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ABSTRACT

Glacier Bay National Park had one of the largest breeding aggregations of
harbor seals in Alaska, and it is functionally the only marine reserve for harbor seals
in Alaska; yet, numbers of seals in the Bay are declining rapidly. Understanding
why seals in Glacier Bay are declining may clarify their minimal habitat needs.
We estimated population trends using models that controlled for environmental
and observer-related factors. In 1992, 6,200 seals were counted on icebergs in
a tidewater glacial fjord and at terrestrial sites; by 2002 only 2,550 seals were
counted at these same haul-outs. Numbers of non-pups in the glacial fjord declined
by 6.6%/yr (—39%/8 yr) in June and by 9.6%/yr (—63%/11 yr) in August and at
all other haul-outs by 14.5%/yr (—75%/10 yr) during August. In the glacial fjord
the number of pups remained steady from 1994 to 1999 and made up an increasing
proportion of seals counted (5.4%/yr), and the proportion of pups peaked at 34%—
36%. The rapid declines do not appear to be due to changes in seal behavior or
redistribution. The declines reinforce genetic evidence that harbor seals in Glacier
Bay are demographically isolated from other populations and indicate that current
management stocks need to be redefined. Changes in Glacier Bay’s ecosystem and
population demographic data from the glacial fjord suggest that interspecific
competition and predation are likely factors in the declines.

Key words:  harbor seal, Phoca vitulina, population monitoring, trend analysis,
aerial surveys, Glacier Bay, tidewater glacial fjord, Johns Hopkins Inlet, marine
reserve.

One decade ago a tidewater glacial fjord in Glacier Bay National Park (Johns
Hopkins Inlet) had one of the largest breeding aggregations of harbor seals (Phoca
vitulina richardii) in Alaska (Calambokidis ez 2. 1987, Hoover-Miller 1994, Mathews
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1995), but numbers at this and all other sites in Glacier Bay have declined steeply in
recent years. In contrast, harbor seal numbers in other parts of southeastern Alaska,
currently classified as a single management stock (Angliss and Lodge 2004), appear to
be either stable or increasing (Small ez 2/. 2003). Compared to the rest of southeastern
Alaska, harbor seals in Glacier Bay National Park are highly protected. Glacier Bay is
the only place in Alaska where subsistence hunting of harbor seals has been prohibited
by Federal regulations since 1974 (Catton 1995), and where commercial fishing is
either prohibited or being phased out.! In addition, the National Park Service has
seasonal quotas on the number and types of vessels and area closures to vessels and
campers near breeding harbor seals.? This suite of Federal protections make the marine
waters of Glacier Bay (1,312 km?) functionally the only marine protected area for
harbor seals (as well as many other species) in Alaska. It is, thus, surprising that
seal numbers are declining there. Pronounced declines in a marine predator within
an area where human impacts are minimized indicate either underlying ecosystem
changes or inadequacy of measures to protect the population from human activities
throughout their life cycle (Hooker and Gerber 2004). Understanding why harbor
seals in Glacier Bay National Park are declining may clarify their minimal habitat
needs and improve our ability to create effective marine reserves for this and other
marine mammal species.

Harbor seals in southeastern Alaska were considered to be increasing overall,’
until we first reported declines in Glacier Bay for 1992—-1998.% Population trends
from surveys in Glacier Bay, and at two other areas within southeastern Alaska (near
Ketchikan and Sitka) have been used as trend indices for this stock (Angliss and
Lodge 2004). From 1983 to 2000, seal numbers along the Ketchikan trend route
(~550 km south of GB) increased 5.5%/yr and numbers along the Sitka trend route
(~100 km south of GB) were stable from 1984 to 2002 (Small et z/. 2003). In 1998,
seals along the three trend routes comprised, approximately, 12% (Glacier Bay),* 9%
(Ketchikan), and 5% (Sitka) (Small ez 2/. 2003) of the minimal population estimate
(35,226) of harbor seals in the southeastern Alaska stock (Angliss and Lodge 2004).

