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ABSTRACT 

Satellite-linked depth recorders (SDRs) were attached to 47 harbor seals in 
Prince William Sound, Alaska, during 1992-1996. Parameters describing 
diving effort, diving focus, and focal depth (depth bin to which diving was 
focused) were calculated from binned data on maximum dive depth and time 
spent at depth, and analyzed using repeated-measures mixed models. This 
analysis method accounted for individual variability, temporal autocorrelation, 
and the binned nature of SDR data, which are often ignored using standard 
statistical techniques. Results indicated that diving effort remained steady 
from September to April, when seals spent 68%-75% of their overall time 
in the water. Time spent in the water declined to 60% in May and to about 
40% in July. Seals spent the most time in the water at night and the least 
in the morning. The diving of all seals in all months was highly focused. 
Overall, diving was focused to one depth bin approximately 75% of the time. 
Diving was more focused for females than for males and subadults. Focal dive 
depth was deepest in winter and shallowest during May-July. Focal depth 
and diving focus varied by region. Collinearity between month and region in 
the focal depth model suggests that seals move in winter to regions where 
prey are found deeper in the water column. Variations in diving behavior 
presumably result from combinations of regional bathymetry, seasonal cycles 
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in type or depth distribution of prey, and seal life-cycle events such as repro- 
duction and molting. 

Key words: harbor seal, Phoca vittllina richardsi, Prince William Sound, diving 
behavior, satellite telemetry, repeated-measures mixed models. 

In many parts of the world pinniped populations have increased as predicted 
after protection from over-exploitation (e.g., Olesiuk et al. 1990). However, 
large declines in populations of harbor seals (Phoca vitzllina richardsi) and Steller 
sea lions (Ezlmetopias jabatus) have been documented in parts of Alaska (Pitcher 
1990, Loughlin et al. 1992). These declines occurred despite implementation 
of the 1972 Marine Mammal Protection Act, which stopped or limited several 
types of human-caused mortality. Likewise, since the 1970s some species of 
sea birds have also declined in the Gulf of Alaska and Bering Sea regions 
(Anderson and Piatt 1999). These unanticipated declines have prompted mon- 
itoring and assessment of marine mammal, sea bird, and fish population trends 
in these regions. 

Harbor seals are one of the most abundant and widely distributed marine 
mammals in Prince William Sound, Alaska, hauling out and/or pupping at 
more than 50 sites. Since 1984, harbor seal numbers in Prince William Sound 
have declined by about 6096, with only part of this decline attributable to 
the 1989 Exxon Valdez oil spill (Frost et ul. 1994, 1999). A change in the 
trophic structure of the ecosystem, and hence the availability of prey, is among 
the hypothesized causes for the harbor seal decline. Determining how harbor 
seals depend on seasonal or area-specific concentrations of prey may provide 
insight into the causes of the observed changes in abundance. In addition, 
harbor seals may act as important indicators of the status of other marine 
species. 

To evaluate the food limitation hypothesis, information is needed not only 
about the diet of harbor seals, but also about seasonal or annual changes in 
feeding behavior and the habitats used for feeding. Satellite-linked telemetry 
can be used to gather the latter types of information (e.g., Stewart et al. 1989). 
Satellite-linked depth recorders (SDRs) have been deployed on a variety of 
marine mammals, providing insights into both large-scale horizontal move- 
ments and diving behavior in these animals (e.g., Heide-Jorgensen et ul. 1992, 
Heide-Jorgensen and Dietz 1995, Nordoy et al. 1995, Stewart et al. 1996, 
Merrick and Loughlin 1997, Lowry et al. 1998). However, unlike time-depth- 
recorders (TDRs), which record and store information about individual dives, 
many SDRs sum dive information into bins over 6-h blocks of time. The 
binned nature of the SDR data, as well as substantial variability in diving 
behavior of individual seals, have made SDR data poorly suited to standard 
analysis techniques. These difficulties have often resulted in the application of 
simple summary statistics to SDR data and/or in the presentation of data for 
each individual, without a suitable means of combining data for groups of 
individuals (e.g., Mate et al. 1994, 1995; Davis et ul. 1996; Stewart et ul. 
1996). The inferences about diving behavior that can be drawn from either 
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Figwe 1. Map of Prince William Sound study area showing major harbor seal haul- 
outs (solid triangles) and 200 m depth contour (dotted line). 

summary statistics or individual descriptions are limited. Temporal autocor- 
relation in SDR data has also been largely ignored in these summary analyses. 

In this paper we present a statistically robust method for analyzing SDR 
data that accounts for individual variability among animals, temporal auto- 
correlation, and the binned nature of the data. We use this method to analyze 
the diving behavior of harbor seals in Prince William Sound, Alaska, using a 
large SDR dataset collected during 1992-1997 (Lowry et al. 2001). We spe- 
cifically address patterns in diving behavior related to sex and age of the seal, 
time of day, month, and region. 

