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lower percent bottom time, and generally traveled further to 
forage. The increased diving effort for seals from the gla-
cial ice site corresponded to lower prey densities and prey 
at deeper depths at the glacial ice site. In contrast, seals 
captured at terrestrial sites dived shallower, had shorter 
dive durations, higher percent bottom time, and traveled 
shorter distances to access foraging areas with much higher 
prey densities at shallower depths. The increased diving 
effort for seals from glacial ice sites suggests that the lower 
relative availability of prey may be offset by other factors, 
such as the stability of the glacial ice as a resting platform 
and as a refuge from predation. We provide evidence of dif-
ferences in prey accessibility for seals associated with gla-
cial ice and terrestrial habitats and suggest that seals may 
balance trade-offs between the costs and benefits of using 
these habitats.

Introduction

Foraging theory predicts that animals will adjust their 
foraging behavior in order to maximize net energy 
intake and that trade-offs may exist that can influence 
their behavior (Stephens and Krebs 1986). For large 
marine predators, such as cetaceans and pinnipeds, it 
is extremely difficult to directly observe their forag-
ing behavior which takes place beneath the surface of 
the oceans, often at great depths, and in remote areas 
(Hooker et  al. 2007; Hindell 2008; Gallon et  al. 2013). 
Although quantifying the foraging behavior of marine 
predators may be challenging, an understanding of how 
marine predators adjust their behavior in relation to 
changes in prey availability is important as such changes 
may influence energetic intake which has implications 
for foraging success and ultimately fitness.

Abstract  Foraging theory predicts that animals will 
adjust their foraging behavior in order to maximize net 
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To date, only few studies have directly monitored the 
foraging behavior of pinnipeds and their prey fields in the 
wild (Davis et al. 1999; Bowen et al. 2002; Hooker et al. 
2002; Ichii et  al. 2007; Parrish et  al. 2005; Naito et  al. 
2013), primarily due to the challenges associated with 
simultaneously quantifying marine predator behavior and 
prey availability over large spatial scales. However, evi-
dence suggests that changes in the depth of prey may result 
in behavioral changes for pinnipeds that include diving 
deeper, increased dive durations, or increased time spent 
diving (Härkönen 1987; Feldkamp et al. 1989; Boyd et al. 
1994; Tollit et  al. 1998; Lea et  al. 2006). Diving deeper 
may reflect increased search effort for deeper prey, with 
more time spent in transit and less time spent along the bot-
tom portion of the dive, which is where foraging often takes 
place (Lesage et al. 1999; Austin et al. 2006). Reduced prey 
accessibility may also result in traveling greater distances 
to forage (Croxall et  al. 1985; Boyd et  al. 1991; Boyd 
1999; Horning and Trillmich 1997), which may result in 
increased energetic costs that could have fitness-level con-
sequences (Bowen et al. 2002; Costa 2008).

Precipitous declines in several pinniped populations in 
the North Pacific Ocean (Pitcher 1990; Merrick et al. 1987; 
Towell et al. 2006; Small et al. 2008) have highlighted the 
need for a better understanding of the functional relation-
ships between pinnipeds and their prey, particularly the 
behavioral and demographic responses of pinnipeds to 
changes in prey availability. However, only a few studies 
have directly investigated linkages between prey fields and 
the foraging and diving behavior of individual pinnipeds in 
Alaska (e.g., Sigler et al. 2009; Benoit-Bird et al. 2013).

Harbor seals (Phoca vitulina) are the most widely dis-
tributed pinniped in the northern hemisphere and occupy 
a diverse array of haulout habitats along the North Pacific 
Rim, including small islands, beaches, and glacial ice 
emanating from tidewater glaciers. Hypothesized reasons 
for the use of different haulout habitats by harbor seals 
include proximity to prey resources, reduced risk of pre-
dation, local bathymetry, and reduced wave exposure 
(Brown and Mate 1983; Härkönen 1987; Thompson et al. 
1989; Nordstrom 2002; Montgomery et  al. 2007; Grigg 
et al. 2009, 2012; Sharples et al. 2012). While some of the 
largest aggregations of harbor seals in Alaska are found 
seasonally using glacial ice as a resting substrate in tide-
water glacial fjords (Calambokidis et  al. 1987; Mathews 
and Pendleton 2006; Womble et  al. 2010; Hoover-Miller 
et  al. 2011), previous studies of harbor seal diving and 
foraging behavior in Alaska have focused only on seals 
that use terrestrial haulout sites (Frost et al. 2001; Lowry 
et  al. 2001; Small et  al. 2005; Hastings et  al. 2004). 
Thus, our understanding of how harbor seals may adjust 
their foraging and diving behavior in different habitats is 
extremely limited.

Here, we consider the implications of the use of gla-
cial ice and terrestrial habitats on the diving and foraging 
behavior of juvenile female harbor seals in Glacier Bay, 
a subarctic glacial fjord in Alaska. Glacier Bay provides 
a unique opportunity for a comparative approach because 
harbor seals utilize two distinct habitats, glacial ice and ter-
restrial sites, as resting platforms within the same marine 
ecosystem. While these habitats are in relatively close 
proximity to one another, the marine waters in and adja-
cent to these habitats contrast sharply in their physical and 
biological characteristics which likely plays a role in struc-
turing prey communities and prey accessibility for harbor 
seals. At the glacial ice site in Johns Hopkins Inlet, seafloor 
depths range up to 370 m with water masses characterized 
by large quantities of freshwater runoff, colder water tem-
peratures, a high degree of stratification, and lower produc-
tivity. In contrast, the marine waters adjacent to the primary 
terrestrial sites in the Beardslee Islands are characterized 
by shallower sea floor depths up to 140 m, warmer water 
temperatures, and strong mixing (Etherington et al. 2007).

