic survey in the Beardslee Entrance (terrestrial site) in June 2005. 
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Figure 2.7.  Inverse-distance weighted interpolated surface  

of prey index values from hydroacoustic survey in Johns  

Hopkins Inlet (glacial ice site) in June 2005. 
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Figure 2.8 (a-c).  Nautical area scattering coefficient (NASC m

2
/nmi

2
) or index 

of prey density from hydroacoustic surveys for Beardslee Entrance (terrestrial) 

and Johns Hopkins Inlet (glacial ice) in (a) 2005, (b) 2006, and (c) 2007. 
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Figure 2.9.  Nautical area scattering coefficient (NASC m
2
/nmi

2
) or index  

of prey density from hydroacoustic  surveys at focal foraging areas  

of harbor seals from each behavioral dive group.   
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Chapter 3.  Intra-population variation in the at-sea distribution and marine habitat use 

of harbor seals in relation to oceanographic features  
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Abstract 

Understanding individual variability in movement strategies and habitat use of animals 

is essential for understanding the biological requirements of individuals and requires 

knowledge of the spatial and temporal variation in prey distribution and environmental 

variables that influence prey distribution.  Glacial fjords scattered throughout south-

central and southeastern Alaska host some of the largest seasonal aggregations of 

harbor seals in the world and an estimated 15% of the harbor seal population in 

Alaska; however, the distribution and marine habitat use of seals during the post-

breeding season is unknown.  We used satellite telemetry to (1) identify regions that 

were used by harbor seals during the post-breeding season from October through 

April, (2) quantify the degree of individual variability and fidelity to different 

geographic regions, and (3) quantify seasonal at-sea range of individual seals in each 

geographic group in relation to oceanographic parameters. The area used by seals 

during the post-breeding season encompassed the marine waters throughout the 

northern portion of the inshore and offshore waters of southeastern Alaska.  There 

were six primary geographic groups of seals that emerged from the residency patterns 

of seals and included seals that exhibited fidelity to (1) Glacier Bay, (2) Icy Strait, (3) 

both Glacier Bay and Icy Strait, (4) Lynn Canal, (5) the eastern Gulf of Alaska, and to 

(6) multiple regions.  The sizes of the at-sea areas occupied by seals varied by season 

and region and were most extensive for seals in the Gulf of Alaska group and the 

multiple region group.  Sea surface temperature was warmest in areas used by seals in 

the Gulf of Alaska and for seals that used multiple regions.  Sea surface temperature 
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was coolest for seals that used more inshore areas including Lynn Canal and Glacier 

Bay.  Female seals from Glacier Bay exhibited a relatively high degree of intra-

population variation in at-sea post-breeding season distribution patterns which may be 

a function of extrinsic factors such as oceanographic characteristics which can 

influence prey availability as well as intrinsic factors including previous experience 

with productive foraging sites as well as mass and age. 

Key words: harbor seals, intra-population variability, post-breeding season, 

oceanographic features, sea surface temperature, depth 
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Introduction 

Natural selection acts at the scale of the individual, thus examination of 

patterns of intra-population variation may offer insights into the persistence and 

resilience of populations.  At a fundamental level, understanding movement strategies 

and habitat use of animals is essential for understanding the biological requirements of 

individuals and strategies used to meet energetic demands. 

For upper-trophic level marine predators, such as seabirds, pinnipeds, and 

cetaceans, movement is a key adaptive behavior as these species must move to locate 

prey, acquire energy, and avoid predators (Turchin 1998, Austin et al. 2004).  Prey 

distribution, density, and environmental parameters may vary both spatially and 

temporally (Fretwell 1972), and in theory such changes should be reflected in the 

vertical and horizontal movements of predators in the marine environment.   

 Gradients in environmental and oceanographic parameters may influence 

various aspects of prey communities which can influence the distribution, behavior, 

and abundance of upper-trophic level species (Guinet et al.  2001, Lea et al. 2006, 

Suryan et al. 2006, Bost et al. 2009).  In the Gulf of Alaska, large-scale changes in 

ocean temperature have been linked to changes in community structure and the 

distribution of certain fish species that are preyed upon by upper-trophic level 

predators (Anderson & Piatt 1999).  Studies at smaller geographic scales have 

demonstrated that oceanographic gradients in temperature, salinity, and chlorophyll 

can influence forage fish species richness, diversity, and distribution in Alaskan 

marine ecosystems (Abookire et al. 2000, Abookire & Piatt 2005, Speckman et al. 
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2005, Arimitsu et al. 2008).   Contrasting oceanographic conditions have also resulted 

in structuring forage fishes into lipid-rich and lipid poor communities (Abookire & 

Piatt 2005) which  have been linked to changes in the behavior and survival of upper-

trophic level species (Litzow et al. 2002).  Collectively, these studies suggest that 

“bottom-up” structuring of marine communities may have implications for the 

distribution and foraging behavior of upper-trophic-level marine species.   

The foraging behavior of pinnipeds includes searching for and successful 

acquisition of prey along both the vertical and horizontal dimensions in the marine 

environment (Hooker & Baird 2001).  In the course of foraging, pinnipeds may search 

horizontally from a land or ice-based site potentially ranging over relatively large 

spatial and temporal scales in the marine environment.  Large-scale horizontal 

movements of pinnipeds may provide information regarding the distribution of prey 

and oceanographic variability across broad geographic scales and may provide 

insights to the regions that are used by pinnipeds and the characteristics of those 

regions.   

Recent studies have described linkages between the foraging behavior of 

pinnipeds and oceanographic gradients across multiple spatial and temporal scales.  

For example, the foraging behavior and migratory patterns of northern elephant seals 

(Mirounga angustirostris) have been linked to sea surface temperature gradients, sea 

level anomalies, and bathymetry; however, there was individual variation in the 

response of seals to each of these oceanographic variables (Crocker et al. 2006, 

Simmons et al. 2007, Simmons et al. 2010).  Lea et al. (2006) demonstrated that 
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warmer sea surface temperatures, due to a strong El Nino Southern Oscillation 

(ENSO) event in 1997-1998, were associated with deeper diving by females Antarctic 

fur seals (Arctocephalus gazella) and reduced maternal and pup body condition at the 

Kerguelen Archipelago in the southern Indian Ocean.  Similarly, the foraging and 

diving behavior of several pinniped species, including northern fur seals (Callorhinus 

ursinus) and southern elephant seals (Mirounga leonina), have been linked to 

anticyclonic eddies, which are mesoscale oceanographic features (Ream et al. 2004, 

Sterling 2009,  Bailleul et al. 2010, Dragon et al. 2010). 

Precipitous declines in otariid and phocid populations in the North Pacific 

Ocean (Merrick et al. 1987, Pitcher 1990, Towell et al. 2006, Small et al. 2008) have 

highlighted the need for a better understanding of predator-prey relationships in 

marine ecosystems, particularly the behavioral and demographic responses of 

pinnipeds to bottom-up changes which may influence the quantity or quality of prey 

that is available.  One pinniped of particular conservation concern in Alaska is the 

harbor seal (Phoca vitulina richardii), which is a small, highly aquatic phocid that 

ranges along the rim of the North Pacific Ocean from Baja to Japan.  In Alaska, harbor 

seals have undergone dramatic declines in several regions (Pitcher 1990, Frost et al. 

1999, Mathews & Pendleton 2006, Small et al. 2008); however, the factors 

contributing to the declines are unknown.  

Glacial fjords scattered throughout south-central and southeastern Alaska host 

some of the largest seasonal aggregations of harbor seals in the world and an estimated 

15% of the harbor seal population in Alaska is found seasonally at these glacial ice 
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sites (Bengtson et al. 2007).  However, over the last two decades, the numbers of 

harbor seals have declined at two of the primary glacial ice sites, in Aialik Bay in 

south-central Alaska and in Glacier Bay in southeastern Alaska (Mathews & 

Pendleton 2006, Womble et al. 2010, Hoover-Miller et al. 2011), thus raising concerns 

regarding the viability of seal populations in these areas.  Although, satellite telemetry 

studies have been used to assess seasonal movements and diving behavior of harbor 

seals captured at terrestrial sites in Prince William Sound and the Gulf of Alaska 

(Frost et al. 2001; Lowry et al. 2001; Hastings et al. 2004; Small et al. 2005); studies 

have not yet attempted to quantify individual-based movement strategies and habitat 

use of harbor seals in relation to oceanographic features.   

Foraging theory predicts that species should forage in areas where they are 

able to maximize net energy intake (Stephens & Krebs 1986).  In addition, prey 

availability, as well as energy demand may vary from season to season and as such we 

would expect species to adjust their foraging area accordingly (MacArthur 1972). 

Given that harbor seals are not constrained by the presence of dependent young during 

the post-breeding season, they would be free to travel to areas of increased 

productivity during the post-breeding season.  Thus, our primary objectives were to 

(1) identify regions that were used by harbor seals during the post-breeding season 

from October through April, (2) quantify the degree of individual variability and 

fidelity to different geographic regions, and (3) characterize oceanographic conditions 

in each region used by seals.    
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Methods 

Study Area 

 Glacier Bay is an estuarine fjord in southeastern Alaska that constitutes a part 

of Glacier Bay National Park.  Glacier Bay has undergone rapid deglaciation over the 

past 225 years (Cooper 1937, Field 1947, Hall et al.  1995) and has distinct 

oceanographic and circulation patterns (Etherington et al. 2007; Hill et al. 2009).  

Johns Hopkins Inlet, an expansive (12 km long X 2.5 km wide) tidewater glacial fjord 

in the upper West Arm of Glacier Bay, was chosen as the capture location for seals 

because the inlet hosts the largest aggregation of seals (>2,000) in Glacier Bay during 

the summer months and represents one of the primary glacial ice pupping sites for 

harbor seals in Alaska (Calambokidis et al. 1987, Mathews & Pendleton 2006, 

Womble et al. 2010).   In Johns Hopkins Inlet, seals rest upon glacial ice and icebergs 

that have calved from two advancing tidewater glaciers, the Johns Hopkins glacier and 

the Gilman glacier.    

Seal Capture and Instrument Attachment 

 Juvenile and adult female harbor seals (n = 37) were captured using 

monofilament nets deployed from inflatable skiffs in September of 2007 (n= 15 seals 

captured) and 2008 (n = 22 seals captured) (Table 3.1).  Following capture, seals were 

transported to a research vessel (R/V Steller) where they were weighed and curvilinear 

body length and axial girth were measured. Seal age was estimated morphometrically 

from length and mass measurements; seals >3 years old were classified as adults, seals 

≤ 3 years of age were considered as juveniles (Blundell & Pendleton 2008). To 
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quantify the spatial and temporal distribution of harbor seals from September through 

June, we glued satellite-linked transmitters (Spot 5, Wildlife Computers, Redmond, 

Washington) to the fur on the heads of juvenile and adult female harbor seals  

(Table 3.1) using Devon 5-minute epoxy adhesive.  Transmitters were only attached to 

seals that had obviously completed molting.  Transmitters were deployed over a 5-day 

period (11-15 September) in 2007 and over a 7-day period (13-19 September) in 2008.  

The transmitters were powered by two AA batteries and included a 0.5w transmitter 

with a transmission repetition rate of 45 seconds.  Conductivity switches turned the 

transmitters off while seals were in the water and quantified the percent time per hour 

that the seal was out of water.  Locations from each satellite-linked transmitter were 

estimated via Service Argos (Collecte Localisation Satellite, (CLS), America, Inc., 

Largo, Maryland) and downloaded.  Transmitters were shed during the annual molt 

which began the following June after capture and varied depending upon the age of 

the animal, with younger seals molting earlier than older seals (Daniel et al. 2003). 

Harbor seal captures were conducted under NOAA Fisheries Permit No. 358-1585-07 

and 358-1757, Glacier Bay National Park Scientific Permits GLBA-2007-SCI-0003 

and GLBA-2008-SCI-0004, and IACUC protocol #899. 

Post-breeding Season Residency Patterns of Seals in Geographic Regions 

 Harbor seals were divided into groups based on (1) the geographic region to 

which they migrated during the post-breeding season (October –April) and (2) the 

residency periods and fidelity of individuals to each region.  Residency periods were 

defined as the proportion of days that seals spent in a geographic region.  We only 
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considered seals with complete records which included seals with tags that transmitted 

from October through April (n = 27 seals), encompassing 7 months of the post-

breeding season or approximately 58% of the annual cycle.   

To estimate residency periods, daily seal locations were obtained by applying 

the Douglas Argos-Filter Algorithm v. 7.03, to Argos location data (Douglas, 2006) 

(available at http://alaska.usgs.gov/science/biology/spatial/douglas.html).  The 

Douglas Argos-Filter Algorithm ingests satellite tracking data using the Statistical 

Analysis System (SAS), (SAS Institute, Inc., Cary, North Carolina) program, and 

assesses the plausibility of every Argos location using the distances between 

consecutive locations, rates,  and bearings among consecutive movement vectors.  The 

following parameters were applied to the filtering algorithm: spatial redundancy (5 

km), maximum sustained rate of movement (10 km/hr), and always retain Argos 

location qualities of ≥ 1.  The algorithm selected the best location per day based on the 

distance, angle, and rate to the previous and subsequent locations (Kenow et al. 2002).  

Residency periods were estimated by plotting each daily location for a seal in ArcGIS 

(Version 9.3.1, ESRI) and then assigning each daily location to one of four geographic 

regions (Glacier Bay, Icy Strait, Gulf of Alaska, Lynn Canal).  The number of days 

that individual seals spent in each geographic region was summed to estimate 

residency periods for individual seals in each region.  

Geographic regions occupied by seals during the post-breeding season were 

designated based upon hydrographic characteristics and major marine channels of the 

inshore and offshore waters of southeastern Alaska (Weingartner et al. 2009).  The 

http://alaska.usgs.gov/science/biology/spatial/douglas.html
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four primary regions included Glacier Bay, Icy Strait, Lynn Canal, and the eastern 

Gulf of Alaska.  Glacier Bay is a glaciated estuarine fjord with some of the highest 

known sedimentation rates in the world (Hallet et al.  1995, Koppes & Hallet 2002) 

and is characterized by numerous sills across a range of depths (Etherington et al. 

2007).  Lynn Canal, the deepest fjord in North America with depths exceeding 900 m, 

is the northernmost inside channel of southeastern Alaska and extends 150 km north 

from its confluence with Icy Strait and Chatham Strait (Martin & Williams 1924).  Icy 

Strait is a major passage extending for approximately 65km that links the waters of 

Lynn Canal, Chatham Strait, and Glacier Bay to Cross Sound and the Gulf of Alaska 

(Weingartner et al. 2009).  The continental shelf and slope region of eastern Gulf of 

Alaska between Sitka Sound and Prince William Sound ranges between 30-80 

kilometers wide, is bathymetrically complex, and is bisected by several submarine 

canyons (Carlson et al. 1982).  Each region was created as a shapefile in ArcGIS 

(Version 9.3.1, ESRI).   

 Differences in residency behavior for individual seals in each geographic 

region were evaluated using multi-response permutation procedures (MRPP) (Miekle 

et al. 1976, Miekle & Berry 2001) based on a rank-transformed Sørenson distance 

matrix in PC-ORD (McCune & Mefford 2006).  The Sørenson proportional coefficient 

(Faith et al. 1987) was used as the distance measure and the A test statistic, which 

ranges from 0 to 1, was reported as a measure of effect size along with the 

corresponding p values.  A natural weighting factor (Ci = ni/∑ni) (Mielke 1976) was 

applied to items in each group where C is a weight that depends upon the number of 
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items in a group.  MRPP provided a chance-corrected within-group agreement (A) that 

described within-group homogeneity, compared to the random expectation.  If A = 1 

then all items are identical within groups; however, if A = 0 then heterogeneity within 

groups equaled expectation by chance (McCune & Grace 2002).   

