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Range, areas of concentrated activity, and dispersal characteristics for juvenile Steller 

sea lions Eumetopias jubatus in the endangered western population (west of 144° W in 

the Gulf of Alaska) are poorly understood. This study quantified space use by analyzing 

post-release telemetric tracking data from satellite transmitters externally attached to n = 

65 juvenile (12-25 months; 72.5 to 197.6 kg) Steller sea lions (SSLs) captured in Prince 

William Sound (60°38’N -147°8’W) or Resurrection Bay (60°2’N -149°22’W), Alaska, 

from 2003-2011. The analysis divided the sample population into 3 separate groups to 

quantify differences in distribution and movement. These groups included sex, the season 

when collected, and the release type (free ranging animals which were released 

immediately at the site of capture, and transient juveniles which were kept in captivity for 

up to 12 weeks as part of a larger ongoing research program). Range-use was first 

estimated by using the minimum convex polygon (MCP) approach, and then followed 

with a probabilistic kernel density estimation (KDE) to evaluate both individual and 

group utilization distributions (UDs). The LCV method was chosen as the smoothing 

algorithm for the KDE analysis as it provided biologically meaningful results pertaining 

to areas of concentrated activity (generally, haulout locations). The average distance 

traveled by study juveniles was 2,131 ± 424 km. The animals mass at release (F1, 63  = 

1.17, p = 0.28) and age (F1, 63  = 0.033, p = 0.86) were not significant predictors of travel 



distance. Initial MCP results indicated the total area encompassed by all study SSLs was 

92,017 km2, excluding land mass. This area was heavily influenced by the only individual 

that crossed over the 144°W Meridian, the dividing line between the two distinct 

population segments. Without this individual, the remainder of the population (n = 64) 

fell into an area of 58,898 km2. The MCP area was highly variable, with a geometric 

average of 1,623.6 km2. Only the groups differentiated by season displayed any 

significant difference in area size, with the Spring/Summer (SS) groups MCP area (Mdn 

= 869.7 km2) being significantly less than that of the Fall/Winter (FW) group (Mdn = 

3,202.2 km2), U = 330, p = 0.012, r = -0.31. This result was not related to the length of 

time the tag transmitted (H(2)  = 49.65, p = 0.527), nor to the number of location fixes 

(H(2)  = 62.77, p = 0.449). The KDE UD was less variable, with 50% of the population 

within a range of 324-1,387 km2 (mean=690.6 km2). There were no significant 

differences in area use associated with sex or release type (seasonally adjusted U = 124, p 

= 0.205, r = -0.16 and U = 87, p = 0.285, r = -0.13, respectively). However, there were 

significant differences in seasonal area use: U = 328, p = 0.011, r = -0.31. There was no 

relationship between the UD area and the amount of time the tag remained deployed 

(H(2)  = 45.30, p = 0.698). The kernel home range (defined as 95% of space use) 

represented about 52.1% of the MCP range use, with areas designated as “core” (areas 

where the sea lions spent fully 50% of their time) making up only about 6.27% of the 

entire MCP range and about 11.8% of the entire kernel home range. Area use was 

relatively limited – at the population level, there were a total of 6 core areas which 

comprised 479 km2. Core areas spanned a distance of less than 200 km from the most 

western point at the Chiswell Islands (59°35’N -149°36’W) to the most eastern point at 

Glacier Island (60°54’N -147°6’W). The observed differences in area use between 

seasons suggest a disparity in how juvenile SSLs utilize space and distribute themselves 

over the course of the year. Due to their age, this variation is less likely due to 

reproductive considerations and may reflect localized depletion of prey near preferred 

haul-out sites and/or changes in predation risk.  



Currently, management of the endangered western and threatened eastern population 

segments of the Steller sea lion are largely based on population trends derived from aerial 

survey counts and terrestrial-based count data. The likelihood of individuals to be 

detected during aerial surveys, and resulting correction factors to calculate overall 

population size from counts of hauled-out animals remain unknown. A kernel density 

estimation (KDE) analysis was performed to delineate boundaries around surveyed 

haulout locations within Prince William Sound-Kenai Fjords (PWS-KF). To closely 

approximate the time in which population abundance counts are conducted, only sea lions 

tracked during the spring/summer (SS) months (May 10-August 10) were chosen (n = 

35). A multiple state model was constructed treating the satellite location data, if it fell 

within a specified spatiotemporal context, as a re-encounter within a mark-recapture 

framework. Information to determine a dry state was obtained from the tags time-at-depth 

(TAD) histograms. To generate an overall terrestrial detection probability 1) The animal 

must have been within a KDE derived core-area that coincided with a surveyed haulout 

site 2) it must have been dry and 3) it must have provided at least one position during the 

summer months, from roughly 11:00 AM-5:00 PM AKDT. A total of 10 transition states 

were selected from the data. Nine states corresponded to specific surveyed land locations, 

with the 10th, an “at-sea” location (> 3 km from land) included as a proxy for foraging 

behavior. A MLogit constraint was used to aid interpretation of the multi-modal 

likelihood surface, and a systematic model selection process employed as outlined by 

Lebreton & Pradel (2002). At the individual level, the juveniles released in the 

spring/summer months (n = 35) had 85.3% of the surveyed haulouts within PWS-KF 

encompass KDE-derived core areas (defined as 50% of space use). There was no 

difference in the number of surveyed haulouts encompassed by core areas between sexes 

(F1, 33  << 0.001, p = 0.98). For animals held captive for up to 12 weeks, 33.3% returned 

to the original capture site. The majority of encounter probabilities (p) fell between 0.42 

and 0.78 for the selected haulouts within PWS, with the exceptions being Grotto Island 

and Aialik Cape, which were lower (between 0.00-0.17). The at-sea (foraging) encounter 

probability was 0.66 (± 1 S.E. range 0.55-0.77). Most dry state probabilities fell between 



0.08-0.38, with Glacier Island higher at 0.52, ± 1 S.E. range 0.49-0.55. The combined 

detection probability for hauled-out animals (the product of at haul-out and dry state 

probabilities), fell mostly between 0.08-0.28, with a distinct group (which included 

Grotto Island, Aialik Cape, and Procession Rocks) having values that averaged 0.01, with 

a cumulative range of ≈ 0.00-0.02 (± 1 S.E.). Due to gaps present within the mark-

recapture data, it was not possible to run a goodness-of-fit test to validate model fit. 

Therefore, actual errors probably slightly exceed the reported standard errors and provide 

an approximation of uncertainties. Overall, the combined detection probabilities represent 

an effort to combine satellite location and wet-dry state telemetry and a kernel density 

analysis to quantify the terrestrial detection probability of a marine mammal within a 

multistate modeling framework, with the ultimate goal of developing a correction factor 

to account for haulout behavior at each of the surveyed locations included in the study. 

 

Key words: Steller sea lion, Eumetopias jubatus, minimum convex polygon, kernel density 

estimation, range, spatial distribution, mark-recapture, CMR, multistate models, 

encounter probability, Alaska, telemetry, management. 
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PROJECT SUMMARY 

Management of the endangered western and threatened eastern population segments 

of the Steller sea lion are largely based on population trends derived from aerial survey 

counts and terrestrial-based count data. Correction factors to calculate overall population 

size from counts of hauled-out animals, and the likelihood of counting sea lions from 

distant stocks within the boundary region of Prince William Sound remain unknown. 

This study seeks to quantify range-use, and estimate satellite encounter probabilities at 

various surveyed locations within Prince William Sound by analyzing post-release 

telemetric tracking data from Service-Argos location transmitters externally attached to  

n = 65 juveniles (age range: 12-25 months). This analysis first incorporates an initial 

range use estimation using the minimum convex polygon (MCP) approach, then proceeds 

with a probabilistic kernel density estimation (KDE) methodology to examine the spatial 

and temporal patterns within the telemetry data. Finally, a multistate mark-recapture 

framework was implemented to quantify terrestrial detection probability towards the 

ultimate goal of developing a correction factor for count data. All geostatistical spatial 

data analyses were achieved through the loose-coupling of ESRI’s ArcGIS 10 software 

and statistical programs R, SPSS, Program MARK, and the Geospatial Modelling 

Environment (GME). 

INTRODUCTION 

Steller sea lions (Eumetopias jubatus) are distributed around the North Pacific Rim 

from California to Japan with an estimated 70% in Alaskan waters (Small & DeMaster 

1995). For management purposes, Steller sea lions (SSLs) inhabiting U.S. waters have 

been divided into two distinct population segments (DPSs): the Western Population Stock 

(WPS) and the Eastern Population Stock (EPS). This differentiation was initially based 

primarily on genetic information (Bickham et al. 1996), marked animal studies, and 

morphological differences (Loughlin 1997), but differing population trends between the 

two regions were also taken into consideration. Over the past 40 years the two stocks 

have exhibited opposing population trends, with the WPS declining by over 80% since 

the late-1970s while population surveys indicate that the EPS is increasing at about 3-4% 
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per year in Southeast Alaska and British Columbia (Loughlin et al. 1992, Calkins et al. 

1999, Sease & York 2003). This discrepancy in population trajectories has led to the 

WPS being listed as ‘Endangered’ in 1997, while the EPS is currently considered 

‘Threatened’ and may be de-listed altogether as their numbers have been increasing 

steadily over the last 3+ decades (NOAA 2010). The reasons for this divergence in 

population trajectories are unclear, and have placed a responsibility upon the US National 

Marine Fisheries Service (NMFS) to develop and implement a recovery plan for the 

Steller sea lion (NMFS 2008). The dividing line between the two population segments is 

the 144°W Meridian, just east of Prince William Sound at Cape Suckling, Alaska  

(Figure 1).  

 Some of the broad criteria for managing wildlife populations include a suitable 

response to a significant decline, maintenance of a historical range for a species, and 

preserving the remaining population at a viable level. However, these criteria are based 

on certain assumptions: 1) that there is a stationary carrying capacity for the species and 

2) the interpretation of historical abundance and distribution for the species is at an 

appropriate target level. There is some evidence to suggest that the SSL population size 

in 1980 may have been at a peak, which could indicate that management objectives 

would be most useful if focused upon maintaining current population levels rather than 

trying to return the population to a historic high (Boyd 2010). Due to the framework of 

conservation legislation, current uncertainties associated with SSL census methodologies 

only compound the difficulty that conservation managers face as they must balance 

competing objectives – providing for sustainable fisheries under the Magnuson-Stevens 

Fishery Conservation and Management Act, while at the same time aiding the recovery of 

the SSL under the Endangered Species Act (NMFS 2008). In the best case, the lack of 

information and tools requires management to operate without clear objectives. In the 

worst, speculation about reducing possible conflicts with anthropogenic factors may lead 

to the creation of costly and socially contentious conflicts (Boyd 2010).  

The Steller sea lion issue presents an additional challenge in that there are two 

separate stocks to contend with, each with an opposing population trajectory. There are a 

   
 



4 
 

number of tools that managers can employ to defend conservation measures. One 

approach often adopted is the use of population viability analysis (PVA). For a long-lived 

species such as the SSL, the probability of quasi extinction of less than 1% in 100 years 

has been proposed as the threshold for classifying a species as endangered (DeMaster et 

al. 2004). This results in a total population size of about 4,743 Steller sea lions, if one sets 

the cut‐off point using a “genetically effective population size” of 1,000 animals 

(DeMaster et al. 2004, NMFS 2008). However, while PVA models are reasonable for 

predicting extinction risk, they tend to be sensitive to spatial and temporal correlation 

within the data and are based on the structure of the population as given (Melbourne & 

Hastings 2008).  

 Recently, Boyd (2010) set about to assess the performance of current management 

approaches by looking at historical survey estimates of SSL’s at rookeries and haul-outs. 

The ensuing analysis was unique in that it allowed the data to elucidate the cluster 

structure of the SSL population, rather than past perceptions based on geography, 

population sub-divisions, or genetics. While the study corroborated the existing 

trajectories (the western stocks decline and the eastern stocks rise), it suggested that these 

opposing trends reflected shifts in the distribution of food and a redistribution of favored 

habitat. Of particular importance was the finding that the pup to non-pup ratios in the 

EPS declined at the same time that they increased in the WPS, during the early part of the 

decline in the 1980’s. Subsequently, the pup to non-pup ratio in the WPS declined and 

now appears at intermediate levels. This recent level is supported by Maniscalco et al. 

(2010), who estimated that natality in Kenai Fjords and nearby haulouts for 2003-2009 

was nearly 69%, very close to pre-decline estimates of ≈ 67%.  This suggests that other 

factors may be at play in keeping the WPS numbers depressed, such as top-down 

predation forces. Boyd also found an increase in the total size of the non-pup population 

in the EPS (pups are roughly defined here as recently born, while non-pups are animals’ 

≥ one year of age). Although there is a possibility that these changes could be attributed 

to internal dynamics within the two population segments, it is more likely they indicate 

an emigration of juveniles from the WPS to the EPS, and/or a substantial and consistent 
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predation upon juveniles within Prince William Sound-Kenai Fjords that poses an 

impediment to recovery (Horning & Mellish 2012). While there are high levels of 

mitochondrial DNA diversity within the SSL population (O’Corry-Crowe et al. 2006), 

there is no way to determine if the haplotype distribution in the population was a cause or 

a consequence of the observed demographic changes. 

 There are a variety of difficulties inherent in obtaining time-series count data for a 

widely dispersed marine species such as the SSL, some of which include the relationship 

between the observed counts and true numbers, weather, funding, permit considerations, 

and the resolution of available equipment. An important component of protection 

planning and permitting involves knowing where the protected species tends to 

aggregate. Fortunately, recent advances in satellite telemetry can now provide 

unprecedented detail of fine-scale movement patterns and spatial behaviors of marine 

mammals (e.g., Stewart et al. 1989, Heide-Jorgensen et al. 1991, Sheppard et al. 2006, 

Bailey et al. 2009). Wildlife telemetric capabilities have simultaneously advanced with 

innovations in spatial theory, computing power, and relevant software (Liebhold & 

Gurevitch 2002). These additional geospatial tools provide the ability to model and map 

animal movement patterns and habitat use at multiple locations over time for individual 

animals rather than a single location of a group of animals at a single instant in time (a 

capability traditionally provided by aerial surveys). This makes telemetric approaches 

useful for quantifying a wide variety of life-history parameters such as survivorship, 

home ranges, behavior, foraging habits, seasonal movement patterns, disease progression, 

and habitat use. These types of analyses are an important addition to modern ecological-

based studies, and are suitable for advising policy on the management of human activities 

(Carroll et al. 2006, Preen 2001, Sheppard et al. 2006). 

OBJECTIVES 

Range-use and density estimation for WPS juvenile SSLs are poorly understood, 

along with the probability of encountering a juvenile at a surveyed haul-out location. 

Additionally, the magnitude of movements across the boundary line between the two 

populations remains unclear. Current management is based on population data from aerial 
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and count surveys which are fraught with uncertainties. The additional analysis of 

telemetric data may allow us to quantify the impact of animal movement, and thus reduce 

uncertainty. 

This study quantifies fine-scale movement patterns of juvenile (12-25 months) SSL’s 

in the Prince William Sound-Kenai Fjords (PWS-KF) region in the Gulf of Alaska. This 

location is ideal because it is very close to the 144°W Meridian, which may allow an 

assessment of how much movement is occurring across the boundary line between the 

two stocks. This study also characterizes SSL space use and distribution patterns by 

examining the geospatial satellite telemetry and incorporating different types of range 

estimation techniques based on a Geographic Information System (GIS) density analysis.  

Specifically, the objectives are as follows: 

(1) Investigate range use through the examination of minimum convex polygons, and 

then proceed to quantifying a utilization distribution and assessment of an 

individual’s core area use through a kernel density estimation analysis using 

satellite telemetry, GIS, and spatial modeling within a mark-recapture context. 

(2) Determine terrestrial detection probability using the core areas derived from the 

kernel analysis to delineate boundaries around surveyed haul-out locations by 

treating the repetitive satellite fixes as “re-encounters” within a multiple state 

modeling framework. Multistate models incorporate a movement parameter (Ψ), 

which quantifies detection probability at multiple sites based on the encounter 

probability associated with the count statistic.  
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Spatiotemporal Examination of Range-use for Juvenile Steller Sea Lions  
(Eumetopias jubatus) in the Prince William Sound-Kenai Fjords Region of Alaska 

 

 

 

 

 

 

 
 

 

By Stephen R. Meck and Markus Horning 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   
 



8 
 

INTRODUCTION 

 Home range and space-use analysis have played a central role in providing insights 

into the activity, habitat use, foraging, and survival patterns of many wild animal species 

for over 70 years (e.g., Burt 1943, Craighead 1971, White & Garrott 1990, Hinton & 

Chamberlain 2010). Burt (1943) defined the term home range as the “area traversed by 

the individual in its normal activities of food gathering, mating, and caring for young.” 

While there are a number of different approaches to home-range estimation, the two most 

common are the minimum convex polygon (MCP) and kernel density estimation (KDE) 

methods (Downs & Horner 2008).  

A minimum convex hull (polygon) is the smallest area convex set that contains the 

data (Mohr 1947, Worton 1995). This method is appealing to wildlife biologists because 

of its simplicity and ease of interpretation. It is a nonparametric approach, and has the 

added benefit of not requiring independence between locations (Harris et al. 1990). 

Despite some limitations associated with this area estimator, it was included in the 

analyses as it provides a starting point regarding overall range use, and it offers a basis of 

comparison to other studies (e.g., Barg et al. 2005, Harris et al. 1990, Ingram & Rogan 

2002). As SSLs use a central place foraging strategy, the MCP analysis should provide 

insight into what constitutes an overall maximum range for each of the study animals, 

while also placing each animal into a geographical context. 

Radio-tracking data is often used in resource selection studies (e.g., Ostrand et al. 

1998, Millspaugh et al. 2006), along with the use of GIS, to provide information on the 

types of habitats used by study animals. To take advantage of the availability and 

resolution of such datasets, statistical tools have been developed that incorporate 

continuous measures of resource use by animals to the availability of multiple resources 

(biotic and abiotic) in a spatial context (Merrick et al. 1994). One such method for 

estimating home-range size and shape is through the use of a utilization distribution 

(UD), which is a probability distribution that defines the animal’s use of space (Fieberg 

& Kochanny 2005). Within this context, kernel density estimation is an n-dimensional 

data smoothing procedure that estimates density over a continuous probability 
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distribution, and is considered a non-parametric approach to spatial analysis. Worton 

(1987) defined the UD as “the [usually two-dimensional] relative frequency distribution 

of an animal’s location over time.” A KDE measures space use along a continuum by 

smoothing the point pattern generated (in this case) by the satellite positional fixes. A 

“bump” (kernel) is placed over each observation point in the sample, and a rectangular 

grid is overlaid on the data. A density estimate is attained at each grid intersection by 

using information from the entire sample, which is effectively the average of all the 

densities of the kernels that overlap at that point. Observations that are close to an 

evaluation point will contribute more to the estimate than those further away. Therefore, 

the density estimate will be high in areas with a large number of observations, and low in 

areas with just a few. The width of each kernel is known as it’s bandwidth, or smoothing 

parameter (h), and this controls the neighborhood size within which observed locations 

add to the density estimate at a point (Silverman 1986). This smoothing parameter must 

be quantified, and has a profound effect on the resulting estimates (Horne & Garton 

2006). Kernel methods can be either fixed (kernel width does not change), or adaptive 

(kernel width increases as the distance between kernels increases) (Mitchell 2006). Most 

authors felt that the fixed-kernel approach was preferable to the adaptive kernel when 

estimating home range extent (e.g., Seaman & Powell 1996, Powell 2000, Kernohan et al. 

2001, Parra 2006; Figure 1.1).  