Given the distinct physical and biological characteristics 
associated with the marine waters in and adjacent to glacial 
ice and terrestrial habitats in Glacier Bay, our primary work-
ing hypothesis was that prey availability, including depth 
and density of prey, would differ in these contrasting habi-
tats and would influence the diving and foraging behavior of 
harbor seals. Harbor seals are suitable models for assessing 
their diving behavior relative to indices of prey availability 
in glacial ice and terrestrial habitats in Glacier Bay because 
during the breeding season, harbor seals display a high 
degree of fidelity to glacial ice and terrestrial habitats (Blun-
dell et al. 2011) and exhibit relatively restricted movements 
(Womble and Gende 2013). Our specific objectives were 
to assess (1) the diving behavior of juvenile female harbor 
seals and (2) indices of local prey accessibility (density and 
depth) near harbor seal haulout sites in contrasting glacial 
ice and terrestrial habitats in Glacier Bay, Alaska. Our pri-
mary question was to determine whether prey availability 
differed in glacial ice and terrestrial habitats and how differ-
ences in prey availability in contrasting habitats influenced 
harbor seal diving and foraging behavior.

Materials and methods

Study area

Glacier Bay (58°40′N, −136°05′W) is a subarctic glacial 
fjord in southeastern Alaska that constitutes a part of Gla-
cier Bay National Park (Fig.  1). Distinct oceanographic 
and circulation patterns (Etherington et  al. 2007; Hill 
et al. 2009), as a result of rapid and repeated advances and 
retreats of tidewater glaciers over the past 225 years (Field 
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1947; Hall et al. 1995), have resulted in high levels of pri-
mary productivity (Etherington et al. 2007) and large con-
centrations of zooplankton and forage fish (Robards et al. 
2003; Arimitsu et al. 2008).

During the harbor seal breeding (May–June) and molt-
ing (August) periods, ~66 % of seals in Glacier Bay inhabit 
the primary glacial ice site in Johns Hopkins Inlet and 
~22 % of seals are found in and adjacent to the Beardslee 
Island archipelago (Fig. 1). Harbor seals are also found at 
smaller terrestrial sites that are scattered throughout Gla-
cier Bay and at 2 small glacial ice sites in McBride Inlet 
(East Arm) and Tarr Inlet (West Arm) (Mathews and Pend-
leton 2006; Womble et al. 2010) (Fig. 1).

Harbor seal captures and instrument deployment

Juvenile female harbor seals (N = 12 seals) were captured 
between mid-April and early May from 2004 to 2007 at 
both terrestrial (N = 6 seals) and glacial ice (N = 6 seals) 
sites (Table  1). Seals were captured at terrestrial sites in 
lower Glacier Bay (Fig.  1) using a multifilament seine 
net (e.g., Frost et al. 2001; Lowry et al. 2001). At the pri-
mary glacial ice site in Johns Hopkins Inlet (Fig. 1), seals 
were captured using monofilament gillnets deployed from 
inflatable skiffs (Blundell et  al. 2011). Seals were placed 
in hoop nets and transferred to a larger vessel where they 
were weighed (to the nearest 0.1 kg) and measured (to the 

Fig. 1   Study area in Glacier Bay, Alaska, with juvenile female har-
bor seal capture locations (white stars). Focal foraging areas (FFA) 
of harbor seals captured at glacial ice are indicated by yellow circles, 

and FFAs for harbor seals captured at terrestrial sites are indicated 
by red circles. Hydroacoustic surveys in the Beardslee Entrance and 
Johns Hopkins Inlet are indicated by black and white lines
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nearest cm). Seals were physically restrained and sedated 
with 0.25  mg/kg of diazepam administered intravenously 
prior to the application of telemetry devices. The age of 
seals was determined morphometrically; for this study seals 
>3 years old were classified as adults, while seals <3 years 
of age were classified as juveniles (Blundell and Pendleton 
2008).

Diving data

The diving behavior of harbor seals was recorded using 
electronic MK-9 time-depth recorders (TDRs) (Wildlife 
Computers, Redmond, Washington, USA) which meas-
ure pressure to calculate depth to a resolution of 0.5  m 
(±1  %). TDRs were attached to the pelage on the dor-
sum of the seal, lateral to the lumbar vertebrae, using 
5-min epoxy and were programmed to record depth every 
2  s and temperature, light levels, and conductivity every 
20  s. TDRs were embedded in syntactic foam to make 
the package buoyant after it detached from the seal dur-
ing the annual molting period. An MM230B VHF trans-
mitter (Advanced Telemetry Systems, Isanti, Minnesota, 
USA) was also included in the flotation package to allow 
for VHF-tracking and retrieval of the shed TDRs. Flota-
tion packages (~480 g) had slight positive buoyancy and a 
sloped leading edge to reduce drag (Blundell et al. 2011). 
These relatively small (~1  % of body weight), slightly 
buoyant tags are not likely to negatively affect harbor seals 
as experimental manipulation of buoyancy simulating 
12–26 % subcutaneous fat did not alter diving metabolism 
(Fahlman et  al. 2008). Tags were also considerably less 
than the maximum 5 % of body weight recommended for 
telemetry studies (Cuthill 1991).

TDRs were shed during the annual molt and were 
retrieved using boats, fixed-winged aircraft (float-equipped 
Cessna 206), and kayaks. After instrument retrieval, TDR 
data were downloaded and processed using software sup-
plied by the manufacturer (Wildlife Computers, Instrument 
Helper version 2.0). The data were zero-offset corrected to 
account for any drift in the zero reading of the depth sen-
sor. The Dive Analysis Toolkit within Instrument Helper 
was used to identify and classify individual dives from the 
zero-offset corrected data. Only dives ≥4 m were analyzed 
to avoid including instrument noise in the data (e.g., Bowen 
et al. 1999; Lesage et al. 1999).