METHODS 

Data Collection 

Harbor seals in Prince William Sound were captured in nets near haul-outs 
and outfitted with 0.5-w SDRs (Wildlife Computers, Redmond, WA; version 
3.10 software) as described by Lowry et al. (2001). Seals weighing >50 kg 
were instrumented with tags that measured 14.8 X 10.0 X 3.8 cm and 
weighed about 750 g in air. For lighter seals we used tags that measured 11.9 
cm X 5.1 cm X 4.5 cm and weighed 385 g. The larger tags had a projected 
capacity of about 100,000 transmissions, whereas the small tags were rated 
for approximately 30,000 transmissions. SDRs were equipped with a salt-water 
switch and transmitted only when a seal was at the surface. 

Seals were tagged in spring (late April-May) and fall (late September). SDRs 
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attached in spring were not duty-cycled and transmitted continuously, because 
we expected that tags would be shed during the annual molt in August, long 
before the batteries failed. To conserve battery power, tags attached in the fall 
were programmed to not transmit during hours of poor satellite coverage 
(2200-0300 local time). In addition, small tags attached in the fall were duty- 
cycled one day on and one day off, or one day on and two days off. 

The SDRs sampled time and pressure (depth) every 10 sec and summarized 
and stored this information in bins representing four 6-h histogram periods 
per day: 2100-0259 (night), 0300-0859 (morning), 0900-1459 (midday), 
and 1500-2059 (evening), local time (GMT - 10 h). All 47 SDRs collected 
data about the maximum depth and the duration of each dive. The SDRs 
measured depth from 0 to 490 m, with depth resolution of 2 m. There is 
considerable instrument noise and inaccuracy in assigning depths to dives that 
are near the 2-m resolution of the pressure sensor. Thus, we chose a depth 
equal to twice the resolution of the instrument (4 m) as the minimum depth 
to be considered a dive. Maximum dive depths were accumulated in user- 
defined bins as follows: 4-20 m, 21-50 m, 51-100 m, 101-150 m, 151- 
200 m, and >200 m. Thirty-five of 47 SDRs also stored “time-at-depth” 
which recorded the amount of time a seal spent per 6-h period within these 
same depth bins. In addition, a 0-m bin recorded time spent at the surface 
and dry, and a 0-4-m bin recorded the time the seal was wet and swimming 
shallower than 4 m. 

Dive and location data from SDRs were relayed via satellite receivers op- 
erated by Service ARGOS (Argos 1990). Location data were screened and 
erroneous records identified as described by Lowry et al. (2001). Dive data 
from SDRs were extracted using the software program SATPAK 3.0 (Wildlife 
Computers). This software used an error-checking algorithm to validate mes- 
sages. Histogram messages were sorted by date, period, and type, and duplicate 
messages were removed. 

Diving Behavior Analysis 

We analyzed diving behavior of seals in Prince William Sound with respect 
to sex and age of the seal, month, time of day, and geographical region. Seal 
location data were initially assigned to eight regions as follows: eastern Prince 
William Sound, northern and western Prince William Sound, central Prince 
William Sound, southwestern Montague Island, Copper River Delta, Middle- 
ton Island, Yakutat, and Cook Inlet (Fig. 1). Tagged seals were rarely found 
within four of these regions (eastern PWS, southwestern Montague, Yakutat, 
and Cook Inlet). These data-poor regions were not used in the final analysis 
because they contained too few observations (<1.5% of seal locations were 
within the region) or data were available from only a few seals of a single age 
or sex class. Data were not analyzed for year effect because of unequal distri- 
bution of age and sex categories across years. Seals were classified as adults or 
subadults according to their weight. Males <55 kg and females <47 kg were 
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considered to be subadults, based on historical ageiweight data from the north- 
ern Gulf of Alaska (Pitcher and Calkins 1979). 

Harbor seal SDR data were analyzed for diving effort, diving focus, and 
focal depth. SDRs provided several possible measures of diving effort, includ- 
ing number of dives, total duration of dives, and time spent in the water per 
6-h data collection period. We chose “time-in-water” as the most representa- 
tive effort variable. Data on number and duration of dives do not include any 
dives shallower than 4 m, yet seals spend considerable time in such shallow 
water. SDRs were programmed so that Bin 0 of the time-at-depth data re- 
corded the proportion of time the sensor was dry during each period. Time- 
in-water was therefore calculated as 6 h minus time in Bin 0 for each period. 
Time-in-water values ranged from 0 h, for periods during which a seal was 
continually hauled out, to 6 h, for periods during which a seal was always in 
the water. 

Diving focus was defined as the dominance of one depth bin in the maxi- 
mum dive-depth data for a 6-h period. Diving focus ( F )  was calculated as the 
inverse of Simpson’s Diversity Index, (Simpson 1949, Washington 1984, 
Krebs 1999): 

F = c {In,(n, - 1)I/EN(N - 1>1) 
where n, = number of dives to depth bin i, and N = total number of dives. 
The maximum value for focus, F = 1, indicated that all dives were to the 
same depth bin. A focus value of F > 0.5 indicated that dives in a period 
were primarily to one depth bin, while F = 0.167 indicated that dives were 
evenly distributed among the six depth bins. Because we used the “finite 
correction factor” [n(n - 1) and N(N - l)] in calculating dominance of bins, 
a smaller sample size required more relative focus to get the same value of F 
(ie., the analysis was more conservative for a small sample size). Also, Simp- 
son’s Diversity Index incorporates the distribution of bin use. When dives 
were allocated over several depth bins (instead of only two), proportionately 
more dives to the main depth bin were required to get a focus value of F > 
0.5. 