In southeastern Alaska harbor seals haul out to rest on terrestrial sites and on
drifting ice from tidewater glaciers. During summer more than two-thirds of all
seals in Glacier Bay haul out to breed, rest, or nurse on drifting icebergs in tidewater
glacial fjords, primarily in Johns Hopkins Inlet (Fig. 1); the remaining animals haul
out at terrestrial sites elsewhere in the Bay. This general pattern of hauling out on
both land and drifting glacial ice is typical of much of the region.

In this paper we report the population trends of harbor seals in Glacier Bay from
1992 to 2001 and 2002 for terrestrial haul-out and glacial ice sites, respectively. We
used covariates to incorporate the effects of environmental and observer-related factors
to improve the sensitivity of aerial and shore surveys to detect changes in numbers of
seals. Such analyses attempt to reduce variation and the potential for spurious trend
estimates resulting from factors not related to real changes in population abundance
(Link and Sauer 1998, Frost ¢z 2/. 1999, Adkison and Quinn 2003, Small ez #/. 2003).

! Omnibus Consolidated and Emergency Supplemental Appropriations Act, May 21 1999, Public
Law 106-31.

2 May 1996. 36 Code of Federal Regulations 13.65.

?Small, R. J. 1997. Harbor seal investigations in Alaska, Annual Report, NAS7FX0367. Alaska
Department of Fish and Game, Division of Wildlife Conservation, Anchorage, AK.

4 Mathews, E. A.,and G. W. Pendleton. 2000. Declining trends in harbor seal (Phoca vitulina richardsi)
numbers at glacial ice and terrestrial haulouts in Glacier Bay National Park, 1992-1998 (unpublished).
Available from Glacier Bay National Park. P. O. Box 140, Gustavus, AK. 99826, 24 pp.
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Figure 1.  Map of Glacier Bay showing the main harbor seal haul-out sites, including
terrestrial haul-outs (filled circles). Johns Hopkins, Muir, and McBride inlets are tidewater
glacial fjords where seals congregate, or used to congregate (Muir), on drifting icebergs to
breed and molt during spring and summer. All other haul-outs are terrestrial sites.

Finally, we discuss possible causes for the large declines in seal numbers in both
habitats.

METHODS
Study Areas

Johns Hopkins Inlet (58°53 N, 137°5 W) is located in the northwest arm of Glacier
Bay (Fig. 1). Approximately 2,000—4,400 harbor seals use the ice calved from Johns
Hopkins glacier as resting substrate during pupping, breeding, and molting periods
in late spring and summer. In addition, about 20 tidally influenced terrestrial resting
areas are occupied during the breeding and molting seasons. Close to half of all seals
on these terrestrial haul-outs are found on ledges at the Spider Island reefs in the
Beardslee Island Wilderness Area (Fig. 1).
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Shore-based Counts: Seals on Glacial Ice, Jobns Hopkins Inlet

Standard aerial photographic surveys from fixed winged aircraft using a 35-mm
camera (e.g., Stewart and Yochem 1984, Olesiuk ez «/. 1990), are not feasible at
Johns Hopkins Inlet glacial fjord, where large numbers of seals are dispersed over a
large (5-10 km?) area within the fjord. Therefore, we conducted shore-based counts
of harbor seals in this region. Counts were obtained during the pupping season in
June (1992-1999) and during the annual molt in August (1992-2002). At these
times, seals typically spend a higher proportion of time out of the water (Stewart and
Yochem 1984, Calambokidis ¢z #/. 1987, Thompson 1989, Jemison and Kelly 2001).
Counts were made by two observers from an elevated (~35 m above sea level) site
about 2.5 km from the face of Johns Hopkins glacier (Fig. 1) two or three times each
day. Observers used tripod-mounted monocular spotting scopes (1992 and 1993)
or 20 X 60 Ziess binoculars (1994-2002) to count seals within two or three non-
overlapping parallel scans (Mathews 1995). Observers attempted to compensate for
movement of ice between subareas. During the June counts, seals were categorized
as non-pups or pups in all years except 1993 when only non-pups were counted.
Because of lower accuracy in pup counts in the first two years due to inferior optical
equipment, we used counts only from 1994 to 1999 in our pup analyses. In August,
no age class distinctions were made because pups are weaned by this time and difficult
to distinguish from juveniles and adults, especially at distances of <6 km.