Focal foraging areas

Vessel-based behavioral observations were conducted 
to identify focal foraging areas for a subset of the instru-
mented seals and to provide an index of where instru-
mented harbor seals focused their foraging effort. Focal 
foraging areas were determined by conducting real-time 
vessel-based VHF-tracking (e.g., Lea and Wilson 2006) of 
individual seals from the R/V Capelin (8.5 m) and a Boston 
Whaler (6.7 m). Vessel surveys (N = 87 survey days) were 
conducted every other week for 4- to 5-day periods in May 
and June from 2004 to 2007. A survey day ranged from 6 
to 12 h between 06:00 and 21:30 h (N = 687 total survey 
hours), primarily during daylight hours to facilitate safe 
navigation. During each vessel survey, VHF radio frequen-
cies of tagged seals were scanned continuously while trans-
iting within the detection range of all known haulout sites 
used by harbor seals in lower, middle, and upper Glacier 
Bay. After a VHF signal was detected, 2 observers visu-
ally located the seal on the surface of the water using hand-
held binoculars (Swarovski 10 ×  42 and Zeiss 20 ×  60); 
radio tags were individually color coded to confirm a match 
between telemetry frequency and the seal being observed. 
Once the VHF-tagged seal was located and confirmed by 
both observers, surface positions (latitude, longitude) of 
seals were recorded using a global positioning system 
(Garmin GPS Map 76) on the vessel. An area was desig-
nated as a focal foraging area if a seal dove repeatedly in 
the same general area for >1 h. The distance between focal 
foraging areas and the site where harbor seals were cap-
tured was measured using ArcMap 9.3 (ESRI, Redlands, 
CA, USA).

Prey availability

Hydroacoustic surveys (n = 13) were conducted to provide 
an index of local prey availability near primary haulout 
sites in (1) the Beardslee Entrance, adjacent to terrestrial 
sites (Spider Reef, Boulder Island, Flapjack Island) used 
by seals in lower Glacier Bay and in (2) Johns Hopkins 

Table 1   Juvenile female harbor seals instrumented with time-depth 
recorders and VHF tags in terrestrial (n = 6) and glacial ice habitats 
(n = 6) Glacier Bay, Alaska

Animal ID# Mass 
(kg)

Capture 
date

Capture site Capture 
habitat

PV04GB06 45.1 4/14/2004 Kidney Reef Terrestrial

PV04GB11 33.2 4/16/2004 Boulder Island Terrestrial

PV06GB25 32.8 5/1/2006 Kidney Reef Terrestrial

PV07GB03 32.7 4/21/2007 Spider Reef Complex Terrestrial

PV07GB04 31.4 4/21/2007 Spider Reef Complex Terrestrial

PV07GB06 30.2 4/21/2007 Spider Reef Complex Terrestrial

PV05GB24 41.0 4/27/2005 Johns Hopkins Inlet Glacial Ice

PV05GB25 39.0 4/27/2005 Johns Hopkins Inlet Glacial Ice

PV05GB29 35.0 4/27/2005 Johns Hopkins Inlet Glacial Ice

PV06GB05 29.8 4/26/2006 Johns Hopkins Inlet Glacial Ice

PV06GB11 34.9 4/27/2006 Johns Hopkins Inlet Glacial Ice

PV06GB18 47.3 4/28/2006 Johns Hopkins Inlet Glacial Ice
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Inlet, the primary glacial ice site used by seals (Fig.  1). 
Hydro acoustic surveys were conducted in conjunction 
with vessel-based tracking of tagged harbor seals and were 
conducted every other week from May to mid-July during 
daylight hours from 06:00 and 21:00  h. Transects in the 
Beardslee Entrance (N = 7 surveys) were conducted from 
the northwest side of Young Island to the northern end of 
Flapjack Island and covered an average of 30  km/survey. 
Transects in Johns Hopkins Inlet (N = 6 surveys) were con-
ducted from Jaw Point to approximately 1 km from the ter-
minus of Johns Hopkins glacier and covered an average of 
25  km/survey. Hydroacoustic transects were oriented per-
pendicular to shore and were spaced 0.6–0.8 km apart.

During each hydroacoustic survey, acoustic backscat-
ter data were collected using a portable 38-kHz split-beam 
Simrad EK60 echo-integration system with a 12° beam 
angle and stored on disk. The echo-sounder transducer was 
towed in a hydrodynamic fin alongside the R/V Capelin at 
9 km/h−1. Location data from a GPS were collected simul-
taneously. Hydroacoustic data were the sum of the return-
ing echoes of fish below the boat. Hydroacoustic data were 
classified by 0.183-km length intervals and 10-m depth 
intervals and corrected for instrument calibration using the 
echo-integration software Sonar Data Echoview (Sigler 
et al. 2004).

Statistical analysis

Diving behavior

Non-metric multidimensional scaling (NMS), a multivari-
ate ordination technique (Kruskal 1964; Mather 1976), was 
used to assess the predominant gradients in overall diving 
behavior (e.g., Lesage et al. 1999; Lea et al. 2002) of har-
bor seals captured in glacial and terrestrial sites. NMS was 
used to reduce the dimensions of the multivariate dive data 
and is well suited for data that are on multiple scales and 
are not normally distributed (McCune and Grace 2002). 
Six parameters were derived from the diving record of each 
seal including (1) average dive depth (m), (2) dive dura-
tion (s), (3) dive rate (h−1), (4) percent time diving (%), 
(5) wiggle count (number of vertical movements within 
the bottom portion of the dive), (6) diving efficiency (bot-
tom time/(dive duration + surface duration) (Ydenberg and 
Clark 1989). The primary data matrix (12 seals or sample 
units × 6 dive parameters) consisted of the grand mean of 
each of the six dive parameters for each seal. The second-
ary data matrix (12 × 2 variables) included categorical var-
iables (capture year, capture habitat) associated with each 
seal. All dive parameters were transformed by normalizing 
each parameter by the maxima (McCune and Grace 2002).