We defined focal depth as the dominant depth bin for a 6-h period, during 
which the seal’s diving was primarily focused to that depth bin (F > 0.5). 
The term “focal depth”, used in this context, has no relationship to “focal 
length” or other such optical terms. Seals were not considered to exhibit any 
depth preference when their diving was not focused to one depth bin, so focal 
depths were not determined for periods with F < 0.5. 

Separate diving focus and focal depth analyses were conducted for “any time- 
in-water” and “time-in-water > 3 h” data sets to explore the effect of time- 
in-water on diving focus and focal depth. Bin data were summarized by stan- 
dard 6-h periods, regardless of an individual’s behavior, and some data rep- 
resented periods when seals were diving less than half the time (time-in-water 
<3 h). These low time-in-water periods could have represented the beginning 
or ending of a diving bout, or sporadic diving around a haul-out which might 
differ from diving while foraging. It was our intent to investigate foraging 
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behavior, so we compared diving focus and focal depth between high-effort 
(time-in-water > 3 h) periods and all periods. The “high time-in-water’’ and 
“any time-in-water” analyses produced consistent results, and we therefore 
used “any time-in-water” in subsequent analyses. This made it possible to 
include data from 12 additional seals in diving-focus and focal-depth analyses. 
SDRs from those seals provided maximum dive-depth data, but did not pro- 
vide the time-at-depth data required to calculate time-in-water. 

In addition to the time-in-water, focus, and focal-depth variables described 
above, a time series variable was created which combined the Julian date and 
time period for each record (time series = Julian date + time period/4). In 
cases where data from one seal spanned two years, the time series values in 
the second year were in sequence with those of the first year (e.g., 31 December 
1995 period 3 = 365.75; 1 January 1996 period 2 = 366.5). This time-series 
variable was used for calculating, and correcting for, the effect of temporal 
autocorrelation on statistical models of diving behavior. 

Statistical Analysis 

Repeated-measures mixed models for time-in-water, diving focus, and focal 
depth were created using the MIXED procedure in SAS (version 6.12, SAS 
Institute Inc.; Littell et al. 1996). We selected random subsets of 100 records 
from the databases for each seal for inclusion in each analysis, where each 
record included data from one 6-h period. For seals with less than 100 records, 
all data were included in analyses. Subsetting the data greatly reduced com- 
putation time, and also balanced the impact on the model of seals with many 
or few records. This was particularly important since non-duty-cycled SDRs 
transmitted substantially more data than did the duty-cycled units, and with- 
out subsetting might have disproportionately influenced the analyses. An al- 
ternative approach would involve an analysis with data from each seal weighted 
differently, however such an approach would not reduce computation time, 
which was prohibitive without subsetting. 

Since the repeated-measures analysis (which accounted for temporal auto- 
correlation in the data) was very computation-intensive, the best model for 
each analysis was first determined using forward stepwise procedures with 
variation between individual seals as a random effect but without repeated- 
measures analysis. Denoting individual variation as a random effect modeled 
the variation in behavior between individual seals as randomly distributed 
around a mean of zero for all seals. Thus, an “average” seal would have no 
impact on the model. Fixed effects (sex, age, month, period, and region) were 
added singly to each model, using Akaike’s Information and Schwarz’s Bayes- 
ian Criteria (Carlin and Louis 1996) to determine the order of entry into the 
model. 

Models with the maximum number of significant fixed effects were chosen 
for further analysis by including repeated-measures within the MIXED pro- 
cedure. A spherical spatial autocorrelation model was used with time series 
and a column of ones as the dimensions, and individual seals as subjects, in 
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the model. Denoting seals as subjects in the model resulted in one global 
autocorrelation model being fit for all seals based on the autocorrelation found 
within the data for each seal ( i e . ,  data from seal X was not autocorrelated 
with data from seal Y). The random effect of variation among individual seals 
was maintained in the repeated-measures analysis. In several cases, parameters 
that had been significant in the mixed model were no longer significant in 
the repeated-measures mixed model. In those cases, non-significant fixed effects 
were removed one at a time to determine the final models that had the max- 
imum number of significant fixed effects. 

RESULTS 

We analyzed data from 47 seals (25 females, 22 males, 27 adults, and 20 
subadults) captured between 1992 and 1996 (see Appendix 1 in Lowry et al. 
2001). Forty-five were captured and tagged in central Prince William Sound, 
one in eastern Prince William Sound, and one in northern Prince William 
Sound (Fig. 1). Seals were tagged during spring (April or May) and fall (Sep- 
tember). SDRs attached in spring (n = 21) operated for an average of 64 d 
(range 39-81), before being shed during the annual molt. Fall SDRs ( n  = 
26), which were attached after the molt was completed, operated for an average 
of 179 d (range 40-312). 