Because of the crucial effect the smoothing parameter h has on the resultant analysis, 

it’s method of selection has received a great deal of attention in the literature over the 

years (e.g., Silverman 1986, Worton 1989, 1995, Seaman et al. 1996, Horne & Garton 

2006). There are a number of automated selection methods for optimizing kernel 

bandwidth, the two most popular being the reference (REF) method based on the 

assumption of bivariate normality and least-squares cross validation (LSCV), which is 

based on the properties of the data. The latter method has been recommended for use in 

ecological studies (Seaman & Powell 1996, Gitzen & Millspaugh 2003), but has shown 

limitations with small sample sizes (locations < 50), and a tendency to undersmooth the 

data which leads to many disjunct contours. In light of this tendency, Horne and Garton 
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(2006) proposed an alternative method for bandwidth selection termed likelihood cross-

validation (LCV, or CVh), based on minimizing the Kullback-Leibler distance between 

the true underlying and estimated distribution. Kullback-Leibler distance was derived 

from information theory, and has shown promise for model selection in the wildlife 

sciences (Burnham & Anderson 1998, Garton et al. 2005). As this study is primarily 

interested in obtaining good estimates within areas of high use (“core areas,” defined as 

areas within the home range that are used more extensively than expected under a 

uniform distribution of use), we used the LCV  method for kernel bandwidth selection. 

This method provides good estimates for high use areas, and has the added benefit of 

mitigating location acquisition bias. It also provides a more conservative approach to 

dealing with the potential lack of independence among locations (Horne & Garton 2006).  

METHODS 

Study Area 

Weaned juvenile SSLs (n = 66) were captured in Prince William Sound (60°38’N -

147°8’W) or Resurrection Bay (60°2’N -149°22’W), Alaska, between 2001 and 2011 as 

part of a larger research project investigating juvenile (12-25 months; 72.5 to 197.6 kg) 

SSL health, behavior, and survival. Two groups of juvenile SSL’s were used for this 

study – free-ranging (FR) animals that were outfitted with satellite data recorders (SDRs) 

and immediately released from the support vessel near the capture location, and transient 

juveniles (TJs) that were maintained in temporary captivity at the Alaska Sea Life Center 

(ASLC) in Seward, Alaska, for up to 12 weeks (Mellish et al. 2006). The proximity of 

PWS to the 144°W Meridian provided an additional opportunity to examine how much 

movement was occurring across the boundary between the distinct population segments. 

Steller Sea Lion Captures 

SSLs were captured near or on haul-out sites within the PWS-KF region using 

SCUBA divers and an underwater noosing technique developed by the Alaska 

Department of Fish and Game. The divers used a capture line with a loop and locking 

device at one end and a buoy bag and trailer attached to the other.  A sea lion was lured 

by a second baited pole to stretch through the noose, which was then cinched around the 
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neck. As the animal swam away, one diver continually tightened the loop while the other 

released a buoy to notify the capture crew at the surface in a 6.1-6.7 m skiff. The sea lion 

was then secured and placed into an aluminum capture box (McAllister 1998, Raum-

Suryan et al. 2004).  

All captured sea lions were transported back to a larger research vessel (i.e. R/V 

Norseman I/II) for an initial physiological examination, which included blood and tissue 

sampling under isoflurane gas anesthesia (Heath et al. 1997). Age was evaluated in the 

field through a combination of the time of year, tooth eruption patterns, canine length, 

and body mass (King et al. 2007). Weights were taken to the nearest 0.1 kg, and lengths 

measured to the nearest 0.5 cm. All FR sea lions were released near the capture site after 

recovery from anesthesia (2-6 h after initial capture), while TJs were transported back to 

the ASLC for a period of temporary captivity and quarantine (up to 12 weeks) for use in 

various comparative health, nutrition, and disease research studies (Mellish et al. 2006). 

Data subsequently collected from the TJs indicated that all diving parameters were 

comparable to the FRs and other expected ranges for juveniles of the same population by 

the second week post-release (Thomton et al. 2008).  

Satellite Tag Deployment 

Prior to release, satellite-linked SDR-T16 (13.5 X 4.5 X 3.7 cm, 330 g) or SPLASH 

tags (7.8 X 5.1 X 2.5 cm, 114 g; Wildlife Computers, Redmond, Washington, USA) were 

externally mounted to the pelage of each animal with a fast-setting epoxy (TitanTM epoxy 

#332, and/or DevconTM 5-min, or 10-min epoxy) along the dorsal midline between the 

fore-flippers. Signals from these external transmitters are received by the Argos satellite 

system (Collecte Localisation Satellites, CLS America, Inc., Lanham, Maryland; 

www.clsamerica.com) which collects, processes, and disseminates environmental data 

from fixed and mobile platforms worldwide (Merrick et al. 1994). The transmitters have 

a projected life expectancy of about 2-8 months, depending on the animals’ molt, after 

which time they are cast off or deplete their batteries (Raum-Suryan et al. 2004). Due to 

the dependence on the molt, transmitters attached to animals prior to the summer molt 

generally exhibited short tracking durations (average = 47.1 days), whereas transmitters 
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attached during the fall tended to last significantly longer (average = 107.0 days). FRs 

were only captured in the spring and summer months. 

Although there were originally a total of n = 66 juvenile SSLs captured and outfitted 

with external tags, TJ61M’s tag failed to provide adequate positional data and was 

removed from the analysis. This reduced the final sample size to n = 65 (Table 1.2). This 

research was conducted under all required and applicable permits, including: NMFS 

permits #881-1890, #881-1668 and #14335, as well as Institutional Animal Care and Use 

Permits #02-015, 03-007, 05-002, 06-001, 08-005 and R10-09-04 (ASLC). 

ANALYSES 

The Service-Argos system tracks and retrieves data on free-ranging animals from the 

platform transmitter terminals (PTTs) attached to the animals back and uplinked to 

receivers onboard NOAA Tiros-series satellites. Each animal’s geoposition is calculated 

from the Doppler shift of the transmitted radio frequency, which requires a minimum of 

three consecutive transmissions during a single satellite pass (Soma & Tsutsumi 1986). 

Service ARGOS provides estimates of location accuracy – these are divided into 7 

location classes, each based on stringent criteria. For example, LC-3 has 68% of locations 

within 150 m, LC-2 within 150–350 m, and LC-1 within 350–1000 m. LC-0 is defined as 

>1000 m. There are 2 additional classes, “A” and “B”, but no assessment of accuracy is 

given – these classes merely state that three and two messages were received, 

respectively. Finally, there is LC-Z which is considered an invalid location (White & 

Sjöberg 2002; Table 1.3). 

Satellite Location Filtering 

Initial filtering was performed on the raw telemetry data using the WC-DAP (Wildlife 

Computers Data Analysis Programs) software package v3.0 (Wildlife Computers, Inc. 

2010). This software includes the DAP Processor module, which decodes and exports tag 

data that was either transmitted through the Argos satellite system or downloaded directly 

from a tag. Raum-Suryan et al. (2004) reported that the mean error for LC-A was less 

than that for LC-0 (> 1 km) based on a comparison to known GPS locations. This finding 

is in agreement with other authors, although the accuracy does depend on the life history 
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traits of the species of pinniped under study. As SSLs are behaviorally similar to 

California sea lions (non-pelagic, central-place foragers), for which accuracy 

comparisons exist, and these findings indicate that the measurement error between LC-0 

and LC-A are virtually indistinguishable (Costa et al. 2010), both LC-A and LC-B 

locations were included. The WC-DAP software produced a “Date” field in a format that 

the filtering programs couldn’t decipher – therefore, it was converted into a standardized 

POSIXct date format within R (R Core Team 2012) using the R package “chron” (James 

& Hornik 2011).  

Raw location data exported by DAP was filtered by applying the Speed-Distance-

Angle (SDA) filter to remove unlikely location values using the R package “argosfilter” 

(Freitas 2010). This algorithm for filtering Argos locations is based on 1) the traveling 

speed of the tracked animal, 2) the distance between successive locations, and 3) the 

turning angle (Freitas et al. 2008). Based on work performed by Merrick and Loughlin 

(1997), an initial swim speed filter of ≤ 10 km/h (≈ 2.78 m/s) was recommended as this 

was the highest swim speed (+25%) they had observed during their at-sea tracking of sea 

lions and fur seals. While a good starting value, Steller sea lions are larger animals and 

may be capable of cost efficient swimming at higher speeds due to their increased mass, 

which reduces the total cost of transport (COTTOT  = 7.79 * mass-0.29  in J kg-1 m-1 for 

swimming marine mammals between 21-15,000 kg) (Williams 1999). Taking the highest 

swim speed observed from the filtered dataset, TJ16M covered approximately 123.43 km 

in a 12 hour period on June 16th, 2005 between 12:24 AM-12:24 PM. This is a 

conservative maximum speed, as it only represents the straight line distance(s) between 

available location fixes. This yielded a sustained maximum speed of about 10.3 km/h. 

Therefore, speeds ≤ 10.3 km/h (≈ 2.86 m/s) were used for our speed filter parameter. The 

angles for the track spikes were set at 15° and 25°, with an accompanying distance of 

2500 m and 5000 m. This means that all spikes with angles smaller than 15° and 25° 

were removed if their extension was higher than 2.5 km and 5 km, respectively (based on 

empirical work by Freitas et al. 2008). Figure 1.2 illustrates the effect of the filtering 

process on location data from one juvenile (TJ01M).  
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Geographic Information System (GIS) – Spatial Data Preparation 

Geographically-referenced coastal data from the Global Self-consistent Hierarchical 

High-resolution Shorelines (GSHHS) database was imported into the Geographic 

Information System (GIS) software ArcGIS 10 from the Environmental Systems 

Research Institute (ESRI 2011). GSHHS is a high-resolution shoreline data set 

amalgamated from two databases in the public domain (Wessel & Smith 1996), and is 

available at the NOAA National Geophysical Data Center (NGDC) at 

http://www.ngdc.noaa.gov/mgg/shorelines/gshhs.html. This world-wide data were 

clipped to the study region in Alaska, and a projection applied to correct for the spatial 

distortion inherent in the study area. The original data was imported with a Geographic 

Coordinate System (GCS) and World Geodetic System (WGS) 1984 datum. It was re-

projected to the North America Datum (NAD) 1983 UTM Zone 6N (Alaska) region, 

which required a conversion to the GCS and datum North American 1983.  Bathymetric 

data were also obtained from the NOAA NGDC (http://www.ngdc.noaa.gov/mgg/ 

bathymetry/relief.html) using ETOPO1 data. This data has a cell resolution of 1 arc-

minute (approximately 1.86 km), with vertical units in meters (Amante & Eakins 2008).  

To smooth the display, a cubic convolution interpolation resampling method for 

continuous data was applied, and the data reprojected from GCS WGS 1984 to GCS and 

datum North American 1983 (UTM Zone 6N). 

To assure the ARGOS satellite location data, whose reference system by default is the 

World Geodetic System 1984 (WGS 84; http://www.argos-system.org/web/en/93-

tracking.php), lined up properly with the newly projected map, all location fixes were 

imported into a temporary dataframe within ArcGIS, and then transformed to the NAD 

83 (UTM Zone 6N) using the NAD_1983_To_WGS_1984_5 option (transformations are 

bi-directional). These transformation parameters were calculated by the U.S. National 

Geodetic Survey (NGS) using CORS stations, and ties WGS 84 to the International 

Terrestrial Reference System 1996 (ITRF96). Accuracy according to the European 

Petroleum Survey Group is +/- 1 meter.  
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Final post-processing of point data was performed within ArcGIS to remove 

remaining erroneous positions, which were defined as any positions ≥ 3 km inland and/or 

located hundreds of km from other temporally adjacent locations. Using the XTools Pro 

extension v8.1 within ArcGIS (http://www.dataeast.com/en/ XToolsPro.asp), polylines 

were created between location points to look for notable “spikes” in the tracking data that 

the SDA filter had missed. LC-B locations (2 fixes, with no accuracy assessment – Table 

1.3) were manually removed if there was an obvious spike to an LC-B location and no 

supporting satellite fixes from other, more reliable location classes. Finally, locations 

exhibiting no further movement were considered a dropped tag and removed from further 

consideration.  

Minimum Convex Polygon (MCP)  

 To get an initial idea of range use and habitat characterization for the study group, a 

MCP analysis was performed. The group was divided into females/males, FRs/TJs, and 

animals released in the fall/winter months (defined as released between September to 

December) or animals released in the spring/summer months (from April to August). 

These animals were referred to as the FW and SS groups, respectively. Of interest was to 

see if there was a significant difference in range size due to the discrepancy in tag 

deployment time associated with the summer molt.  

A convex hull analysis was performed within ArcGIS using the XTools Pro 

extension. Due to the rugged nature of the Prince William Sound area, with numerous 

islands and substantial areas of land covering much of the juvenile SSL’s ocean range, an 

erase overlay was used with all animals within ArcGIS using the Analysis Tools toolbox 

to remove land areas from the calculation of range use (Figure 1.3). To derive overall 

estimates of range use for the entire study group (n = 65), all polygons were joined using 

the Union overlay function within ArcGIS (Analysis Tools toolbox) and XTools Pro. The 

erase overlay was applied to the finished polygon to remove land mass, and area (in km2) 

recalculated. A table with the final adjusted MCP area information at both the individual 

and group level was created and imported into R for analysis.  
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Kernel Density Estimation (KDE) 

 White and Garrott (1990) defined the home range as the smallest area within which 

an animal spends 95% of its time and the core area as that which encompasses 50% of 

space use. These classifications have become standard in the literature (e.g., Shivik & 

Gese 2000, Amstrup et al. 2004, Parra 2006, Downs & Horner 2008, Hinton & 

Chamberlain 2010), and for consistency are the values chosen to delineate space use for 

this study.  

While KDE is based on a probabilistic process, it does use a parametric approach 

(generally Gaussian, but there are other distributions to choose from) to select the size of 

the critical smoothing parameter h. As such, the kernel method represents a blend which 

requires that the data to be examined be independent (Swihart & Slade 1985, Kernohan et 

al. 2001, Fieberg 2007). To test for independence within the filtered data, a random 

sample of 8 individuals from the study group were chosen. The Moran’s I statistic was 

chosen to measure the degree of spatial autocorrelation present because it is a global 

measure (examines the data over all spatial associations), and it allows for the 

construction of a univariate correlogram which can be used to describe the relationship 

between a response variable (time), and an explanatory lag variable (distance, in this 

case) over several classes of lag-distance (Cushman et al. 2005). This provided an 

opportunity to examine spatial patterns within the data in addition to checking for 

autocorrelation. Because all correlogram analyses assume stationarity within the data, 

only one season at a time was examined to remove any possibility of seasonal variation 

from a broader temporal window. R-package “mgcv” (Wood 2011) was used to fit a 

generalized additive model (GAM) to the data to examine the relationship between the 

correlation coefficients, and package “ncf” (Bjornstad 2012) was applied to estimate the 

spatial correlograms. Bin sizes of 1 km were set for the discrete distance classes, and the 

residuals from the earlier GAM were incorporated. Package “spdep” (Bivand et al. 2012) 

was then used to calculate the Moran’s I statistic explicitly for a certain distance (also set 

to 1 km bins), and then perform the significance test. Only the first part of each correlo-

gram was retained for calculation of the Moran’s I statistic as autocorrelation from lag 
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distances over half the temporal span of the dataset are often erroneous due to the low 

number of lag-pairs at longer lag distances (Cushman et al. 2005). That is, an overly long 

window for the calculation would hide any present correlation by giving an inordinate 

amount of weight to relationships that occur very infrequently within the data. Finally, 

because our analysis is primarily interested in examining spatial objects with relatively 

large numbers of connections (such as those found within a core area), the “C-coding” 

scheme was used in the calculation of the Moran’s I statistic (Tiefelsdorf et al. 1999). 

This scheme would also emphasize correlation within the structure of the data if it 

existed. 

 For the KDE analysis, all point data was converted from a feature class to a shapefile 

format to assist with the import of data into the Geospatial Modelling Environment 

(GME) software package v0.7.1.0, where the kernel was produced (Beyer 2012). The 

kernel density estimation command implements bandwidth estimation algorithms from 

the “ks” library (Duong 2012) within R, and creates an optimized bandwidth matrix 

based upon the specified smoothing parameter. The LCV method for kernel bandwidth 

selection was used for this study due to its ability to provide good estimates for high use 

areas, and its more conservative approach to dealing with location bias and the potential 

lack of independence among satellite fixes (Horne & Garton 2006). The GME was used 

to create the kernel density output raster files. Because a scaling factor is often used in 

KDE calculations to prevent a loss of precision in the density values, the Erdas imagine 

“.img” raster file format was used for the output as it supports double-precision values. A 

cell-size of 200 m was used for this dataset. The area value (in km2) was added to all 

quantiles within the GME before import into ArcGIS. An erase overlay was applied to all 

animals within ArcGIS using the Analysis Tools toolbox to remove land areas.  An Excel 

pivot table was applied to sum the modified range areas as a function of quantile for each 

individual. The final results were then imported into R for analysis. 

 To calculate the overall estimates of range use at the 95% and 50% quantiles for the 

entire study group (n = 65), a single large list of all filtered locations was created to 

represent the juvenile SSL home range for the study period (number of pooled locations: 
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39,522). As there were significant differences in the deployment period between the FW 

and SS groups (along with accompanying differences in the number of satellite locations 

recorded), the single pooled location file was first split into FW and SS groups to ensure 

that the larger record sizes were kept together within the FW group, and the smaller 

record sizes maintained within the SS group. From here, a subset of the data was created 

from within R as pooling the data would exacerbate the spatial autocorrelation issue. 

After viewing the results of different parameter restrictions, the criterion was set to 

retaining 4 random location fixes per day, regardless of contributing animal. This 

provided an effective balance by allowing multiple individuals to contribute locations on 

each date, and allowed an adequate sample size for the juvenile population within each 

group.  

 Because there were sizable differences in the number of recorded satellite locations 

between individuals that needed to be accounted for when examining the entire group, 

weights were assigned to each individual through the addition of a weight field within the 

attribute table. The kernel based on each point was weighted by this field value, and the 

density estimates were standardized by dividing by the sum of the weights. From R, the 

subsampled file was exported into Excel, filtered by animal, and the weight field added 

based upon the largest record size within each group. This step ensured that every 

individual made an equal contribution to the density estimate within its respective group. 

After each group’s data had been conditioned in this manner, both groups were combined 

once again to calculate range estimates for the entire population. From here, all 3 group 

files (FW, SS, and entire study population) were imported back into ArcGIS, and the 

same steps applied to geo-reference the positions that were applied to the original filtered 

data (total subsampled locations: 5,940). The final land adjusted area features were 

summed through a pivot table in Excel for each quantile and imported into R for analysis.  

RESULTS 

At the time of release, the FW group ranged in age from 14 to 18 months (n = 28: 8 

females, 20 males). The average age of the FW females was 16.4 ± 0.86 months, and for 

the males it was 15.8 ± 0.45 months. The SS group animals ranged in age from 12 to 25 
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months (n = 37: 15 females, 22 males). The average age of the SS females was 15.9 ± 

2.71 months, and for the males it was 18.0 ± 2.20 months. The juveniles mass at release 

ranged from 72.5-197.6 kg, with an average of 126.7 ± 7.23 kg (95% confidence interval 

SE). While there were no significant differences in age between sexes (F1, 63  = 0.67, p = 

0.415), there were significant differences associated with the animals mass (in kg) at time 

of release (F1, 63  = 7.47, p = 0.008), with the males on average being about 20 kg heavier 

(Table 1.1). 

There were a total of 4,757 transmission days for the study period, with an average of 

72.9 ± 12.0 days (range: 10-215 days; Table 1.1). SDR-T16 tags were applied to FRs 

010, 011, 013-015, and 65. They were also applied to TJs 1-12, 32-41, 43-48, and 50-65 

(total SDR-T16 tags deployed: 6 FRs, 42 TJs). The newer SPLASH tags were applied to 

FRs 63 and 64, along with TJs 13-27 (total SPLASH tags deployed: 2 FRs, 15 TJs) 

(Table 1.2). There was no significant difference in how many days the tag continued 

transmitting associated with tag type (F1, 63  = 0.09, p = 0.765), but there was a significant 

difference associated with the animals sex (F1, 63  = 5.26, p = 0.025).  This difference may 

be an artifact of the distribution of sexes among the capture groups - while the males 

were distributed relatively evenly between the FW and SS groups (20 and 22, 

respectively), there were 8 females in the FW category, and 15 in the SS category. 