Non-metric multidimensional scaling was conducted 
using Sørenson’s distance (Bray and Curtis 1957), in slow 

and thorough autopilot mode using random starting con-
figurations in PC-ORD v. 6.0. To evaluate whether NMS 
extracted stronger axes than expected by chance, a Monte 
Carlo randomization test was performed which compared 
the final stress from the original data with final stress from 
multiple runs (N = 250) of randomized data (McCune and 
Mefford 2011). A random starting configuration was used 
for each run, and dimensionality was selected by compar-
ing the final stress values among the best solutions and by 
visually inspecting a scree plot of real data in relation to 
randomized data (McCune and Grace 2002).

Differences in the overall diving behavior of seals cap-
tured at terrestrial and glacial ice sites were assessed using 
multiresponse permutation procedures (MRPP) (Mielke 
and Berry 2001) based on a rank-transformed Sørenson 
distance matrix (McCune and Mefford 2011). MRPP pro-
vided a chance-corrected within-group agreement (A) that 
described within-group homogeneity, compared to the ran-
dom expectation. All multivariate statistical analyses were 
conducted using PC-ORD v. 6.0 (McCune and Mefford 
2011).

We used Mann–Whitney U tests (Hollander and Wolfe 
1973) to evaluate differences in individual diving param-
eters of harbor seals from glacial ice and terrestrial sites. 
Mann–Whitney U tests were implemented in R using the 
{coin} package (Hothorn et al. 2008). Results were consid-
ered significant at P < 0.05.

Trip durations

Trip durations of harbor seals were estimated by dividing 
the observed time into ‘dry’ and ‘wet’ intervals, based on 
data from the wet-dry sensor on the TDR. A time interval 
was defined as ‘dry’ if the wet-dry sensor measurement of 
conductivity was continuously ≥248 and ‘wet’ if conduc-
tivity was <248. This value was determined by examin-
ing graphs of TDR conductivity and depth measurements 
(corrected for surface error) to judge at what level seals 
appeared to be truly hauled out. For analysis of ‘trips,’ we 
used all wet intervals >30  min duration (Blundell et  al. 
2011).

Prey availability

Hydroacoustic backscatter data were expressed as the nau-
tical area scattering coefficient (NASC; m2/nmi), a relative 
measure of prey density. The NASC values were integrated 
over 0.183-km length intervals and 10-m depth bins. An 
average prey index was calculated for each hydroacoustic 
survey (Fig.  1) which accounted for both the density and 
the depth of the prey as both attributes are important to 
consider in the context of harbor seal diving behavior. The 
average prey index was calculated as:
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where n is the number of 0.183-km long samples in the sur-
vey and mi is the number of 10-m depth bins in the ith sam-
ple (which varies with water depth). Each NASC value is 
divided by the lower bound of the depth bin (d). The aver-
age prey index accounts for the density and depth of prey 
and implies that accessing deeper prey has a higher cost 
(e.g., Härkönen 1987).

Results

Diving behavior

The average deployment period of TDRs on juvenile 
female harbor seals was 60.5 ±  9.9  days for a total of 
726 seals days from May through June 2004–2007. 
The mass of juvenile harbor seals captured at the gla-
cial ice site (X ± SD = 37.8 ± 6.0 kg, n = 6) was not 
significantly different than the mass of harbor seals cap-
tured at the terrestrial sites (X ± SD =  34.2 ±  5.4 kg, 
n = 6) (Mann–Whitney U test, U = 10, N1 = 6, N2 = 6, 
P  =  0.24). Curvilinear length did not differ between 
seals captured at glacial ice (X ± SD = 118.1 ± 8.4 cm, 
n = 6) and terrestrial sites (X ± SD = 119.0 ± 8.4 cm, 
n = 6) (Mann–Whitney U test, U = 17, N1 = 6, N2 = 6, 
P = 0.94).

Average Prey Index =

1

n

n
∑

i=1

mi
∑

j=1

(

NASC

d

)

Distinct separation in the diving behavior of seals from 
glacial ice and terrestrial habitats was reflected in the NMS 
ordination plot (Fig. 2). The stable, three-dimensional solu-
tion (NMS, final stress  =  2.4, final instability <0.00001, 
iterations  =  61) explained 96.9  % of the variation with 
three major gradients capturing most of the variance in 
diving behavior. Dominant gradients along Axis 1 were 
strongly correlated with dive depth and dive duration. Axis 
2 was correlated with percent time diving, and Axis 3 was 
correlated with dive efficiency. Multiresponse permutation 
procedures (MRPP) confirmed differences in diving behav-
ior between glacial ice and terrestrial habitats (MRPP, 
A  =  0.15, P  =  0.009) but not years (MRPP, A  =  0.11, 
P = 0.13).

Several diving parameters differed for seals captured 
in glacial ice and terrestrial habitats. Average dive depths 
for seals captured at glacial ice (X ± SE = 38.0 ± 5.5 m, 
n = 6) were deeper than for seals captured at terrestrial sites 
(X ± SE = 26.0 ± 2.0 m, n = 6) (Mann–Whitney U test, 
U = 31, N1 = 6, N2 = 6, P = 0.04) (Table 2). Maximum 
dive depths were also substantially deeper for seals captured 
at glacial ice sites (X ± SE = 267.3 ± 31.3 m, n = 6) than 
for seals from terrestrial sites (X ± SE = 132.0 ± 19.1 m, 
n = 6) (Mann–Whitney U test, U = 33, N1 = 6, N2 = 6, 
P =  0.02) (Table  2). Six harbor seals (5 from glacial ice 
site and 1 from terrestrial site) dived to depths exceeding 
200 m and 3 seals from the glacial ice site dived to depths 
exceeding 300 m. The maximum dive depth of any seal was 
326  m (dive duration =  17.7  min) and was attained by a 

Fig. 2   Ordination of non-metric multidimensional scaling (NMS) of 
diving behavior of juvenile female harbor seals captured in terrestrial 
(black triangles) (n = 6) and glacial ice (gray triangles) (n = 6) hab-
itats in Glacier Bay, Alaska. Dominant gradients along Axis 1 were 

correlated with dive depth and dive duration. Axis 2 was correlated 
with percent time diving. Group centroids for each habitat group are 
shown by plus (+) symbols
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juvenile female (seal# PV05GB29) captured at the glacial 
ice site.