Time-in- Water 

The subset of time-in-water data used in the statistical analysis contained 
2,522 records, each of which represented one 6-h period, for a total of 15,132 
h of diving by 35 seals. This subset excluded data from poorly represented 
regions and included 5 100 randomly selected recorddseal, reducing the orig- 
inal database by 50% (from 4,995 records). Month and time period were 
significant fixed effects in the repeated-measures mixed model for time-in- 
water. Sex, age class ( ie . ,  adult or subadult), and geographic region did not 
significantly affect time-in-water (Table 1). Time-in-water was similar 
throughout September-April (68%-75% of each 6-h period spent in the wa- 
ter), then declined steadily from 60% in May to 40% in July (Table 1, Fig. 
2A). Seals spent the least time in the water diving in the morning (0300- 
0900) (Fig. 2B). Time-in-water increased throughout the day and was highest 
at night (2100-0300) (Table 1). At night seals spent approximately 80% of 
their time diving during September through April (range 77%-84%), com- 
pared to 50% in July. Seals spent about 19% less time diving in the early 
morning than they did at night. 

Diving Foczls 

The subset of diving focus data used in the statistical analysis contained 
3,163 records, for a total of 18,978 h of diving by 47 seals. This subset 
excluded data from poorly represented regions and included 5 100 randomly 
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Table 1. Stepwise mixed models statistics and parameter estimates for time-in- 
water model for harbor seals in Prince William Sound, Alaska ( n  = 2,522 6-h periods, 
3 5 seals). Covariance parameters for random effects and temporal autocorrelation are 
compared to the “total error variance” that would have been present in a simple fixed- 
effects model (total error variance = random effect variance + autocorrelation + re- 
sidual variance). 

Stepwise mixed models statistics (with random seal effect but no repeated measures) 

Variables in model Type I11 F-statistic P 

Sex 

Month 
Period 
Region 
Month, period 

Age 
0.46 
1.38 

11 .51  
14.67 

1.38 
11.89, 15.72 

0.50 
0.24 
0.0001 
0.0001 
0.25 

0.0001, 0.0001 

Parameter estimates from best repeated-measures mixed model for time-in-water 

Time-in-water 
Fixed effect (min) SE df t P 

Intercept 
Month 

January 
February 
March 
April 
May 
June 
July 
September 
October 
November 
December 

Period 
2100-0300 
0300-0900 
0900-1500 
1500-2100 

263.6614 11.053 

- 10.7778 
7.9979 

- 14.9388 
-5.0566 

-44.2030 
- 74.4995 
- 11 2.2920 

9.1771 
6.8952 
6.6206 
0 

13.697 
14.541 
16.071 
16.031 
13.549 
14.328 
19.937 
1 5  .089 
11 3 7 2  
12.332 

28.3274 8.721 
-26.7608 5.218 
- 14.06 5.240 

0 

Covariance parameter 

34 

2474 
2474 
2474 
2474 
2474 
2474 
2474 
2474 
2474 
2474 

2474 
2474 
2474 

23.85 0.0001 

-0.79 0.431 
0.55 0.582 

-0.93 0.353 
-0.32 0.753 
-3.26 0.001 
-5.2 0.0001 
-5.63 0.0001 

0.61 0.543 
0.58 0.565 
0.54 0.591 

3.25 0.001 
-5.13 0.0001 
-2.68 0.007 

Proportion 
Parameter of total error 
estimate variance 

Seal (random effect variance) 65 1.90 0.054 
Sill-Nugget (repeated-measureslautocorrelation) 1,607.79 0.134 
Residual variance 9,773.61 0.812 
Total error variance 12,033.30 1 .ooo 
Range (spherical model, repeated-measures) = 15 .O d 
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Fzgwe 2. Modeled estimates of time-in-water for 35 satellite tagged harbor seals 
in Prince William Sound, Alaska, by month (A) and time of day (morning, midday, 
evening, night) (B). For ease of graphic presentation, data are adjusted from minutes 
to % time wet per 6-h period. Monthly estimates of time-in-water are average values 
for all periods of the day combined, and estimates for time of day are averages for all 
months combined (from Table 1). 

selected records/seal, reducing the original database by 38% (from 5,133 re- 
cords). Data were available from 12 seals that did not have time-at-depth data, 
in addition to the 35 seals included in the time-in-water analysis. Diving 
focus was significantly affected by time of day, region, and the interaction of 
sex and age (ie., sex-age class, Table 2). The diving of all seals was highly 
focused even before the effects of analysis variables were considered (model 
intercept F = 0.69, Table 2). The lowest focus predicted by the model was F 
= 0.54 for adult male seals in northwestern Prince William Sound, indicating 
that even the lowest focus values reflected a strong focus to one depth bin. 
Overall, diving was focused to one depth bin ( F  > 0.5) during approximately 
three quarters of the 6-h data periods recorded for all seals. Focus was not 
significantly affected by month. 