At-Sea Distribution and Space Use of Harbor Seals 

To quantify at-sea distribution patterns of seals in each  group, the most 

probable  path of seals was estimated using a continuous-time version of the correlated 

random walk model (CTCRW) to predict hourly positions for seals using the observed 

Argos locations and associated covariate data (Johnson et al. 2008).  The CTCRW 

model incorporates a covariate for Argos location error which is comprised of 6 

location classes (Location Class 3, 2, 1, 0, A, B).  Argos location class 3 has the lowest 

measurement error and Argos location class B has the highest measurement error.  In 

addition, a continuously valued covariate for the percent of each hour spent out of the 

water for a seal was included in the movement model to account for haulout behavior 

of seals (Johnson et al. 2008).  The CTCRW model was fit using the Kalman-filter on 

a state-space version of the continuous time stochastic movement process in R 13.1 (R 

Development Core Team, 2011) using the CRAWL package (http://cran.r-

project.org/web/packages/crawl/crawl.pdf) (Johnson et al. 2008).  The CTCRW model 

resulted in an estimate of the most probable path of a seal at hourly intervals, while 

accounting for Argos location error and the haulout behavior of the seal.    

 The at-sea range of individual harbor seals was estimated for each month using 

100% minimum convex polygons (MCP) that were calculated from state-space 

http://cran.r-project.org/web/packages/crawl/crawl.pdf
http://cran.r-project.org/web/packages/crawl/crawl.pdf
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estimated locations, using Hawth’s Tools (Beyer 2004) in ArcGIS (Version 9.3.1, 

ESRI).  The minimum convex polygon encloses all locations for an individual seal and 

creates a convex polygon (Burt 1943).  We focused only on at-sea locations, thus all 

positions on land were removed and only locations with a dry time (based on 

conductivity sensor from satellite tag) of ≤0.10 were used in the estimation of the 

minimum convex polygon at-sea range of harbor seals.  Due to the complexity of the 

shoreline of southeastern Alaska, the land area was removed and subtracted from the 

estimated minimum convex polygon area of each seal for each month in ArcGIS 

(Version 9.3.1, ESRI).   

Oceanographic Variables 

 Oceanographic variables including remotely-sensed sea-surface temperature 

(SST) (C°) and seafloor depth (m) were used to characterize the marine habitat used 

by harbor seals in each geographic region.  Monthly composites (October 2007 to 

April 2008; October 2008 to April 2009, n = 14) of Advanced Very High Resolution 

Radiometer (AVHRR) SST data, one kilometer resolution, were obtained from the 

Alaska Ocean Observing System (AOOS; http://ak.aoos.org/).  The AVHRR 

instrument is on the National Oceanic and Atmospheric Administration (NOAA) Polar 

Operational Environmental Satellites (POES) and SST is measured using AVHRR’s 

infrared channels.  Satellite estimates of SST are made by converting the radiance 

measured in the infrared channels to brightness temperature and then using a 

multichannel technique to calculate SST to within ±0.5°C (Walton et al. 1998, Li et al. 

2001, NOAA Coastwatch Program (http://coastwatch.pfel.noaa.gov)). 

http://ak.aoos.org/
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 The bathymetry or seafloor depth data were based on a one-kilometer 

resolution digital elevation model (DEM) (Danielson et al. 2008; 

http://mather.sfos.uaf.edu/~seth/bathy/) which was based on sounding data points from 

numerous sources, including Electronic Navigation Chart (ENC) point soundings, 

research vessel underway soundings, multibeam swath mapping datasets and digitized 

point sounding from paper nautical charts (Danielson et al. 2008).   

At-Sea Distribution of Seals in Relation to Oceanographic Variables 

 SST temperature data and bathymetric DEM data were imported into ArcGIS 

9.3.1(ESRI, Redlands, California) as raster layers and projected.  This procedure was 

performed for each monthly composite of SST.  SST and bathymetry values were 

extracted for each harbor seal location for each month using the Spatial Analyst 

Toolbox in ArcGIS (Version 9.3.1, ESRI).  The average, maximum, and variance of 

SST were calculated for all seal locations from each geographic region.  Analysis of 

variance was used to estimate the effect of region, month, and seal age on SST and 

seafloor depth.   

Results 

Regional Groups of Harbor Seals 

 The area used by seals during the post-breeding season encompassed the 

marine waters throughout the northern portion of Southeast Alaska including Glacier 

Bay, Icy Strait, Cross Sound, Lynn Canal, upper Chatham Strait, Stephens Passage, 

Taku Inlet, and areas along the continental shelf from Sitka to Prince William Sound 

in the eastern Gulf of Alaska.  Although seals ranged extensively during the post-

http://mather.sfos.uaf.edu/~seth/bathy/
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breeding season, there was a high degree of individual variability in the regions that 

seals occupied suggesting that multiple strategies may exist within the Glacier Bay 

seal population.   There were six primary geographic groups that emerged from the 

residency patterns of individual seals (Figure 3.1 & 3.2; Table 3.2) and included seals 

that exhibited fidelity to (1) Glacier Bay (n= 7) (Figure 3.3), (2) Icy Strait (n= 4) 

(Figure 3.4), (3) both Glacier Bay and Icy Strait (n = 4) (Figure 3.5), (4) Lynn Canal 

(n = 3) (Figure 3.6), (5) Gulf of Alaska (n = 4) (Figure 3.7), and (6) to multiple regions 

including Glacier Bay, Gulf of Alaska, Icy Strait, and Lynn Canal (n = 5) (Figure 3.8).  

Differences in seal residency periods in each group were not detected for seal age (A = 

0.08, p = 0.01) or capture year (A = 0.01, p = 0.25) (Table 3.3).    

 Approximately two-thirds (18 of 27; 67%) of seals spent on average greater 

than 89% of days in only one region suggesting that once seals arrive at a post-

breeding season area, they exhibit a high degree of fidelity to that region (Table 3.2).  

However, there were two groups of seals that divided their time between two or more 

regions.  The first group (Glacier Bay-Icy Strait) included four adult seals that on 

average spent 50% of days in Glacier Bay and 50% of days in Icy Strait.  The second 

group included five seals (4 juveniles and 1adult) which displayed a much more 

variable strategy with seals spending at least some proportion of time in either three or 

four of the regions (Table 3.2).    

At-Sea Distribution and Space Use of Harbor Seals 

 The at-sea range of harbor seals, as identified by 100% minimum convex 

polygons (MCP), varied depending upon the regional group (F5,162 = 8.28, p < 0.0000, 
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(95%CI: 5.7 to 7.3)), by month (F1,156  = 5.54, p < 0.0000, (95%CI: 4.2 to 5.6)), but not 

by seal age (F1,162 = 1.51, p = 0.22, (95%CI: -0.42 to 1.81)) (Figure 3.9).  Patterns of 

use of at-sea areas occupied by seals were most extensive and largest for seals in the 

Gulf of Alaska group (average MCP = 4,038.8 km
2 

± 3063.3 (SD)) and for seals in the 

group that visited multiple regions (average MCP = 4,173.3 km
2 

± 7,342.4 (SD)) 

(Table 3.9).  In contrast, seals from the Icy Strait group had the smallest at-sea 

distribution (average MCP = 66.2 km
2 

± 53.9 (SD)).  The seasonal at-sea range of 

seals was on average greatest in October (average MCP = 4,366.2 km
2
± 7,985.1(SD)); 

however, for seals from the Gulf of Alaska group, the at-sea range was largest during 

January (average MCP = 7885.1 km
2
), February (average MCP = 6,250.0 km

2
), and 

March (average MCP = 7,589.4 km
2
).  The seasonal at-sea range of seals was on 

average smallest during April (average MCP = 360.8 km
2 
± 352.7 (SD)) with the 

exception of seals from the Glacier Bay group (average MCP = 618.8 km
2
) (Figure 

3.9). 

At-Sea Distribution of Seals in Relation to Oceanographic Characteristics 

 The average sea surface temperature (SST) for all locations occupied by seals 

was 3.9 C° ± 1.5 (SD) and ranged from a minimum of 0.2 to 9.9 C° (Figure 3.10).  

SST varied by region (F1, 165 = 5.53, p < 0.0001), month ((F6, 164 = 31.7, p < 0.0000), 

and seal age (F1, 169 = 5.63, p = 0.02).  SST in areas used by seals was warmest in the 

Gulf of Alaska (average SST = 5.1 C° ± 1.8 (SD); range = 0.9 to 9.6 C°) and also the 

most variable (SST variance = 3.1 C°).  Similarly, for seals that occupied multiple 

regions, the average SST was also relatively warm (average SST 4.0 C° ± 1.6 (SD)) 
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and variable (SST variance = 2.4 C°) (Figure 3.11).   In contrast, the average SST was 

coolest in the inshore region of Lynn Canal (average SST = 2.8 ±1.4 (SD); range 0.5 

to 7.6 C°).  Average SST for seals in the Glacier Bay, Icy Strait and Glacier Bay-Icy 

Strait groups was very similar and ranged from 3.6 to 3.8 C° (Figure 3.11).  SST was 

generally warmest during October (average SST = 5.6 C° ± 1.8 (SD), November 

(average SST = 4.7 C° ± 1.2 (SD), and December (average SST = 4.6 C° ± 1.0 (SD)) 

and coolest from January to April ranging from 2.8 to 3.3C° (Figure 3.11).   

 The average seafloor depth (m) in areas occupied by seals across all 

geographic regions was 71.3 m ± 138.2 (SD) (Figure 3.12) and ranged from 0.1 to 

3,284.1 m.  Seafloor depths were deepest in areas occupied by seals that used multiple 

regions (average seafloor depth = 96.0 m ± (259.0); range: 1 to 3284.0 m), the Gulf of 

Alaska (average seafloor depth = 78.3 m ± 66.1 (SD); range:  1 to 595.0 m), and Lynn 

Canal (average seafloor depth = 76.4 m ± 92.3(SD); range: 1 to 651.0 m).  Average 

seafloor depths used by seals in Icy Strait were the shallowest (53.8 ± 47.3 (SD); 

range:  1 to 299 m).  Average seafloor depths used by seals in Glacier Bay were 63.4 

m ± 82.3 (SD); range:  1-634.0) (Figure 3.12).  Seafloor depth did not vary by region 

(F1, 161 = 0.26, p = 0.90), month ((F6, 155 = 0.90, p = 0.50), or seal age (F1, 161 = 0.03, p = 

0.90).    

Discussion 

 Several lines of evidence suggest that harbor seals from Glacier Bay exhibit a 

relatively high degree of intra-population variation in their at-sea post-breeding season 

distribution patterns and movement strategies (Figure 3.1 & 3.2).  The observed intra-
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population variation in the regions used by seals may be a function of (1) extrinsic 

factors, such as oceanographic characteristics, prey availability, and the risk of 

predation in each region, (2) intrinsic factors including seal age, condition, and 

memory of specific foraging areas (Bonadonna et al. 2001, Lea et al. 2002, Staniland 

et al. 2007), and/or (3) a synergistic combination of several these factors (Frid et al. 

2009).     

Underlying regional differences in SST, which can influence and may be a 

correlate of prey availability, may drive the observed variability associated with the at-

sea distribution and behavior of harbor seals during the post-breeding season. Harbor 

seals in the Gulf of Alaska group and in the multiple region group, had larger at-sea 

ranges during the post-breeding season than seals from the other regional groups.  

Interestingly, the areas used by seals in these groups were characterized by more 

variable and warmer SST (C°).  The increased variability in SST which may influence 

prey distribution has the potential to result in seals searching over relatively larger 

areas and having larger at-sea ranges, both of which could result in increased energy 

expenditure and/or increased exposure to predators.   

However, abrupt changes or variance in SST may also influence the likelihood 

of the presence of frontal zones or mesoscale oceanographic features which may result 

in highly productive foraging areas for upper-trophic level species (Simmons et al. 

2007, Weng et al. 2008, Simmons et al. 2010).  Two adult female seals in 2008-2009 

in the Gulf of Alaska group, spent extended periods of time (up to 23 days) near the 

continental shelf edge (~95km offshore) during the post-breeding season suggesting 
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that this area may have been a productive foraging area for seals.  Patterns of 

increased SST are consistent with anti-cyclonic eddies which occur along the shelf-

margin in the eastern Gulf of Alaska and may alter the structure of the shelf-break 

front, influence shelf-slope exchange of water (Tabata 1982, Crawford et al. 2000, 

Ladd et al. 2005, Janout et al. 2009), and create fronts and areas of increased 

biological productivity that can influence the distribution of upper-trophic level 

predators (e.g., Hyrenbach et al. 2000).  Although other pinniped species, including 

southern elephant seals (Mirounga leonia) and northern fur seals (Callorhinus ursus), 

have been associated with mesoscale eddy features (Ream et al. 2004, Simmons et al. 

2007, Sterling 2009, Bailleuel et al. 2010, Dragon et al. 2010), there has not been 

previous evidence to suggest that harbor seals may use eddy features and suggests that 

this potential association may warrant further investigation. 

Although Glacier Bay and Icy Strait serve as core foraging areas for several 

marine mammal species during the summer months, the distribution of these species in 

Glacier Bay and Icy Strait during winter is less well- known.  Several harbor seals 

from the Glacier Bay and Glacier Bay-Icy Strait group remained exclusively  in the 

mid and lower bay regions of Glacier Bay and Icy Strait (Figures 3.3, 3.4, & 3.5) for 

much of the post-breeding period, suggesting that this area may productive even 

during the winter season.  This premise is further supported by previous studies 

focused on the seasonal distribution of Steller sea lions (Eumetopias jubatus) which 

suggest that this region may provide particularly favorable foraging conditions during 

fall, winter, and spring (Womble et al. 2005, Womble et al. 2009).   
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Glacier Bay has distinct oceanographic and circulation patterns (Etherington et 

al. 2007; Hill et al. 2009) throughout the bay.  In the lower portion of Glacier Bay, 

tidal currents along the entrance sill promote low stratification, intense vertical 

mixing, and relatively high levels of primary productivity.  The central portion of the 

bay is characterized by moderate stratification, strong mixing, and high levels of 

primary productivity.   In contrast, the upper portions of Glacier Bay are highly 

stratified by freshwater discharge from tidewater glaciers with lower levels of 

chlorophyll a than other regions of the bay (Etherington et al. 2007).  Although 

chlorophyll-a levels are lowest and least variable in Glacier Bay during the winter 

months, relatively high levels occur during spring and fall (Etherington et al. 2007) 

suggesting that these oceanographic conditions continue to support  productive 

foraging areas for  seals and upper-trophic level species.   

Similarly, Icy Strait, which is the primary route for tidal exchange between the 

Gulf of Alaska and inshore waters of northern Southeast Alaska, is characterized by 

strong tidal currents and complex bathymetry.  These conditions can create gradients 

in oceanographic properties, including salinity and temperature, which may form 

small-scale fronts that serve to aggregate prey and create favorable foraging conditions 

for upper-trophic level species (Robards et al. 2003).  In addition, the Icy Strait-Cross 

Sound region is the primary migratory corridor for salmon (Oncorhynchus spp.) 

entering northern Southeastern Alaska during summer and autumn and Steller sea 

lions have been observed actively  foraging on salmon along tidal fronts North Inian 

Pass in  Cross Sound (Womble et al. 2009).   
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Only three juvenile seals spent extended periods in the Lynn Canal region, 

which was characterized by the coldest SST (C°) of all regions visited by seals.  