Dive durations of seals captured at the gla-
cial ice site (X  ±  SE  =  2.9  ±  0.2  min, n  =  6) were 
greater than for seals captured at terrestrial sites 
(X ± SE = 2.4 ± 0.1 min, n = 6) (Mann–Whitney U test, 
U = 31, N1 = 6, N2 = 6, P = 0.04). The percent of time 
spent along the bottom portion of the dive was less for 
seals captured at the glacial ice site than for seals cap-
tured at terrestrial sites (Mann–Whitney U test, U = 36, 
N1 = 6, N2 = 6, P = 0.002) (Table 2). Similarly, the div-
ing efficiency of seals was also lower for seals captured 
in the glacial ice site than for seals captured at terrestrial 
sites (Mann–Whitney U test, U  =  2, N1  =  6, N2  =  6, 
P  =  0.009) (Table  2). The percent of time spent diving 
was greater for seals captured at the glacial ice site than 
at the terrestrial site (Mann–Whitney U test, U  =  34, 
N1 = 6, N2 = 6, P = 0.008).

Overall, seals from terrestrial sites had a greater percent-
age of dives occurring in shallower waters than did seals 
from glacial ice sites. For seals captured at terrestrial sites, 
92 % of dives occurred in the upper 50 m of the water col-
umn. In contrast, for seals captured at the glacial ice site, 
71  % of dives occurred in the upper 50  m of the water 
column (Fig.  3a, b) (Table  3). The majority of dives for 
seals from both habitats (99.9 % for terrestrial and 94.1 % 
for glacial ice) occurred in the upper 100  m of the water 

column (Table 3). A diurnal pattern of diving activity was 
apparent for seals from both habitats, with deeper dives 
typically occurring from 0500 to 2000  hours and shal-
lower dives occurring during nighttime hours from 2100 to 
0400 hours (Fig. 4).

Table 2   Diving parameters and trip durations for juvenile female 
harbor seals from terrestrial (n = 6) and glacial ice (n = 6) habitats in 
Glacier Bay, Alaska

Values are mean and standard error (SE) of the mean

* Indicates significance at P = 0.05 based on Mann–Whitney U tests

Diving parameter Terrestrial Glacial ice P value

Average dive depth (m) 26.0 (2.0) 38.0 (5.5) 0.04*

Maximum dive depth (m) 132.0 (19.1) 267.3 (31.3) 0.02*

Dives per hour (h−1) 10.7 (0.6) 9.4 (0.6) 0.24

Time spent diving (%) 0.4 (0.0) 0.5 (0.0) 0.008*

Dive intensity 0.2 (0.0) 0.2 (0.0) 0.04*

Dive duration (min) 2.4 (0.1) 2.9 (0.2) 0.04*

Surface time (min) 2.6 (0.2) 2.5 (0.3) 0.937

Bottom time (min) 1.4 (0.0) 1.5 (0.1) 0.70

Wiggles 2.1 (0.2) 2.7 (0.1) 0.064

Descent speed (m/s) 1.0 (0.0) 0.9 (0.0) 0.132

Ascent speed (m/s) 0.9 (0.0) 0.9 (0.0) 0.169

Diving efficiency 0.4 (0.01) 0.4 (0.0) 0.009*

Vertical distance traveled per 
day (km−1)

11.1 (0.5) 15.5 (1.6) 0.04*

Percent bottom time (%) 0.6 (0.01) 0.5 (0.0) 0.002*

Average trip duration (h) 10.9 (2.4) 14.0 (3.4) 0.26

Maximum trip duration (h) 94.6 (54.5) 192.0 (63.6) 0.05*

Fig. 3   Percentage of dives (± SE) by depth (m) for juvenile female 
harbor seals captured at a terrestrial (n = 6) and b glacial ice (n = 6) 
sites in Glacier Bay, Alaska

Table 3   Percentage of dives by juvenile female harbor seal with cor-
responding percentage of nautical area scattering coefficient (NASC) 
(m2/nm2) by depth for glacial ice and terrestrial habitats in Glacier 
Bay National Park

Depth bin 
(m)

Percentage (%) of dives Percentage (%) of NASC

Terrestrial 
(%)

Glacial 
ice (%)

Terrestrial 
(%)

Glacial 
ice (%)

0–50 91.7 71.4 54.8 41.5

51–100 8.2 22.8 30.5 11.1

101–150 0.1 4.9 14.8 8.0

151–200 0.0 0.7 0.2 4.9

201–250 0.0 0.1 0.2 5.4

251–300 0.0 0.0 0.4 29.0
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Trip durations

The maximum trip duration for seals (X  ±  SE  =  192.0 
± 63.6 h) captured at the glacial ice site was substantially 
longer than for seals (X ± SD = 94.6 ± 54.5 h) (Mann–
Whitney U test, U = 1, N1 = 6, N2 = 6, P = 0.05) captured 
at terrestrial sites. However, the average trip durations for 
seals (X ± SD = 14.0 ± 3.4 h) captured at the glacial ice 
site were not substantially different than for seals captured 
at terrestrial sites (X ± SD = 10.9 ± 2.4 h) (Mann–Whit-
ney U test, U = 4, N1 = 6, N2 = 6, P = 0.26).