Seal diving was most focused during midday (0900-1 500) and secondarily 
at night (Fig. 3A) .  Adult female diving was the most focused of all demo- 
graphic classes, and adult male diving was the least focused (Fig. 3B). Seal 
diving was most focused in the very shallow Copper River Delta and the least 
focused in Prince William Sound where bathymetry was highly variable (Fig. 
3C). 

FocaE Depth Bin 

The subset of focal depth data used in the statistical analysis contained 
2,485 records, for a total of 14,910 h of diving by 47 seals. This subset 
excluded records with diving focus <0.5, as well as data from poorly repre- 
sented regions including 5 100 recorddseal, reducing the original diving focus 
database by 52% (from 5,133 records). Month and region were significant 
fixed effects in the model using data for any time-in-water (Table 3).  However, 
collinearity between month and region, combined with lower sample size, 
resulted in month and region not being significant together in the model 
using only data with time-in-water >3 h. We used the “any time-in-water’’ 
model, since i t  overcame collinearity problems. This model indicated that the 
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Figwe 3. Modeled estimates of diving focus for 47 satellite-tagged harbor seals in 
Prince William Sound, Alaska, by time of day averaged across all regions and sex-age 
classes (A), sex-age class for all times of day and regions (B), and region for all times 
of day and all age-sex classes combined (C) .  Graphed estimates are average values of 
parameter estimates in Table 2. 

focal depth bin was deepest during midwinter (February) and shallowest in 
spring (Fig. 4A). Focal depth was deepest in central Prince William Sound 
and shallowest in Copper River Delta (Fig. 4B).  

Random Efects and Temporal AutocorreZatzon 

For each analysis a random effect for seal was included in the model. The 
model error terms included two parts: a temporal autocorrelation component 
for repeated measurements of a seal, and an independent component (residual 
error). Each seal was assumed to have the same autocorrelation parameters. 
This model fitted considerably better, as judged by likelihood equations, when 
compared to a simple fixed-effects model. The error variance of a simple fixed- 
effects model would include deviations from the model that we had accounted 
for by including temporal autocorrelation and the random effects of individual 
differences in seal behavior. Temporal autocorrelation accounted for 13%-26% 
of the total variance (random effect variance + autocorrelated error variance 
+ independent error variance, Table 1-3). The estimated range of autocorre- 
lation for the model errors was 9.9-24.2 d. The estimated variance of the 
random effects for seals for each analysis (normal distribution, mean = 0) 
accounted for 5%-30% of the total error variance (Table 1-3). 

DISCUSSION 
The modeling and statistical approach we present here was developed to 

overcome some of the problems inherent in analysis of temporally autocorre- 



FROST ETAL.: HARBOR SEAL DIVING BEHAVIOR 825 

Table 3 .  Stepwise mixed models statistics and parameter estimates for focal depth 
models of harbor seals in Prince William Sound. Estimate is for any time-in-water and 
for focused diving (F > 0.5, n = 2,485 6-h periods, 47 seals). Covariance parameters 
for random effects and temporal autocorrelation are compared to the “total error vari- 
ance” that would have been present in a simple fixed-effects model (total error variance 
= random effect variance + autocorrelation + residual variance). 

Stepwise mixed models statistics (with random seal effect but no repeated measures) 

Variables in model Type 111 F-statistic P 
Sex 

Month 
Period 
Region 
Month, region 

Age 
1.12 
0.99 
6.51 
1.70 

27.69 
4.77, 21.76 

0.290 
0.321 
0.0001 
0.164 
0.0001 

0.0001, 0.0001 

Parameter estimates from best repeated measures model for focal depth 

Focal 
Fixed effect depth bin SE df t P 

Intercept 1.3455 0.108746 46 12.37 0.0001 
Month 

January 0.1009 0.090 2425 1.13 0.260 
February 0.2425 0.097 2425 2.5 0.012 
March -0.0265 0.110 2425 -0.24 0.810 
April -0.1036 0.113 2425 -0.92 0.358 
May -0.1934 0.101 2425 -1.92 0.055 
June -0.1668 0.106 2425 -1.57 0.115 
July -0.0366 0.127 2425 -0.29 0.772 
September 0.0339 0.101 2425 0.34 0.736 
October -0.0614 0.080 2425 -0.77 0.443 
November -0.0050 0.082 2425 -0.06 0.952 
December 0 

Northwest PWS -0.0510 0.106 2425 -0.48 0.632 
Central PWS 0.1440 0.073 2425 1.98 0.048 
Copper River Delta -0.3443 0.109 2425 -3.16 0.002 
Middleton 0 

Region 

Proportion of 
Parameter total error 

Covariance parameter estimate variance 

Seal (random effect variance) 0.16 0.296 
Sill-Nugget (repeated-measures/autocorrelation) 0.14 0.259 
Residual variance 0.24 0.444 
Total error variance 0.54 1.000 
Range (spherical model, repeated-measures) = 9.9 d 



826 MARINE MAMMAL SCIENCE. VOL. 17. NO. 4. 2001 

2.0 

.- 4 1 . 5 1  .,.,.,.. f ,.,., , A+, $:::/ . , , , . B ,  

n 

S O N D J F M A M J J  NW Cen CRD Mid.1. 