Examining this effect more closely, there was a substantial deployment period difference 

associated with the season, as might be expected (F1, 63  = 38.74, p << 0.001). 

Transmitters attached during the fall/winter (FW) months tended to last significantly 

longer (average attachment = 107.0 ± 19.9 days), whereas tags attached to animals during 

the spring/summer (SS) generally tended towards the low range of the life expectancy 

(average attachment = 47.1 ± 8.2 days). To eliminate the effect of the confounding 

variable “season” from the analysis, a separate analysis was performed by looking at the 

differences between sexes within the SS category (15 females vs. 22 males). Removing 

the effect of the season did little to change the results (F1, 35  = 5.56, p = 0.024), indicating 

that there may be a difference in deployment period between the males and females 

during the spring and summer months. There was a significant difference in deployment 
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time associated with the release type (FR vs. TJ), but this was due to the seasonal effect 

as FRs were only released during the spring/summer months. 

Filtering 

Argos satellite locations by location class were tallied after sda-filtering (Table 1.3). 

As expected, the highest quality LC-3 locations were preferentially retained (98.3 % 

retention), whereas the lower quality LC-B locations were heavily filtered (60.1 % 

retention). The minimal number of satellite location fixes per animal in the dataset was 

91 (post sda-filter = 60), and the maximum was 2434 (post sda-filter = 2097), with an 

average of 793.5 (unfiltered) and 626.9 (filtered) locations. LC-0 and LC-A locations 

were virtually identical in the amount that were retained after filtering (77.3 % and 79.1% 

respectively), supporting the findings by Raum-Suryan (2004) and Costa et al (2010) that 

the average error for LC-A (with no error assessment) was actually less than that for LC-

0 (error > 1 km). There were a total of 51,575 pre-filter locations (post sda-filter = 

40,746), for a retention of 79.0 % of all location data. This supported the exploratory plot 

findings (Figure 1.2) that the given filter values provided a reasonable balance between 

removing unlikely values while preserving much of the data. Further manual post-

processing removed additional fixes, nearly all in the LC-B category. The largest manual 

edit involved TJ23M, who had 325 locations at the end of the file that represented a 

dropped tag that continued transmitting  from 02/02/2006 until 12/29/2006.  After all 

post-processing, there were a remaining total of 39,522 locations for the entire population 

(FW group = 25,961 records, SS group = 13,561 records), with an average of 608.0 

locations per animal. 76.6 % of the original location data was retained after all processing 

steps. 

There were significant differences in the number of retained locations between 

seasons, primarily due to the difference in tag deployment time (F1, 63  = 32.39, p << 

0.001). The average number of positions for the FW group was 927.2 ± 197.9 (95% 

confidence interval SE), with a range of 59-2085, whereas the SS group had an average 

of 366.5 ± 91.5 locations (range: 41-1080). After accounting for seasonal effects, there 
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were no significant differences in the number of recorded locations between sex (F1, 35  = 

3.33, p = 0.076) or release type (F1, 35  = 2.82, p = 0.102). 

Minimum Convex Polygon 

The area used by the juvenile SSL’s in this study covered a large area of the Gulf of 

Alaska, extending from Shuyak Island on the western edge of the range to Icy Point near 

Cross Sound on the eastern edge. The total combined area for all juveniles was 92,017 

km2, excluding land mass. This total area was heavily influenced by TJ16M. This 

juvenile moved from its release at Lowell Point (4 km south of Seward, AK.) to the 

eastern edge at Icy Point, AK., and was still moving east at the last satellite fix past La 

Perouse Glacier – a linear distance of over 700 km. TJ16M was the only SSL in the study 

group that moved east beyond the 144° W Meridian, the dividing line between the eastern 

and western population stocks (Figure 1.4). With this individual removed, all remaining 

juvenile MCP ranges fell into a land adjusted area of 58,898 km2.  

Straight line distances were calculated to get an idea for cumulative distances traveled 

by all juvenile SSL’s in the study (Figure 1.5). Because of the rugged nature of Prince 

William Sound and the low temporal resolution of the position fixes, these distances are 

very conservative and should be regarded as a coarse estimate. The average cumulative 

distance traveled by juveniles in the study group within the deployment period was 2,131 

± 424 km (95% confidence interval SE), with a range of 176-7,261 km. While there were 

statistically significant differences in the distances traveled between the groups 

(females/males, FRs/TJs, and animals released in the FW/SS), these differences could be 

directly attributed to the length of the deployment period, which was tied to the season of 

capture and its relationship to the animals molt. A model that examined the relationship 

between track length and the number of location fixes when compared to the deployment 

period revealed a linear relationship (Track Length: F1, 63  = 139.6, p << 0.001, adj. R2 = 

0.68; Number of Location Fixes: F1, 63  = 118.4, p << 0.001, adj. R2 = 0.65). These results 

are presented in Figure 1.6. The animals mass at release (F1, 63  = 1.17, p = 0.28) and age 

(F1, 63  = 0.033, p = 0.86) were not significant predictors of distance traveled. 
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All MCP range use values used the area statistic that excluded land mass (Table 1.4). 

Boxplots comparing the MCP range use areas for three different groupings are given in 

Figure 1.7. A visual inspection of the data revealed that the MCP statistic was non-

normal in distribution. Due to the positive skew in MCP area values (as determined by a 

QQ plot in R), a logarithmic transformation was applied in order to correct the 

approximation to a normal distribution. The mean and confidence limits (at the 95% 

confidence interval) were all calculated in log-space, and the ranges transformed back to 

the original scale. 

The area statistic varied greatly between individuals, with a minimum area of 56.6 

km2 and a maximum of 48,119.6 km2.  The geometric average was 1,623.6 km2, with a 

lower confidence limit (LCL) of 1,130.0 km2 and an upper confidence limit (UCL) of 

2,332.7 km2 (Table 1.5). A more robust non-parametric Mann-Whitney U test was 

performed in R to compare the range-use areas to group type (Table 1.6). The median 

(Mdn) area size for females (669.8 km2) was less than that of the males (Mdn = 2,397.2 

km2), Mann-Whitney U = 312, p = 0.019, r = -0.29. However, when this same analysis 

was run after removing the potentially confounding variable “season” by looking at 

female/male differences in MCP area size within the spring/summer group only (as done 

for the deployment period analysis), this effect diminished (U = 106, p = 0.070, r = -

0.30). The Mann-Whitney test indicated that the free-ranging groups MCP area (Mdn = 

436.9 km2) was significantly less than that of the transient juveniles (Mdn = 1,870.8 

km2), U = 108, p = 0.017, r = -0.30. This difference was also attributable to a seasonal 

effect as the FR group was only collected in the spring/summer months. The difference in 

area size between the fall/winter and spring/summer groups were the most pronounced, 

with notable evidence that the SS groups MCP area (Mdn = 869.7 km2) was less than that 

of the FW groups (Mdn = 3,202.2 km2), U = 330, p = 0.012, r = -0.31. To determine if 

this result was due to the difference in deployment time (FW group = 107.0 ± 19.9 days 

vs. SS group = 47.1 ± 8.2 days) rather than an actual seasonal effect, a non-parametric 

Kruskal-Wallis H test was performed (SPSS statistical software, IBM Corp. 2011). 

Unlike the close association of track length (in km) to the number of tag deployment days 
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(F1, 63  = 139.6, p << 0.001; Figure 1.6), the MCP area statistic was not related to the 

length of time the tag transmitted (H(2)  = 49.65, p = 0.527). It was also not related to the 

number of location fixes (H(2)  = 62.77, p = 0.449). 

Kernel Density Estimation 

 The Moran’s I test for independence within the positional data revealed that our 

filtered data was sufficiently independent to apply a KDE analysis to individuals within 

our study group. The statistic showed that the degree of autocorrelation between the 

values of the variable ‘elapsed time’ and the distance between the locations where they 

were measured (lag-distances) were not significant. As autocorrelation from lag distances 

over half the temporal span of the dataset would bias the calculation by giving a 

disproportionate amount of weight to relationships that occur very infrequently within the 

data, the calculations were run for only the first 20 lag distances (less than a quarter of the 

dataset). The Moran’s I statistic was -0.003, with an associated p-value of 0.54. 

Additionally, a univariate correlogram was created to look for patterns over all lag-

distances (Figure 1.8). Most of the data revealed no significant correlation, with most of 

the autocorrelation occurring within the first lag distance of 1 km (Figure 1.8b). The 

correlogram revealed a strong positive association at the first lag distance; that is, elapsed 

time at one location was similar to elapsed time at locations within 1 km. This makes 

sense intuitively – values were more related within the tracking data that were close 

together in space. This association diminished quickly, and by the second kilometer was 

only marginal. This may be an artifact of the spatial resolution of the data itself: nearly 

58% of the filtered data was composed of location classes 0, A, and B, which have a 

guaranteed accuracy > 1 km (Table 1.3). Interestingly, there was a notable negative 

correlation at a lag distance of 6 km. A second Moran’s I test was run for the first 10 lag 

distances (where most of the correlation took place), but there was still no violation of 

independence present within the filtered data (Table 1.7). 

 The LCV method for kernel bandwidth selection was compared against the LSCV 

method to confirm the chosen kernel smoothing procedure was appropriate for the 

observed distributional patterns for the animals in this study. An animal was chosen at 
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random (TJ37M) to examine the differences between the two smoothing algorithms 

(Figure 1.9). While the LSCV method produced fewer disjointed areas, the areas defined 

as “core-range” (the smallest area within which an animal spends 50% of its time) had 

large swaths where there was very little, or no use at all. In contrast, the LCV method 

tended to restrict the core-area use to places where there were observable groups of 

satellite fixes. Although this conservative kernel smoothing approach resulted in more 

disassociated areas, these areas lined up well with known haul-out locations within PWS. 

As this study was primarily interested in obtaining good estimates of high use areas, the 

LCV method produced results that were biologically meaningful and was subsequently 

used for all UD calculations.  

 After subsampling, there were a total of 5,940 locations retained for the population 

KDE analysis (FW group = 3,664 records, SS group = 2,276 records), representing 

15.0% of the original dataset. The truncated record addressed the spatial autocorrelation 

issue exacerbated by pooling the data (Figure 1.10). Weights applied to each individual 

ensured all juveniles were equally represented within the population, despite significant 

differences in the number of positions per sea lion. 

 As expected, the KDE estimated utilization distribution (UD) for the entire study 

population was considerably more focused within the PWS-KF area when compared to 

the initial MCP range estimates. In general, the kernel home range represented about 

52.1% of the MCP range use, with areas designated as “core” making up only about 

6.27% of the entire MCP range and about 11.8% of the kernel home range estimate, the 

95% quantile for space use.  

The population distribution covered a large portion of the Gulf of Alaska, extending 

from the Flat Islands and Shuyak Island on the western edge of the range to Dry Bay and 

the Alsek River on the eastern edge (Figure 1.11). The total area used by the study 

population was 9,119 km2 (Table 1.8). Interestingly, the total area used by the FW group 

was larger than that of the entire population – this was primarily due to how the point 

based kernel was weighted, and the resultant density estimates standardized by the sum of 

the weights. As the FW group drew from a smaller data pool, it was more affected by 
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outlying area values during the standardization process. Chief among the outlying values 

was TJ11M, who had an extreme value of 26,157 km2 (calculated at the individual level). 

In contrast, the geometric mean for the study population was 690.6 km2. There was no 

apparent reason for this large area size in relation to all the other animals in the study – 

TJ11M had 136 deployment days (average = 72.9 days, max = 215), and a total of 1,186 

filtered locations (average = 608, max = 2,085). As there was no compelling reason to 

exclude this individual from the analysis, all subsequent calculations include him unless 

otherwise noted.  

At the study population level, there were a total of 6 core areas which comprised 479 

km2. The core areas represented spaces where the sea lions spent fully 50% of their time 

over the course of the study, and combined they spanned a distance of less than 200 km 

from the most western point at the Chiswell Islands (59°35’N -149°36’W) to the most 

eastern point at Glacier Island (60°54’N -147°6’W). All of these high use areas 

encompassed haul-out locations that are surveyed by the Alaska Ecosystem Program 

within the National Marine Fisheries Service (NMFS). From west to east, the haul-outs 

included the Chiswell Islands, Aialik Cape, a haul-out located between Aialik Cape and 

Rugged, Rugged, Cape Resurrection, Perry Island, The Needle, and Glacier Island.  

The FW (September to December) groups UD was significantly more spread out, 

with a total of 11 core areas that comprised 654 km2. The total geodesic distance between 

all core areas spanned 323 km, from the most western point at Flat Rocks (59°20’N -

151°60’W) to the most eastern point at Glacier Island (60°54’N -147°6’W). From west to 

east, the haul-outs located within the core areas included the Flat, a haul-out located 

between Aialik Cape and Rugged, Rugged, Cape Resurrection, Procession Rocks, Perry 

Island, The Needle, and Glacier Island. Of interest was the number of core areas that 

didn’t include haul-outs that were typically part of the abundance surveys – there were a 

total of 5, which comprised 45.5% of all calculated high use areas. From west to east, 

these areas included shoreline between Sandy Bay and Harris Bay (59°42’N -149°55’W), 

Fault Point (59°58’N -149°8’W), Johnstone Bay (59°57’N -148°45’W), Bettles Island 

(60°3’N -148°1’W), and Iktua Rocks/Iktua Bay (60°8’N -148°1’W). As abundance 
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surveys aren’t taken during this time of the year, these areas could reflect haul-outs that 

are preferentially favored during the fall and winter months. 

The SS (April to August) groups UD was the smallest, with a total of 6 core areas that 

comprised 319 km2 (Table 1.8). The actual area use was similar to that of the entire 

population, with a total geodesic distance between all core areas spanning less than 200 

km. Core areas ranged from the most western point at the Chiswell Islands (59°36’N -

149°35’W) to the most eastern point at Glacier Island (60°53’N -147°4’W). Nearly all of 

these high use areas encompassed haul-out locations that are surveyed by the Alaska 

Ecosystem Program within NMFS. From west to east, the haul-outs within the core areas 

included the Chiswell Islands, Aialik Cape, a haul-out located between Aialik Cape and 

Rugged, Cape Resurrection, Perry Island, and Glacier Island. There was a small area near 

Seward that appeared as a core area, but this was most likely an artifact of where the TJ’s 

were released from the ASLC after a period in captivity. Many of the juveniles were 

released near South Beach, and within 24 hours began to move out from this area. 

Detailed views comparing the overall population and the FW/SS groups’ utilization 

distributions are given in Figures 1.12, 1.13 and 1.14. 

 KDE range use values (excluding land mass) are given in Table 1.4. Boxplots 

comparing the UD areas for all three group comparisons are given in Figure 1.15. Due to 

the large number of relatively low values, the UD area data was log transformed and 

plotted in order to examine the relationships between groups more clearly. While not as 

skewed as the MCP area statistics, the UD’s derived from the KDE analysis proved to be 

non-normally distributed as well, with the presence of multiple outliers.  Due to the 

positive skew, a logarithmic transformation was applied in order to correct the 

approximation to a normal distribution. As with the MCP analysis, the mean and 

confidence limits (at the 95% confidence interval) were all calculated in log-space, and 

the ranges transformed back to the original scale. This narrowed the limits, and produced 

a geometric mean that wasn’t as influenced by the outlying values and skew inherent 

within the UD area statistic.  
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While there was some variation inherent within the utilization distribution, in general 

the values were similar across individuals. 50% of the entire population fell within a 

range of 324-1,387 km2. The minimum area was 36.9 km2, and the maximum was 

26,157.2 km2 (maximum: 6,189 km2 excluding outlier TJ11M). The average was 690.6 

km2, with a LCL of 524.6 km2 and a UCL of 909.2 km2 (Table 1.9). The robust non-

parametric Mann-Whitney U test was implemented in R to compare the UD areas to 

group type (Table 1.10). The median (Mdn) area size for females (386.2 km2) was less 

than that of the males (Mdn = 765.2 km2), Mann-Whitney U = 353, p = 0.076, r = -0.22. 

The free-ranging groups UD area (Mdn = 412.5 km2) was less than that of the transient 

juveniles, though the effect was not significant (Mdn = 676.5 km2), U = 140, p = 0.081, r 

= -0.22. While there were no significant differences in area size between these groups, 

there was some interest in examining how much of a role the confounding variable 

“season” played in the results. Season had a strong effect on how long the tag remained 

on the juvenile (due to the animals molt) and continued transmitting. When comparing 

FRs to spring/summer TJs, the effect of release type disappeared (U = 124, p = 0.205, r = 

-0.16). The difference in the UD area size between the fall/winter and spring/summer 

groups were the most pronounced, with significant evidence that the SS groups area 

(Mdn = 472.2 km2) was less than that of the FW groups (Mdn = 1,179.2 km2), U = 328, p 

= 0.011, r = -0.31. To account for the possibility that tag deployment time might be 

driving these results, rather than there being an actual seasonal effect, a non-parametric 

Kruskal-Wallis H test was performed on the UD data within SPSS. The test revealed that 

there was no relationship between the UD area and the amount of time the tag remained 

deployed (H(2)  = 45.30, p = 0.698), nor to the number of position  fixes (H(2)  = 62.42, p 

= 0.461). 

DISCUSSION 

The telemetric tracking data used in this study allowed for a quantification of habitat 

use and distributional processes of juvenile Steller sea lions at both the individual and 

population scale. Age tended to be nearly constant between all the examined groups, and 
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played no significant role in describing differences. However, there were several factors 

that were unbalanced between the groups and warrant mention.  

There were a total of 42 males to 23 females within the study population, a ratio of 

1.83:1. This may be due to how the sea lions were collected – males tended to be bigger 

than the females, with the males on average being about 20 kg heavier (Table 1.1). This 

sex bias may have been an artifact of the capture process, although the exact reason 

remains unknown. Another potentially confounding variable was the tag deployment time 

associated with the animals’ molt, with the SS group having significantly less 

deployment length than the FW group. Due to the disparate group sizes, extra care was 

taken when conducting the analyses to account for the differences. Often, a second 

analysis was run that accounted for sex or seasonal effects. 

There appeared to be a significant difference in tag deployment duration associated 

with the animals’ sex. Even after accounting for season by focusing on the SS group, the 

results remained unchanged. The reason for the apparent discrepancy is unclear. Raum-

Suryan et al. (2004) reported that males were more likely to travel long distances (> 500 

km), a pattern reported for other otariids as well (e.g., Antonelis & Fiscus 1980, Boyd et 

al. 1998, Kajimura 1984). While there is some reported evidence in other pinniped 

species that females tend to be more risk-averse and are subject to distinct patterns of 

energy accumulation and depletion that differ from males during the summer breeding 

season and/or molt (Beck et al. 2003), the females in this study were relatively young. 

The average age of first pregnancy for female SSLs doesn’t occur until 3.7-6.1 years 

(Pitcher & Calkins 1981), and no females exceeded 25 months of age. It may simply be a 

reflection of dissimilar foraging behavior and its relationship to different fitness-

maximizing strategies and patterns of energy storage between the sexes. While there were 

differences in the number of days a tag remained deployed between sexes, there were no 

significant differences in the actual number of satellite fixes after accounting for season. 