Although Lynn Canal is the deepest fjord in North America, there are several 

relatively shallow estuaries that were used by seals during the post-breeding season.  

These estuaries, particularly at the Chilkat, Chilkoot, and Berners/Antler rivers in 

upper Lynn Canal, provide important seasonal habitat and spawning grounds for 

several fish species that are preyed upon by harbor seals including eulachon 

(Thaleichthys pacificus), capelin (Mallotus villosus), herring (Clupea pallasii), and 

Pacific salmon (Oncorhynchus spp.) (Womble et al. 2009).  Aggregations of these 

prey species, particularly over-winter herring, spring-spawning eulachon, and fall-

spawning salmon occur predictably in this region and upper-trophic level species 

aggregate seasonally in the region to take advantage of these prey resources (Sigler et 

al. 2004, Womble et al. 2005, Gende & Sigler 2006, Womble & Sigler 2006).  The at-

sea range of harbor seals in Lynn Canal was smallest from February through April, 

when both eulachon and capelin may be spawning in the Lynn Canal region.  

Typically these species form dense aggregations prior to spawning and create 

favorable foraging conditions for predators.  In particular, eulachon aggregate in pre-

spawning aggregations in estuaries in Lynn Canal before they ascend the rivers to 

spawn and provide high-energy densely aggregations of prey for marine predators 

(Sigler et al. 2004, Womble et al. 2005).  

 Previous foraging experience or memory of productive foraging areas may also 

influence individual strategies (Bonadonna et al. 2001).  The majority (66%) of seals 
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concentrated primarily in one region during the post-breeding season, suggesting that 

the degree of fidelity to a given region was high.  Furthermore, several individuals 

exhibited a high degree of fidelity to the same general area within a region suggesting 

that productivity and/or prey availability in these regions may be predictable over 

relatively broad time scales.   

Although the relatively high degree of intra-population variation suggests that 

individual seals may employ different strategies, it is unknown if differences in the 

behavioral strategies of seals during the post-breeding season may confer fitness 

advantages.  Intra-population variation in diet, diving, and foraging behavior has been 

documented in several pinniped species (Lea et al. 2002, Villegas-Amtmann et al. 

2008, Goldsworthy et al. 2010, Weise et al. 2010), yet few studies have attempted to 

link foraging or behavioral strategies with measures of fitness, such as survival or 

reproductive success.  In the future, such an investigation of behavioral-based foraging 

strategies in relation to fitness or correlates of fitness may provide a more mechanistic 

understanding of patterns of survival of pinnipeds and how they may or may not relate 

to individual foraging strategies (Sutherland 1996).  In summary, understanding 

movement and foraging strategies of individuals is essential not only for 

understanding the biological requirements of individuals, but also for linking 

individual strategies to population level-effects (Sutherland 1996).  Finally, from a 

conservation perspective, populations that exhibit a high degree of variability in 

movement and migratory patterns may create challenges for identifying and managing 

for different behavioral ecotypes (Bolnick et al. 2003, Lowther et al. 2012).   
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Table 3.1.  Harbor seals tagged with satellite-linked transmitters 

(Spot 5, Wildlife Computers) in Johns Hopkins Inlet in Glacier Bay  

National Park in 2007 and 2008. 
 

              

Seal  ID# Age Sex 

Mass 

(kg) 

Capture 

Date 

Date of 

Last 

Location 

Total 

Deploy 

Days 

PV07GB07 Juvenile F 42.6 9/11/2007 6/23/2008 286 

PV07GB08 Juvenile F 36.8 9/11/2007 2/20/2008 162 

PV07GB10 Juvenile F 25.9 9/11/2007 11/22/2007 72 

PV07GB15 Juvenile F 31.4 9/13/2007 6/15/2008 276 

PV07GB18 Juvenile F 26.8 9/11/2007 6/17/2008 280 

PV07GB21 Juvenile F 25.2 9/13/2007 6/3/2008 264 

PV07GB24 Juvenile F 30.8 9/12/2007 7/1/2008 293 

PV07GB27 Juvenile F 31.6 9/13/2007 5/20/2008 250 

PV07GB32 Juvenile F 22.9 9/13/2007 1/5/2008 114 

PV07GB33 Juvenile F 26.4 9/12/2007 10/23/2007 41 

PV07GB34 Juvenile F 25.0 9/13/2007 3/9/2008 178 

PV07GB41 Juvenile F 23.5 9/15/2007 5/14/2008 242 

PV07GB46 Juvenile F 34.6 9/15/2007 6/23/2008 282 

PV07GB48 Juvenile F 33.6 9/15/2007 7/29/2008 318 

PV07GB49 Juvenile F 35.2 9/15/2007 6/17/2008 276 

PV08GB01 Juvenile F 34.0 9/13/2008 6/12/2009 272 

PV08GB10 Juvenile F 38.0 9/13/2008 8/7/2009 328 

PV08GB15 Juvenile F 32.3 9/14/2008 6/14/2009 273 

PV08GB17 Adult F 48.6 9/13/2008 6/11/2009 271 

PV08GB18 Juvenile F 32.3 9/13/2008 6/10/2009 270 

PV08GB21 Adult F 56.4 9/14/2008 8/4/2009 324 

PV08GB22 Adult F 54.5 9/14/2008 6/27/2009 286 

PV08GB23 Juvenile F 35.5 9/14/2008 12/31/2008 108 

PV08GB27 Juvenile F 38.6 9/14/2008 6/25/2009 284 

PV08GB31 Adult F 65.5 9/14/2008 7/4/2009 293 

PV08GB35 Adult F 71.8 9/14/2008 8/8/2009 328 

PV08GB36 Juvenile F 33.6 9/14/2008 6/1/2009 260 

PV08GB38 Juvenile F 32.0 9/15/2008 6/5/2009 263 

PV08GB39 Adult F 80.5 9/16/2008 12/31/2008 106 

PV08GB41 Juvenile F 32.7 9/16/2008 6/29/2009 286 

PV08GB43 Adult F 70.0 9/17/2008 7/11/2009 297 

PV08GB45 Juvenile F 28.6 9/19/2008 3/4/2009 166 

PV08GB46 Adult F 65.0 9/18/2008 7/26/2009 311 

PV08GB47 Juvenile F 30.0 9/19/2008 3/5/2009 167 

PV08GB48 Adult F 55.9 9/19/2008 8/20/2009 335 

PV08GB49 Juvenile F 23.6 9/19/2008 10/26/2008 37 

PV08GB50 Adult F 69.0 9/19/2008 5/14/2009 237 
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Table 3.2.  Proportion of days spent by harbor seals in each region (Glacier Bay,  

Gulf of Alaska, Icy Strait, Lynn Canal) from October through April 2007-2008 

and 2008-2009.  All seals were captured in Johns Hopkins Inlet in Glacier Bay. 
              

Group Seal ID# Age Glacier Bay Gulf of Alaska Icy Strait Lynn Canal 

Glacier Bay 

     
 

PV07GB18 JUV 89.6% 0.0% 10.4% 0.0% 

 

PV07GB21 JUV 90.5% 0.0% 9.5% 0.0% 

 

PV07GB41 JUV 74.7% 11.7% 11.7% 1.9% 

 

PV08GB10 JUV 100.0% 0.0% 0.0% 0.0% 

 

PV08GB36 JUV 78.5% 0.0% 18.2% 3.3% 

 

PV08GB41 JUV 100.0% 0.0% 0.0% 0.0% 

 

PV08GB50 AD 99.0% 0.0% 1.0% 0.0% 

 

Average 

 

90.3% 1.7% 7.3% 0.8% 

Icy Strait 

      

 

PV08GB17 AD 0.0% 0.5% 99.5% 0.0% 

 

PV08GB35 AD 0.0% 0.0% 100.0% 0.0% 

 

PV08GB43 AD 0.0% 0.0% 100.0% 0.0% 

 

PV08GB48 AD 0.0% 0.0% 100.0% 0.0% 

 

Average 

 

0.0% 0.1% 99.9% 0.0% 

Glacier Bay-Icy Strait 

     

 

PV07GB07 JUV 33.7% 0.0% 66.3% 0.0% 

 

PV08GB01 JUV 41.2% 0.0% 56.0% 2.8% 

 

PV08GB15 JUV 56.0% 0.0% 44.0% 0.0% 

 

PV08GB46 AD 65.1% 0.0% 34.9% 0.0% 

 

Average 

 

49.0% 0.0% 50.3% 0.7% 

Gulf of Alaska 

     

 

PV07GB24 JUV 12.5% 86.3% 1.2% 0.0% 

 

PV07GB46 JUV 8.7% 88.4% 2.9% 0.0% 

 

PV08GB21 AD 0.0% 100.0% 0.0% 0.0% 

 

PV08GB22 AD 0.0% 79.3% 20.7% 0.0% 

 

Average 

 

5.3% 88.5% 6.2% 0.0% 

Lynn Canal 

     

 

PV07GB15 JUV 0.0% 0.0% 9.2% 90.8% 

 

PV07GB27 JUV 7.7% 0.0% 5.8% 86.6% 

 

PV08GB38 JUV 0.5% 0.0% 7.3% 92.2% 

 
Average 

 

2.7% 0.0% 7.4% 89.9% 

Multiple Regions 

     

 

PV07GB48 JUV 1.0% 55.4% 43.6% 0.0% 

 

PV07GB49 JUV 18.5% 2.9% 34.0% 44.6% 

 

PV08GB18 JUV 13.9% 0.0% 46.6% 39.5% 

 

PV08GB27 JUV 19.1% 0.0% 43.2% 37.7% 

 

PV08GB31 AD 1.0% 25.6% 73.4% 0.0% 

  Average   10.7% 16.8% 48.1% 24.4% 
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Table 3.3.  Chance-corrected within-group agreement (A) and p-value  

for ranked multi-response permutation procedures (MRPP) to test for  

differences among age and year of harbor seals from different  

regional groups. 

 

        
Parameter Categories A p 

Age Juvenile, Adult 0.08 0.01 

Year 2007-2008, 2008-2009 0.01 0.25 
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Table 3.4.   Estimates of the at-sea minimum convex polygon area (km
2
) occupied by 

individual harbor seals (n= 27) from October through April 2007-2008 and 2008-

2009.  All seals were captured in Johns Hopkins Inlet in Glacier Bay National Park. 

 

Region Seal# Age Oct Nov Dec Jan Feb Mar Apr 

Individual 

Average 

Glacier Bay 

         

 

PV07GB18 JUV 1075.1 910.4 260.1 702.5 693.7 125.9 252.3 574.3 

 

PV07GB21 JUV 503.2 259.9 493.8 656.6 133.0 988.1 280.8 473.6 

 

PV07GB41 JUV 2067.6 7513.9 544.6 15.6 301.6 145.4 3298.7 1983.9 

 

PV08GB10 JUV 66.0 65.1 25.2 62.9 74.0 38.0 98.9 61.5 

 

PV08GB36 JUV 2587.6 573.5 174.9 389.8 368.9 134.1 218.1 635.3 

 

PV08GB41 JUV 12.7 223.6 73.5 48.0 3.2 3.4 165.4 75.7 

 

PV08GB50 AD 429.9 180.5 177.8 359.9 295.5 322.0 17.7 254.7 

 

Average 

 

963.2 1389.6 250.0 319.3 267.1 251.0 618.8 

 Icy Strait 

          

 

PV08GB17 AD 409.5 22.9 35.8 26.8 24.8 25.6 38.5 83.4 

 

PV08GB35 AD 5.9 4.5 2.4 2.8 9.8 3.3 4.0 4.7 

 

PV08GB43 AD 27.7 17.3 18.5 16.6 17.3 18.0 54.4 24.3 

 

PV08GB48 AD 280.1 287.3 169.6 78.0 81.2 74.7 97.1 152.6 

 

Average 

 

180.8 83.0 56.6 31.0 33.3 30.4 48.5 

 Glacier Bay-Icy Strait 

         

 

PV07GB07 JUV 529.3 298.8 195.1 138.5 130.5 95.2 237.4 232.1 

 

PV08GB01 JUV 1131.5 824.5 1201.2 87.4 25.6 929.4 34.4 604.9 

 

PV08GB15 JUV 1241.9 499.8 628.0 505.7 400.9 488.5 182.0 563.8 

 

PV08GB46 AD 149.0 115.7 176.0 132.6 159.7 174.6 175.7 154.8 

 

Average 

 

762.9 434.7 550.1 216.0 179.2 421.9 157.4 

 Gulf of Alaska 

         

 

PV07GB24 JUV 2651.6 305.8 555.8 243.9 37.5 146.8 917.1 694.1 

 

PV07GB46 JUV 2328.5 2278.4 3401.5 227.2 274.7 14.7 2372.3 1556.8 

 

PV08GB21 AD 2913.2 2559.3 2009.4 3678.3 1160.1 3601.0 19.4 2277.2 

 

PV08GB22 AD 410.7 652.0 2395.0 27391.2 23527.9 26594.9 416.7 11626.9 

 

Average 

 

2076.0 1448.9 2090.4 7885.1 6250.0 7589.4 931.4 

 Lynn Canal 

         

 

PV07GB15 JUV 1233.0 943.0 1344.9 685.5 48.5 41.6 52.3 621.3 

 

PV07GB27 JUV 1393.4 1046.7 8.6 30.0 60.1 56.7 34.2 375.7 

 

PV08GB38 JUV 2187.4 2322.9 443.1 63.1 35.2 120.4 92.1 752.0 

 
Average 

 

1604.6 1437.5 598.9 259.5 48.0 72.9 59.5 

 Multiple Regions 

         

 

PV07GB48 JUV 97065.1 2220.6 1409.2 5913.9 16204.0 93.2 479.0 17626.4 

 

PV07GB49 JUV 2920.4 1502.3 656.6 325.2 801.5 293.4 301.8 971.6 

 

PV08GB18 JUV 382.2 1631.7 213.1 856.0 133.4 1972.8 24.8 744.9 

 

PV08GB27 JUV 1140.4 19.9 182.7 2051.5 951.7 67.3 461.3 696.4 

 

PV08GB31 AD 1541.1 355.6 1665.5 515.9 920.9 311.8 478.8 827.1 

 
Average 

 

20609.8 1146.0 825.4 1932.5 3802.3 547.7 349.1 

 
Monthly Average   1121.6 727.8 486.8 1055.0 432.2 705.8 152.8   
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Figure 3.1. Ordination diagram of individual female harbor seals (n = 27 seals or 

sample units) into six regional seal groups (Glacier Bay, Icy Strait, Glacier Bay & Icy 

Strait, Lynn Canal, Gulf of Alaska, and Multiple Regions).  Groupings are based on 

residency patterns of seals in each region during the post-breeding season from 

October to April.  Individual seals that are closer to one another have more similar 

residency patterns in a given region.  Convex hulls or color-coded lines outline the 

ordination space defined by each group.  Centroids for each group are represented by 

color-coded plus symbols (+) and show the average position or central tendency in 

space for the members of a regional group.   
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Figure 3.2.  Two-way cluster diagram containing individual  

female harbor seals (n = 27) arranged such that their order  

matches the patterns of residency in each geographic region  

(Glacier Bay, Icy Strait, Lynn Canal, and Gulf of Alaska)  

indicated in the dendrogram.  Cells of the table are shaded to  

represent the degree of residency (minimum residency = white  

and maximum residency = black) of an individual seal in  

a geographic region. 
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 Figure 3.3.  At-sea locations for harbor seals (6 juvenile females (JF) and  

 1 adult female (AF)) from the Glacier Bay seal group during the  

post-breeding season from October to April.  All seals were captured in Johns 

Hopkins Inlet (JHI) in Glacier Bay National Park, Alaska.  Bathymetric data 

are 1-km resolution and based on a bathymetric digital elevation model 

(Danielson et al. 2008).  Map projection is Albers, map datum is NAD 1927. 
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 Figure 3.4.  At-sea locations for harbor seals (4 adult females (AF))  

 from the Icy Strait seal group during the post-breeding season from  

 October to April.  All seals were captured in Johns Hopkins Inlet (JHI) 

 in Glacier Bay National Park, Alaska.  Bathymetric data are 1-km resolution  

and based on a bathymetric digital elevation model (Danielson et al. 2008).   