51.0 * *  g1.0 . 
0.5 0.5 

PWS PWS 

F i g w e  4. Modeled estimates of focal diving depth by month for all areas combined 
(A) and region averaged across all months (B), from parameter estimates in Table 3. 
Parameter estimates for this analysis are in units of depth bins where bins are numbered 
from 0 (4-20 m) to 5 (>200 m). In this figure, a depth index value of 1 corresponds 
to the 20-50-111 bin, and a value of 2 to the 50-100-m bin. 

lated SDR bin-type data with substantial individual variability among seals. 
Individual variability and temporal autocorrelation were significant factors in 
all three aspects of our analysis, accounting for a substantial part of the total 
error variance. Temporal autocorrelation in the data was detected over periods 
of many days. Individual variability, as measured by the random effects fit, 
encompassed a significant portion of the variation seen in the sample as a 
whole. Not surprisingly the focal-depth analysis demonstrated the strongest 
autocorrelation, as well as the greatest seal-to-seal variance. This is consistent 
with the facts that harbor seals often dive repeatedly to the bottom to feed, 
these feeding dives are often geographically clumped, and individual seals may 
use different areas and habitats for feeding (Boness et al. 1994, Ries et al. 
1997, Tollit et al. 1998, Lesage et al. 1999, Lowry et al. 2001). 

One problem with analyzing binned data is that the actual depth of any 
given dive is unknown. Some studies have analyzed data on a bin-by-bin basis, 
essentially studying diving behavior within each bin separately (Heide- 
Jorgensen and Dietz 1995, Heide-JQrgensen et al. 1998, Burns et al. 1999, 
Teilmann et al. 1999). Others have incorporated information from all bins by 
calculating a “mean depth” for each histogram period based on the assumption 
that the average depth of dives within each bin was equal to the bin midpoint 
(Mate et al. 1995, Merrick and Loughlin 1997, Burns and Castellini 1998, 
Folkow and Blix 1999). Results of comparisons between TDR and binned 
SDR data for Weddell seal pups suggest this assumption is reasonable (Burns 
and Castellini 1998). However, while foraging can be inferred from TDR dive 
profiles, foraging cannot be readily inferred from binned SDR data. For this 
reason, it is particularly important to explore ways of restricting analyses to 
subsets of the data that are more likely to represent foraging. 

Many studies of harbor seal dive behavior have been conducted in regions 
where seals dive and forage in relatively shallow areas (<50 m, Boness et al. 
1994, Coltman et al. 1997, Tollit et al. 1998, Lesage et al. 1999). In Prince 
William Sound the horizontal foraging ranges of seals are fairly similar to 
those for harbor seals in other areas (Lowry et al. 2001), but the bathymetry 
is highly variable. Depths of <50->200 m are available to seals within just 
a few kilometers of their haul-outs. Thus, seals using the same haul-out may 
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forage in very different water depths and habitats within a short period. When 
summary statistics from bin data (e.g., mean depth) are summed over periods 
without regard to diving focus (.g., Merrick and Loughlin 1997, Folkow and 
Blix 1999), the results may be misleading. For example, summary histograms 
may imply non-selective use of the water column if seals usually dive to the 
bottom but water depth varies. In fact, diving in such an instance is highly 
focused but the habitat is variable. In contrast, the approach we used directly 
accounted for differences in focus and variability between individuals. We 
suggest that bin-type data can be more informative if an assessment of diving 
focus is conducted. Estimates of focal depth, together with information about 
bathymetry and prey availability, are likely to be more useful than summary 
statistics in determining when, where, and upon what animals are feeding. 

Time-in-water measured for seals in this study is within the range of values 
reported for harbor seals in other areas, for example 61%-93% in Moray Firth, 
Scotland (Thompson et al. 1998), and 76%-93% in the Dutch Wadden Sea 
(Ries et al. 1997), but somewhat lower than reported values of 90% or more 
for hooded seals (Cystophora cristata; Folkow and Blix 1999), northern elephant 
seals (Mirounga angustirostris; Le Boeuf et al. 1989), and southern elephant 
seals (M. leonina; Campagna et al. 1995). During September through April 
seals in this study spent more than two-thirds of their time in the water; then, 
time in the water decreased linearly to only 40% by July. The decline in time- 
in-water during May-July indicates that harbor seals spend more time hauled 
out as they become involved in activities such as pupping, breeding, and 
molting, a pattern also seen in other phocids (Lowry et al. 1980, Burns 1981, 
Thompson et al. 1989). 