Finally, the majority of the juvenile SSLs in our study were captured at Glacier Island 

(49 out of 65, or 75.4% of all study animals), including TJ16M – the only juvenile in the 

study group to cross the boundary between the population segments. No other juveniles 
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within the study group crossed the 144° W Meridian despite Glacier Island’s relative 

proximity to the boundary line. As this data was gathered over the course of 8 years, it 

represents a sizable timeframe and suggests that there is limited movement of juveniles 

(age 12-25 months) captured within the western population region that cross over into 

eastern population waters. These findings are similar to those of Raum-Suryan et al. 

(2002), in which the author concluded there was little interchange of SSLs between 

eastern and western stocks.  

Since the MCP estimated range is based on the bounding geometry around all 

peripheral data points, it is particularly sensitive to outlying locations and often 

dependent on the sample size of the dataset (White and Garrott 1990). The reason the 

MCP range was uninfluenced by sample size in our study was likely due to the foraging 

strategy of the Steller sea lion. They are central place foragers, a type of patch model 

foraging strategy where prey is concentrated in small areas (“patches”) and there is a cost 

associated with travel time from the haul-out to the foraging grounds. SSLs tend to target 

prey species that are densely schooled in spawning or migratory aggregations along the 

continental shelf, or at oceanographic boundary zones (Sinclair & Zeppelin 2002). This 

foraging strategy keeps them in a localized area over time, which reduces the effect of 

dataset size on MCP range estimation. 

The MCP area was consistently larger and more variable than the KDE derived area, 

and its overall area was affected more by the one outlier animal than the equivalent KDE 

metric. There were significant differences in range between the seasons, with the 

fall/winter group having a significantly larger range than the spring/summer group. This 

result was comparable to the kernel analysis. 

While primarily used to measure the degree of spatial autocorrelation present within 

the tracking data, the univariate correlogram constructed by the Moran’s I test to describe 

the global relationship of elapsed time and distance revealed an interesting relationship at 

a lag-distance of 6 km (Figure 1.8b). At this distance class, there was a negative 

association of time to distance; dissimilar periods of time were present in nearby 

locations. The spatial autocorrelation present at this lag-distance may indicate a spatial 

   
 



30 
 

pattern – one interpretation may be that both short and longer periods of time were 

associated with an area 6 km from the haul-out. This could indicate a foraging bout 

(irregular in length of time), and gives an idea of a common distance that juveniles may 

swim from a central place to a feeding area. This interpretation agrees with the findings 

of others (Raum-Suryan et al. 2004, Womble et al. 2005), in which the authors found that 

90% of round trips were ≤ 15 km from haulouts, alluding to the importance of nearshore 

areas to established haulouts to the developing sea lion. This correlation may provide 

information regarding the proximity of resources to haul-outs within the PWS region.  

There is a trade-off when choosing the data-driven smoothing parameter in a kernel 

analysis between bias and variance (Jones et al. 1996). A biased method may either 

produce estimated distributions that are oversmoothed (home-range estimates are too 

large, resulting in larger, more contiguous areas), or undersmoothed (estimates are too 

small, resulting in smaller, more disjunct area contours) (Horne and Garton 2006). In our 

study, the LCV method did tend towards undersmoothing the data (when compared to the 

LSCV method; see Figure1.9), but the output for core-area use lined up well with known 

haul-outs within PWS and provided a significantly better association to areas of 

concentrated activity. As we were primarily interested in obtaining good estimates of 

high use areas, the LCV method produced biologically meaningful results.  

In general, the kernel UD was significantly smaller than the MCP range estimates, 

representing about 52.1% of the other estimator. The kernel analysis was less sensitive to 

outlying values, and provided additional detail through the distinction of core-area use. 

While there was variation, half of the entire population fell within a UD home-range of 

324-1,387 km2. The areas representing concentrated activity were even tighter – at the 

population level, there were 6 discrete, separate core-areas. Combined they covered an 

area of only 479 km2, bounded by a distance of less than 200 km. When contrasting total 

core-area usage to the MCP derived range, areas that contained the highest concentrations 

of juvenile Steller sea lion use accounted for only 0.52% of overall range. While most of 

the core areas incorporated known and surveyed haul-out sites, a notable exception 

occurred with the FW group. Nearly 45.5% of the group’s core areas fell outside of haul-
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out locations included in the non-pup abundance surveys. In contrast, the SS group’s core 

area use lined up nearly 100% with surveyed haul-outs within PWS. The FW group 

represented data obtained from September-December, and their space use may reflect 

differences in haul-out use or preference that differ from those of the spring/summer 

months, when aerial surveys are flown.  

Both the MCP and the kernel based UD revealed significant differences in the size of 

the SSLs range between the fall/winter and spring/summer. This variation suggests a 

noteworthy difference in how juvenile SSLs utilize space and distribute themselves over 

the course of the year. Due to their age, this variation is less likely due to reproductive 

considerations and may reflect localized depletion of prey near preferred haul-out sites 

and/or changes in predation risk. While there are documented cases of differential habitat 

usage between the sexes for other otariids (Boyd et al. 1998, Campagna et al. 2001), there 

is little information pertaining to juvenile Steller sea lions. Merrick & Loughlin (1997) 

did find that adult female SSLs tended to dive deeper and made longer trips over larger 

home ranges when compared to their summer counterparts, but there was little 

spatiotemporal information for juvenile range use. Given that a younger sea lions diving 

and foraging behavior is more limited due to physiological and behavioral constraints, 

their distributional patterns may reflect changes in food availability and prey distribution. 

Fluctuations in energy demands throughout the year require flexibility on the developing 

juvenile SSLs part, necessitating the need to move to sites that enable cost efficient 

exploitation of seasonally available prey (Womble et al. 2009). 
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Encounter Probability for Juvenile Steller Sea Lions (Eumetopias jubatus) in Prince 
William Sound-Kenai Fjords Using a Kernel Analysis to Delineate Haulout 
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INTRODUCTION 

 The Steller sea lion has been at the center of a considerable amount of attention and 

research in recent decades due to a substantial and unexplained decline in their numbers. 

York (1994) examined a declining population of SSLs in the western Gulf of Alaska 

through changes in juvenile and adult survival rates and fecundity, and suggested that 

reduced juvenile survival (age 0-3 years) could explain the observed pattern. This finding 

was supported by Raum-Suryan et al. (2004). As natality within the PWS-KF region was 

found to be relatively high (Maniscalco et al. 2009), this is an area of active interest.  

Current management of the endangered western and threatened eastern population 

segments of the Steller sea lion are largely based on population trends from aerial survey 

counts and other terrestrial-based count data. This approach can be problematic due to a 

number of logistical restraints (i.e., weather, visibility, funding, permit considerations, 

mechanical failure, camera resolution, incomplete coverage, etc.) and animal 

considerations (i.e., time of flight in relation to foraging activity, diel patterns, breeding 

activity, terrain type, etc.). Intra- and interspecific competition and predation may also 

affect survival and sighting probabilities (Loery & Nichols 1985). Fortunately, recent 

advances in satellite telemetry can now provide unprecedented detail regarding the fine-

scale movement patterns of marine mammals (e.g., Stewart et al. 1989, Krützen et al. 

2005, Parra 2006, Bailey et al. 2009), and allow for the subsequent novel analysis of this 

distributional data.  

  Improvements in our ability to remotely locate and obtain physiological and 

behavioral data from wildlife through biotelemetry have augmented our understanding 

and management of free-ranging populations (Fancy et al. 1988, Hazen et al. 2012). The 

study of life history traits (e.g., fecundity, fitness, succession, survival, mortality, etc.) 

has become increasingly important, especially in regards to population regulation 

(Stearns 1980, Soulé 1987, Lebreton et al. 1992). In light of this, a major goal of 

conservation biologists and wildlife managers is to detect and analyze differences in life 

history parameters among groups of individuals through time (and more recently, space) 

(Lomnicki 1988, Tuljapurkar 1990, Caswell 2001, Kendall et al. 2003). 
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A common method available to the ecologist to estimate survival parameters in the 

field is to follow individually marked animals through time. On each capture occasion 

(k), new animals are released with unique marks, and the identification code of 

previously marked animals is recorded (Nichols & Kendall 1995). This count statistic 

provides a sampling fraction – if Ci denotes the count statistic, pi our sampling fraction, 

and Ni the true number of animals in the population (where i represents a point in space 

and/or time), then:  

Ci = Ni * pi  

If we could then estimate the sampling fraction, this equation would become: 

 𝑵�𝒊 = 𝑪𝒊/𝒑�𝒊 

where the hats denote estimators (Nichols 1992). Initially, the interest in capture-

recapture data and the ensuing statistical analysis was to estimate population size, rather 

than estimation or comparisons of survival rates (Stearns 1976, Lebreton et al. 1992, 

Nichols 1992). This was complicated by the fact that specific models were often created 

to analyze individual data sets, which limited the ability to repeat the analysis and 

validate the results, or compare findings over time or between metapopulations, etc. A 

major landmark in the analysis of capture-mark-recapture (CMR) data was the advent of 

the Cormack-Jolly-Seber (CJS) approach (Cormack 1964, Jolly 1965, Seber 1965). CMR 

estimates are based on capture histories of individually identified animals that are marked 

in such a way that each recaptured animal can be assigned to a specific sampling 

occasion. Within this framework, the proportion of animals that are re-encountered 

(sometimes referred to as the “return rate”) on all subsequent sampling occasions is a 

factor of 2 probabilities: ‘survivor probability’ x ‘encounter probability.’ These are 

generally given as Φ (“Phi,” the apparent survival) and p (the re-encounter probability). 

Therefore: 

Return Rate = Φp 

In addition to survival estimation the CJS model provides a way to calculate p, which 

when combined with the count statistic C allows for population estimation. In some 

cases, transitions between states may occur deterministically, such as in an age-based 
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model (Leslie 1945, Kendall et al. 2003). A ‘state’ refers to a condition of interest – it 

may be an age class, breeding animals vs. non-breeding, physical attributes, etc. In this 

study, ‘state’ refers to a specific location. CMR estimation of survival probability has 

been applied to numerous animal populations (e.g., Burnham et al. 1987, Hestbeck et al. 

1991, Weimerskirch et al. 1997, Hastings & Testa 1998, Bradshaw et al. 2003), and has 

become an important tool in population management. The CJS model structure is at the 

core of all survival capture-recapture models today (Lebreton et al. 1992).  

All changes in population size result from variations in birth, death, immigration, 

and/or emigration rates. The inability to account for changes in population size based 

solely on birth and death rates has led to an increased awareness by animal ecologists of 

the importance of movement as it relates to population dynamics (Lidicker 1975, 

Hestbeck et al. 1991, Nichols 1992). Arnason (1972, 1973) described an extension to the 

basic CJS model for open populations that included a transition probability to account for 

animal movement between different sampled locations. Brownie et al. (1993) and 

Schwarz et al. (1993) later contributed to this work, and Nichols et al. (1992) observed 

that this class of models could also be useful to describe an animal’s transition among a 

limited number of behavioral or physiological states. As such, these models were dubbed 

“multiple strata,” or “multiple state” models. In addition to the sampling occasion k, 

multistate models incorporate an additional parameter – at each capture or sighting, the 

‘state’ of the animal is also recorded. Current demographic analysis of CMR data goes 

beyond calculating survival, and parameters such as age, size, development, physiology, 

behavior, spatial location, or any other number of properties that divides individuals into 

subgroups can be examined primarily due to advances in software and computational 

power (Lebreton et al. 1992, Fujiwara & Caswell 2002). This provides biologists with a 

family of models in which to examine individual variation and spatial aspects of 

population dynamics (Lebreton & Pradel 2002, White et al. 2006). 

The basic Arnason-Schwarz multistate model assumes that the state transition 

probabilities (i.e., making a transition from alive to dead, or from one location to another) 

represent a first order Markov process. This is defined as the probability that making a set 
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transition between occasions i and i + 1 is dependent only on the state at time i. 

Formalized, the basic parameters for this model are given as (Nichols & Kendall 1995): 

𝜱𝒊
𝒓𝒔 =  the probability that an animal alive in state r at time i is alive and in state s 

at time i + 1. 

𝒑𝒊𝒔   = the probability that a marked animal alive in state s at time i is recaptured 

or resighted on that sampling occasion. 

An example of these transition probabilities are given in Figure 2.1. As defined, Φ 

represents the joint probability of both surviving and making a specified state transition. 

It is possible to separate “apparent survival” from “movement” by making an assumption. 

Specifically, if we assume that survival from time i to i + 1 doesn’t depend on the state at 

time i + 1, then:  

 𝜱𝒊
𝒓𝒔= 𝑺𝒊𝒓𝜳𝒊

𝒓𝒔 

where 1) 𝑆𝑖𝑟 is the probability of survival from time i to i + 1, given the individual is in 

state r at time i, and 2) 𝛹𝑖𝑟𝑠 is the conditional probability that an individual in state r at 

time i is in state s at time i + 1, given the animal is alive at i +1 (Cooch & White 2011). 

This assumption states that all mortality takes place before movement to an alternate 

state. While critical if survival probabilities differ between states, it will not impact the 

present analysis as we are only analyzing movement data originating from live animals 

and examining a count statistic associated with a specified area. As such, survival (S) is 

assumed to be one (S = 1), or constant survival across states. This simplifies the above 

equation to: 

  𝜱𝒊
𝒓𝒔= 𝜳𝒊

𝒓𝒔 

By constraining the survival parameter to 1, we allow for greater precision of the 

remaining parameters of interest (namely, the transition parameter Ψ and the probability 

of sighting p) because fewer parameters need to be estimated (Lebreton et al. 1992). 

Program MARK (White & Burnham 1999) is a freeware software package for the 

estimation of population parameters from marked individuals when they are re-

encountered. The multistate model of Hestbeck et al. (1991) and Brownie et al. (1993), an 

extension of the CJS live recapture model, allows movement between states with a 
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probability of transition. The estimated parameters are state-specific survival rates (Φ), 

encounter probabilities (p), and transition probabilities between states (Ψ) (Franklin 

2001, White et al. 2006).  Parameters are assessed using maximum likelihood estimation 

(MLE), a method that numerically maximizes the log-likelihood function by adjusting the 

values of the unknown parameters until the log-likelihood reaches a maximum (White et 

al. 2006).  More details regarding MLE in an animal marking context can be found in 

Seber (1982), Brownie et al. (1985), and Burnham et al. (1987). 

 This study represents a unique effort to use satellite tracking data, combined with a 

kernel density analysis, to estimate the detection probability of a marine mammal within 

a multistate modeling framework.  

METHODS 

Study Area 

 Weaned juvenile SSLs (n = 65) were captured in Prince William Sound (60°38’N -

147°8’W) or Resurrection Bay (60°2’N -149°22’W), Alaska, as part of a larger research 

project investigating juvenile (12-25 months; 72.5 to 197.6 kg) SSL health and behavior 

spanning from 2001 to 2011. Many of the juveniles were collected at Glacier Island, 

which is located approximately 176 km west of the 144° W Meridian (the dividing line 

between the separately managed SSL stocks). 

The study region was restricted to those areas that encompassed the KDE-derived 

core areas for the spring/summer (SS) sub-group of the study population, defined as 

juveniles released between April to August (n = 35). Core areas are defined as those areas 

which contain 50% of all animal space use. This included a total of 6 discrete areas that 

comprised 319 km2, with a total geodesic distance between all core areas spanning less 

than 200 km. Core areas ranged from the most western point at the Chiswell Islands 

(59°36’N -149°35’W) to the most eastern point at Glacier Island (60°53’N -147°4’W). 

Nearly all of these areas encompassed haul-out locations that are surveyed by the Alaska 

Ecosystem Program within NMFS. From west to east, the haul-outs within the core areas 

included the Chiswell Islands, Aialik Cape, a haul-out located between Aialik Cape and 

Rugged, Cape Resurrection, Perry Island, and Glacier Island (Figure 2.2). There was a 
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small area near Seward that appeared as a core area, but this was most likely an artifact of 

where the TJ’s were released from the ASLC after their period in captivity. Many of the 

juveniles were released at Lowell Point (just outside the ASLC, near Seward), and within 

24 hours began to move out from this area.  

Details involving the Steller sea lion captures and the satellite tag deployment 

(including permit numbers) can be found in Chapter 1 of this manuscript. 

.ANALYSES 

Details regarding the initial filtering of satellite location data and its subsequent 

import and editing within ESRI’s ArcGIS geospatial software can be found in Chapter 1 

of this manuscript, along with information pertaining to the specifics of shoreline and 

bathymetric data acquisition and eventual re-projection from Geographic Coordinate 

System (GCS) and World Geodetic System (WGS) 1984 datum to GCS and datum North 

American 1983 (UTM Zone 6N). 

GIS – Spatial Data Preparation 

To examine space use from the previous KDE analysis and relate it to known haul-out 

and rookery locations within the Prince William Sound-Kenai Fjords region in the Gulf 

of Alaska, aerial survey records were obtained for the years that matched those of the 

study from the National Marine Mammal Laboratory (NMML) in Seattle, WA (Table 

2.1). These abundance surveys are conducted by the Alaska Ecosystem Program within 

NMFS, and are generally flown from June 6th - July 7th within PWS.1  After paring the 

raw survey records down to unique locations only, there were a total of 38 surveyed 

locations within the region. These ranged from the Flat Islands at the mouth of Cook Inlet 

on the eastern edge (59.2°N -151.6° W), to Sitkagi Bluffs just west of Yakutat Bay on the 

western edge (59.4°N -140.4° W; Figure 2.3).  

Multistate Modeling of CMR Data 

The assumptions required by the basic multistate capture-recapture model are similar 

to those of the standard CJS model (Seber 1982, Pollock et al. 1990). These include: (1) 

1 Correspondence author 
Email: Stephen.Meck@oregonstate.edu 
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time- and region- specific sighting and movement probabilities at the ith sample  

(i = 1, 2, … k) have the same probability of recapture (pi) within the region and sampling 

period, (2) Every marked animal behaves independently with respect to sighting 

probability, survival, and movement, (3) Marks are not lost or overlooked, (4) All 

samples are instantaneous and each release is made immediately after the sample, and (5) 

Losses to the population through emigration are permanent. These assumptions can be 

tested through goodness-of-fit (GOF) statistics to check for overdispersion within the 

model (Hestbeck et al. 1991). 

Regarding the first assumption, capture-mark-recapture (CMR) models assume that 

all individuals within a population have the same probability of surviving and being 

resighted (Cormack 1964, Jolly 1965, Seber 1982). If this is not the case, the population 

is said to be heterogeneous and underestimation of variance may result (Burnham et al. 

1987). As the animals provided the tracking data, survival was set to 100% and wasn’t 

considered further. Additionally, equal detection was assumed as Argos works around the 

clock and provides telemetry independent of geographic location. 

      For the second assumption, i.e. all tagged sea lions behave independently in regards 

to sighting probability and movement. This assumption will be violated because sea lions 

are a gregarious species and do not behave entirely independent of one another. While 

this will not bias any point estimators, the true sampling standard errors will be larger 

than those computed by Program MARK for the data (Pollock and Raveling 1982).  

The third assumption is that the sea lions do not lose their marks, or these marks are 

not overlooked. This assumption will be met in our study because the “marks” (tags) are 

providing the actual data for each sampling period. If a tag is lost, the associated 

sampling period is terminated. Therefore, each mark is being accounted for 100%, and 

there is no need to account for and/or correct for tag loss in this study. 

The assumption that sampling is instantaneous (relative to the interval between 

occasions (i) and (i + 1)) can never be strictly met. However, this assumption is mostly 

concerned with mortality between samples and transition probabilities, which are 

sensitive to the ratio between the sampling and intersampling periods. This study was 
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primarily interested in estimating the encounter probability (p) at each transition state. 

Nevertheless, an effort was made to keep the sampling window as short as possible 

relative to the intersampling period. 