Map projection is Albers, map datum is NAD 1927. 
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 Figure 3.5.  At-sea locations for harbor seals (4 juvenile females (JF))  

 from the Glacier Bay-Icy Strait  seal group during the post-breeding  

 season from October to April.  All seals were captured in Johns Hopkins  

Inlet (JHI) in Glacier Bay National Park, Alaska.  Bathymetric data are 1-km 

resolution and based on a bathymetric digital elevation model (Danielson et al. 

2008).  Map projection is Albers, map datum is NAD 1927. 
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 Figure 3.6.  At-sea locations for harbor seals (3 juvenile females (JF))  

 from the Lynn Canal  seal group during the post-breeding season from  

 October to April.  All seals were captured in Johns Hopkins Inlet (JHI)  

 in Glacier Bay National Park, Alaska.  Bathymetric data are 1-km resolution  

and based on a bathymetric digital elevation model (Danielson et al. 2008). 

 Map projection is Albers, map datum is NAD 1927. 
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 Figure 3.7.  At-sea locations for harbor seals (2 juvenile females (JF)  

 and 2 adult females (AF)) from the Gulf of Alaska seal group during the  

 post-breeding season from October to April.  All seals were captured in  

 Johns Hopkins Inlet (JHI) in Glacier Bay National Park, Alaska.   

Bathymetric data are 1-km resolution and based on a bathymetric digital 

elevation model (Danielson et al. 2008).  Map projection is Albers, map  

datum is NAD 1927.   
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 Figure 3.8.  At-sea locations for harbor seals (4 juvenile females (JF)  

 and 1 adult females (AF)) from the Multiple Regions seal group during the  

 post-breeding season from October to April.  All seals were captured in  

Johns Hopkins Inlet (JHI) in Glacier Bay National Park, Alaska.  Bathymetric 

data are 1-km  resolution and based on a bathymetric digital elevation model  

 (Danielson et al. 2008).  Map projection is Albers, map datum is NAD 1927.   
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Figure 3.9.  Radial diagram of average at-sea minimum convex polygon  

estimates (km
2
) of juvenile and adult female harbor seals from each regional  

group during the post-breeding season from October to April.  Note 

different scales for the Gulf of Alaska and Multiple Regions radial plots. 
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Figure 3.10.  Box plots of average sea surface temperature  

(SST)(C°) in locations used by juvenile and adult female  

seals (n = 27) in each regional seal group (Glacier Bay = GB,  

GBIS = Glacier Bay-Icy Strait, GOA = Gulf of Alaska, IS =  

Icy Strait, LC = Lynn Canal, and MR = Multiple Regions).   

SST data were from obtained from Advanced Very High  

Resolution Radiometer (AVHRR) SST data, one-kilometer  

resolution, that were obtained from the Alaska Ocean Observing  

System (AOOS; http://ak.aoos.org/).  The center line of the  

boxplot is the mean, the box surrounds 1 standard deviation,  

and caps on each box mark 2 standard deviations.   
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Figure 3.11.  Radial diagram of average sea surface temperature (SST) (C°) 

at harbor seal locations in each regional group (Glacier Bay, Icy Strait,  

Glacier Bay & Icy Strait, Lynn Canal, Gulf of Alaska, and Multiple Regions)  

during the post-breeding season from October to April. SST data were from obtained 

from Advanced Very High Resolution Radiometer (AVHRR) SST data, one kilometer 

resolution, that were obtained from the Alaska Ocean Observing  

System (AOOS; http://ak.aoos.org/).   
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Figure 3.12.  Box plots of average depth (meters) 

in locations used by juvenile and adult female  

seals (n = 27) in each regional seal group (Glacier Bay  

= GB, GBIS = Glacier Bay-Icy Strait, GOA=Gulf of  

Alaska, IS = Icy Strait, LC = Lynn Canal, and MR =   

Multiple Regions).  Depth was determined from 

bathymetric data that were 1-km resolution and based  

on a bathymetric digital elevation model  

(Danielson et al. 2008).  The center line of the boxplot  

is the mean, the box surrounds 1 standard deviation,  

and caps on each box mark 2 standard deviations.   

 

  

GB GBIS GOA IS LC MR

Regional Seal Group

0

50

100

150

200

A
v

er
ag

e 
D

ep
th

 (
m

et
er

s)



119 
 

Chapter 4.  Post-breeding season migration patterns of harbor seals  

from a marine protected area in Alaska 
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Abstract 

Marine protected areas are a commonly used tool for conserving wide-ranging marine 

vertebrate species that are of conservation concern; however, in many cases marine 

protected areas are created in the absence of spatially explicit distribution data for 

species throughout the annual cycle.  The selection of marine protected areas for 

pinnipeds has typically focused on protecting breeding areas where individuals are 

aggregated seasonally, but does not always consider foraging areas or migratory 

corridors that may be used during the post-breeding period.  Glacier Bay National 

Park is one the largest marine mammal protected areas in the world; however, harbor 

seals (Phoca vitulina richardii) have declined by up to -11.5%/year (1992-2009), 

despite protection measures that occur within Glacier Bay.  To quantify the spatially 

explicit movement patterns and foraging areas of seals relative to the marine protected 

area of Glacier Bay, satellite-linked transmitters were attached to  juvenile and adult 

female seals (n = 37) in 2007 and 2008.  During the post-breeding season, juvenile and 

adult female seals ranged extensively beyond the boundaries of Glacier Bay 

throughout the inside waters of northern Southeast Alaska and the eastern Gulf of 

Alaska from Sitka Sound to Prince William Sound.  Fidelity of seals to Glacier Bay 

was lowest from November to April.  In contrast, fidelity to Glacier Bay was highest 

during May and June, during the pupping season, and also during September at the 

end of the molting season.  Overall, across the entire duration of the study, 89% of 

tagged seals spent time beyond the borders of the marine protected area of Glacier 

Bay.  Studies of this nature showcase the utility of coupling satellite telemetry and 
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geographic information systems as effective conservation tools for identifying the 

spatial and temporal distribution of species of conservation concern relative to 

protected area boundaries.    

Key words:  harbor seal, post-breeding season, spatial distribution, migration, marine 

protected area, glacial fjord  
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Introduction 

 Two common objectives for marine protected areas (MPAs) are enhancement 

of commercial fisheries and conservation of biodiversity.  MPAs are also a commonly 

used tool for conserving upper-trophic level marine vertebrate species, such as 

seabirds, pinnipeds, and cetaceans; however, often MPAs may focus only on breeding 

areas that may be easily identified through standard population monitoring surveys 

and where individuals may be highly aggregated (Hooker & Gerber 2004, 

Cunningham et al. 2009, Cordes et al. 2011).  Although protection during the breeding 

season is critical, many of these species may be at highest risk during the post-

breeding season when their migratory patterns and habitat use may result in exposure 

to a greater diversity of threats including interactions with fisheries, harvest, and ship 

strike, all of which may have demographic consequences (Hooker & Gerber 2004, 

Hooker et al. 2011).   

  Glacier Bay National Park (Figure 4.1), a Biosphere Reserve and World 

Heritage Site, is one of the largest MPAs in the northern hemisphere and encompasses 

600,000 acres of marine waters (National Research Council 2001).  Glacier Bay serves 

as one of the largest marine mammal protected areas in the world (Hoyt 2011) and 

hosts high concentrations of marine mammals including five species of cetaceans, 

three pinniped species, and one species of marine otter.  Abundance, trend, habitat use, 

and location of activities, such as feeding and breeding are well-documented in the 

park for most marine mammals using Glacier Bay during the summer months from 

May through August (Mathews & Pendleton 2006, Womble et al. 2009, Womble et al. 
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2010, Chenoweth et al. 2011, Mathews et al. 2011).  By most measures, the 

populations of marine mammals that utilize Glacier Bay during summer are healthy 

and increasing.  Humpback whales (Megaptera novaeangliae) (Neilson & Gabriele 

2009), Steller sea lions (Eumetopias jubatus) (Mathews et al. 2011), and sea otters 

(Enhydra lutris) (Esslinger & Bodkin 2009) are all increasing rapidly suggesting a 

healthy ecosystem.   

 However, one marine mammal species of particular conservation concern is 

the harbor seal (Phoca vitulina richardii).  Glacier Bay historically supported one of 

the largest aggregations of harbor seals in Alaska (Calambokidis et al. 1987) and is 

currently one of the primary glacial ice pupping sites in the state.  Harbor seals in 

Glacier Bay and adjacent Icy Strait and Cross Sound have recently been designated as 

a separate stock based on genetic uniqueness (Allen & Angliss 2011).  However, 

perhaps most importantly, harbor seals have undergone precipitous declines since 

1992 (Mathews & Pendleton 2006) and the most recent population monitoring results 

demonstrate that the decline has not abated or reversed (Womble et al. 2010).  

Reasons for the decline are uncertain and not well understood; however, recent studies 

suggest (1) that harbor seals in Glacier Bay are not significantly stressed due to 

nutritional constraints (Blundell et al. 2011), (2) that the clinical health and disease 

status of seals within Glacier Bay is not different than seals from other increasing 

populations (Hueffer et al. 2011), and (3) that disturbance by vessels does not appear 

to be a primary factor driving the decline (Young 2009).   
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The decline of harbor seals in Glacier Bay is perplexing for several reasons.  

First, Glacier Bay National Park is the location of some of the most stringent measures 

in the world for minimizing human-related disturbance to harbor seals during the 

summer months (May-August).  Population monitoring studies that have spanned four 

decades from the 1970’s to the  present  (Streveler 1979, Calambokdis et al. 1987, 

Mathews & Pendleton 2006, Womble et al. 2010) have identified important whelping  

and molting areas  for seals that are closed to vessels and  areas where approach 

distances are limited to ¼ mile (Figure 4.1) (36 CFR [Code of Federal Regulations] 

13.65).  The regulations in Glacier Bay National Park represent the only enforceable 

regulations in United States waters aimed at protecting harbor seals from vessel and 

human-related disturbance (Jansen et al. 2010).  Second, subsistence hunting of seals 

inside the park has been prohibited since 1973 (Catton 1995), and the National Park 

Service is currently phasing out commercial fishing (Mackovjack 2011).  Collectively, 

harbor seals in Glacier Bay may be one of the most ‘protected’ populations of marine 

mammals in the world.   

 Evidence suggests that substantially fewer seals occur in Glacier Bay in late-

summer and autumn (Mathews & Kelly 1996); yet, it is unknown if seals move 

beyond the boundaries of Glacier Bay, the regions that they may travel to, and 

potential threats that seals may encounter.  As one of the largest  MPAs in the northern 

hemisphere, Glacier Bay provides a unique opportunity to evaluate the distribution of 

harbor seals during the post-breeding season relative to the boundaries of the marine 

protected area.   
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 Our primary objectives were to quantify the spatial and temporal distribution 

of seals during the post-breeding season (September-April) relative to the boundaries 

of the marine protected area of Glacier Bay and to quantify the degree of inter-annual 

fidelity of seals back to Glacier Bay the following breeding season (May-June).  

Although, approximately  15% of the harbor seal population in Alaska may be found 

seasonally at glacial ice sites, such as the one in Glacier Bay (Bengtson et al. 2007), 

this study represents the first effort to quantify spatially explicit post-breeding season 

distribution patterns of harbor seals from a tidewater glacial fjord.    

Methods 

Study Area 

 Glacier Bay is an estuarine fjord in southeastern Alaska that constitutes a part 

of Glacier Bay National Park (Figure 4.1).  Glacier Bay has undergone rapid 

deglaciation over the past 225 years (Cooper 1937, Field 1947, Hall et al.  1995) and 

has distinct oceanographic and circulation patterns (Etherington et al. 2007, Hill et al. 

2009).  Johns Hopkins Inlet, an expansive (12 km long X 2.5 km wide) tidewater 

glacial fjord in the upper West Arm of Glacier Bay (Figure 4.1), was chosen as the 

capture location for seals because the inlet hosts the largest aggregation of seals 

(>2,000) in Glacier Bay during the summer months and represents one of the primary 

glacial ice pupping sites for harbor seals in Alaska (Calambokidis et al. 1987, 

Mathews & Pendleton 2006, Womble et al. 2010).   In Johns Hopkins Inlet, seals rest 

upon glacial ice and icebergs that have calved from two advancing tidewater glaciers, 

the Johns Hopkins glacier and the Gilman glacier.    
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Seal Capture and Instrument Attachment 

 Juvenile and adult female harbor seals were captured using monofilament nets 

deployed from inflatable skiffs in September of 2007 (n= 15 seals captured) and 2008 

(n = 22 seals captured) (Table 4.1).  Following capture, seals were transported to a 

research vessel (R/V Steller) where they were weighed and curvilinear body length and 

axial girth were measured. Seal age was determined morphometrically; seals >3 years 

old were classified as adults, seals ≤ 3 years of age were considered as juveniles 

(Blundell & Pendleton 2008). To quantify the spatial and temporal distribution of 

harbor seals from September through June, we attached satellite-linked transmitters 

(Spot 5, Wildlife Computers, Redmond, Washington) to the fur on the heads of 

juvenile and adult female harbor seals using Devon 5-minute epoxy adhesive.  

Transmitters were only attached to seals that had obviously completed molting.  

Transmitters were deployed over a 5-day period (11-15 September) in 2007 and over a 

7-day period (13-19 September) in 2008.  The transmitters were powered by two AA 

batteries and included a 0.5w transmitter with a transmission repetition rate of 45 

seconds.  Conductivity switches turned the transmitters off while seals were in the 

water and quantified the percent time per hour that the seal was out of water.  

 Locations from each satellite-linked transmitter were estimated via Service 

Argos (Collecte Localisation Satellite, (CLS), America, Inc., Largo, Maryland) and 

downloaded.  Transmitters were shed during the annual molt which began the 

following June after capture and varied depending upon the age of the animal, with 

younger seals molting earlier than older seals (Daniel et al. 2003).  Harbor seal 
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captures were conducted under NOAA Fisheries Permit No. 358-1585-07 and 358-

1757, Glacier Bay National Park Scientific Permits GLBA-2007-SCI-0003 and 

GLBA-2008-SCI-0004, and IACUC protocol #899. 

Analytical Approach 

 A geographic information system (GIS) approach was used to quantify the 

distribution of harbor seals relative to the marine protected area of Glacier Bay.  