Merrick and Loughlin (1997) suggested that Steller sea lions in the Gulf 
of Alaska spent less time foraging and more time on land in spring and 
summer because prey were more abundant near haul-outs. In Prince William 
Sound some harbor seal prey are more abundant, and occur closer to shore, in 
summer than at other times of year. Energy-rich capelin (Mallotus villosw) and 
eulachon (Thaleichthys puczfictl) winter offshore, but approach the coast to 
spawn in spring and early summer (Barraclough 1964, Anthony et al. 2000). 
Sand lance (Ammodytes bexapterus) swim above the sand in dense schools only 
during summer, when they are also highest in energy content (Robards et al. 
1999). Salmon (Oncorhyncbus spp.) smolt move offshore in spring, and adults 
return to nearshore areas to spawn in summer. In this study time-in-water 
decreased during May-July for seals of both sexes and a broad range of weights 
(28-105 kg). Pitcher (1986) showed that Prince William Sound harbor seal 
blubber thickness, and the percent of body weight made up by hide and 
blubber, increased during May-July. This suggests that in spring and summer 
harbor seals can obtain more energy with less time spent foraging than they 
can at other times of year. 

Our analysis indicates that age and sex affect diving focus, with adult fe- 
males showing greater focus than adult males or subadults (Fig. 3B). However, 
it is unclear whether adult females were really more focused in their diving, 
or whether regional bathymetry and the age and sex composition of our sample 
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influenced these results. Ten of 15 adult females were tagged in the shallow 
Port Chalmers region of southcentral Prince William Sound. Two other adult 
females were tagged at haul-outs only a few kilometers away which were also 
surrounded by shallow water. Nonetheless, within a 25-km radius of these 
haul-outs, females had access to water depths exceeding 250 m. More than 
90% of the at-sea locations for harbor seals departing from and returning to 
the same haul-out in Prince William Sound were within 25 km of that haul- 
out (Lowry et al, 2001). Thus, it would appear that model results indicating 
high focus by adult females were not simply an artifact of sample distribution. 

Harbor seals spend most of their time within 50 km of their haul-outs and 
are generally considered to feed in shallow, nearshore waters (Brown and Mate 
1983, Thompson 1993, Suryan and Harvey 1998, Lowry et al. 2001). Studies 
in both North America (Boness et al. 1994, Coltman et al. 1997, Lesage et al. 
1999) and Europe (Bjorge et al. 1995, Tollit et ale 1998) report modal dive 
depths of 60 m or less. Although some seals we tagged made dives to at least 
480 m (Frost and Lowry, unpublished data), our analysis of seals diving in 
Prince William Sound and the nearby Gulf of Alaska indicated focal depths 
between 20 and 100 m (depth index 1-2, Fig. 4). This apparent preference 
for 20-50-m and 50-100-m depth bins was exhibited in all months, and all 
regions except the Copper River Delta where bottom depths rarely exceed 20 
m and diving was consequently shallower. The varied bathymetry within cen- 
tral, northern, and western Prince William Sound made it difficult to deter- 
mine when focal depths were limited by bathymetry in those regions, but 
seals diving around Middleton Island certainly had access to all six depth bins. 
Focal depth was somewhat greater in winter than in summer (Fig. 4A), sug- 
gesting that prey were less accessible in shallow nearshore waters at this time. 
The modal depth of Steller sea lions foraging in the northern Gulf of Alaska 
was also deeper in winter than in summer (Merrick and Loughlin 1997). 

Diving effort as defined in this study included all time a seal was wet, even 
when it  was near the surface in water <4 m. This is similar to VHF tagging 
studies where effort includes all time the transmitter is underwater (e.g., Ries 
et al. 1997), but in contrast to many SDR and TDR studies which have 
restricted analyses to dives greater than some minimum depth, usually 4-12 
m (Boness et al. 1994, Le Boeuf et al. 1996, Coltman et al. 1997, Burns and 
Castellini 1998, Folkow and Blix 1999, Lesage et al. 1999). For large, deep- 
diving phocids such as elephant seals, it is unlikely that exclusion of time 
spent in such shallow water significantly biases interpretation of diving be- 
havior, because more than 90% of their time is spent making prolonged deep 
dives (Le Boeuf et al. 1989). However, we suggest that exclusion of very 
shallow dives may greatly underestimate diving effort by harbor seals, and 
potentially bias conclusions about foraging. Fifty-four percent of the total dives 
of harbor seals in the St. Lawrence estuary in eastern Canada, and 20% of the 
dives by male harbor seals at Sable Island, Nova Scotia, were <4 m deep 
(Coltman et al. 1997, Lesage et al. 1999). In this study not all SDRs were 
programmed to record dives <4 m in a separate bin, but from the 13 that 
did, it is apparent that seals spent 40%-60% of their time during September- 
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May in water <4 m (Frost and Lowry, unpublished data). Without additional 
sensors, SDRs provide no indication of what seals are doing in such shallow 
water. However, when Lesage et al. (1999) deployed stomach-temperature sen- 
sors on seals with TDRs, they found that 40% of the documented feeding 
events were at depths <4 m. 