Finally, CMR models cannot distinguish between mortality and permanent 

emigration, unless emigration is also monitored. For these models, transition to a location 

outside of all observable locations is assumed to be permanent and is thus confounded 

with mortality (Hastings and Testa 1998, Kendall & Nichols 2002). As survival is 

assumed to be 100% for all juveniles during the study period, this assumption only 

presents a problem in regards to transition (movement) probabilities. The study was 

performed on a regional level, so the effect of nonpermanent emigration will be minimal 

as the entire region was sampled. The only individual in our study that emigrated out of 

the study area was TJ16M, but the emigration was effectively “permanent” as the record 

ended at La Perouse Glacier near Icy Point, AK, outside of the study area (Figure 1.4). 

Generation of the program MARK encounter input file for the SS group took the form 

of satellite fixes that met specific spatiotemporal criteria from the SDA-filtered tracking 

data (See Chapter 1 for data filtering specifics). Only the general timeframe in which SSL 

counts were taken was considered. 10 surveyed haulout locations did not coincide with 

core areas identified via KDE analysis, and were therefore dropped from consideration. 

To further reduce the number of transition states, core areas were tabulated for each 

individual within the SS group (n = 35), and only those surveyed haulouts which had a 

minimum of 3 overlapping core areas assigned to them from the combined individual 

records were kept. This step struck a balance between model complexity and use of 

available data, and reduced the number to 8 final locations (from the original 38).  A 9th 

location was added for “other” (defined as any surveyed haulout that had a KDE derived 

core area associated with it but didn’t fall within the other 8 surveyed locations), and 

“water” (defined as at sea locations > 3 km from land). The at sea location was included 

as a proxy to foraging behavior. The study haulouts were arranged west to east and given 

a code (HO1 – HO9), providing a total of 10 sample locations for the analysis (Table 
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2.2). The 8 remaining transition states for the mark-recapture analysis are presented in 

Figure 2.4. 

A window of time was chosen that maximized the use of existing data. As aerial 

surveys are generally flown from June 6th – July 7th within PWS, a timeframe was 

chosen that covered those dates, but also took advantage of the existing satellite 

telemetry. These considerations led to a window from May 10th – August 10th of each 

year within the study period. The time of day the abundance count surveys took place 

within PWS ranged from 11:45 AM – 4:38 PM Alaska Daylight Time (AKDT).2 A six 

hour time window was chosen to examine the spatial location of each SS individual from 

approximately 11:00 AM – 5:00 PM AKDT. This window was not absolute, as the time-

at-depth (TAD) histograms (from which the wet/dry state was calculated) varied about 

this timeframe as well. If data was available an hour earlier (or later), the window was 

adjusted to take advantage of existing location information. This adjustment would 

subtract from the other side of the window so that the duration never exceeded 6 hours.  

In the case of multiple locations per time window, the highest quality location was 

used. An example of the selection method for FR63F is given in Figure 2.5. On 

06/18/2011 there were 4 satellite fixes between 11:00 AM – 5:00 PM AKDT. 3 out of 4 

of the positions fell within the KDE derived core area, which overlapped the surveyed 

haulout at Glacier Island. The quality of the location classes varied between LC-1 (350-

1000 m) to LC-A (3 fixes, no accuracy assessment). In this case, LC-1 was used in 

determining the sea lion’s actual position as it was the most accurate fix in the point 

cloud. 

In addition to the time criteria, there were 2 other spatial conditions that were 

required in order to assign a juveniles’ tracking location to one of the 8 previously 

identified surveyed haulouts: 

1.) The haulout must have fallen within a core area as defined by the KDE analysis 

from the individual records. Location fixes were then compared against the KDE- 

2 Correspondence author 
Email: Stephen.Meck@oregonstate.edu 
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derived core area(s) for each individual. If the fix fell within a core area that 

encompassed a surveyed haulout, it was assigned to that haulout. 

2.) If the KDE defined core area extended appreciably away from the surveyed 

haulout, the satellite position fix would only be counted if it fell within 3 km (< 3 

km) of the haulout. This consideration sought to account for the occasional 

unreasonably wide KDE boundary, while taking into consideration the spatial 

resolution of the data. This rule only applied if all other criteria were met.  

Position fixes greater than 3 km from any land mass were relegated to the “at-sea” 

location, and locations outside of an individual’s core area (but within 3 km of any land) 

were not used at all. 

A program MARK input file was created based on the preceding conditions. It was 

assumed that processes relating to distributional differences did not vary significantly 

during the examined timeframe (May 10th – August 10th) over the course of the study 

period. In other words, there weren’t differences in environmental conditions over the 

course of the study that might have altered movement patterns significantly between 

years. Data was available for the SS animals from 2004-2011, but not for years 2007 and 

2010. There were a total of 93 sampling “occasions,” with no possibility of temporary 

emigration. A period (.) was used with each animal to denote “no data,” (the tag had 

either not been attached yet, or it was not actively transmitting), and a “0” was used to 

denote “tag actively transmitting, but either no data available for the sampling occasion 

or the given location data were all outside registered sampling sites.” Time was held 

constant for the summer period.  An example of the completed encounters history file 

(and its interpretation) is given in Table 2.3.  

 As the movement parameter Ψ must logically sum to 1.0, a constraint was placed on 

the model by changing the link function that MARK uses to the multinomial logit link 

function (MLogit; White et al. 2006). Each transition (from A to J) was assigned 

MLogit(x), where x was the set number of the MLogit link function. For our model, there 

were 10 such constraints applied. In maximum likelihood estimation there is a risk of 

converging to a local minimum of the deviance, rather than on the global minimum 
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(Fletcher 1987). Multistate models can have notable difficulty in converging to a global 

minimum when there are > 2 states. This problem is exacerbated when one or more of the 

transition probabilities reach a parameter boundary, such as Ψ = 0 (White et al. 2006). As 

the data represented 10 transition states, where many of the calculated movement values 

were very close to zero, this was a real concern. Several of the initial models produced 

solutions that varied significantly, even when the same link function was used (See Table 

2.5). To address this issue, a model selection process was used as outlined by Lebreton & 

Pradel (2002). First, several different link functions were evaluated under the assumption 

that different algorithms might have varying chances of success at interpreting the multi-

modal likelihood surface. Second, results were systematically checked by picking out a 

few different sets of dissimilar solutions, and checking the differences in the deviance 

obtained. Third, an alternative optimization procedure was used within MARK known as 

“simulated annealing” (Goffe et al. 1994, White et al. 2006). This algorithm periodically 

makes a completely random jump to a new parameter value during the calculation, and 

this property increases the chances that the algorithm will find the global maximum 

instead of a local maximum. 

It is useful when examining CMR data to first compute detailed goodness-of-fit tests 

to allow a thorough inspection of the assumptions underlying the models in the candidate 

set. In order to account for a potential lack of fit to the data, a measure of how much extra 

variation is present is necessary, and a way to quantify the amount of overdispersion. If 

the measure of overdispersion (known as a variance inflation factor, or ĉ) is too high, 

there is no way to know from the data if there is excess variation and the model structure 

is correct, or if the multinomial variance assumption is true and the ĉ represents a failure 

of the model to account for the structure of the data (Lebreton et al. 1992). Typically, this 

uncertainty is incorporated into a model error component that inflates the standard errors 

on estimates to properly reflect the degree of uncertainty associated with the parameter 

values. Unfortunately, because the MARK input file had large gaps where there was no 

data available (denoted with a period (.)), it was not possible to run a GOF test within 

MARK, U-CARE, nor RELEASE. Lebreton et al. 1992 acknowledged there was a need 
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for additional research to provide flexible GOF tests for complex models. As such, the 

standard errors reported in the analysis are too small, and provide merely a starting point 

of estimate uncertainty associated with each of the parameter values. 

The primary goal of this analysis was to obtain an estimate of the encounter 

probability p at each of the selected haulout sites, which ultimately drove the model 

selection process. Firstly, multiple models were run with survival (S) fixed to 1, and time 

held constant using different link functions. As the data were not symmetric around the 

[0, 1] interval (increasing slowly at small values and more sharply at 1), the 

complementary loglog (CLogLog) function produced the best initial output. However, 

this link function produced different results for the encounter estimates between models 

with a similar structure, indicating a lack of global convergence in one of the models 

(Lebreton & Pradel 2002). A good example of this can be found in Table 2.5. The 

MLogit.CLogLog2 model had a similar structure to the MLogit.CLogLog model that was 

eventually settled on to provide initial values for the next numerical optimization routine, 

and yet it produced a different set of encounter estimates and a higher deviance value. 

Through a combination of different link functions, different sets of dissimilar solutions 

were selected and used as initial starting values until results were obtained that 

consistently produced a low deviance and an acceptable fit to the data.  

From this final set of models, the MLogit.parm.est model was selected to provide the 

encounter probabilities used in this study. This model was run using the selected set of 

initial parameters, and produced results that were similar to the other top models in the 

candidate set. Final model selection, after producing a list of models that seemed to fit the 

data well from the above procedure, was accomplished by selecting the most 

parsimonious model using Akaike’s Information Criterion (AICc) for small sample sizes 

(Akaike 1973, Burnham & Anderson 1998). 

Determination of Wet/Dry States 

 In addition to the association of individuals to 6 hour time periods within the summer 

months to one of 10 possible states (9 survey locations, plus an ‘at-sea’ location as the 

10th state) these same time periods can be associated with a percent of time spent dry. As 
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both aerial and terrestrial based abundance surveys require that the Steller sea lions be 

hauled out and visible, various methods were explored to determine a wet/dry state for 

the study juveniles in order to ensure the satellite positional data was as comparable as 

possible to conventional count statistics. 

The first method to derive a wet/dry state for individual animals examined 

information gathered and stored as histogram information by the tags. The SDRs used in 

the study have extra memory which can be used to archive either histogram or depth 

readings (SDR-T16 Instruction Manual, Wildlife Computers, Redmond, WA). These may 

be used for estimating haulout behavior. The most reliable, but also the least complete, 

was the “HauledOut” status indicator. This indicator had a strict definition that the 

haulout state would only begin after 400 continuous seconds of dry conductivity sensor 

readings, and at-sea status would begin after 360 seconds wet (Rehberg & Small 2001). 

Unfortunately, due to large data gaps in numerous individual records, this method for 

determining a dry state was dropped from consideration.  

 A more complete record was obtained by looking at the time-at-depth (TAD) 

histograms collected by the tags. For these records, information was collected and 

encoded into bins (accumulators), each of which had an upper depth limit assigned to it. 

SDRs transmit information on the amount of time animals spend dry versus wet in a 

variety of different formats. Within the TAD records, Bin1 represented a dry state (upper 

limit of 0 m), and was unique in that all counts were also tied to the wet/dry sensor.   

Data histograms covering 6 hour time periods on the proportion of time spent in different 

states correspond to distinct histogram bins. Time spent dry (accrued in 20 minute 

increments within Bin1) was calculated as: 

 
Bin1 / (Bin1+Bin2…+Bini) * 6 hours 

 
The timestamp associated with each line of the record represented the beginning of the 6 

hour period. The spatial mark-recapture analysis was also restricted to approximately the 

same 6 hour time window, in order that the combined information would represent an 

animal in a given state (both dry and at this location) at a given time (summer months), with 
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an accompanying high likelihood of attendance as defined by the KDE derived core area for 

that individual. 

 The TAD histograms were obtained for all SS group animals, and compiled into a single 

Excel spreadsheet. Within the SS group, the initial start time for the 6 hour window varied 

from 10:00 AM – 1:00 PM (AKDT), depending on the original tag programming. The 

relevant timeframe was lined up with the equivalent time frame used in the mark-

recapture analysis, and the Bin1 percentage information assigned to the predetermined 

transition state. While the Bin1 record was relatively complete, there were gaps in the 

availability of data when compared to the positional information. 

 After percentages had been assigned to each of the 10 transition states, an average of 

all Bin1 values were taken at each location. This final point estimator represented the 

average amount of time that our population was in a dry state at each haulout location 

during the study period. The encounter point estimates (p) provided by program MARK 

were multiplied by the mean time spent dry (expressed as a probability) at each location 

over the course of the study to obtain an estimate of the probability of detecting a hauled 

out (dry) animal in a given location. Variance of this product was estimated using the 

robust Delta Method (Powell 2007). As we estimated the probability of being dry outside 

of MARK, there was no way to evaluate the correlation (covariance) between the 

probability of being dry, and the probability of detection. Therefore, we assumed the 

probabilities were independent, and the covariance was zero. This assumption reduced 

our final equation to: 

𝑽𝒂𝒓(𝒀) =  𝒑𝟐𝟐𝑽𝒂𝒓(𝒑𝟏) + 𝒑𝟏𝟐𝒑𝟐𝟐(𝟏 − 𝒑𝟐)𝟐𝑽𝒂𝒓(𝜷) 

where:   𝑝1 = the average (mean) probability of being dry at each location  

  𝑝2 = (real) point estimate of encounter probability, from program MARK 

𝑉𝑎𝑟(𝑝1) = 𝑠2

𝑛
 where 𝑠2 is the variance of the probability of being dry, 

and n is the number of animals used to calculate the 

mean and variance 
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𝑉𝑎𝑟(𝛽) = [𝑆𝐸(𝛽)]2 where 𝑆𝐸(𝛽) is the standard error of the logit (p2) 

output from program MARK 

 To obtain the standard error and 95% confidence interval (C.I.) for the product of the 

2 probabilities: 

𝑺𝑬(𝒀) = �𝑽𝒂𝒓(𝒀) 

   𝟗𝟓% 𝑪. 𝑰.  =  𝒑𝟏𝒑𝟐 ± 𝟏.𝟗𝟔 ∗ 𝑺𝑬(𝒀) 

 To derive standard errors using the delta method, the calculation assumes the 

distributions of the SEs from the constituent probabilities are normally distributed. A QQ 

plot was constructed for each component, and revealed that all associated standard errors 

met the normality assumption. 

RESULTS 

 There were a total of 8 locations where juvenile SSLs were collected during the study 

from 2003-2011 (Table 2.4). Of these locations, Glacier Island was the site where the 

majority of juveniles were captured, encompassing 75.4% of the total sample population 

of n = 65 animals. For the CMR analysis, which focused on the SS group, the number of 

juveniles captured at Glacier Island represented 94.3% of the group (n = 35).  

From the individual records, the average number of KDE-derived core areas for the 

sample population that lined up with known surveyed haulouts within PWS was 66.2% 

(range: 57.9% - 74.5%; n = 65). For the SS group, they averaged 85.3% (range: 77.7% - 

93.0%; n = 35). A QQ plot revealed that the distribution of the percentages of core area 

use to known haulouts were approximately normal. There was no difference in the 

number of core areas that lined up with surveyed haulouts between sex for neither the 

entire population (F1, 63  = 0.47,  p = 0.49), nor the SS group (F1, 33  << 0.001,  p = 0.98). In 

fact, for the SS group the averages were nearly identical between the sexes. 

All FRs had a KDE derived core area that included the original capture site. In 

contrast, the transient juveniles (TJs) were quite different. These animals were captured 

and brought back to the Alaska Sea Life Center where they were maintained in temporary 
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captivity for up to 12 weeks. At the end of this period they were released at Lowell Point, 

a sheltered area within Resurrection Sound near Seward, AK. Nearly all of these TJs 

returned to Prince William Sound over time, but not necessarily to the place where they 

were captured. For the entire sample, 20 of the 57 TJs (35.1%) had a KDE derived core 

area that included the original capture location. For the SS group, nearly all animals were 

caught at Glacier Island. For this group, 9 of the 27 TJs (33.3%) returned to the original 

capture site and developed a KDE derived core area there. About a third of the juveniles 

in the study returned to their area of capture, alluding to the importance of the original 

location in subsequent patterns of movement and distribution. 

Multistate Modeling of CMR Data 

 From the final set of models, the MLogit.parm.est model was selected to provide the 

encounter probabilities used in this study. This model was run using a selected set of 

initial parameters obtained through a systematic model selection process. The estimated 

real function parameters for the encounter probability (p) at each haulout are given in 

Table 2.6, and Figure 2.6. The majority of encounter probabilities occurred roughly 

between 0.42 and 0.78 for the selected haulouts within PWS, with a second group (Grotto 

Island and Aialik Cape), having notably lower estimates between 0.00-0.17. The 

Procession Rocks haulout site had the highest encounter probability, but coupled it with 

the largest amount of variation (0.77 ± 1 S.E. range 0.57-0.97).  Overall, these 

probabilities are relatively high and represent the chance of receiving at least one satellite 

fix from an individual sea lion within 3 km of a haulout during the day and don’t take 

into consideration the wet/dry state of the animal. They indicate that if a juvenile was 

within a core area during the summer months of the study, the ability of the satellite to 

acquire a position was relatively high. 

Wet/Dry States 

 In order for a sea lion to be counted, it has to be both visible AND dry. Therefore, a 

reliable way to estimate the dry state of the animal was important in order to reproduce 

the conditions required to count an animal during a representative aerial population 

survey. Using the time-at-depth histogram information gathered remotely from the tags 
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provided a fairly complete record of activity. However, there were gaps in the availability 

of data when compared to the positional information. The Bin1 data lined up with about 

86.5% of the location data, with the most notable gap being in the at sea locations. Here, 

there were 53 locations that were present within the CMR analysis, but only 25 

corresponding records within the Bin1 field (47.2%). This reduced the precision and 

resolution of the estimates for this location. Without considering this one discrepancy, the 

Bin1 data lined up with about 90.6% of the remaining haulout locations. The estimated 

mean and other metrics for each study location are given in Table 2.7, and Figure 2.7. 

The highest probability of being dry occurred in the “other” haulout location (≈ 0.73, ± 1 

S.E. range 0.65-0.80). The majority of dry state probability values fell roughly between 

0.08-0.38, with Glacier Island being higher at ≈ 0.52, ± 1 S.E. range 0.49-0.55. 

Procession Rocks had the highest encounter probability associated with it (≈ 0.77, ± 1 

S.E. range 0.57-0.97), but a low probability of being dry (0.01, ± 1 S.E. 0.00-0.02).

 The probability of dry state while > 3 km at sea was 0.32 (± 1 S.E. range 0.25-0.39) 

While there is a possibility of a technical issue with the tags themselves, another 

explanation exists. The majority of readings that indicated a high “dry” probability which 

corresponded to an at sea location were located in the vicinity of Glacier Island. Glacier 

Island is about 9 km away from the tidewater Columbia Glacier, which is currently 

undergoing a catastrophic retreat and is calving from 3 to 18 million cubic meters per day 

(Krimmel 2001). This area is known for having numerous icebergs during this time of 

year, and there is a good chance that a juvenile was resting on a drifting iceberg for these 

locations. A good example is provided by TJ63M – on 07/09/2011, between 12:45 – 7:20 

PM, a series of at sea location fixes revealed a slow movement away from Glacier Island 

which corresponded to a 100% dry state for that day and time interval. The total distance 

covered was about 12 km, for an average speed of 1.71 km/hour. This movement is 

consistent with the speed of a drifting iceberg (Figure 2.8). It is possible that TJ63M was 

resting on an iceberg during this period, which may explain the unusual wet/dry state 

reading and account for a significant portion of the high probabilities of being dry while 

at sea reported by the tags TAD cumulative record. 
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 The final set of estimates were determined by combining the point estimators for the 

average amount of time our population was in a dry state at each haulout location with 

the encounter probability (p) derived from the CMR analysis for these locations. These 

final estimates represent the probability of detecting the presence of a dry sea lion from 

satellite uplinks at each of the 10 transition states during the summer time window from 

roughly 11:00 AM-5:00 PM AKDT, respectively. The Delta Method was used to 

calculate the estimate of the variance of the product of the two probabilities. The final 

combined probabilities of detection at each haulout are given in Table 2.8 and Figure 2.9. 