Focal foraging areas

Harbor seals captured at the glacial ice site generally 
traveled greater distances to FFA (median  =  12.0  km, 
range 2.3–84.2 km; n = 24) than seals that were captured 
at terrestrial sites (median =  4.2 km, =  8.23 ±  15.5 km, 
range 0.1–63.3 km; n = 28); however, the median distances 
traveled to FFA were not significantly different (Mann–
Whitney U test, U = 4, N1 = 6, N2 = 4, P = 0.11). Focal 
foraging areas of seals captured at terrestrial sites occurred 
in close proximity to the capture sites, predominantly in 
the lower-bay region in the vicinity of the Beardslee Island 
archipelago, Sitakaday Narrows, and Bartlett Cove in 
waters typically <100 m deep (Fig. 1). However, one juve-
nile female captured at the terrestrial site was documented 
on several occasions in Reid Inlet, a glacially influenced 
inlet, in the upper West Arm approximately 70 km from the 
Spider Reef capture site (Fig. 1). In contrast, FFAs of seals 
captured at the glacial ice site occurred primarily in the 

upper West Arm, most commonly outside of Johns Hopkins 
Inlet, and were much more dispersed than those for seals 
from terrestrial capture sites. In some cases, FFAs of seals 
from the glacial ice site extended to the mouth of Glacier 
Bay, approximately 100 km away (Fig. 1).

Prey availability

Prey availability, or the nautical area scattering coefficient 
(NASC), was consistently higher in Beardslee Entrance 
near the terrestrial sites (X ± SD = 55.2 ± 20.1 m2nmi2) 
than at the glacial ice site (X ± SD = 2.1 ± 1.1 m2nmi2) 
in Johns Hopkins Inlet (Mann–Whitney U test, U  =  20, 
N1  =  7, N2  =  6, P  =  0.02) (Fig.  5a). The average prey 
index, which accounted for both the density and depth 
of the prey, was also consistently higher near the ter-
restrial site (X  ±  SD  =  1.8  ±  1.4) than at the glacial 
ice site (X ±  SD =  0.1 ±  0.05) (Mann–Whitney U test, 
U  =  20, N1  =  7, N2  =  6, P  =  0.02) (Fig.  5b), demon-
strating that prey were not only higher in density but 
also shallower in the water column and more accessi-
ble to harbor seals near the terrestrial site. Bottom depths 
in areas where hydro acoustic surveys were conducted 
near terrestrial sites in the Beardslee Entrance were much 
shallower (X  ±  SD  =  65.1  ±  16.8  m; range  =  12.9–
141.7 m) than at the glacial ice site in Johns Hopkins Inlet 
(X ± SD = 284.3 ± 76.0 m; range = 32.2–356.4 m). At 
the terrestrial site, 85 % of NASC was found in the upper 
100 m of the water column, whereas only 53 % of NASC 
was found in the upper 100 m of the water column at the 
glacial ice site (Table 3).

Fig. 4   Dive depth (m) (± SE) 
of juvenile female harbor seals 
captured at terrestrial (n = 6) 
(black bars) and glacial ice 
(n = 6) (gray bars) habitats in 
Glacier Bay, Alaska, in relation 
to time of day (h)
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Discussion

To our knowledge, this is the first study to concurrently 
assess harbor seal diving behavior and local prey fields near 
glacial ice and terrestrial haulout habitats and to consider 
the implications of using these contrasting habitats on har-
bor seal diving and foraging behavior. Numerous studies 
have suggested that prey distribution and depth were likely 
important factors influencing the diving behavior of harbor 
seals (Härkönen 1987; Tollit et al. 1998; Lesage et al. 1999; 
Lowry et  al. 2001; Frost et  al. 2001; Eguchi and Harvey 
2005; Hastings et al. 2004; Grigg et al. 2009; 2012; Shar-
ples et al. 2012). However, previous studies in Alaska have 
focused only on seals from terrestrial sites (Frost et  al. 
2001; Hastings et al. 2004) and have not directly measured 
prey fields of harbor seals. Our study allowed us to explore 
relationships between harbor seal diving behavior and prey 
distribution with empirical data.

Our study demonstrates that prey accessibility differed 
between glacial ice and terrestrial habitats and likely played 

a role in influencing the diving and foraging behavior of 
harbor seals. Seals captured at the glacial ice site in Johns 
Hopkins Inlet generally dived deeper, had longer dive 
durations, lower percent bottom time, and traveled farther 
to foraging areas compared to seals captured at terrestrial 
sites. In contrast, seals captured at the terrestrial sites dived 
to shallower depths, had shorter dive durations, higher per-
cent bottom time, and foraged in lower Glacier Bay near 
terrestrial capture sites.

Prey densities were higher and foraging conditions were 
likely better near the terrestrial sites and these conditions 
may confer less effort for seals during foraging. The lower 
reaches of Glacier Bay where terrestrial haul-out sites were 
located and where seals were regularly found diving are 
characterized by shallower seafloor depths, intense tidal 
currents, moderate stratification, and strong mixing which 
promote localized upwelling conditions and highly produc-
tive areas (Etherington et al. 2007; Renner et al. 2012). The 
majority (85  %) of prey density (NASC) occurred in the 
upper 100 m of the water column in the Beardslee Entrance 
adjacent to the terrestrial site. Aggregations of forage fish 
and other large marine predators, including Steller sea lions 
(Eumetopias jubatus) and humpback whales (Megaptera 
novaeangliae), were also consistently observed in the 
Beardslee Entrance near the terrestrial sites during hydroa-
coustic and opportunistic aerial surveys (J. N. Womble, 
personal observation). Previous studies of prey communi-
ties in the same region near the terrestrial sites in central 
and lower Glacier Bay commonly detected dense aggrega-
tions of walleye pollock (Theragra chalcogramma), Pacific 
sandlance (Ammodytes hexapterus), salmon (Oncorhyn-
chus sp.), and capelin (Mallotus villosus) (Robards et  al. 
2003; Arimitsu et al. 2008).