Like most other TDR and SDR-based studies, our analyses of diving focus 
and focal depth included only data for dives >4 m. This approach likely 
reduced inaccuracies due to dives near the resolution of pressure sensors and 
noise introduced by wave height, but it also quite clearly eliminated a sub- 
stantial proportion of the total dives made by a seal (Lesage et al. 1999). Thus, 
it is likely that our focal depth analysis overestimates the preferred diving 
depths of harbor seals in the study area. While many of the dives made by 
seals in such shallow water may simply be associated with going to and from 
haul-outs, or with time spent near the surface between other dives, clearly 
some foraging may occur at this depth. Future studies of the diving behavior 
of species such as the harbor seal would be greatly facilitated by using instru- 
ments with pressure sensors that are more accurate at shallow depths. If this 
is done, it will be possible to distinguish avoidance of shallow water (e.g., 
Tollit et al. 1998) from the simple absence of useful data. 

Seasonal changes in focal depth, in combination with movements data for 
these same seals (see Lowry et al. 2001) suggest that deeper diving during 
winter coincided with movements to offshore areas of the Gulf of Alaska. We 
think it is likely these changes occurred as energy-rich prey such as eulachon, 
herring (Chpea PallaJi), and salmon, which spawn nearshore but move to 
deeper water or offshore at other times of year, became less available. Recent 
and historical information on harbor seal diets in Prince William Sound and 
adjacent areas of the Gulf of Alaska indicate that pollock (Tberagra cbalco- 
gramma) are a major dietary component in September-April (Pitcher 1980; 
Frost and Lowry, unpublished data). Small pollock of the size classes eaten by 
harbor seals are generally found in the Gulf of Alaska in near-bottom waters 
150-200 m deep (Lowry et al. 1988, Muigwa 1989, Sample and Bakkala 
1989). 

Seasonal differences in time-in-water and focal depth were not reflected in 
diving focus, which showed no significant seasonal change. Seals concentrated 
their diving within only a few depth bins at all times of year, and dives were 
not distributed randomly among all available depth bins for any month. The 
focused nature of harbor seal diving is consistent with seals foraging on benthic 
prey or prey concentrated in layers within the water column. Seasonal changes 
in focal depth presumably reflect prey layers migrating vertically, and/or seals 
migrating horizontally and foraging in areas of different bathymetry. 

Regional differences in diving focus reflect regional bathymetry. Seal diving 
was less focused in regions characterized predominantly by deeper water, such 
as central and northwestern Prince William Sound, and more focused in re- 
gions characterized by shallow water, such as Copper River Delta. When div- 
ing in shallow water, a seal can choose from only one or two depth bins, thus 
the focus variable is constrained to be greater than 0.5. In deep water, however, 
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a seal can choose from all six depth bins, and the focus variable can range as 
low as 0.167. It is notable that the intercept for the diving focus model is 
0.69, and the minimum diving focus predicted for any sex-age, period, or 
region is 0.54. Thus, even in regions where all six depth bins occur, there is 
a strong tendency for seals to focus their diving effort within one or two depth 
bins. Harbor seals in Scotland showed similarly high focus in their diving, 
with more than 90% of the telemetered seals exhibiting a relatively high use 
of one depth category (Tollit et af. 1998). 

Harbor seal diving behavior was significantly linked to time of day, as 
reflected in significant changes in time-in-water and focus among the four 6- 
h time periods. Time-in-water increased steadily from a low in the morning 
(0300-0900) to a high at night (2100-0300). Seals spent 55 min more per 
6-h period in the water at night than in early morning. Diving was more 
focused at night, and secondarily in midday, suggesting that seals were tar- 
geting prey at particular depths. Similar nocturnal foraging behavior has been 
observed for harbor seals in other areas of North America and in Europe 
(Thompson et af. 1989, Olesiuk et af. 1990, Boness et af. 1994). Such diurnal 
differences in diving behavior by many pinnipeds may reflect the behavior of 
diel migrating prey, which are more accessible at night (Le Boeuf et af. 1989, 
Hindell et al. 1991, Goebel et af. 1991, Folkow and Blix 1999). We did not 
detect a change in focal depth by time of day, as would be expected if seals 
were foraging on prey that have a diel vertical migration. 

Our data on the diving behavior of harbor seals have significant implications 
for aerial surveys used to assess seal abundance. Many surveys are conducted 
during the molting period in August-September, and there may be consid- 
erable annual variation in survey dates due to weather and tides (Harvey et af. 
1990, Olesiuk et af. 1990, Thompson and Harwood 1990, Frost et af. 1994). 
The abrupt increase in time-in-water between July and September (>30% 
increase) suggests that the timing of surveys may have a substantial effect on 
the number of seals counted. In fact, aerial survey data collected from mid- 
August to mid-September in Prince William Sound clearly demonstrate how 
large this effect can be. Frost et af. (1999) determined that counts made in 
mid-September would be 45% lower than counts in mid-August. In northeast 
Scotland harbor seal counts were also substantially lower in September than 
they were in June-August (Thompson et af. 1997). Thus, it is essential that 
surveys conducted to assess population trends be standardized for date, or the 
analysis must incorporate the effect of date (Frost et af. 1999). 
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