The highest probability was associated with the “other” haulout location (≈ 0.41, ± 1 S.E. 

range 0.32-0.49), which was a composite of haulouts that didn’t meet the criteria to be 

included as a single location. Most of the probabilities fell roughly between 0.08-0.28, 

with a second group (which included Grotto Island, Aialik Cape, and Procession Rocks) 

having low overall encounter probabilities. These averaged about 0.01, with a cumulative 

range of ≈ 0.00-0.02 (± 1 S.E.). For Grotto Island and Aialik Cape, the low overall 

detection probabilities (≈ 0.01) were due to the combination of a low encounter 

probability (≈ 0.08), coupled with a lower dry state probability (averaged ≈ 0.12, ± 1 S.E. 

cumulative range 0.00-0.30). This was not the case with Procession Rocks – it had the 

highest encounter (p) probability associated with it (≈ 0.77, ± 1 S.E. range 0.57-0.97), but 

a low chance of being dry (≈ 0.01, ± 1 S.E. 0.00-0.02). As the combined probability is 

multiplicative, the result is a low overall probability of encounter (≈ 0.01, ± 1 S.E. range 

0.00-0.01). 

DISCUSSION 

An increasing interest in examining the spatial aspects of population (and sub-

population) dynamics hints at the potential of multistate modeling as an important tool in 

population ecology (Lebreton & Pradel 2002). This study represents a unique effort to 

combine satellite telemetry, time-at-depth histogram information, and a kernel density 

analysis to quantify the terrestrial detection probability of a marine mammal within a 

multistate modeling framework. The derived overall detection estimates represent the 

best approximation of telemetric data to traditional aerial abundance count surveys within 
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PWS, and is an important step towards calculating a possible correction factor to account 

for haulout time at each of the surveyed haulout locations included in the study. The 

combined detection probabilities given in Table 2.8 should be equivalent to a single 

survey (or single occasion) mean detection rate. In an effort to reduce model complexity, 

the study assumed variation in encounter probability (as a function of time) did not 

fluctuate over the summer months. To account for multiple surveys conducted over the 

summer (for example, let’s suppose 3 surveys were flown), the point estimates must be 

modified to reflect the additional effort. Assuming p* = sampling occasions with (n) >1, 

then: 

𝒑∗ = 𝟏 − {[𝟏 − 𝒑𝟏] ∗ [𝟏 − 𝒑𝟐] ∗ [𝟏 − 𝒑𝟑] ∗ … . [𝟏 − 𝒑𝒏]} 

As detection rates were constant over the course of the summer, this reduces to: 

𝒑∗ = 𝟏 − [𝟏 − 𝒑]𝒏 

This equation is location specific. For example, if there was an interest in obtaining a 

detection estimate at the surveyed haulout located on Perry Island over 3 survey 

occasions: 

𝒑∗ = 1 − {[1 − 0.17137] ∗ [1 − 0.17137] ∗ [1 − 0.17137]} ≅ 0.43104 

Thus, our detection probability for dry juveniles over 3 aerial surveys at the Perry Island 

location is approximately 0.431, or 43.1%. This detection rate, in its present form, states 

that if a dry animal is there, you have an (n) probability of receiving at least one satellite 

fix from it while it is there. A final correction factor for the telemetry data requires the 

percentage of time the animal spent at each location. 

 Because our model input file had large gaps where there was no available data, it 

wasn’t possible to run a GOF test. Therefore, we presently don’t have a reliable measure 

of how well our data conforms to the model assumptions, or a way to reflect uncertainty. 

Also of concern is the second model assumption that every marked animal behaves 

independently with respect to sighting probability and movement. As Steller sea lions are 

a gregarious species, movement among individuals may be influenced by others around 

them and by group dynamics. As a result, the computed standard errors from MARK for 

our study population are potentially too small. 
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This study examined distribution and encounter probability based on areas that stood 

out as high use from the KDE analysis for the entire area of Prince William Sound. 

Ideally, a random sample of individuals from locations scattered about the region to 

represent the population would have been obtained. However, the CMR analysis focused 

on the SS group in which 94.3% of the sample was caught at Glacier Island, a single 

location. Whether there is enough movement amongst juveniles in this region to 

overcome the capture-location bias present within the sample is unknown. While 60% of 

the SS group was male, this particular selection bias did not affect the number of core 

areas that lined up with the surveyed haulouts selected for the study. This suggests a 

homogenous selection process for haulouts within PWS, at least between sexes for 

juveniles 12-25 months of age. Another possible indicator that there is a substantial 

amount of movement and mixing of the population within the region is revealed by 

comparing the calculated space use estimates between the entire sample population (n = 

65) with that of the SS group. The overall group had a lower capture percentage at 

Glacier Island (75.4% vs. 94.3% for the SS group), but the range use estimates were very 

similar. Both groups had a total of 6 core areas, and while there was more actual core 

area associated with the entire sample population (479 km2 vs. 319 km2), the overall 

sample population was also 1.76 times as large, and included differences associated with 

the FW group. Both the entire sample and the SS group had distances that spanned less 

than 200 km from end to end between all KDE derived core areas. The similarity of area 

use between these groups, when contrasted to the discrepancy present within the 

percentage assigned to capture location, suggests there is significant movement amongst 

juveniles in the region. This interpretation is supported in work done by Raum-Suryan et 

al. (2002), in which the authors found that juvenile SSLs dispersed widely by 12 months 

of age, and as adults generally remained within 500 km of their natal rookery. This 

propensity by juveniles to disperse more extensively may be due to competitive factors 

with adults for finite resources, or possibly to evaluate alternative breeding locations 

(Baker 1978). This evidence suggests that the considered lack of independence within the 
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sample due to the gregarious behavior of these animals may have not played a significant 

role, and the given error estimates are probably reasonable.   

Another area where a potential lack of independence existed was in the calculation of 

the combined probability of detection (the product of the encounter probability p and the 

dry state probability), and the corresponding standard errors derived through the Delta 

Method. If program MARK had been used to estimate both parameters, it would have 

also calculated the covariance between them. Because the dry probabilities were 

estimated separately, there was no way to examine the correlation between this parameter 

and the encounter probability provided by MARK. As such, the covariance was assumed 

to be zero (0) – that is, the two probability estimates were independent. This was likely 

not the case, as both estimates were obtained from some of the same data. As the standard 

errors were calculated without factoring in a potential positive correlation, the final SE of 

the probability product is potentially too small. Since the 95% C.I. was based on the SE, 

the resultant confidence interval is also likely too narrow. The combined estimates of 

detection probability are provided as a starting point only in the eventual calculation to 

correct for haulout time at each of the surveyed locations in the study. 

 Cormack (1968) stated that, “Even the most general mathematical model is a 

plaything relative to the complexities of an animal population.” Our efforts to model the 

juvenile SSL population within PWS represent an attempt to delve into the 

spatiotemporal patterns reflected within the telemetric data to address specific questions 

relating to process. While the limitations discussed above mainly look at the uncertainty 

associated with each of the final point estimates, there were some issues related to the 

calculation of the point estimates themselves. Due to the complexity of the model (>> 2 

transition states) and the fact that many of the transition probabilities (Ψ) were near zero, 

there were some initial numerical convergence issues. While the model selection process 

allowed for convergence on the global minimum of the deviance, there was no way to 

verify this by comparing the final model to the most general one through a GOF statistic. 

Additionally, the eventual criteria settled on for the creation of the MARK input file 

meant that many of the sampling occasions had leading zeros before the first relevant 
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transition state was reached (see Table 2.3 for an example of the input file and its 

interpretation). MARK was designed to work with traditional CMR data in which there 

must be an initial capture occasion in order to start tracking the species in question. In 

other words, MARK conditions on the first release – not on the first part of the sampling 

occasion record if there are leading zeros.3 Therefore, if an animal record had leading 

zeros (19 of the 35 juveniles in the SS group had leading zeros before the first relevant 

transition state), then MARK began its numerical optimization routine contingent upon 

the first non-zero sampling occasion. While these leading zeros made up only a small part 

of the input file (about 1.7% of the total, or about 4.9% of all available location data), the 

resultant estimates used in our study were calculated slightly higher due to this feature, 

and the “real” point estimates for detection probability p were probably somewhat lower.  

 While the Bin1 data from the TAD histograms was the most complete, there were still 

areas that mismatched. This often left positional information with no wet/dry analog, 

although the reverse was true as well. Overall, the two datasets lined up 86.5% of the 

time. As stated in the results section, much of the mismatch occurred at the at-sea 

location (> 3 km). If the at-sea location was not considered, the Bin1 data lined up with 

90.6% of the remaining haulout locations, which were the most important when 

comparing to aerial and terrestrial-based surveys of these sites. 

 During the analysis, there were numerous individual core areas that did not line 

up with any surveyed locations. This suggests there are a number of haulouts within the 

PWS-KF region that are used extensively by juvenile SSLs during the summer months 

that are not currently surveyed by the Alaska Ecosystem Program within NMFS.   

The proportion of juveniles that returned to their original capture location was 

remarkably consistent, regardless of where they were captured. The free-ranging 

juveniles, who were outfitted with SDRs and released at the capture site, tended to remain 

where they were for the duration the tag transmitted. For the transient juveniles, who 

were captured and brought back to the ASLC for an extended period, many returned to 

3 Correspondence author 
Email: Stephen.Meck@oregonstate.edu 
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their original point of capture. Most of these animals were released near Lowell Point 

(near Seward, AK), and after a brief acclimation period began to emigrate out back 

towards PWS. For the TJs, 20 of the 57 (35.1%) had a KDE derived core area that 

included the original capture location. For the SS group, 9 of the 27 TJs (33.3%) returned 

to the original capture site and developed a KDE derived core area there. As Glacier 

Island is roughly 200 km east of the release location (after accounting for travel at sea), 

this movement represented a substantial effort on the young sea lions part and suggests 

the importance of the original location to subsequent patterns of movement and 

distribution. 

The combined detection probability estimates provide a starting point to account for 

haulout time for the juvenile population within PWS, at each of the selected haulout 

locations. The encounter probability (p) from program MARK (Figure 2.6) indicates that 

the coupling of geographic information systems with mark-recapture analysis has the 

potential to provide additional insights into foraging behavior, maternal attendance 

patterns, seasonal haulout preferences, and other behavioral processes of Steller sea lions. 

Most encounter probabilities were high, suggesting that if a juvenile was within a defined 

area during the sampling fraction, the ability of the satellite to detect it was high.  

Procession Rocks had the highest encounter probability associated with it (77.1%), 

but a low probability of being dry (1.0%). While there was a high encounter probability 

associated with this location, the chance of being counted (assuming both present and 

dry) was actually low (0.7%). These associated qualities suggest that this haulout is an 

active site, with numerous juveniles moving about frequently during the day and few 

staying long enough to dry out and be counted. Additionally, Procession Rocks lies in the 

middle of the 6 discrete core areas derived from the analysis. Its central location to the 

other high use areas in the region, along with a natural bottleneck created by surrounding 

Bainbridge and Evans Islands, may allow it to serve as a waypoint for the mobile 

juveniles en route to other haulouts in the region. 

The highest probability of being dry occurred at the “other” haulout location (72.6%), 

which intuitively makes sense as this location represented multiple haulouts that didn’t 
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have the minimum number (3) of KDE derived core areas associated with them to be 

considered as a single location. As such, the encounter probability from each of the 

haulouts that were grouped into this category increased the dry state probability estimate. 

While similar in appearance to the dry state probability derived from the tag’s Bin1 

TAD histograms, the overall detection probabilities reflected the reduced chance of an 

observed individual meeting both criteria at each haulout location. As before, the highest 

probability was associated with the “other” haulout location (40.6%) which was a 

composite of haulouts. Most of the probabilities fell roughly between 8.0% - 28%, 

although a second group (which included Grotto Island, Aialik Cape, and Procession 

Rocks) standing out with low overall detection probabilities (average: 0.9%).  

These results suggest that juvenile detection rates vary markedly across the PWS-KF 

region. This is an important management consideration when appraising the 

environmental heterogeneity present within the Steller sea lions range. When applying 

these findings towards eventual population estimation or other metrics of interest, the 

variation in detectability between haulouts requires caution when making inferences to 

the population. Understanding the diversity present within the SSLs range will improve 

our ability to monitor and map such habitat use, which will ultimately steer decisions 

regarding species conservation and the protection of critical habitat mosaics. 
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CONCLUSIONS 

Steller sea lions (E. jubatus) have received a great deal of attention over the last 40 

years due to the rapid and unexplained decline of the endangered western stock. 

Management actions have been based on an assumed competition with fisheries, but an 

examination of the health of individual animals to evaluate this hypothesis has yielded 

inconclusive results (Springer 1992, Merrick et al. 1997). This problem is compounded 

by a lack of knowledge involving SSL distributional patterns as they relate to important 

prey species such as walleye pollock (Theragra chalcogramma), and how its abundance 

may effect biomass production at higher trophic levels. One line of research postulates 

that predation may be a major driving force for the low survivorship of young SSLs, and 

may constitute the largest obstacle to a recovery of the SSL in the Gulf of Alaska 

(Horning & Mellish 2009). A growing body of evidence performed in other population 

studies supports this finding – predation on new recruits, regardless of competition 

effects, is the principal source of density-dependent mortality in most species. If 

generally applicable, this finding contradicts core assumptions pertaining to single-

species conservation efforts which maintain that intraspecific competition alone accounts 

for the majority of demographic density dependence (Hixon & Jones 2005). Whether the 

forcing mechanism is top-down and/or bottom-up in nature, reduced juvenile survival 

appears to be a contributing factor of the decline and lack of recovery in the Alaskan sea 

lion population (Merrick & Loughlin 1997). 

The ability to gauge spatial patterns is essential to understanding the complex 

processes that drive the distribution of a species, and may provide insight into behavioral 

phenomenon. The examination of the satellite data revealed that telemetry based range-

use analysis is a robust method. Despite low-accuracy, sequential (and potentially 

autocorrelated) data, and a poorly balanced data set the main results were persistent and 

generally comparable between the MCP and KDE approaches. Home range areas were 

consistently larger and more variable for the MCP method than for the KDE, and they 

were more affected by juveniles within the study group that represented outlying values 

(i.e. TJ16M, whose inclusion increased the study population range by 56.2%). The KDE 
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was less sensitive to outlying individuals, and provided additional information in the 

form of core area use. Both methodologies found no differences in area use between the 

sexes or release type, but found significant differences in range size associated with the 

season. The KDE approach, using the LCV smoothing technique, also found that juvenile 

SSLs have a discontiguous core range, composed of 6 discrete core areas spread over 200 

km for the entire study group (n = 65). The home range and core area use differed 

between seasons, with the fall/winter group having a significantly larger home range than 

the spring/summer group, coupled with a set of core areas that were more heterogeneous 

and less concentrated on known survey sites within the PWS-KF region. 

Using an aggregation of fine-scaled movement patterns to define broad-scale 

distributions can provide insights into mechanistic links to many ecological processes, 

while increasing our understanding of anthropogenic influences on wildlife. The coupling 

of satellite telemetry data with geographic information systems is a relatively recent 

development, one which provides valuable insights into and quantification of a variety of 

life-history parameters such as home ranges, foraging habits, seasonal movement 

patterns, and habitat use. Although they are powerful tools for developing effective 

conservation strategies, management of marine ecosystems must match the population 

ecology and dispersal capability of the target species (Palumbi 2004). While the 

distributional processes of Steller sea lions may create large home-ranges, their core area 

use was relatively small in comparison. Effective use of satellite location telemetry can 

inform SSL area use estimation and may help to quantify a habitat mosaic where small 

scale spatial protection of critical habitat can provide a disproportionate benefit, and thus 

effectively supplement an adaptive framework for conservation and management. 

An expanding human population, coupled with an intensified use of the world’s 

oceans for commercial, strategic, and leisure purposes, has led to an increased emphasis 

on monitoring biological populations (White & Burnham 1999). CMR analyses have 

evolved from their initial use for population estimation, and with the advent of the highly 

flexible multistate models they can now test hypothesis such as the cost of reproduction, 
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the relationship between health and survival, and other questions of ecological interest 

(Nichols 1992).  

This study represents the first effort to combine a kernel density analysis with 

telemetric data to quantify the terrestrial detection probability of Steller sea lions within a 

multistate modeling framework. These findings suggest that CMR analysis can work with 

telemetry data, and provide attendance information tied to core-area use. For species that 

operate from a central place, or return to an area with high frequency (i.e. nesting sites, 

breeding territories), this may allow for a comparison between species. This study found 

that juvenile SSLs exhibited markedly different rates of detection at each of the haulout 

locations within the PWS-KF region. This alludes to substantial heterogeneity across 

PWS, even for the mobile juveniles in the study. While they may have distributed widely 

over the study area, their associated behavior at each of the examined haulout locations 

led to distinctly different encounter (and ultimately detection) rates. When making 

inferences to the larger population of SSLs within the region, this marked variation in 

detectability between haulout locations requires additional consideration.  

This adaptation of tracking data for use within a multistate modeling framework, and 

the apparent spatiotemporal resolution available, hints at the potential for various other 

questions to be addressed. For example, by establishing baselines for foraging time for a 

number of age groups, information may be obtained concerning the effects (or severity) 

of El Niño/La Niña events in the western Pacific Ocean on SSLs. Longer foraging trip 

durations have been linked to these events, due to a decrease in food availability (e.g., 

Ono et al. 1987, Lunn et al. 1993, Gallo-Reynoso et al. 2008). Additionally, these metrics 

could be evaluated with other information gathered in the field (such as pup weight at 

birth, weight gain over time, scat samples, activity indexes, etc.), as covariates, which 

when evaluated within MARK may provide further insights into relationships tied to 

these events. Similarly, questions regarding prey quality may be examined within this 

context, and results compared across meta-populations to look into regional variation and 

other potential driving forces.  
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Generally speaking, spatially explicit population models are more appropriate for 

providing qualitative insights into population structure and threat processes and 

comparing alternative management options than for providing exact population estimates. 

However, these exploratory models have an advantage in that they can be increasingly 

useful over time. As new telemetric data becomes available, these models can be 

continually updated which increases their ability to accurately predict population 

distribution and movement (Carroll et al. 2006). In an increasingly complex and 

contentious conservation framework, these models may be important heuristic tools, 

providing a starting point when examining limiting factors and differences in regional 

population structure. Additionally, being able to follow behavioral trends over time using 

remote sensing technologies will provide timely evaluation of the effectiveness of 

management practices, and allow for continual refinement in strategies to protecting 

various species of conservation concern. 
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Table 1.1. Data summaries for age at release, deployment period, body mass at release, 
and the external tag type. Numbers in brackets () indicate counts. All SE’s are given at 
the 95% CI. 
 

Group  
(Age) 

Average 
Range 

Satellite Data 
Recorder 

Females Males TOTALS ST16 SPLASH 
Fall/Winter 

(FW) 
16.4 ± 0.86 months  

(8) 
15.8 ± 0.45 months 

(20) 
15.9 ± 0.40 months 

(28) 
14-18  

months 25 3 

Spring/Summer 
(SS) 

15.9 ± 2.71 months 
(15) 

18.0 ± 2.20 months 
(22) 

17.1 ± 1.66 months 
(37) 

12-25  
months 23 14 

Free-Ranging 
(FRs) 

12.6 ± 0.68 months  
(5) 

12.7 ± 1.43 months  
(3) 

12.6 ± 0.44 months  
(8) 

12-13  
months 6 2 

Transient 
Juvenile (TJs) 

17.1 ± 2.00 months 
(18) 

17.2 ± 1.21 months 
(39) 

17.2 ± 1.00 months 
(57) 

12-25  
months 42 15 

Deployment 
Period 

54.9 ± 18.49 days  
(23) 

82.8 ± 15.27 days  
(42) 

72.9 ± 12.0 days 
 (65) 

10-215  
days 48 17 

Mass at  
Release 

114.0 ± 10.61 kg  
(23) 

133.7 ± 9.16 kg  
(42) 

126.7 ± 7.23 kg  
(65) 

72.5-197.6  
kg 48 17 

 
 
Table 1.2. Juvenile Steller sea lion types (TJ or FR), age, mass, external tag, and number 
of deployment days for study population between 2003 and 2011.  
 