In contrast, the physical environment of the glacial 
ice site in Johns Hopkins Inlet is characterized by a deep 
recently deglaciated fjord with seafloor depths ranging up 
to 370  m. Oceanographic surveys in the upper West Arm 
of Glacier Bay near Johns Hopkins Inlet have documented 
colder water temperatures, large amounts of freshwa-
ter runoff, higher levels of stratification, and lower levels 
of productivity (Etherington et  al. 2007). Indices of prey 
density were consistently lower at the glacial ice site, and 
only 53 % of prey density (NASC) was found in the upper 
100 m of the water column. The diversity of prey species 
was also lower in the upper West Arm region of Glacier 
Bay and included pollock, sandlance, capelin, sculpin, 
smelt, and myctophids (Abookire et al. 2002; Robards et al. 
2003). In contrast to lower Glacier Bay, Steller sea lions 
and humpback whales were rarely observed in Johns Hop-
kins Inlet and upper West Arm of Glacier Bay (J. N. Wom-
ble, personal observation).

Foraging on a diverse array of prey types that differ in 
density, energy content, size, depth, and handling time can 

Fig. 5   Percentage of nautical area scattering coefficient ((NASC) 
m2/nmi2) (a) and average prey index (b) for hydroacoustic surveys 
at the terrestrial site in the Beardslee Entrance (black bars) and at 
the glacial ice site in Johns Hopkins Inlet (gray bars) in Glacier Bay, 
Alaska
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influence foraging strategies, prey profitability, and ulti-
mately foraging costs of harbor seals (Bowen et al. 2002). 
Harbor seals in Glacier Bay have a relatively diverse diet 
including pelagic and demersal species such as walleye 
pollock, Pacific salmon, capelin, sandlance, eulachon (Tha-
leichthys pacificus), sculpin, greenling (Hexagrammos sp.), 
Pacific cod (Gadus macrocephalus), herring (Clupea pal-
lasii), Arrowtooth flounder (Atheresthes stomias), myct-
ophids, and flatfish (Mathews 2002; Herreman et al. 2009). 
Pelagic fish species were more common in seal diet at the 
glacial ice site than at terrestrial sites (Blundell et al. 2011), 
and many of the pelagic species (e.g., myctophids, eula-
chon) are much higher in lipid content and energy density 
than other prey species (Van Pelt et al. 1997; Vollenweider 
et al. 2011). Myctophids, such as northern lampfish (Steno-
brachius leucopsarus), are typically found in the deeper 
waters (200–1,000  m) (Frost and McCrone 1979); how-
ever, they have been documented at much shallower depths 
(10–100 m) in the Glacier Bay/Icy Strait region (Abookire 
et  al. 2002; Renner et  al. 2012). Northern lampfish were 
also commonly detected in mid-water trawls and in the diet 
of Steller sea lions nearby regions in Lynn Canal and Fred-
erick Sound (Womble and Sigler 2006; Sigler et al. 2009; 
Csepp et al. 2011).

Capelin were more common in seal diet at the glacial 
ice site than at the terrestrial site (Herreman et  al. 2009). 
Although capelin are not as high in lipid and energy con-
tent as eulachon or myctophids, they are higher in lipid 
content than many other prey species (Vollenweider et  al. 
2011). High catch-per-unit effort and abundance of capelin 
has been documented in colder waters near glacial areas, in 
the Beardslee Entrance area near terrestrial sites, and also 
in areas over shallow sills that were backed by deep basins 
(Arimitsu et  al. 2008). The availability of dense aggrega-
tions of capelin in several regions of Glacier Bay at rela-
tively shallow depths (<30 m) (Arimitsu et al. 2008) likely 
provides an important prey resource for harbor seals.

The differences in prey availability in the glacial ice and 
terrestrial habitats likely have behavioral consequences for 
diving and foraging effort of harbor seals and are consistent 
with the proximate behavioral responses of diving marine 
vertebrates to reduced prey accessibility or increases in 
the depth of prey (e.g., Feldkamp et al. 1989; Boyd et al. 
1994; Boyd 1999; Staniland et al. 2010). For air-breathing 
diving marine vertebrates, diving deeper can result in more 
time spent in the transit, including the ascent, and descent 
phases of the dive, and less time spent searching for and 
acquiring prey, which may occur during the bottom phase 
of dives (Lesage et  al. 1999; Costa 2008). As a result of 
lower percent bottom time, seals from the glacial ice site 
likely had less time available to search for and acquire 
prey. Conversely, seals using terrestrial haul-out sites likely 
encountered greater prey in nearby waters at shallower 

depths and in higher density which resulted in less foraging 
effort via shallower dives, less vertical distances traveled, 
and ultimately higher foraging efficiency.

Local bathymetry near haulout sites and foraging areas 
is also a factor that may influence the dive behavior of har-
bor seals (Härkönen 1987; Tollit et al. 1998; Hastings et al. 
2004; Eguchi and Harvey 2005; Grigg et al. 2012). Bathy-
metric conditions contrast sharply in the glacial ice and 
terrestrial habitats: Johns Hopkins Inlet is a deep tidewater 
glacial fjord with seafloor depths extending up to 370  m, 
whereas the Beardslee Entrance is characterized by seafloor 
depths ranging up to 140 m and low to moderate substrate 
complexity. Although the bathymetric range was much 
greater at the glacial ice site, only 5 % of dives for seals 
from the glacial ice site occurred at depths >100 m. A few 
seals occasionally dived to depths exceeding 200–300  m; 
however, dives to these deeper depths did not occur regu-
larly and likely represent rare performance events. Given 
that seals from the glacial ice site did not regularly exploit 
the large range of bathymetric conditions available to them 
at the glacial ice site suggests that other factors such as the 
vertical distribution of prey and/or their ability to maximize 
time at depth (Houston and Carbone 1992) may have influ-
enced their diving behavior.