Specifically, two primary metrics were used, (1) residency periods and (2) utilization 

distributions of seals, to identify the temporal and spatial distribution of seals during 

the post-breeding season. For the purposes of these analyses, the marine protected area 

of Glacier Bay was defined as Glacier Bay proper or all waters inside a line drawn 

between Point Gustavus (58°2.748N, 135°54.927W) and Point Carolus (58°22.694 N, 

136°2.535W) (WGS 84) (United State Federal Register, 36 CFR[Code of Federal 

Regulations] Part 13) (Figure 4.1).  All NPS seasonal closures and protections 

measures focused on seals occur within these defined boundaries (Figure 4.1) and 

include (1) the closure of harbor seal haulout areas to vessel and foot traffic, (2) ¼ 

mile limit approach distances, (3) the seasonal closure of several areas of the Glacier 

Bay to motorized vessel traffic (36 CFR 13.65), and (4) the closure of portions of 

Glacier Bay to commercial fishing (36 CFR 13.1132) (Figure 4.1).   

Residency Periods of Harbor Seals  

 Residency periods were defined as the proportion of days that seals spent in 

Glacier Bay and surrounding regions.  For the purpose of estimating residency 

periods, daily seal locations were obtained by applying the Douglas Argos-Filter 
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Algorithm v. 7.03, to Argos location data (Douglas, 2006) (available at 

http://alaska.usgs.gov/science/biology/spatial/douglas.html).  The Douglas Argos-

Filter Algorithm ingests satellite tracking data using the Statistical Analysis System 

(SAS) (SAS Institute, Inc., Cary, North Carolina) program, and assesses the 

plausibility of every Argos location using the distances between consecutive locations, 

rates, and bearings among consecutive movement vectors.  The following parameters 

were applied to the filtering algorithm: spatial redundancy (5 km), maximum sustained 

rate of movement (10 km/hr), and always retain Argos location qualities of ≥ 1 (Table 

4.2).  The algorithm selected the best location per day based on the distance, angle, 

and rate to the previous and subsequent locations (Kenow et al. 2002).  Residency 

periods were estimated by plotting the best daily location for a seal in ArcGIS 

(Version 9.3.1, ESRI) and then assigning each daily location to a geographic region.  

Regions included Glacier Bay, Icy Strait-Cross Sound, Gulf of Alaska, Lynn Canal-

Chatham Strait-Stephens Passage and were delineated based upon major geographic 

boundaries associated with marine passages in southeastern Alaska.  The number of 

days that individual seals spent in each geographic region was summed to estimate 

residency periods for individual seals in each region.  

Utilization Distribution of Harbor Seals 

 Utilization distributions (Worton 1989) were used to quantify space use of 

seals relative to the marine protected area of Glacier Bay National Park.  A utilization 

distribution depicts the intensity of use of an area by an animal or a group of animals 

http://alaska.usgs.gov/science/biology/spatial/douglas.html
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(Kie et al. 2011) and can be defined as a probability distribution of detecting an animal 

in given grid cell within a specified time period (Kernohan et al. 2001).   

 To estimate the utilization distribution of seals, it was first necessary to 

estimate the most probable path of individual seals at evenly spaced intervals.  A 

continuous-time version of the correlated random walk model (CTCRW) was used to 

predict hourly positions for seals using the observed Argos locations and associated 

covariate data (Johnson et al. 2008).  The CTCRW model incorporates a covariate for 

Argos location error which is comprised of 6 location classes (Location Class 3, 2, 1, 

0, A, B).  In addition, a continuously valued covariate for the percent of each hour 

spent out of the water for a seal was included in the movement model to account for 

haulout behavior of seals (Johnson et al. 2008).  The CTCRW model was fit using the 

Kalman-filter on a state-space version of the continuous time stochastic movement 

process in R 13.1 (R Development Core Team, 2011) using the CRAWL package 

(http://cran.r-project.org/web/packages/crawl/crawl.pdf) (Johnson et al. 2008).  The 

CTCRW model resulted in an estimate of the most probable path of a seal at hourly 

intervals, while accounting for Argos location error and the haulout behavior of the 

seal.   

 After the most probable path for each seal was estimated, the paths for all seals 

were pooled to collectively estimate the utilization distribution of all seals during the 

post-breeding season.  Grid cells were chosen as the spatial unit of analysis as they 

often perform better than other methods, such as minimum convex polygons and 

http://cran.r-project.org/web/packages/crawl/crawl.pdf
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kernel density estimation, for quantifying space use of animals (Getz & Wilmers 

2004).   

 Utilization distributions for seals were estimated at two-month intervals, or 

five different time periods, from September through June.  A grid cell size of 25km
2
 

was chosen to allow for detection of individual-scale movements while also providing 

relatively smooth contours between grid cells (Maxwell et al. 2011).  Seal locations 

were spatially joined with grid cells (25km
2
) in ArcGIS (Version 9.3.1, ESRI) and the 

total number of seal locations per grid cell was summed.  The number of seal locations 

per grid cell was normalized by dividing the number of seal locations per grid cell by 

the total number of locations for that time period which yielded the proportion of total 

locations per grid cell for each time period.  Proportions of locations per grid cell were 

sorted from largest to smallest and the cumulative proportions of locations per grid 

cell were determined to create utilization distributions using custom tools in ArcGIS 

(Version 9.3.1, ESRI) (Maxwell et al. 2011).  The utilization distribution identified all 

grid cells where a seal location occurred and quantified the probability of detecting a 

seal in given grid cell within a specified time interval.  As an example, grid cells 

included in the 100% utilization distribution represent grid cells with the lowest 

intensity of use by seals.  In contrast, a grid cell with a 10% utilization distribution 

represents a grid cell with the highest intensity of use or the highest proportion of seal 

locations for a grid cell for that time interval.  

 Utilization distributions of seals for each two-month interval were evaluated 

with respect to the boundaries of the marine protected area of Glacier Bay (Figure 4.1) 
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by estimating the proportion of grid cells in the 10, 50, 80, and 100% utilization 

distributions that occurred in Glacier Bay.   

Results 

 Transmitters remained attached to the seals for most of the post-breeding 

season providing excellent spatial coverage of seal distribution.   73% (27 of 37) of 

tags transmitted through May 1
st
 (~8 months) of the following year after capture.  The 

average deployment period for satellite-linked transmitters was 238.8 days ± 83.7 

(SD) (range: 37-335 days) and in some cases transmitters provided location data on 

individual seals for up 11 months (September to August). Transmitters deployed on 

adult females (272.4 days ± 80.1) (range: 106-335 days) transmitted longer than those 

deployed on juvenile seals (224.0 days ± 85.4) (range: 37-328 days) likely reflecting 

the differences in the timing of the annual molt as juveniles molt earlier than adults.  

Of the tags that stopped transmitting before May 1st, 33% (9 of 27) were from 

juveniles and 10% (1of 10) from adults.  For those tags that stopped transmitting 

before May1st, 80% (8 of 10) were last located (location of last transmission) in 

Glacier Bay. 

During the post-breeding season, both juvenile and adult female seals ranged 

extensively beyond the boundaries of Glacier Bay.  The area used by seals 

encompassed the marine waters throughout the northern portion of Southeast Alaska 

including Glacier Bay, Icy Strait, Cross Sound, Lynn Canal, upper Chatham Strait, 

Stephens Passage, and areas along the continental shelf region of the eastern Gulf of 

Alaska from Sitka to Prince William Sound.  Although seals ranged extensively during 
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the post-breeding season, there was a substantial degree of individual variability in 

movement patterns of seals.   The average cumulative distance traveled by individuals 

seals over the entire deployment period was 1,787.4 km (± 123.4 SD) (range:  447.1-

3,411.34 km).  The length of deployment significantly influenced the cumulative 

distance traveled (F1, 35 = 15.54, p >0.0005); however, age (F1, 35 = 0.04, p = 0.79) and 

mass (F1, 35, p = 0.8344) were not significant predictors of the distance traveled by 

seals.   

The median date of departure of seals from Glacier Bay during autumn was 25 

September in 2007 (range: 15 Sept to 4 Nov 2007) and 19 September in 2008 (range: 

14 Sept to 19 Oct 2008).  The majority of seals (80.5%) departed Glacier Bay for a 

period of ≥ 10 days during autumn, which was defined as the period from capture in 

September through 30 November.  Seals were largely absent from the capture site in 

Johns Hopkins Inlet for  extended periods ranging from 27 October 2007 to 22 April 

2008 (173 days or ~5.7 months) and from  6 November 2008 to 2 February 2009 (88 

days or ~3 months).  Seals began to return to Johns Hopkins Inlet in mid-April.   

Residency Periods of Harbor Seal Seals in Glacier Bay 

 The amount of time seals spent within Glacier Bay during the non-breeding 

season varied among individuals and by seasons.  Overall, utilization of Glacier Bay 

by harbor seals during the post-breeding season was relatively low (Figure 4.2a & 

4.2b).  89% of tagged seals departed the protected area of Glacier Bay at some point 

during the post-breeding season.  Only four seals (3 juveniles, 1 adult) spent 100% of 
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the post-breeding season  in Glacier Bay.  Six (16%) of the tagged seals spent a 

maximum period of > 274 days (~9.1 months) outside of Glacier Bay.   

 The average residency period (# of days) in Glacier Bay for seals was 77.4 

(±77.4 (SD) days for juvenile females and 77.8 (±71.9) for adult females and ranged 

from 8 to 274 days (Table 4.3).  There was no effect of seal age (F1, 35 = 0.64, p = 0.43) 

or capture year (F1, 35 = 0.12, p = 0.73) on the residency period of seals in Glacier Bay.  

After Glacier Bay, the largest percentage of tagged seals (86.5%) were found in the 

Icy Strait-Cross Sound region which is a major passage that links Glacier Bay to the 

Gulf of Alaska and to the inside waters of northern Southeast Alaska.  Seals 

predominantly used Icy Strait from October through May (Figure 4.3a and 4.3b).  The 

average residency period for seals in Icy Strait-Cross Sound region was substantially 

longer for adult females (140.4 days ± 120.7 (SD)) than for juvenile females (40.3 

days ± 44.1(SD)) (Table 4.3).  At least four seals spent >240 days in Icy Strait with 

one seal spending 294 days in Icy Strait.  There appeared to be a consistent 

interchange of seals moving between Glacier Bay and Icy Strait.   

 Other major regions used by seals during the post-breeding season included the 

eastern Gulf of Alaska (32.4% of seals) (Figure 4.4a & 4.4b), from just north of Sitka 

Sound to Prince William Sound, and the Lynn Canal-Chatham Strait-Stephens 

Passage region (24.3% of seals) (Figure 4.5a & 4.5b).  Seals primarily used the region 

of eastern Gulf of Alaska between Cape Spencer and Icy Bay, along the continental 

shelf; however, at least two individuals made much more extended forays to the 

Copper River Delta and Prince William Sound areas.  The average residency period 
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for seals in the Gulf of Alaska region was 11.5 days (27.4±SD) for juvenile females 

and 48.1 days (± 85.8) for adult females (Table 4.4; Figure 4.6). Four seals spent 

>70% of their time in the eastern Gulf of Alaska and one of those individuals 

(PV08GB21) an adult female spent 243 days (~8.1 months) in the region.  In the Gulf 

of Alaska, seals were focused in nearshore areas as well as near the continental shelf 

margin.  The average residency period for seals the Lynn Canal-Chatham Strait-

Stephens Passage region was 25.6 days (50.4±SD) for juveniles females (Table 4.3).  

Adult female seals were not documented in the Lynn Canal region (Table 4.3).   

Utilization Distributions of Harbor Seals relative to Glacier Bay MPA 

 Collectively, the utilization distribution of seals was most expansive in 

September and October (25,325km
2
), November and December (22,025 km

2
), and 

January and February (20,300 km
2
) (Figures 4.6, 4.7, & 4.8).  From September 

through February, less than 12% of the 100% utilization distribution of harbor seals 

occurred in the marine protected area of Glacier Bay (Table 4.4).  Although only a 

small proportion of the 100% utilization distribution occurred in Glacier Bay, the 

marine protected area encompassed 41- 64% of the 50% utilization distribution and 

14-38% of high-intensity areas of seals (defined as 10% utilization distribution) from 

September through April (Table 4.4).  High-intensity use areas that occurred outside 

of Glacier Bay were found in Icy Strait, Cross Sound, Lynn Canal, and near Dry Bay 

along the Yakutat Forelands.  Areas of low-intensity, but persistent use occurred in 

Lynn Canal, Taku Inlet, Tenakee Inlet, Port Frederick, along the continental shelf 
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region of the eastern Gulf of Alaska between Cape Spencer and Prince William Sound 

(Figures 4.6,4.7,4.8, & 4.9).   

 In contrast during the breeding season in May and June, the area occupied by 

seals contracted dramatically to 8,125km
2 

(Figure 4.10; Table 4.4).  Areas occupied 

during the breeding season were primarily in Glacier Bay, Icy Strait, and Yakutat Bay 

(Figure 4.10).  High-intensity use areas (10% utilization distribution) occurred in 

Glacier Bay, primarily in Johns Hopkins Inlet, in May and June; however, only 29% 

of the 100% utilization distribution occurred in Glacier Bay. 

Site Fidelity to Glacier Bay 

Despite extensive migration from Glacier Bay during the post-breeding season, 

there was high degree of inter-annual site fidelity (return rate) of seals to Glacier Bay 

the following pupping/breeding season (defined as May 1st) after seals were captured.  

For seals with tags that transmitted at least through May 1
st 

of
 
the year after capture 

(27 of 37 or 73%),  93%  (16 of 18 juveniles; 9 of 9 adults) returned to Glacier Bay 

and 78% returned to Johns Hopkins Inlet (14 of 18 juveniles; 7 of 9 adults (Table 4.5).  

There was no evidence of an age effect (p = 0.54, 95% CI: -0.59, 0.23); however, the 

probability of seal returning to Glacier Bay was significantly influenced by the 

number of days that tags transmitted (p = 0.02, 95% CI: 0.02, 0.11).   

Discussion 

 This study represents the first effort to quantify the spatially explicit post-

breeding season distribution patterns of individual harbor seals from a glacial fjord 

system in Alaska and advances our understanding of the distribution of seals relative 
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to boundaries of one of the largest MPAs in the northern hemisphere.  Seals captured 

in Johns Hopkins Inlet in Glacier Bay undertook relatively extensive migratory 

movements throughout much of northern Southeast Alaska during the post-breeding 

season and in some cases ranging up to 900km away to areas in Prince William Sound 

in south-central Alaska.  Such extensive post-breeding season distribution has not 

been previously documented for harbor seals from a glacial fjord system in Alaska and 

is in contrast to previous studies of harbor seal movements from terrestrial sites which 

suggest that harbor seals are relatively sedentary and inhabit primarily nearshore areas 

(Stewart et al. 1989, Lowry et al. 2001).  There was however, a substantial degree of 

individual variability in residency patterns of seals in Glacier Bay. Some seals spent 

up to 67% of the annual cycle outside of the marine protected area of Glacier Bay 

whereas other seals remained in Glacier Bay for the entire post-breeding season.   

Although seals ranged extensively beyond the marine protected area during the 

post-breeding season there was a high degree of inter-annual fidelity (93%) back to 

Glacier Bay the following breeding season (May-June).  Fidelity to breeding sites is 

not uncommon in pinnipeds (Lunn et al. 1991, Pomeroy et al.  2000, Campbell et al. 