 

Steller 
ID# 

Age At 
Release 

(Months) 

Mass 
(kg) Sex External 

Tag Type 
Release 

Date 
Last Uplink 

Date 
Time Deployed 

(Days) 

FR010 13 119 M SDR-T16 07/28/2004 09/28/2004 62 
FR011 13 99 F SDR-T16 07/28/2004 08/09/2004 12 
FR013 13 101 F SDR-T16 07/29/2004 08/13/2004 15 
FR014 13 79 F SDR-T16 07/29/2004 08/27/2004 29 
FR015 13 99 M SDR-T16 07/29/2004 08/13/2004 15 
FR63 12 76 F SPLASH 06/01/2011 07/20/2011 49 
FR64 12 72.5 F SPLASH 06/01/2011 07/10/2011 39 
FR65 12 80.4 M SDR-T16 06/01/2011 07/20/2011 49 
TJ01 14 121 M SDR-T16 09/10/2003 11/30/2003 81 
TJ02 15 104 F SDR-T16 10/02/2003 10/16/2003 14 
TJ03 17 134 M SDR-T16 12/08/2003 04/15/2004 129 
TJ04 17 145 F SDR-T16 12/08/2003 05/05/2004 149 
TJ05 23 129 F SDR-T16 05/26/2004 06/27/2004 32 
TJ06 23 140 F SDR-T16 05/26/2004 07/05/2004 40 
TJ07 23 166 F SDR-T16 05/26/2004 06/27/2004 32 
TJ08 23 176 M SDR-T16 05/26/2004 06/16/2004 21 
TJ09 15 134 M SDR-T16 09/28/2004 02/20/2005 145 
TJ10 15 107 F SDR-T16 09/28/2004 12/21/2004 84 
TJ11 15 114 M SDR-T16 09/28/2004 02/11/2005 136 
TJ12 15 135 M SDR-T16 09/28/2004 03/08/2005 161 
TJ13 22 186 M SPLASH 04/28/2005 06/16/2005 49 
TJ14 22 144 F SPLASH 04/28/2005 06/13/2005 46 
TJ15 22 145 M SPLASH 04/28/2005 07/26/2005 89 
TJ16 22 190 M SPLASH 04/28/2005 06/19/2005 52 
TJ17 13 128 M SPLASH 08/04/2005 10/09/2005 66 
TJ18 13 111 M SPLASH 08/04/2005 09/09/2005 36 
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Table 1.2. Juvenile Steller sea lion types (TJ or FR), age, mass, external tag, and number 
of deployment days for study population between 2003 and 2011.  
 

 

Steller 
ID# 

Age At 
Release 

(Months) 

Mass 
(kg) Sex External 

Tag Type 
Release 

Date 
Last Uplink 

Date 
Time Deployed 

(Days) 

TJ19 13 116 F SPLASH 08/04/2005 09/01/2005 28 
TJ20 13 105 F SPLASH 08/04/2005 10/28/2005 85 
TJ21 17 138 F SPLASH 11/22/2005 03/27/2006 125 
TJ22 17 131 F SPLASH 11/22/2005 03/27/2006 125 
TJ23 17 136 M SPLASH 11/22/2005 02/02/2006 72 
TJ24 22 180 M SPLASH 04/17/2006 07/05/2006 79 
TJ25 22 139.8 M SPLASH 04/17/2006 06/29/2006 73 
TJ26 22 171.6 M SPLASH 04/17/2006 07/31/2006 105 
TJ27 22 149.4 M SPLASH 04/17/2006 06/26/2006 70 
TJ32 15 147 M SDR-T16 10/10/2007 02/23/2008 136 
TJ33 15 134 M SDR-T16 10/10/2007 02/11/2008 124 
TJ34 15 110 M SDR-T16 10/09/2007 03/31/2008 174 
TJ35 15 146 M SDR-T16 10/09/2007 02/08/2008 122 
TJ36 15 113 M SDR-T16 10/09/2007 02/23/2008 137 
TJ37 15 131 M SDR-T16 10/10/2007 01/13/2008 95 
TJ38 22 197.6 M SDR-T16 04/29/2008 05/28/2008 29 
TJ39 22 164.8 M SDR-T16 04/29/2008 06/12/2008 44 
TJ40 22 99.6 F SDR-T16 04/29/2008 06/20/2008 52 
TJ41 22 162.6 M SDR-T16 04/29/2008 06/26/2008 58 
TJ43 16 145.2 F SDR-T16 11/12/2008 04/03/2009 142 
TJ44 16 130.5 M SDR-T16 11/11/2008 11/21/2008 10 
TJ45 16 157.4 M SDR-T16 11/12/2008 01/05/2009 54 
TJ46 16 134 M SDR-T16 11/11/2008 02/17/2009 98 
TJ47 16 102.6 F SDR-T16 11/11/2008 01/17/2009 67 
TJ48 16 126.2 M SDR-T16 11/11/2008 06/14/2009 215 
TJ50 13 136 M SDR-T16 07/29/2009 09/01/2009 34 
TJ51 13 100.4 F SDR-T16 07/21/2009 08/15/2009 25 
TJ52 25 160.6 M SDR-T16 07/29/2009 10/12/2009 75 
TJ54 13 80.2 M SDR-T16 07/21/2009 08/11/2009 21 
TJ55 13 109.8 M SDR-T16 07/29/2009 11/10/2009 104 
TJ56 17 111.4 M SDR-T16 11/24/2010 12/20/2010 26 
TJ57 17 110 M SDR-T16 11/24/2010 04/10/2011 136 
TJ58 17 114 M SDR-T16 11/23/2010 02/12/2011 81 
TJ59 17 114 M SDR-T16 11/23/2010 04/18/2011 146 
TJ60 18 94 F SDR-T16 12/20/2010 01/02/2011 13 
TJ62 12 113 F SDR-T16 06/29/2011 08/02/2011 34 
TJ63 12 108.2 M SDR-T16 06/22/2011 07/16/2011 24 
TJ64 12 119 F SDR-T16 06/22/2011 07/18/2011 26 
TJ65 12 99 M SDR-T16 06/15/2011 07/30/2011 45 

 
 
 
 
 
 
 

Table 1.2 (Continued). Juvenile Steller sea lion types (TJ or FR), age, mass, external tag, 
and number of deployment days for study population between 2003 and 2011. 
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Table 1.3.  Argos satellite locations by location class for study population between 2003 
and 2011 using the SDA filter (package “argosfilter” available at http://cran.r-project.org) 
in R. Speed parameter was ≤ 2.86 m/s, angles were set at 15° and 25°, with an 
accompanying distance of 2500 m and 5000 m, respectively. 
 
 

Argos Location 
Class (LC) 

Guaranteed 
Accuracy  

(68% values) 

Number of 
Locations Prior 

to SDA 
Filtering 

Number of 
Locations Post 
SDA Filtering 

LC as % of 
Unfiltered 
Locations 

LC as % of 
Filtered 

Locations 

% LC Retained 
After Filtering 

LC-3 ≤ 150 m 3060 3007 5.93 % 7.38 % 98.27 % 

LC-2 150–350 m 5772 5571 11.19 % 13.67 % 96.52 % 

LC-1 350–1000 m 9198 8593 17.83 % 21.09 % 93.42 % 

LC-0 > 1000 m 6703 5178 13.00 % 12.71 % 77.25 % 

LC-A no assessment 
(3 fixes) 11925 9438 23.12 % 23.16 % 79.14 % 

LC-B no assessment 
(2 fixes) 14917 8959 28.92 % 21.99 % 60.06 % 

TOTALS  51, 575 40, 746 100.00 % 100.00 %  
 
 
 

Table 1.4. Area values from minimum convex hull and kernel density estimation analysis 
(in km2). All values reflect area use with land mass removed. 
 

Steller  
ID# 

Convex Hull 
Area (km2) 

Core 50% 
Quantile  

(km2) 

Range 95% 
Quantile  

(km2) 

Total KDE 
Area (km2) 

Core as % 
 of Range 

Area 

KDE as % 
 of MCP Area 

Core as % of 
Known Haulout 

Locations 
FR010 4253.2 61.3 839.8 901.1 7.30 21.19 100.00 
FR011 111.8 44.6 156.9 201.4 28.43 180.19 33.33 
FR013 490.1 113.0 511.0 624.0 22.11 127.33 100.00 
FR014 1381.4 161.8 1036.0 1197.9 15.62 86.71 50.00 
FR015 250.2 41.5 311.3 352.8 13.34 141.00 100.00 
FR63 383.8 12.1 164.6 176.7 7.33 46.04 100.00 
FR64 56.6 3.5 33.4 36.9 10.51 65.24 100.00 
FR65 1300.5 49.1 423.1 472.2 11.61 36.31 100.00 
TJ01 486.0 43.3 262.7 306.0 16.48 62.97 66.67 
TJ02 227.1 44.6 304.6 349.2 14.65 153.72 100.00 
TJ03 4126.1 143.2 1109.6 1252.8 12.91 30.36 33.33 
TJ04 756.1 60.4 435.9 496.3 13.85 65.64 11.11 
TJ05 440.6 49.3 328.7 378.0 14.99 85.79 50.00 
TJ06 7842.3 353.0 2414.9 2767.9 14.62 35.29 62.50 
TJ07 3828.9 173.7 1563.5 1737.2 11.11 45.37 100.00 
TJ08 374.3 26.8 242.8 269.6 11.03 72.03 100.00 
TJ09 8165.0 449.1 3770.9 4220.0 11.91 51.68 85.71 
TJ10 17058.1 411.4 2848.3 3259.7 14.44 19.11 20.00 
TJ11 30405.3 3451.5 22705.7 26157.2 15.20 86.03 33.33 
TJ12 1676.5 18.9 494.5 513.4 3.82 30.62 0.00 
TJ13 739.9 38.8 416.6 455.4 9.33 61.55 50.00 
TJ14 869.7 17.2 253.1 270.2 6.78 31.07 100.00 
TJ15 1870.8 43.9 729.4 773.3 6.01 41.34 100.00 
TJ16 48119.6 297.9 4214.5 4512.3 7.07 9.38 100.00 
TJ17 915.9 42.9 313.5 356.4 13.67 38.91 66.67 
TJ18 688.6 17.0 266.6 283.6 6.40 41.19 100.00 
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Table 1.4. Area values from minimum convex hull and kernel density estimation analysis 
(in km2). All values reflect area use with land mass removed. 
 

Steller  
ID# 

Convex Hull 
Area (km2) 

Core 50% 
Quantile  

(km2) 

Range 95% 
Quantile  

(km2) 

Total KDE 
Area (km2) 

Core as % 
 of Range 

Area 

KDE as % 
 of MCP Area 

Core as % of 
Known Haulout 

Locations 
TJ19 501.6 10.5 161.6 172.1 6.48 34.32 100.00 
TJ20 3836.1 100.2 803.9 904.1 12.47 23.57 100.00 
TJ21 985.6 21.8 260.6 282.3 8.35 28.64 50.00 
TJ22 6008.1 73.3 1791.8 1865.1 4.09 31.04 60.00 
TJ23 7789.7 28.9 1618.3 1647.2 1.78 21.15 100.00 
TJ24 3507.5 32.9 724.2 757.1 4.54 21.58 50.00 
TJ25 4358.0 96.9 1133.1 1230.0 8.55 28.22 100.00 
TJ26 7467.6 182.6 1583.5 1766.1 11.53 23.65 88.89 
TJ27 4972.3 68.4 1243.9 1312.3 5.49 26.39 60.00 
TJ32 649.6 49.6 231.3 280.9 21.45 43.25 33.33 
TJ33 2731.4 92.7 446.2 539.0 20.78 19.73 50.00 
TJ34 1424.1 59.0 264.9 323.9 22.29 22.74 33.33 
TJ35 13198.0 195.3 2674.1 2869.4 7.30 21.74 100.00 
TJ36 1753.4 65.6 610.9 676.5 10.74 38.58 33.33 
TJ37 3673.1 169.1 1575.5 1744.6 10.73 47.50 66.67 
TJ38 817.6 31.4 428.6 460.0 7.32 56.26 100.00 
TJ39 2919.1 107.8 1279.2 1387.0 8.42 47.51 100.00 
TJ40 282.8 11.0 98.0 109.0 11.28 38.54 100.00 
TJ41 3469.3 76.0 999.5 1075.4 7.60 31.00 75.00 
TJ43 6204.5 171.9 1001.3 1173.2 17.17 18.91 25.00 
TJ44 679.7 222.3 660.0 882.3 33.69 129.81 50.00 
TJ45 6227.5 330.8 1954.7 2285.5 16.93 36.70 36.36 
TJ46 808.4 79.0 407.2 486.2 19.41 60.14 20.00 
TJ47 2614.0 131.4 1053.7 1185.1 12.47 45.34 50.00 
TJ48 656.2 12.0 234.2 246.2 5.14 37.52 0.00 
TJ50 83.6 8.5 56.9 65.5 15.01 78.34 100.00 
TJ51 454.4 79.2 421.6 500.8 18.79 110.20 100.00 
TJ52 7738.9 50.1 799.0 849.1 6.27 10.97 100.00 
TJ54 246.4 33.1 276.8 310.0 11.96 125.79 0.00 
TJ55 546.9 24.1 167.4 191.5 14.40 35.02 100.00 
TJ56 5240.0 217.7 1857.6 2075.3 11.72 39.61 50.00 
TJ57 7145.7 191.2 1726.6 1917.8 11.07 26.84 33.33 
TJ58 5920.1 79.3 1452.8 1532.1 5.46 25.88 20.00 
TJ59 34797.0 289.3 5900.0 6189.3 4.90 17.79 55.56 
TJ60 253.2 26.1 251.2 277.3 10.41 109.54 0.00 
TJ62 552.8 36.1 318.5 354.6 11.34 64.15 100.00 
TJ63 2063.0 62.0 613.4 675.4 10.10 32.74 50.00 
TJ64 669.8 39.1 347.1 386.2 11.27 57.66 100.00 
TJ65 875.2 37.2 436.8 474.0 8.52 54.17 50.00 

 

 

 
 
 

Table 1.4 (Continued). Area values from minimum convex hull and kernel density 
estimation analysis (in km2). All values reflect area use with land mass removed. 
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Table 1.5. Data summaries for MCP range by sex, season, and release type. Numbers in 
brackets () indicate counts. Due to the non-normal distribution of the MCP statistic, the 
mean and confidence limits (at the 95% C.I.) were all calculated in log-space and back-
transformed. 
 

Group 
Mean and Limits (95% C.I.) for MCP Area (in km2) MCP Range (km2) 

Females Males TOTALS Females Males 

Fall/Winter  
(FW) 

Average: 1,704  (8) 
LCL: 456 

UCL: 6,369 

Average: 3.305 (20) 
LCL: 1,825 
UCL: 5,984 

Average: 2,735  (28) 
LCL: 1,610 
UCL: 4,648 

227 - 
17,058 

486 - 
34,797 

Spring/Summer  
(SS) 

Average: 654  (15) 
LCL: 319 

UCL: 1,344 

Average: 1,553 (22) 
LCL: 825 

UCL: 2,923 

Average: 1,094  (37) 
LCL: 680 

UCL: 1,759 

57 – 
7,842 

84 - 
48,120 

Free-Ranging  
(FRs) 

Average: 277 (5) 
LCL: 58 

UCL: 1,328 

Average: 1,114  (3) 
LCL: 33 

UCL: 38,199 

Average: 467 (8) 
LCL: 143 

UCL: 1,527 

57 – 
1,381 

250 - 
4,253 

Transient Juvenile 
(TJs) 

Average: 1,271 (18) 
LCL: 654 

UCL: 2,471 

Average: 2,347 (39) 
LCL: 1,494 
UCL: 3,686 

Average: 1,934  (57) 
LCL: 1,336 
UCL: 2,799 

227 - 
17,058 

84 - 
48,120 

 

 

Table 1.6. Mann-Whitney U test results for all group types using the Minimum Convex 
Polygon (MCP) area in km2 (after accounting for land areas). 
 

Groups Mann-Whitney  
U Statistic 

Probability 
 (p-value) 

Effect Size 
(r) 

Sex (Females/Males) 312 0.019 -0.291 
Release Type (FRs/TJs) 108 0.017 -0.297 
Season (FW/SS) 330 0.012 -0.309 
 

 

Table 1.7. A Moran's I test under randomization using two different lag distances for 
seasonally adjusted data. The results indicate that the filtered data was sufficiently 
independent to meet the assumptions necessary to conduct a KDE analysis. 
 

Moran I statistic Expectation Number of Lag 
Distances 

Probability 
 (p-value) 

-0.0031 -0.0016 20 0.542 
-0.0060 -0.0016 10 0.271 
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Table 1.8. KDE derived utilization distribution statistics for the study population using a 
weighted subsample. Area values are given in km2 after accounting for land mass. 
 

Groups Core 50%  
Quantile (km2) 

Range 95%  
Quantile (km2) 

Total KDE  
Area (km2) 

Fall/Winter  654 10,327 10,981 
Spring/Summer 319 4,225 4,544 
Entire Population 479 8,640 9,119 
 

 

Table 1.9. Data summaries for the KDE derived utilization distribution by sex, season, 
and release type. Numbers in brackets () indicate counts. Due to the non-normal 
distribution of the KDE statistic, the mean and confidence limits (at the 95% C.I.) were 
all calculated in log-space and back-transformed. 
 

Group 
Mean and Limits (95% C.I.) for KDE Area (in km2) UD Range (km2) 

Females Males TOTALS Females Males 

Fall/Winter  
(FW) 

Average: 763 (8) 
LCL: 350 

UCL: 1,664 

Average: 1,221 (20) 
LCL: 702 

UCL: 2,123 

Average: 1,067 (28) 
LCL: 691 

UCL: 1,648 

277 – 
3,260 

246 – 
26,157 

Spring/Summer  
(SS) 

Average: 383  (15) 
LCL: 207 
UCL: 710 

Average: 593 (22) 
LCL: 400 
UCL: 878 

Average: 497 (37) 
LCL: 357 
UCL: 692 

37 – 
2,768 

65 – 
4,512 

Free-Ranging  
(FRs) 

Average: 250  (5) 
LCL: 48 

UCL: 1,312 

Average: 531 (3) 
LCL: 161 

UCL: 1,751 

Average: 332  (8) 
LCL: 131 
UCL: 840 

37 – 
1,198 

353 – 
901 

Transient  
Juvenile (TJs) 

Average: 586  (18) 
LCL: 361 
UCL: 949 

Average: 866 (39) 
LCL: 603 

UCL: 1,244 

Average: 765  (57) 
LCL: 575 

UCL: 1,019 

109 – 
3,260 

65 – 
26,157 

 

 

Table 1.10. Mann-Whitney U test results for all group types using the KDE derived UD 
area in km2, after accounting for land areas. 
 

Groups Mann-Whitney  
U Statistic 

Probability 
 (p-value) 

Effect Size 
(r) 

Sex (Females/Males) 353 0.076 -0.221 
Release Type (FRs/TJs) 140 0.081 -0.218 
Season (FW/SS) 328 0.011 -0.312 
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Table 2.1. Aerial survey records for SSL haul-out locations within the Prince William 
Sound-Kenai Fjords region. These sites are surveyed by the Alaska Ecosystem Program 
within NMFS, and comprise a total of 38 locations for the timeframe considered in this 
study. 
 