The foraging and diving behavior of pinnipeds can 
also be constrained by numerous intrinsic factors includ-
ing body size, age, and physiology (Kooyman 1989). Div-
ing abilities typically increase with increasing body size in 
pinnipeds (Schreer and Kovacs 1997), and younger harbor 
seals have more limited diving abilities than adult seals 
due to reduced oxygen stores and biochemically immature 
muscles (Burns et al. 2005; Prewitt et al. 2010). Younger or 
juvenile divers that are smaller in body size and have lower 
aerobic thresholds than adults could be more sensitive to 
reductions in prey availability than older more experienced 
divers (Burns 1999; Horning and Trillmich 1999). We 
focused on juvenile female harbor seals to minimize any 
confounding factors related to age, mass, body size, and 
sex (e.g., Thompson et  al. 1998; Frost et  al. 2001, 2006; 
Hastings et al. 2004; Eguchi and Harvey 2005). Reproduc-
tive status may also influence harbor seal diving behavior 
(Boness et  al. 1994; Bowen et  al. 1999) as adult females 
with dependent young are likely constrained by the need to 
return to shore to provision dependent young.

Even though seals utilizing glacial ice sites generally 
exerted increased diving and foraging effort compared to 
seals from terrestrial sites, the diving behavior of harbor 
seals in Glacier Bay was similar to that found for harbor 
seals in other regions of Alaska (Frost et al. 2001; Hastings 
et  al. 2004) and elsewhere (Thompson et  al. 1998; Tollit 
et al. 1998; Bowen et al. 1999; Lesage et al. 1999; Gjertz 
et  al. 2001; Krafft et  al. 2002; Eguchi and Harvey 2005; 
Sharples et  al. 2012). The majority of dives by seals in 
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Glacier Bay occurred within the upper 100 m of the water 
column and were within the estimated aerobic dive limit of 
8.9 min (Bowen et al. 1999; Thompson and Fedak 2001).

Higher prey densities and shallower prey depths for seals 
near terrestrial sites may confer the advantage of reduced 
foraging effort; however, the majority of seals (>66 %) in 
Glacier Bay are found at the glacial ice site in Johns Hop-
kins Inlet during the breeding period (Mathews and Pen-
dleton 2006; Womble et  al. 2010). Thus, suggesting that 
there may be additional benefits or trade-offs associated 
with using the glacial ice habitat that may not be related to 
prey availability. Companion studies in Glacier Bay have 
documented several lines of evidence consistent with this 
premise. First, the availability of floating ice as a haul-out 
platform provides a stable platform for resting and a ref-
uge from predators. Seals using glacial ice spent a greater 
proportion of time dry (per hour) or hauled out (0.26) 
than seals from terrestrial sites (0.16), and tide height did 
not influence the proportion of time spent hauled out by 
seals at the glacial ice site (Blundell et  al. 2011). In con-
trast to the stable ice platform, the primary terrestrial site 
at Spider Reef is often completely submerged twice daily 
during high tides thereby being less consistently available 
as a haulout platform for seals. Second, despite the lower 
prey availability noted in our study, seals captured at the 
glacial ice site had diets higher in pelagic fishes, including 
capelin and eulachon, compared to seals captured at ter-
restrial sites (Herreman et al. 2009; Blundell et al. 2011). 
Thus, the types and quality of fish available to seals in and 
near glacial ice may offset the added effort to acquire them. 
Third, observations suggest that both aquatic and terrestrial 
predators may be less common in and near the glacial ice 
habitat. Attempted and successful predation events by tran-
sient killer whales (Orcinus orcas) and Steller sea lions on 
harbor seals have been observed at terrestrial and glacial 
ice sites (Matkin et al. 2007; Womble et al. 2007; Mathews 
and Adkison 2010). However, anecdotal evidence suggests 
that the risk of predation may be lower at the glacial ice 
site (Womble and Conlon 2010). Finally, there may be a 
reduced likelihood of inter-specific aggression and/or com-
petition (Mathews and Pendleton 2006; Herreman et  al. 
2009) in glacial ice habitat as Steller sea lions and hump-
back whales, both of which are increasing substantially in 
the Glacier Bay region (Mathews et al. 2011; Saracco et al. 
2013) and forage on similar prey species as harbor seals, 
are not as common in the glacial ice habitat as they are near 
the terrestrial site.

We provide evidence of differences in prey accessibil-
ity for harbor seals in contrasting glacial ice and terres-
trial habitats and suggest that harbor seals may balance 
trade-offs between the costs and benefits of using these 
habitats. It is currently unknown if there are fitness-level 
consequences for seals that use these contrasting habitats; 

however, determining whether or not there are fitness-level 
consequences will require quantifying survival and repro-
ductive rates in each habitat and identifying sources of age-
specific mortality (e.g., Horning and Mellish 2012).

Studies of this nature that concurrently measure marine 
predator diving behavior and prey fields are greatly needed 
as the distribution of prey is a primary factor influencing 
predator foraging behavior. We acknowledge that our study 
was based on relatively small samples sizes which may limit 
our scope of inference; however, small samples have pro-
vided tremendous insight into the foraging behavior of pinni-
peds in relation to prey fields (e.g., Davis et al. 1999; Parrish 
et al. 2000; Hooker et al. 2002). Although monitoring marine 
predators’ foraging behavior and their prey fields can be 
logistically challenging due to the spatial and temporal scales 
at which marine predators forage, such studies can provide 
much needed empirical data that can be used to provide a 
better understanding of the functional relationships between 
marine predators and their prey and to improve existing for-
aging models (Hindell 2008). Ultimately, understanding the 
diving and foraging strategies of individuals is essential, not 
only for understanding the behavior of individuals and their 
responses to changes in prey availability, but also for linking 
individual behavior to population level effects.
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