2008) or harbor seals (Yochem et al. 1987, Thompson et al. 1989).  However, such a 

high degree of site fidelity highlights the importance of understanding the spatial 

distribution of seals throughout the annual cycle, as threats encountered by seals 

during the post-breeding season may influence the demographics of seals in Glacier 

Bay.    
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 The high degree of site fidelity back to Glacier Bay during the pupping season 

coupled with the large seasonal aggregations of seals emphasizes the importance of 

Glacier Bay, particularly Johns Hopkins Inlet, as one of the primary glacial ice 

pupping areas in Alaska.  Existing regulations and protection measures for seals within 

Johns Hopkins Inlet and Glacier Bay appear to provide protection to seals from most 

human-related disturbance at the primary haul out areas during the breeding season.   

At least two-thirds of seals counted in Glacier Bay occur at the glacial ice site in Johns 

Hopkins Inlet where seasonal vessel closures are in place from May 1- July 1 and 

cruise ships are restricted until September 1
st
.   

 Although Glacier Bay has some of the most stringent measures in the world to 

protect harbor seals from disturbance, this study did document areas or times within 

Glacier Bay where harbor seals do not  have special protection measures other than the 

National Oceanic and Atmospheric Administration (NOAA) Fisheries voluntary 

guidelines that limit approach distances to 91.4 meters (NOAA 2006).  First, satellite 

telemetry data from this study, as well as seal count data (Mathews & Pendleton 2006; 

Womble et al. 2010), suggest that seals continue to remain in Johns Hopkins Inlet 

throughout September when cruise ships may be present.  A recent study documented 

that 86% of cruise ships that entered Johns Hopkins Inlet during September flushed at 

least one seal into the water (Young 2009).  Similarly, a recent study in a nearby 

glacial fjord, in Disenchantment Bay, Alaska, indicates that seals that were 

approached as close as 100 meters were 25 times more likely to flush into the water 

than seals that were 500 meters from cruise ships.  The behavioral response of entering 
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the water by seals may have energetic consequences, particularly for young seals, via 

thermal stress when >50% of their time is spent in the cold waters of the glacial fjord 

(Jansen et al. 2010). 

 Second, there were several sites (Tarr Inlet, North Marble Island, Queen Inlet, 

Geikie Inlet, and McBride Inlet) in Glacier Bay that do not have special protection 

measures in place for seals.  Most of these sites are used by small numbers (<25) of 

seals with one exception.  McBride Inlet, the only glacial ice site remaining in the East 

Arm of Glacier Bay, is often occupied by up to 200 seals (including pups) during the 

pupping and molting seasons (Womble et al. 2010).  Cruise ships and other vessel 

traffic do not enter McBride Inlet; however, disturbance to seals from sea kayakers 

and campers has been observed in the inlet (Lewis & Mathews 2000) and suggests that 

similar protections to those found in other areas of Glacier Bay which limit approach 

distances may be warranted to reduce the potential for human-related disturbance.  

Given the recent designation of harbor seals in Glacier Bay and Icy Strait as 

one of twelve management stocks in Alaska (Allen & Angliss 2011), a more thorough 

understanding of the distribution of seals that comprise  this unique stock, relative to 

potential threats may provide a better understanding of potential factors that may be 

driving population trajectories within Glacier Bay.  Human-related activities that 

harbor seals may encounter during the post-breeding season outside of Glacier Bay 

include commercial fishing (as bycatch), subsistence harvest by Alaska natives which 

is authorized under the Marine Mammal Protection Act (1972), ship strike, oil spills 

(Frost et al. 1994), and intentional take.     
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Spatially explicit data for most of these human-related threats at the regional-

scale is lacking, with the exception of information regarding commercial gillnet 

fisheries which occur in several areas in southeastern Alaska, including Yakutat Bay, 

along the coast between the East Alsek River to Cape Suckling in the eastern Gulf of 

Alaska (in-river gillnet fisheries), Lynn Canal, and in the Taku Inlet-Stephens Passage 

area.   Most of these areas have fishery openings that occur from mid- to late June and 

close in September or October; however, the exact timing of fishery openings and 

closures may vary depending upon the region (Barlow et al. 1994; Gordon Woods and 

Kevin Monagle, Alaska Department of Fish & Game, personal communication).   

Studies elsewhere suggest that gillnet fisheries and their potential impact on 

some pinniped species may be significant.  Read et al. (2006) estimated that 20,867 

pinnipeds were caught as bycatch in commercial fisheries in the Pacific Ocean from 

1990-1999 and approximately 98% of bycatch of pinnipeds occurred in gillnet 

fisheries.  Studies in Norway documented substantial interaction between bottom-set 

gillnet and harbor seals with 48% of recorded mortality associated with incidental 

mortality in fishing gear.  Young seals, three to ten months of age, were the most 

vulnerable to bottom-set gillnets (Bjørge et al. 2002a, Bjørge et al. 2002b).   

The take and mortality of harbor seals has been documented in commercial 

gillnet fisheries in several areas of Alaska including Yakutat, Copper River, Kodiak, 

and Cook Inlet (Woodley & Lavigne 1991, Barlow et al. 1994, Matkin & Fay 1980, 

Manly 2009).  Currently the Alaska Marine Mammal Observer Program (AMMOP), 

which is administered by National Marine Fisheries Service, monitors one state-
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managed Teir II fishery in Alaska every two years with a target of 7% observer 

coverage of the fishing effort for the single fishery that is observed.  The Yakutat 

salmon setnet fishery is the only fishery to date that has been observed in southeastern 

Alaska and harbor seals interactions were observed (Manly et al.  2009), suggesting 

that such interactions may warrant further study.   

  Our results have several implications for the design of MPAs for wide-ranging 

species such as seabirds, pinnipeds, and cetaceans, as MPAs are often created in the 

absence of spatially explicit distribution data for species throughout the annual cycle.  

First, the use of discrete areas for breeding and non-breeding activities by harbor seals 

highlights the challenges associated with designing protected areas for species with 

similar life-history strategies that may inhabit dramatically different areas over the 

course of an annual cycle (Hooker & Gerber 2004, Yorio et al. 2009, Maxwell et al. 

2011).  Second, individuals may exhibit a high degree of variability in movement and 

migratory patterns thus creating challenges for identifying and managing for different 

behavioral ecotypes (Bolnick et al. 2003, Lowther et al. 2011).  Finally, the high 

degree of site fidelity to breeding areas highlights the importance of understanding the 

spatial distribution of species of concern throughout the annual cycle.   

 Harbor seals are long-loved and relatively late-reproducing species and these 

life history characteristics may make them particularly sensitive to late-stage or adult 

mortality (Gerber & Heppell 2004).  Nonetheless, studies of this nature showcase the 

utility of coupling satellite telemetry and geographic information systems as effective 

tools for identifying the spatial and temporal distribution of species of conservation 
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concern relative to protected area boundaries (Boersma et al. 2002, Maxwell et al. 

2011).  Information regarding where species go and the habitats they use is essential 

for designing protected areas, evaluating the effectiveness of those protected areas, 

and ultimately for working with stakeholders across jurisdictional boundaries in an 

attempt to reduce or ameliorate potential threats for species of conservation concern 

(Hyrenbach et al.  2000, Hooker & Gerber 2004, Hooker et al. 2011).  Ultimately, the 

development of effective conservation strategies and protected areas for wide-ranging 

marine species requires an understanding of their long-distance dispersal capabilities 

and movement patterns of both juveniles and adults (Palumbi 2004) as processes may 

occur in one area that can directly influence demographic processes in other areas.    
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Table 4.1.  Harbor seals tagged with satellite-linked transmitters 

(Spot 5, Wildlife Computers) in Johns Hopkins Inlet in Glacier Bay  

National Park in 2007 and 2008. 
 

              

Seal  ID# Age Sex 

Mass 

(kg) 

Capture 

Date 

Date of 

Last 

Location 

Total 

Deploy 

Days 

PV07GB07 Juvenile F 42.6 9/11/2007 6/23/2008 286 

PV07GB08 Juvenile F 36.8 9/11/2007 2/20/2008 162 

PV07GB10 Juvenile F 25.9 9/11/2007 11/22/2007 72 

PV07GB15 Juvenile F 31.4 9/13/2007 6/15/2008 276 

PV07GB18 Juvenile F 26.8 9/11/2007 6/17/2008 280 

PV07GB21 Juvenile F 25.2 9/13/2007 6/3/2008 264 

PV07GB24 Juvenile F 30.8 9/12/2007 7/1/2008 293 

PV07GB27 Juvenile F 31.6 9/13/2007 5/20/2008 250 

PV07GB32 Juvenile F 22.9 9/13/2007 1/5/2008 114 

PV07GB33 Juvenile F 26.4 9/12/2007 10/23/2007 41 

PV07GB34 Juvenile F 25.0 9/13/2007 3/9/2008 178 

PV07GB41 Juvenile F 23.5 9/15/2007 5/14/2008 242 

PV07GB46 Juvenile F 34.6 9/15/2007 6/23/2008 282 

PV07GB48 Juvenile F 33.6 9/15/2007 7/29/2008 318 

PV07GB49 Juvenile F 35.2 9/15/2007 6/17/2008 276 

PV08GB01 Juvenile F 34.0 9/13/2008 6/12/2009 272 

PV08GB10 Juvenile F 38.0 9/13/2008 8/7/2009 328 

PV08GB15 Juvenile F 32.3 9/14/2008 6/14/2009 273 

PV08GB17 Adult F 48.6 9/13/2008 6/11/2009 271 

PV08GB18 Juvenile F 32.3 9/13/2008 6/10/2009 270 

PV08GB21 Adult F 56.4 9/14/2008 8/4/2009 324 

PV08GB22 Adult F 54.5 9/14/2008 6/27/2009 286 

PV08GB23 Juvenile F 35.5 9/14/2008 12/31/2008 108 

PV08GB27 Juvenile F 38.6 9/14/2008 6/25/2009 284 

PV08GB31 Adult F 65.5 9/14/2008 7/4/2009 293 

PV08GB35 Adult F 71.8 9/14/2008 8/8/2009 328 

PV08GB36 Juvenile F 33.6 9/14/2008 6/1/2009 260 

PV08GB38 Juvenile F 32.0 9/15/2008 6/5/2009 263 

PV08GB39 Adult F 80.5 9/16/2008 12/31/2008 106 

PV08GB41 Juvenile F 32.7 9/16/2008 6/29/2009 286 

PV08GB43 Adult F 70.0 9/17/2008 7/11/2009 297 

PV08GB45 Juvenile F 28.6 9/19/2008 3/4/2009 166 

PV08GB46 Adult F 65.0 9/18/2008 7/26/2009 311 

PV08GB47 Juvenile F 30.0 9/19/2008 3/5/2009 167 

PV08GB48 Adult F 55.9 9/19/2008 8/20/2009 335 

PV08GB49 Juvenile F 23.6 9/19/2008 10/26/2008 37 

PV08GB50 Adult F 69.0 9/19/2008 5/14/2009 237 
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Table 4.2.  Argos satellite locations by location quality-class before and after  

filtering using the Douglas Argos-Filter.   
                

Argos 

Location 

Class 

Estimated 

Accuracy 

(meters) 

2007-

2008          

(# locs) 

2008-

2009   

(# locs) 

Total 

Locations 

Before 

Filtering 

% of Total 

Locations 

Total 

Locations 

After 

Filtering 

% of 

Filtered 

Locations 

L3 < 150 m 1573 5039 6612 9.80% 3680 52.70% 

L2 
150 m < 350 

m 
1986 6663 8649 12.80% 1610 23.10% 

L1 
350 m < 

1000 m 
1551 5956 7507 11.10% 592 8.50% 

L0 > 1000m 634 3171 3805 5.60% 159 2.30% 

LA no estimate 2898 11963 14861 22.00% 546 7.80% 

LB no estimate 5059 20965 26024 38.60% 397 5.70% 

Total    13,701 53,757 67,458 100.00% 6.984 100.00% 
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Table  4.3.  Average (±SD) residency (# of days) and range of residency periods 

spent by  juvenile (n = 27) and adult (n = 10) female harbor seals in Glacier Bay  

and surrounding  regions of Icy Strait-Cross Sound, Gulf of Alaska, Lynn Canal-

Chatham Strait from 2007-2009. 

 
        

  Juveniles Juveniles Adults Adults 

Region Avg.  Residency 
Residency 

Range 
Avg.  Residency 

Residency 

Range 

Glacier Bay 77.4 (±77.4) 6-274 days 77.8 (±71.9) 8-222 days 

Icy Strait-Cross Sound 40.3 (±44.1) 0-140 days 140.4(±120.7) 0-294 days 

Gulf of Alaska 11.5(±27.4) 0-97 days 48.1 (±85.8) 0-243 days 

Lynn Canal 25.6 (±50.4) 0-212 days 0 0 days 
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Table 4.4.  Summary of the intensity of use of the marine protected area (MPA) of 

Glacier Bay (GB) by harbor seals from September through June of 2007-2008 and 

2008-2009 using utilization distributions (UD).  Grid cell size is 25km
2
.  All harbor  

seals were captured in Johns Hopkins Inlet in Glacier Bay National Park. 

 

              

Months Season 

Sum of Area 

(km2) of all Grid 

Cells in 100% 

UD 

10% 

UD in 

GB 

50% 

UD in 

GB 

80% 

UD in 

GB 

100% 

UD in 

GB 

September-October Non-breeding 25,325 14.3 64.2 40.7 9.2 

November-December Non-breeding 22,025 37.5 45.8 31.7 10.6 

January-February Non-breeding 20,300 37.5 41.2 33.5 11.5 

March-April Non-breeding 13,975 20 50 35.4 16.6 

May-June Breeding 8,125 100 63.2 43.9 28.6 
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Table 4.5.  Estimates of site fidelity and return rates of harbor seals (n= 37) to Glacier 

Bay (GB) and Johns Hopkins Inlet (JHI) the following breeding season (defined as 

May 1
st
) after seals were captured.  All seals were captured in Johns Hopkins Inlet in 

Glacier Bay National Park in 2007 and 2008. 

     

Year 

# of Transmitters 

Deployed 

# of Transmitters 

working on  May 1st 

#  of  seals  (%) that 

returned to GB 

#  of  seals (%) that 

returned to JHI  

Juvenile Seals 27 18/27 (66.6%) 16/18 (88.8%) 14/18 (77.7%) 

Adult Seals  10 9/10 (90.0%) 9/9 (100.0%) 7/9 (77.7%) 

All Seals 37 27/37 (73.0%) 25/27 (92.6%) 21/27 (77.7%) 
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 Figure 4.1.  Study area in Glacier Bay National Park, Alaska including 

 locations of harbor seal haulout sites (black dots), closures associated  

 with harbor seal haulout sites (red areas), non-motorized area closures  

 (green areas), and the boundary of marine protected area (MPA) of  

 Glacier Bay National Park (dark grey outline).  Map projection is Albers,  

 map datum is NAD 1927. 
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Figure 4.2 (a-b).  Percentage (%) of tagged seals that occurred in Glacier  

Bay National Park from (a) September 2007 through June 2008 and  

from (b) September 2008 to June 2009. 
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Figure 4.3 (a-b).  Percentage (%) of tagged seals that occurred in the Icy  

Strait-Cross Sound region from (a) September 2007 through June 2008  

and from (b) September 2008 to June 2009. 
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Figure 4.4 (a-b).  Percentage (%) of tagged seals that occurred in the eastern  

Gulf of Alaska region from (a) September 2007 through June 2008  

and from (b) September 2008 to June 2009. 
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Figure 4.5 (a-b).  Percentage (%) of tagged seals that occurred in the Lynn Canal 

region from (a) September 2007 through June 2008 and from (b) September 2008  

to June 2009. 
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 Figure 4.6.  Utilization distribution of juvenile and adult female harbor  

 seals during September and October (post-breeding season) of 2007  

 and 2008.  Harbor seals were tagged in Johns Hopkins Inlet (JHI) in  

 Glacier Bay National Park, Alaska.  Black outline represents the marine 

 protected area  (MPA) of Glacier Bay National Park.  Grid cell size is  

 25km
2
. Yellow grid cells represent low-intensity use and red grid cells 

 represent high-intensity use.  Bathymetric data are from 

 Danielson et al. (2008).  Map projection is Albers, map datum is NAD  

 1927.   
 