     Site Name      Latitude     Longitude Hemisphere 

Cape St. Elias 59.789 -144.603 W 
Wooded (Fish) 59.882 -147.346               W 
Seal Rocks 60.163 -146.836 W 
Sitkagi Bluffs 59.708 -140.650 W 
Middleton 59.472 -146.313 W 
Cape Fairfield 59.923 -148.837 W 
Nuka Point 59.300 -150.717 W 
Gore Point 59.200 -150.967 W 
East Chugach 59.105 -151.443 W 
Perl 59.095 -151.660 W 
Nagahut Rocks 59.100 -151.772 W 
Elizabeth/Cape Elizabeth 59.156 -151.885 W 
Flat 59.332 -151.994 W 
Hook Point 60.331 -146.260 W 
Cape Hinchinbrook 60.233 -146.642 W 
Glacier 60.853 -147.153 W 
Perry 60.735 -147.905 W 
Point Eleanor 60.583 -147.567 W 
Pleiades 60.242 -148.008 W 
The Needle 60.110 -147.602 W 
Point LaTouche 59.940 -148.050 W 
Danger 59.918 -148.097 W 
Point Elrington 59.934 -148.248 W 
Procession Rocks 60.006 -148.290 W 
Cape Puget 59.942 -148.450 W 
Cape Junken 59.913 -148.643 W 
Cape Resurrection 59.863 -149.282 W 
Rugged 59.833 -149.385 W 
Unnamed rock between  
Rugged and Aialik Cape 59.720 -149.511 W 

Aialik Cape 59.705 -149.524 W 
Grotto Island (NATOA) 59.632 -149.598 W 
Chiswell Islands 59.602 -149.571 W 
Seal Rocks (Kenai) 59.520 -149.625 W 
Granite Cape 59.608 -149.760 W 
Steep Point 59.484 -150.257 W 
Unnamed rock between  
Steep Point and Rabbit 59.416 -150.297 W 

Rabbit 59.363 -150.380 W 
Outer (Pye) 59.346 -150.407 W 
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Table 2.2. Remaining coded haul-outs (HO) for the study population within the PWS 
area. Haul-outs run from west to east, and the numbers represent the number of core areas 
(50% space use) from the KDE analysis that overlapped each surveyed haul-out location. 
Brackets () indicate the MARK input code. The SS group is in bold, for emphasis. 
 

CODE SITENAME Females Males FW SS FRs TJs TOTAL 

HO1  (A) Grotto Island (NATOA) 1 4 2 3  5 5 
HO2  (B) Chiswell Islands 1 3 1 3  4 4 
HO3  (C) Aialik Cape 5 5 2 8  10 10 

HO4  (D) Unnamed rock between 
Rugged and Aialik Cape 5 5 2 8  10 10 

HO5  (E) Cape Resurrection 2 22 11 13  24 24 
HO6  (F) Procession Rocks 3 5 5 3  8 8 
HO7  (G) Perry 3 5 2 6 2 6 8 
HO8  (H) Glacier 11 11 4 18 8 14 22 

HO9  (I) Other (haulout not in 
above)         

Water (J) At sea location (> 3 km)        
 

 

Table 2.3. Example of the program MARK encounter history input file, along with an 
interpretation of meaning. There were a total of 93 sampling occasions, with no 
possibility of temporary emigration due to the regional scale of the study.  
 

 
 

Encounter 
History Interpretation 

..00H00 

 
No data for 2 occasions before individual record started, not seen 
for 2 occasions, seen at H on occasion 3, then not seen again at any 
haulout (or at sea) until the end of the sampling period. 

 

E00BAEE 

 
Seen at E on occasion 1, not seen for 2 occasions, seen at B on 
occasion 4, seen at A on occasion 5, then seen at E for all 
subsequent occasions. 

 

00HJ0.. 

 
Not seen for first 2 occasions, seen at H on occasion 3, out at sea 
location (greater than 3 km from land) on occasion 4, not seen on 
occasion 5, then no data until the end of the sampling period.  
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Table 2.4. Capture locations and the number of animals collected during the Fall/Winter 
(FW) and Spring/Summer (SS) months. Percentage given is for the full group (n = 65), 
and doesn’t take into consideration the removal of TJ20F and TJ54M from the CMR 
analysis.  
 

Capture Location Season and Number 
 of SSLs Collected      % of Total Population 

Barwell Island FW: 2     /    SS: 0 3.1% 
Cape Resurrection FW: 2     /    SS: 0 3.1% 
Glacier Island FW: 14   /    SS: 35 75.4% 
Perry Island FW: 4     /    SS: 0 6.2% 
Point Elrington FW: 1     /    SS: 0 1.5% 
Procession Rocks FW: 2     /    SS: 0 3.1% 
South Beach FW: 1     /    SS: 2 4.6% 
The Needle FW: 2     /    SS: 0 3.1% 
 
 
 
Table 2.5. Candidate model set from program MARK to assign encounter probability to 
10 selected haulouts within PWS. Model notation: S = probability of survival, p = 
probability of resighting, Psi = probability of transition (movement), np = number of 
parameters, AICc = corrected Akaike’s Information Criterion (for small sample size), -
2log(L) = -2log (Likelihood): used to calculate the deviance, parm.est = models where an 
initial set of parameter values were used, SA = simulated annealing. Note that S has been 
set to 1, and the (.) notation means that time has been set constant (not looking at changes 
over time). Of interest is the difference in the deviance between the MLogit.CLogLog 
and MLogit.CLogLog2 models (arrows), indicating that the 2nd model reached a local 
minimum of the deviance, rather than the global minimum. The final model used to 
provide the resighting estimates for the detection, and ultimately the combined detection 
and dry analysis, is in bold. 
 

Model np AICc Deviance -2log(L) Model 
Likelihood 

{S(1)p(.)Psi(.) - MLogit.LogLog.parm.est} 37 1985.938 1865.209 1906.257 1.000 
{S(1)p(.)Psi(.) - MLogit.parm.est} 37 1985.938 1865.209 1906.257 1.000 
{S(1)p(.)Psi(.) - MLogit.CLogLog} 37 1985.938 1865.209 1906.257 1.000 
{S(1)p(.)Psi(.) - MLogit.Cauchy.parm.est} 37 1985.938 1865.209 1906.257 1.000 
{S(1)p(.)Psi(.) - MLogit} 40 1989.148 1861.434 1902.482 0.201 
{S(1)p(.)Psi(.) - MLogit.SA} 39 1994.112 1868.735 1909.783 0.017 
{S(1)p(.)Psi(.) - MLogit.LogLog} 40 1997.588 1869.873 1910.921 0.003 
{S(1)p(.)Psi(.) - MLogit.CLogLog2} 40 2036.197 1908.483 1949.531 0.000 
{S(1)p(.)Psi(.) - General} 81 16812.459 16579.956 16621.004 0.000 
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Table 2.6. The estimated real function parameters of the encounter probability (p) for 
each selected haulout. The MLogit.parm.est model (Table 2.5, in bold) was selected to 
provide the encounter probabilities used in this study. This model was run using the 
selected set of initial parameters, and the results were consistent to the other top models 
in the candidate set.  
 

Parameter Estimate Standard 
Error 

Lower 95% 
C.I. 

Upper 95% 
C.I. 

p - A: Grotto Island (NATOA) 0.087 0.087 0.011 0.453 
p - B: Chiswell Islands 0.562 0.135 0.304 0.790 
p - C: Aialik Cape 0.074 0.031 0.032 0.161 
p - D: Rock between Rugged/Aialik Cape 0.700 0.093 0.495 0.848 
p - E: Cape Resurrection 0.571 0.047 0.479 0.659 
p - F: Procession Rocks 0.771 0.203 0.261 0.970 
p - G: Perry Island 0.640 0.051 0.535 0.733 
p - H: Glacier Island 0.446 0.030 0.3890 0.505 
p - I: Other (haulout not in above) 0.559 0.104 0.357 0.744 
p - J: At sea location (> 3 km) 0.658 0.110 0.424 0.834 
 
 
 
 
Table 2.7. The estimated mean and other metrics for each selected haulout. Information 
was derived from the Bin1 field within the time-at-depth (TAD) histograms, an output 
associated with each tag. The Bin1 field records an upper depth limit of 0 m, and is 
unique in that all counts are tied to the wet/dry sensor on the tag (i.e. represents a dry 
state).  
 

Location Estimate Standard 
Error 

Lower 95% 
C.I. 

Upper 95% 
C.I. 

Grotto Island (NATOA) 0.078 0.074 -0.067 0.222 
Chiswell Islands 0.160 0.086 -0.010 0.329 
Aialik Cape 0.171 0.127 -0.077 0.420 
Rock between Rugged/Aialik Cape 0.341 0.035 0.273 0.410 
Cape Resurrection 0.340 0.033 0.275 0.405 
Procession Rocks 0.010 0.006 -0.003 0.022 
Perry Island 0.268 0.035 0.199 0.337 
Glacier Island 0.519 0.030 0.460 0.579 
Other (haulout not in above) 0.726 0.074 0.580 0.871 
At sea location (> 3 km) 0.323 0.070 0.187 0.459 
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Table 2.8. The final set of estimates, which combine the point estimators for the average 
amount of time the population was in a dry state (at each haulout location) with the 
encounter probability (p) derived from the CMR analysis for these locations. These 
estimates represent the probability of resighting (encountering) a dry sea lion at each of 
the 10 transition states. The Delta Method was used to calculate the estimate of the 
variance of the product of the two probabilities.  
 

Location Estimate Standard 
Error 

Lower 95% 
C.I. 

Upper 95% 
C.I. 

Grotto Island (NATOA) 0.007 0.009 -0.012 0.025 
Chiswell Islands 0.090 0.053 -0.015 0.194 
Aialik Cape 0.013 0.011 -0.008 0.034 
Rock between Rugged/Aialik Cape 0.234 0.040 0.160 0.318 
Cape Resurrection 0.194 0.025 0.146 0.243 
Procession Rocks 0.007 0.005 -0.003 0.018 
Perry Island 0.171 0.026 0.120 0.223 
Glacier Island 0.232 0.021 0.191 0.272 
Other (haulout not in above) 0.406 0.086 0.237 0.575 
At sea location (> 3 km) 0.213 0.058 0.099 0.326 
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Figure 1. Prince William Sound (circled), with the dividing line (-144º W Meridian) 
between the WPS and the EPS to the east highlighted at Cape Suckling, Alaska. 
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Figure 1.1. The original location points (a), and the resultant  utilization distribution 
based upon a kernel density analysis (b) shown on a 3-d gridded surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Exploratory plot in R to assess the SDA filter parameters for study (example 
animal TJ01M). Original tracks are in gray, while the filtered tracks appear in red. Speed 
was set at ≤ 2.86 m/s, and angles were set at 15° and 25° with an accompanying distance 
limit of 2500 m and 5000 m, respectively.  

(a) (b) 
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Figure 1.3. MCP area (in square km) for TJ47F. Due to substantial areas of landmass 
within the ocean range, and erase overlay was performed in ArcGIS to remove this area. 
In this example, the total range went from 6,250 km2  to an adjusted 2,614 km2. 
Geographically-referenced coastal and bathymetric data were obtained from the NOAA 
NGDC using GSHSS and ETOPO1 data, respectively. All data was reprojected from 
WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is NAD 1983. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 



87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. MCP range for outlier TJ16M in relation to all other juvenile SSL’s in the 
study (each shade = 1 individual). The red line marks the -144° W Meridian, the dividing 
line between the eastern and western population segments. Removal of this individual 
reduced the cumulative range from 92,017 km2 for the entire population to an adjusted 
area of 58,898 km2 for the remaining juveniles. Geographically-referenced coastal and 
bathymetric data were obtained from the NOAA NGDC using GSHSS and ETOPO1 
data, respectively. All data was reprojected from WGS 1984 to Transverse Mercator 
(UTM Zone 6N). Datum is NAD 1983. 
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Figure 1.5. Tracking data for all juvenile SSLs from 2003-2011 in the Prince William 
Sound region. Straight line distances were calculated to get an idea for cumulative 
distances traveled, but due to the rugged nature of the area these distances are 
conservative. The red line (on the right) marks the 144° W Meridian, the dividing line 
between the eastern and western population stocks.  Geographically-referenced coastal 
and bathymetric data were obtained from the NOAA NGDC using GSHSS and ETOPO1 
data, respectively. All data was reprojected from WGS 1984 to Transverse Mercator 
(UTM Zone 6N). Datum is NAD 1983. 
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Figure 1.6. A model constructed to examine the correlation between track length (left - 
adj. R2 = 0.68), and the number of locations (right - adj. R2 = 0.65), to deployment period 
revealed a linear relationship (F1, 63  = 139, p << 0.001). The 95% confidence interval is 
given by the dashed line.  
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 1.7. Boxplots illustrating the differences in MCP area (in square km) for juvenile 
SSLs transformed to the log scale for clarity.  The groups include sex (left), release type 
(middle), and season (right). 
 
 
 
 
 

   
 



90 
 

(a) (b)  

Figure 1.8. A univariate correlogram for the Moran’s I statistic reveals that most of the 
data shows no significant correlation (a). A closer look at the first 20 lag-distances 
reveals a strong positive correlation at the first lag distance of 1 km, which quickly 
diminishes by the second km. Also of note is a negative correlation between time and 
distance at 6 km (b). 
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Figure 1.9. Comparison of the Least Squares Cross-Validation (LSCV) and Likelihood 
Cross-Validation (LCV) kernel smoothing methods for TJ37M. While the LCV method 
tended to create more disassociated areas, these areas lined up well with known haul-out 
locations within Prince William Sound (yellow stars). The MCP area is provided as a 
backdrop (in green) for comparison. Geographically-referenced coastal and bathymetric 
data were obtained from the NOAA NGDC using GSHSS and ETOPO1 data, 
respectively. All data was reprojected from WGS 1984 to Transverse Mercator (UTM 
Zone 6N). Datum is NAD 1983. 
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Figure 1.10. To address the spatial autocorrelation issue that was aggravated by pooling 
the data, a subsample of all satellite locations was taken (in yellow). The red line marks 
the 144° W Meridian, the dividing line between the eastern and western population 
stocks.  Geographically-referenced coastal and bathymetric data were obtained from the 
NOAA NGDC using GSHSS and ETOPO1 data, respectively. All data was reprojected 
from WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is NAD 1983. 
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Figure 1.11. The population UD covered a large portion of the Gulf of Alaska, from the 
Flat Islands and Shuyak Island on the western edge to Dry Bay on the eastern edge. 
Weights applied to each individual ensured all juveniles were equally represented within 
the population. The red line marks the 144° W Meridian, the dividing line between the 
eastern and western population stocks.  Geographically-referenced coastal and 
bathymetric data were obtained from the NOAA NGDC using GSHSS and ETOPO1 
data, respectively. All data was reprojected from WGS 1984 to Transverse Mercator 
(UTM Zone 6N). Datum is NAD 1983.  
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Figure 1.12. Detailed view of the population utilization distribution. The red line (on the 
right) marks the 144° W Meridian, the dividing line between the eastern and western 
population stocks.  Geographically-referenced coastal and bathymetric data were 
obtained from the NOAA NGDC using GSHSS and ETOPO1 data, respectively. All data 
was reprojected from WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is 
NAD 1983. 
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Figure 1.13. Detailed view of the Fall/Winter group’s UD in the PWS-KF region of 
Alaska. The area(s) that were chiefly contributed by the outlier TJ11M are circled. The 
red line (on the right) marks the 144° W Meridian, the dividing line between the eastern 
and western population stocks.  Geographically-referenced coastal and bathymetric data 
were obtained from the NOAA NGDC using GSHSS and ETOPO1 data, respectively. All 
data was reprojected from WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is 
NAD 1983. 
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Figure 1.14. Detailed view of the Spring/Summer group’s UD in the PWS-KF region of 
Alaska. The red line (on the right) marks the 144° W Meridian, the dividing line between 
the eastern and western population stocks.  Geographically-referenced coastal and 
bathymetric data were obtained from the NOAA NGDC using GSHSS and ETOPO1 
data, respectively. All data was reprojected from WGS 1984 to Transverse Mercator 
(UTM Zone 6N). Datum is NAD 1983. 
 
 
 

Figure 1.15. Boxplots illustrating the differences in KDE derived UD area (in square km) 
for juvenile SSLs transformed to the log scale for clarity. The groups include sex (left), 
release type (middle), and season (right). 
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Figure 2.1. Example schematic of transitional probabilities associated with survival (Φ). 
Notice that the Φ values represent both survival and moving as presented. 
 
 
 

Figure 2.2. Aerial survey sites for the Spring/Summer group of SSLs within the Prince 
William Sound/Kenai Fjords region, along with KDE derived areas of core area use. 
Geographically-referenced coastal and bathymetric data were obtained from the NOAA 
NGDC using GSHSS and ETOPO1 data, respectively. All data was reprojected from 
WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is NAD 1983. 
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Figure 2.3. Aerial survey sites for SSLs within the Prince William Sound/Kenai Fjords 
region in the Gulf of Alaska. The red line marks the -144° W Meridian, the dividing line 
between the eastern and western population segments. Geographically-referenced coastal 
and bathymetric data were obtained from the NOAA NGDC using GSHSS and ETOPO1 
data, respectively. All data was reprojected from WGS 1984 to Transverse Mercator 
(UTM Zone 6N). Datum is NAD 1983. 
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Figure 2.4. Final map of all remaining transition states for the Spring/Summer group of 
SSLs within PWS. Each labeled haul-out must have overlapped a minimum of 3 core 
areas derived from the preceding KDE analysis for all individuals within the SS group. 
Geographically-referenced coastal and bathymetric data were obtained from the NOAA 
NGDC using GSHSS and ETOPO1 data, respectively. All data was reprojected from 
WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is NAD 1983. 
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Figure 2.5. Map of position fixes for FR63F on 06/18/2011 between 11:00 AM – 5:00 
PM AKDT near Glacier Island (4 total, denoted by heavy black dots). The location 
quality ranged between LC-1 (best) and LC-A (worst). The LC-1 satellite fix is indicted 
by the arrow, and was given priority in determining the sea lion’s actual position for the 
sampling occasion. Geographically-referenced coastal and bathymetric data were 
obtained from the NOAA NGDC using GSHSS and ETOPO1 data, respectively. All data 
was reprojected from WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is 
NAD 1983. 
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Figure 2.6. Encounter probability (p) from the program MARK mark-recapture analysis  
for the estimated real function parameters. The point estimate is bounded by the ± 1 S.E. 
(shaded box), and the 95% confidence interval (whiskers). The actual data is presented in 
Table 2.6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Encounter Probability from Capture-Mark-Recapture Analysis 
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Figure 2.7. The probability of a sea lion being in a dry state, determined from the Bin1 
field within the TAD histograms associated with each tag. The Bin1 field records an 
upper depth limit of 0 m, and is unique in that all counts are tied to the wet/dry sensor on 
the tag. The point estimate (mean) is bounded by the ± 1 S.E. (shaded box), and the 95% 
confidence interval (whiskers). The actual data is presented in Table 2.7. 
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Figure 2.8. An example of location fixes 
which are likely due to TJ63M resting on 
an iceberg (which are common in this area 
during this time of year). At the top of the 
map is the Columbia Glacier, which is 
currently undergoing a catastrophic retreat, 
and its relative position to Glacier Island. 
On 07/09/2011, between 12:45 – 7:20 PM, 
a series of at sea location fixes (heavy 
black dots) revealed a slow drift away from 
Glacier Island. These locations (and timeframe) corresponded to a 100% dry state, as 
recorded by the tag’s TAD histogram and wet/dry sensor. The total distance covered was 
about 12 km (average speed of 1.71 km/hour), which is consistent with the speed of a 
drifting iceberg. The accompanying photo was taken on July 2010, the arrow indicating 
the approximate location (Photo Source: “Prince William Sound.” 60°50’19.27” N and -
147°08’15.09” W. Google Earth. Photo by Glenn Macdonald. July 2010. November 11, 
2012). Geographically-referenced coastal and bathymetric data were obtained from the 
NOAA NGDC using GSHSS and ETOPO1 data, respectively. All data was reprojected 
from WGS 1984 to Transverse Mercator (UTM Zone 6N). Datum is NAD 1983. 
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Figure 2.9. The final combined encounter and dry state estimates, which reflect the 
overall probability of detecting a dry sea lion at each of the 10 transition states. The 
actual data is given in Table 2.8.  

Combined Encounter and Dry State (Probability of Detection) 
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