 

 



162 
 

 

 

 Figure 4.7.  Utilization distribution of juvenile and adult female harbor  

 seals during November and December (post-breeding season) of 2007  

 and 2008.  Harbor seals were tagged in Johns Hopkins Inlet (JHI) in  

 Glacier Bay National Park, Alaska.  Black outline represents the marine 

 protected area  (MPA) of Glacier Bay National Park.  Grid cell size is  

 25km
2
. Yellow grid cells represent low-intensity use and red grid cells 

 represent high-intensity use.  Bathymetric data are from Danielson et al. 

 (2008). Map projection is Albers, map datum is NAD 1927.   
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 Figure 4.8.  Utilization distribution of juvenile and adult female harbor  

 seals during January and February (post-breeding season) of 2008  

 and 2009.  Harbor seals were tagged in Johns Hopkins Inlet (JHI) in  

 Glacier Bay National Park, Alaska.  Black outline represents the marine 

 protected area  (MPA) of Glacier Bay National Park.  Grid cell size is  

 25km
2
. Yellow grid cells represent low-intensity use and red grid cells 

 represent high-intensity use.  Bathymetric data are from Danielson et al.  

 (2008).   Map projection is Albers, map datum is NAD 1927.   
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 Figure 4.9.  Utilization distribution of juvenile and adult female harbor  

 seals during March and April (post-breeding season) of 2008  

 and 2009.  Harbor seals were tagged in Johns Hopkins Inlet (JHI) in  

 Glacier Bay National Park, Alaska.  Black outline represents the marine 

 protected area  (MPA) of Glacier Bay National Park.  Grid cell size is  

 25km
2
. Yellow grid cells represent low-intensity use and red grid cells 

 represent high-intensity use.  Bathymetric data are from Danielson et al. 

  (2008).   Map projection is Albers, map datum is NAD 1927.   
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 Figure 4.10.  Utilization distribution of juvenile and adult female harbor  

 seals during May and June (breeding season) of 2008 and 2009.  Harbor  

 seals were tagged in Johns Hopkins Inlet (JHI) in Glacier Bay National  

 Park, Alaska.  Black outline represents the marine  protected area   

 (MPA) of Glacier Bay National Park.  Grid cell size is 25km
2
.  

 Yellow grid cells represent low-intensity use and red grid cells represent  

 high-intensity use.  Bathymetric data are from Danielson et al. (2008).  

 Map projection is Albers, map datum is NAD 1927.   
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Chapter 5.  Foraging areas and migratory corridors of harbor seals in association with 

oceanographic features in the eastern Gulf of Alaska 
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Abstract 

Marine predators have often been used as indicators of biological productivity in 

remote ocean regions as they are efficient samplers of the marine environment and 

likely indicators of prey availability.  In the Northeast Pacific Ocean, the continental 

shelf and slope region of the eastern Gulf of Alaska is bathymetrically complex and 

ranges between 30-80 kilometers wide. The region is highly productive; however, it is 

predominantly a downwelling system and the linkages between primary, secondary, 

and upper-trophic levels are poorly understood.  Harbor seals (Phoca vitulina 

richardii) are one of a suite of upper-trophic level marine predators that occur in the 

eastern Gulf of Alaska; however, the regions and habitats used by harbor seals, 

particularly during the post-breeding season are unknown.  During September of 2007 

and 2008, satellite-linked transmitters were attached to harbor seals in Johns Hopkins 

Inlet, a tidewater glacial fjord in Glacier Bay National Park in southeastern Alaska, to 

assess the overwinter movement patterns and distribution of seals.  We provide the 

first detailed description of the use of the continental shelf region of the eastern Gulf 

of Alaska by harbor seals as a foraging area and a migratory corridor and suggest that 

harbor seals may use this region due to enhanced biological productivity which may 

be associated with ephemeral hydrographic and static bathymetric features including 

anti-cyclonic eddies and glacially-carved submarine canyons along the continental 

shelf and slope region.   

Key words:  harbor seal, foraging area, migratory corridor, oceanographic feature, 

Gulf of Alaska 
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Introduction   

 Marine predators have often been used as indicators of biological productivity 

in remote ocean regions as they are selective and efficient samplers of a generally 

heterogeneous marine environment and therefore likely indicators of prey availability 

(e.g., Fedak 2004, Block et al. 2011).  In the Northeast Pacific Ocean, between Prince 

William Sound and Cross Sound, the continental shelf and slope region of the 

northeastern Gulf of Alaska  is bathymetrically complex and ranges between 30-80 

kilometers wide (Carlson et al. 1982).  The region is highly productive; however, it is 

predominantly a downwelling system and the linkages between primary, secondary, 

and upper-trophic levels are poorly understood (Stabeno et al. 2004, Weingartner et al. 

2009).   

 Harbor seals (Phoca vitulina richardii) are one of a suite of upper-trophic level 

marine predators that occur in the eastern Gulf of Alaska.  Each summer during the 

breeding season seals aggregate in tidewater glacial fjords scattered along the south-

central and southeastern inshore waters of the region to pup, breed, and rest on 

icebergs that emanate from active tidewater glaciers.  Although tidewater glaciers 

represent a small fraction of the total coastline in Alaska, up to 15% of the harbor seal 

population in Alaska may be found seasonally in tidewater glacial fjords (Bengtson et 

al. 2007).  Relatively little is known about the ecology of seals inhabitating glacial 

fjords in Alaska, particularly during the post-breeding season; however, over the last 

two decades declines in harbor seals have occurred at two of the primary glacial ice 

sites in Aialik Bay in south-central Alaska and in Glacier Bay in southeastern Alaska 
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(Mathews & Pendleton 2006, Womble et al. 2010, Hoover-Miller et al. 2011) thus 

raising concern about the viability of seal populations in these dynamic habitats.   

 Satellite telemetry has been used to assess seasonal movement patterns and 

diving behavior of harbor seals near terrestrial sites in several regions of Alaska (Frost 

et al. 2001, Lowry et al. 2001, Small et al. 2005, Hastings et al. 2004).  In general, 

most studies suggest that harbor seals remain relatively local and that they primarily 

use near-shore areas near haulout sites.  Despite the perception that seals primarily 

inhabit near-shore areas, there have been a few cases where individual harbor seals 

have made have made more extended trips beyond the continental shelf during the 

post-breeding season (Lowry et al. 2001, Small et al. 2005) suggesting that such 

behavior may be more widespread than previously documented.   

 Only recently have studies of this nature begun to focus on harbor seals that 

occur in tidewater glacial fjords (Blundell et al. 2011), even though these sites 

represent some of the largest aggregations of seals in Alaska.  Evidence suggests that 

substantial seasonal variation occurs in the number of seals counted in glacial fjords in 

late-summer and autumn (Mathews & Kelly 1996); however, the foraging areas and 

migratory corridors of seals from tidewater glacial fjords are unknown.  As part of 

study examining the overwinter movements and migratory behavior of harbor seals 

from Glacier Bay National Park, we document previously unreported use of the 

continental shelf and slope region of the eastern Gulf of Alaska by harbor seals both as 

a foraging area and as a migratory corridor and suggest possible linkages with 

oceanographic features that may contribute to favorable foraging conditions for harbor 
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seals in this region.  We focus only on the subset of individual seals that traveled to 

the eastern Gulf of Alaska from Glacier Bay during the post breeding season. 

Methods 

Study Area and Tagging Procedure 

 Johns Hopkins Inlet (58°53’N, 137°05’W) is an expansive (12 km long X 2.5 

km wide) tidewater glacial fjord in the upper West Arm of Glacier Bay that is 

approximately 145 km from the eastern Gulf of Alaska (Figure 5.1).  Johns Hopkins 

Inlet hosts the largest aggregation of seals (>2,000) in Glacier Bay during the summer 

months and represents one of the primary glacial ice pupping sites for harbor seals in 

Alaska (Calambokidis et al. 1987; Mathews & Pendleton 2006; Womble et al. 2010).    

 Harbor seals were captured in Johns Hopkins Inlet using monofilament nets 

deployed in the water from inflatable skiffs in September of 2007 (n= 15 seals 

captured ) and 2008 (n = 22 seals captured).  Following capture seals were transported 

to a research vessel (R/V Steller) where they were sexed, weighed and curvilinear 

body length and axial girth were measured. Seal age was determined 

morphometrically; seals >3 years old were classified as adults, seals ≤ 3 years of age 

were referred to as juveniles (Blundell & Pendleton 2008). To quantify the spatial and 

temporal distribution of harbor seals throughout the annual cycle, satellite-linked 

transmitters were attached to the fur on the heads of juvenile and adult female harbor 

seals using Devon 5-minute epoxy adhesive.  Transmitters were only attached to the 

head of seals that had obviously completed molting.  Satellite-linked transmitters 

(SPOT 5) were deployed over a 5-day period (11-15 September) in 2007 and over a 7-
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day period (13-19 September) in 2008.  The transmitters were powered by two AA 

batteries and included a 0.5w transmitter with a transmission repetition rate of 45 

seconds.  Conductivity switches turned the transmitters off while seals were 

submerged.  Data sent from each satellite-linked transmitter were received via Service 

Argos (http://www.argos-system.org) and downloaded.  Transmitters were shed during 

the annual molt which began the following June after capture and varied depending 

upon the age of the animal, with younger seals molting earlier than older seals.  

Harbor seal captures were conducted under NOAA Fisheries Permit No. 358-1585-07 

and 358-1757, Glacier Bay National Park Scientific Permits GLBA-2007-SCI-0003 

and GLBA-2008-SCI-0004, and IACUC protocol #899. 

Data Analysis 

A behaviorally switching state-space model (SSM) was fit to the Argos 

location data from each individual seal.  The two-state “switching”  model,  developed 

by Jonsen et al. (2005) and later refined by Breed et al. (2009),  couples a model for 

observation error with a mechanistic model of animal movement and incorporates 

ARGOS position error, the rate of travel, and turning angle to estimate the most 

probable path of a seal.  The state-space model accounts for observation error, 

regularizes seal location estimates in time, and infers behavioral state (resident 

behavior or traveling behavior).  The model was fit in WinBUGS using a Bayesian 

Markov chain Monte Carlo (MCMC) simulation.  The behavioral state at each time 

step of the track was based on model fit correlation and turn angle parameters.  

“Resident” behavior was produced by high turn angles and low autocorrelation 

http://www.argos-system.org/
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between positions and reflects an animal staying in a relatively small area for extended 

periods which may be indicative of area-restricted search.  “Traveling” behavior was 

characterized by high autocorrelation with smaller turn angles resulting in more linear 

movement (Jonsen et al. 2005, Breed et al. 2009, Breed et al. 2011).  Positions were 

estimated at 4-hour intervals or 6 locations per day.  The observation model fit Argos 

locations to a t-distribution with 6 variance classes associated with each Argos 

location class (LC 3, 2, 1, A, B) based on an analysis of Argos data from captive seals 

at a known location (Vincent et al. 2002).    

To assess harbor seal state-space position estimates relative to mesoscale 

oceanographic features, eddies were identified by downloading monthly Archiving, 

Validation and Interpretation of Satellite Oceanographic (AVISO) (0.25-degrees) 

gridded sea surface height deviation anomaly (SSHDA) data from the Coast Watch 

Browser (http://coastwatch.pfel.noaa.gov/coastwatch).  Downloaded ASCII files were 

converted to raster format and plotted in ArcGIS (Version 9.3.1, ESRI) with harbor 

seal state-space position estimates and the inferred behavioral state for each estimated 

position.   Attribute data for individual mesoscale eddies, including latitude and 

longitude for eddy centroids, amplitude, radius scale, and rotational speed, were 

obtained from the Oregon State University Institute for Oceanographic Satellite 

Studies (http://cioss.coas.oregonstate.edu/eddies/) (Chelton et al. 2011). 

Results  

  Twelve of 37 female seals (32.4%) that were tagged in Johns Hopkins Inlet in 

Glacier Bay spent at least some time in the eastern Gulf of Alaska; however, there 

http://coastwatch.pfel.noaa.gov/coastwatch
http://cioss.coas.oregonstate.edu/eddies/
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were five individuals that focused much of their time in the region (Figure 5.1).  

Average residency periods (# days spent in the region) for seals in the eastern Gulf of 

Alaska were longer for adult females (48.1 days ± (85.8 SD)) than for juveniles 

females (11.5 days ± (27.4 SD)) with one adult female (PV08GB21) spending at least 

243 days (~8 months) along the continental shelf region of the eastern Gulf of Alaska. 

 Of particular interest was the behavior of two adult female seals that 

consistently used smaller focal regions along the continental shelf margin and made 

extended forays to the continental shelf margin off the Yakutat Forelands and to the 

Fairweather Grounds (Figure 5.1 & 5.2).   PV08GB21 (56.4 kg), an adult female 

captured in JHI in Glacier Bay in September 2008, made several extended forays 

along the continental shelf (~95 km from the nearest shore haulout site on the 

Dangerous River) over a 7-month period  between September 2008 and March 2009.  

During this time, PV08GB21 exhibited a high-degree of foraging site fidelity to an 

area between the middle and edge of the continental shelf southwest of Yakutat Bay 

and the Yakutat Forelands (Figure 5.3).  From September 2008 to January 2009, seal 

#PV08GB21 spent on average only 34% (±15% SD) of time out of water (or hauled 

out) suggesting the majority of time may have been spent foraging.  In contrast, from 

February to June 2009, PV08GB21 spent 76% (±16% SD) of time out of water.  The 

presumed foraging trips (n=5) by PV08GB21 to the region near the continental shelf-

edge were on average 14.4 days in length and ranged up to 23 days.  Similarly, 

PV08GB22 (54.5kg), also an adult female, made repeated visits to the Fairweather 

Grounds (~170 kilometers southwest of Yakutat) near the continental shelf margin 
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(Figure 5.1 & 5.2).   Between October 2008 and March 2009, PV08GB22, spent on 

average only 23% (± 2% SD) of time out of water compared to 53% (± 3% SD) from 

April 2009 to June 2009.   In addition, during February and March of 2009, 

PV08GB22 traveled along the continental shelf to the area around the Copper River 

Delta and Cape St. Elias just east of Prince William Sound (Figure 5.1).  

Discussion 

 Although relatively few data exist regarding individual movements of upper-

trophic level marine predators along the continental-shelf region of the eastern Gulf of 

Alaska, several lines of evidence suggest that this region may be of substantial 

ecological significance to harbor seals both as a foraging area and as a migratory 

corridor, particularly during the post-breeding season.   

Use of the continental shelf region by harbor seals is likely an indicator of 

enhanced biological productivity and favorable foraging conditions which may be 

associated with ephemeral hydrographic and/or static bathymetric features.   During 

fall and winter, the focal regions of harbor seals (PV08GB21 and PV08GB22) 

occurred along the periphery of areas of enhanced sea surface height anomalies, which 

are indicative of eddy activity (Figure 5.4, 5.5, & 5.6).  

Mesoscale anticyclonic eddies, which are highly dynamic hydrographic 

features, form along the shelf break in the eastern Gulf of Alaska and may alter the 

structure of the shelf-break front and influence shelf-slope exchange of water (Tabata 

1982, Crawford et al. 2000, Okkonen et al. 2003, Ladd et al. 2005, Janout et al. 2009).  

Eddies typically propagate northwestward along the shelf break at an average speed of 
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2.45 km day
-1

 and may range from 80-225 kilometers in diameter (Henson & Thomas 

2008).  Although numerous eddies formed off the continental shelf of the eastern Gulf 

of Alaska during this study from 2007-2009, of particular interest was anticyclonic 

eddy #187764 which formed off the continental shelf west of Chichagof Island in 

March of 2008 and persisted for approximately 78 weeks until August of 2009 (Figure 

5.7).  For much of this extended period the edges of eddy #187764 were within ~20 

km of the continental shelf edge and the region where harbor seal foraging behavior 

for both PV08GB21 and PV08GB22 was concentrated (Figure 5.7).  Eddy #187764 

had an average amplitude of 13.05 cm (range: 1.4-22.2 cm), radius scale of 56.4 km 

(range: 37-97 km), and a rotational speed of 21.5 cm/sec (range: 4.7-33.4 cm/sec) 

(Chelton et al. 2011).    

The zone of influence of mesoscale eddy features may extend well beyond the 

eddy edges and may create fronts and areas of increased biological productivity 

(Hyrenbach et al. 2000).   Hence, the proximity of the eddy edges to the continental 

shelf as well as the extended persistence of the eddy along the shelf region from 

August of 2008 to April of 2009 may have created favorable foraging conditions for 

harbor seals.  Other pinniped species, including southern elephant seals (Mirounga 

leonia) and northern fur seals (Callorhinus ursus), have been associated with 

mesoscale eddy features (Ream et al. 2004, Campagna et al. 2006, Sterling 2009, 

Bailleuel et al. 2010, Dragon et al. 2010) however, this study represents the first 

record  of a potential association between harbor seal foraging areas and eddy activity.   
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Static bathymetric features, such as glacially-carved submarine canyons, may 

also provide an important conduit for exchange of slope waters onto the shelf and 

contribute to enhanced biological productivity (Weingartner 2005) which may 

influence the distribution of upper-trophic level marine predators (e.g., Hooker et al. 

1999, Rennie et al. 2009).  The continental shelf of the eastern Gulf of Alaska is 

bisected by eight submarine valleys or canyons between Prince William Sound and 

Cross Sound (Figure 5.1) (Carlson et al. 1982) and downwelling may interact with the 

canyons to create cross-shelf pressure gradients that may facilitate the movement of 

deeper nutrient-rich water onto the shelf (Stabeno et al. 2004).  A subset of the harbor 

seals appeared to focus activity in the vicinity of the Alsek Valley and the Spencer 

Gulley (Figure 5.1 & 5.2).  Associations between upper-trophic level predators 

(cetacean and pinnipeds) and submarine canyons have been reported in other regions 

and suggest that favorable foraging conditions may occur in the vicinity of these 

features (Schoenherr 1991, Hooker et al. 1999, Hyrenbach et al. 2000). 

 In addition to providing foraging habitat for seals, the continental shelf region 

also appeared to serve as an important migratory corridor for seals that were transiting 

between Cross Sound and several areas along the eastern Gulf of Alaska including 

Yakutat and Disenchantment Bays, Icy Bay, and Prince William Sound.  Northward 

migratory movements by harbor seals along the continental shelf region may be 

facilitated by surface currents associated with Alaska Coastal Current, which is a 

relatively swift eastern boundary current that is several hundred kilometers wide that 

flows counterclockwise at speeds of 5cm 
s-1

. Although most seals remained on the 
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continental shelf when traveling between these areas, one juvenile female 

(PV07GB48) (33.6 kg) made a multi-day foray beyond the continental shelf margin 

off of northern Baranof Island (~200 kilometers offshore of Baranof Island) between 

October 7-9, 2007.   In addition, PV07GB48 eventually traveled to Prince William 

Sound in November 2007 where she remained for much of the winter and eventually 

returned back to Lemesurier Island in Icy Strait near the mouth of Glacier Bay in April 

2008 (Figure 5.1 & 5.2).  The minimum straight-line travel distance from JHI to 

Prince William Sound is in excess of 900 km and represents one of the most extensive 

long-distance movements documented for harbor seals in Alaska.    

 Although only a small proportion of the tagged seals (13.5%) from Glacier Bay 

spent extended periods of time along the continental shelf of the eastern Gulf of 

Alaska, the persistent use of this region by some individuals suggests that this may be 

a profitable foraging area for seals and other upper-trophic level species.  Several large 

aggregations of pinnipeds occur in the vicinity of the continental shelf region 

including one of the  largest glacial ice sites for harbor seals in Alaska which is found  

in Icy Bay (>5,000 seals) (Figure 5.1) (Jansen et al. 2006).  Similarly, Steller sea lion 

rookeries (Graves Rocks and White Sisters) are found along the continental shelf   in 

this region at Graves Rocks and White Sisters (Pitcher et al. 2007, Womble et al. 

2009, Mathews et al. 2011) and large aggregations of sea lions (>1,500 sea lions) also 

occur along the Yakutat Forelands during spring when eulachon are spawning 

(Womble et al. 2005).   
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 Here we provide the first spatially explicit description of the use of the 

continental shelf region of the eastern Gulf of Alaska by harbor seals as a foraging 

area and a migratory corridor and suggest possible mechanisms that may contribute to 

enhanced biological productivity and favorable conditions for pinnipeds and other 

upper-trophic level marine predators.  This study highlights the utility of satellite 

telemetry as a tool for identifying areas of ecological importance for upper-trophic 

level species in remote regions and also in aiding in the identification of associations 

between physical oceanographic features and the behavior of marine predators.   
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 Figure 5.1.  State-space position estimates (6 per day per seal) for five  

 harbor  seals along the continental shelf and slope regions of the eastern  

 Gulf of Alaska from September 2008 to August 2009.  Bathymetric data  

 are 1-km resolution and based on a bathymetric digital elevation model 

 (Danielson et al. 2008). Map projection is Albers, map datum is NAD  

 1927.   
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 Figure 5.2.  State-space position estimates (6 per day per seal) for five  

 female seals and patterns of resident (red circles) and travelling behaviors 

 (black circles) from September 2008 to August 2009.   Bathymetric data  

 are 1-km resolution and based on a bathymetric digital elevation model 

 (Danielson et al. 2008).  Map projection is Albers, map datum is NAD  

 1927.   
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 Figure 5.3.  State space position estimates (6 per day per seal) for adult  

 female harbor seal (PV08GB21) demonstrating fidelity to the same region  

 of the continental shelf over a 9-month period from September 2008 to  

 May 2009.  Circles are color-coded by month. Bathymetric data are 1-km 

 resolution and based on a bathymetric digital elevation model (Danielson  

 et al. 2008).  Map projection is Albers, map datum is NAD 1927).   
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 Figure 5.4.  Sea surface height deviation anomaly for October 2008 and 

 patterns of resident (red circles) and travelling (black circles) behaviors   

 for state-space position estimates for two adult female harbor seals 

 (PV08GB21 and PV08GB22)  for September and October 2008 in the  

 eastern Gulf of Alaska. Map projection is Albers, map datum is NAD  

 1927.   
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 Figure 5.5. Sea surface height deviation anomaly for December 2008  

 and patterns of resident (red circles) and travelling (black circles)  

 behaviors for state-space position estimates for  two adult female harbor  

 seals (PV08GB21 and PV08GB22) for November and December 2008  

 in the eastern Gulf of Alaska.   Map projection is Albers, map datum is  

 NAD 1927.   
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 Figure 5.6. Sea surface height deviation anomaly for February 2009 and 

 patterns of resident (red circles) and travelling (black circles)  behaviors  

 for state-space position estimates for two adult female harbor seals 

 (PV08GB21 and PV08GB22) for January and February 2009 in the  

 eastern Gulf of Alaska.   Map projection is Albers, map datum is NAD  

 1927.   

  

.  
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 Figure 5.7. Patterns of resident (red circles) and travelling (black circles)  

 behaviors for state-space position estimates for two adult female harbor  

 seals (PV08GB21 and PV08GB22) and the pathway or trajectory (blue line)  

 of anticyclonic eddy #187764 from March 2008 to August 2009 in the  

 eastern Gulf of Alaska. Eddy centroids are represented by solid blue dots 

  and eddy edges are represented by hollow black circles around each eddy 

 centroids).  Eddy data are from Oregon State University Institute for 

 Oceanographic Satellite Studies (http://cioss.coas.oregonstate.edu/eddies/) 

 (Chelton et al.  2011).  Bathymetric data are 1-km resolution and based on a 

 bathymetric digital elevation model (Danielson et al. 2008).  Map projection  

 is Albers, map datum is NAD 1927.   
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Chapter 6.  General Conclusions 
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Prior to the onset of this study, little was known with respect to the life history, 

foraging ecology, movements, vital rates, body condition, health status, and behavior 

of harbor seals inhabiting glacial fjord environments in Alaska, even though these sites 

represent some of the largest seasonal harbor seal haulout sites in the world.  This lack 

of understanding regarding the basic ecology of harbor seals in glacial fjord 

environments has made it difficult to discern specific causal factors that may have 

contributed to the declines of seals.  

The research described in this dissertation, which spanned from 2004-2009, 

focused on both basic and applied aspects of the foraging ecology, diving behavior, 

and movement behavior of harbor seals in relation to prey availability and 

oceanographic features in Glacier Bay National Park and surrounding regions in 

southeastern Alaska.  This research represents a significant step towards providing a 

more thorough understanding of the basic ecology of seals that inhabit glacial fjord 

environments.   

Chapter 2 characterized the diving behavior, foraging areas, and foraging 

strategies of female harbor seals from terrestrial and glacial ice sites relative to prey 

availability during the breeding season from May through June.  There was a 

substantial degree of intra-population variation in the diving behavior of seals in 

different regions of Glacier Bay during the breeding season.   Hierarchical clustering 

partitioned seals into four behavioral dive groups based upon differences in diving 

behavior.  Seals in group 3 and 4 dived the deepest, had the highest diving intensity, 

lowest % bottom time, longest trip durations, and foraged in upper and central Glacier 
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Bay in deeper waters with lower prey densities.  In contrast, seals in groups 1 and 2 

dived shallower, had lower dive intensities, shorter trip durations, and foraged in lower 

Glacier Bay in shallower waters with higher prey densities.  The presence of multiple 

diving strategies suggests that differences in prey density and depth in glacial ice and 

terrestrial habitats may influence diving behavior of seals.  Ultimately, there may be 

temporary trade-offs for seals associated with using glacial ice habitat during the 

pupping season, and seals may temporarily forgo more productive foraging 

opportunities to take advantage of the safety and stability of the glacial ice habitat. 

Chapter 3 quantified the intra-population variation in post-breeding season 

distribution (October - April) and movement patterns of female harbor seals in relation 

to oceanographic features including sea surface temperature and bathymetry.  Seals 

ranged extensively both within and beyond Glacier Bay National Park.  The area used 

by seals during the post-breeding season encompassed approximately 190,326 km
2 

marine waters throughout the northern portion of the inshore and offshore waters of 

southeastern Alaska.  There were six primary geographic groups of seals that emerged 

from the residency patterns of seals and included seals that exhibited fidelity to (1) 

Glacier Bay, (2) Icy Strait, (3) both Glacier Bay and Icy Strait, (4) Lynn Canal, (5) the 

eastern Gulf of Alaska, and to (6) multiple regions.   

The at-sea areas occupied by seals varied by season and region and were most 

extensive for seals in the Gulf of Alaska group and for seals that comprised the 

multiple region group.  Sea surface temperature (SST) was warmest in areas used by 

seals in the Gulf of Alaska and for seals that used multiple regions.  SST was coolest 
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for seals that used more inshore areas including Lynn Canal and Glacier Bay.  Female 

seals from Glacier Bay exhibited a relatively high degree of intra-population variation 

in at-sea post-breeding season distribution patterns which may be a function of both 

extrinsic factors such as oceanographic characteristics which can influence prey 

availability as well as intrinsic factors including previous experience with productive 

foraging sites as well as body condition and age.  

Chapter 4 quantified the post-breeding season migrations of female harbor 

seals relative to the boundaries of the marine protected area (MPA) of Glacier Bay 

National Park.  MPAs are a commonly used tool for conserving wide-ranging marine 

vertebrate species that are of conservation concern; however, in many cases MPAs are 

created in the absence of spatially explicit distribution data for species throughout the 

annual cycle.  As a result the selection of MPAs for pinnipeds has typically focused on 

protecting breeding areas where individuals are aggregated seasonally, but does not 

always consider foraging areas or migratory corridors that may be used during the 

post-breeding period.  During the post-breeding season, juvenile and adult female 

seals ranged extensively beyond the boundaries of the MPA of Glacier Bay throughout 

the inside waters of northern Southeast Alaska and the eastern Gulf of Alaska from 

Sitka Sound to Prince William Sound.  Fidelity of seals to Glacier Bay was lowest 

from November to April.  In contrast, fidelity to Glacier Bay was highest during May 

and June, during the pupping season, and also during September at the end of the 

molting season.  Studies of this nature showcase the utility of coupling satellite 

telemetry and geographic information systems as effective conservation tools for 
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identifying the spatial and temporal distribution of species of conservation concern 

relative to protected area boundaries. 

Chapter 5 characterized the use of the continental shelf and slope region of the 

eastern Gulf of Alaska by female harbor seals from Glacier Bay both as a foraging 

area and as a migratory corridor and provides the first detailed description of the use 

of the continental shelf region of the eastern Gulf of Alaska by harbor seals. Use of the 

continental shelf region of the eastern Gulf of Alaska by harbor seals may be due to  

enhanced biological productivity which may be associated with ephemeral 

hydrographic and static bathymetric features including anti-cyclonic eddies and 

glacially-carved submarine canyons along the continental shelf and shelf margin.  

Chapter 5 highlights the utility of satellite telemetry as a tool for identifying areas of 

ecological importance for upper-trophic level species in remote regions and 

particularly for identifying foraging grounds and migratory routes of species of 

conservation concern.   

Throughout this dissertation, a resonating theme has been that of a relatively 

high degree of individual variability in the diving and movement patterns of seals from 

Glacier Bay during the breeding and post-breeding periods.  Although the relatively 

high degree of intra-population variation suggests that individual seals may employ 

different strategies, it is unknown if differences in the behavioral strategies may confer 

fitness advantages.  Intra-population variation in diet, diving, and foraging behavior 

has been documented in several pinniped species (Lea et al. 2002, Villegas-Amtmann 

et al. 2008, Goldsworthy et al. 2010, Weise et al. 2010, Lowther et al. 2011), yet few 
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studies have attempted to link foraging or behavioral strategies with measures of 

fitness, such as survival or reproductive success.  In the future, studies aimed at 

linking behavioral-based foraging strategies to fitness may provide a more mechanistic 

understanding of patterns of survival (Sutherland 1996) and how they may or may not 

relate to individual foraging strategies. 
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