Environmental and observer-related covariates were also recorded during each
count. Cloud cover was categorized as clear (<25% clouds), partly cloudy (26%—
75%), or overcast (>75%) during counts. Precipitation was categorized as none,
light rain, or heavy rain. Air temperature at the observation site was recorded during
most counts beginning in 1995. Before comparing results, each observer also recorded
a subjective count quality rating from 1 (excellent) to 7 (very poor). This variable
encompassed environmental conditions (e.g., visibility, lighting, shimmer from heat
waves, ¢fc.), as well as the observer’s overall perception of count accuracy. Only counts
with quality ratings <4 were used in the analyses. We used two different measures
of observer experience, one within a season and one for multiple seasons. Observer
experience within a season ranged from one to three. Beginners were categorized as
level 3 for their first two counts. These counts were not used in analyses presented
in this paper. Level 2 observers were in training. Level 1 observers had conducted
at least four counts that produced numbers within at least 20% of an experienced
observer. Long-term experience level was an ordinal variable that increased by one for
every season (i.e., pupping and molting surveys counted separately) that an observer
counted harbor seals (range = 1-14).

Beginning in 1994, we recorded entry and departure times and vessel type (pri-
marily tour boats, private boats, kayaks, or cruise ships; cruise ships were prohibited
from entering the inlet after 1995) for each vessel that entered Johns Hopkins In-
let during August surveys. To evaluate whether vessel traffic reduced the numbers
of seals on icebergs (by displacing them into the water), we tabulated the number
of vessels in the inlet for 1994-2001 during the four hours before the end of each
count.

Aerial-based Counts: Seals on Terrestrial Haul-outs

In 1992 and 1994-2001, aerial surveys of the terrestrial haul-outs in Glacier
Bay were conducted in August during the annual molt. The aerial surveys also
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included small glacial haul-out areas in Muir (1992) or McBride inlets (1995-2002)
where <200 seals were typically found. All subsequent references to “terrestrial sites”
include one of these small glacial fjords. Aerial surveys of terrestrial haul-outs were
scheduled to occur during monthly low tide cycles (within two hours of low tide)
and, in all except 1992, while there was a field crew in Johns Hopkins Inlet so that we
could have full survey coverage of Glacier Bay. During aerial surveys we checked all
known haul-outs and also searched for new haul-outs. Weather conditions occasionally
prevented complete surveys of the bay. Surveys were conducted from single engine
aircraft at an altitude of about 300 m, and observers scanned with binoculars for
seals. Photographs were taken through an open window with a 35-mm SLR camera
equipped with a motor drive and either an 80-200-mm zoom lens or a 300-mm fixed
lens. All occupied haul-outs were photographed for later enumeration. We used 400
ASA slide film exposed at 1/500-1/1000 s.

For each haul-out we recorded the location, time, film frame numbers, and usually
a visual estimate of the number of seals. We also noted any evidence of a recent dis-
turbance. For known haul-outs, we noted if weather conditions prevented counting,
and when weather conditions were suitable for counting, whether or not seals were
present. Groups of seals at all terrestrial haul-outs were small enough to fit in one
photographic field of view except at the Spider Island reefs where a series of overlap-
ping photographs was required to include all seals. We counted seals by projecting
slide images onto paper and each animal was marked and counted.

Minimal Population Estimates, 1992-2001

The minimal population estimate for harbor seals in August throughout Glacier
Bay was calculated by adding the highest aerial survey count of terrestrial sites to
the mean of the daily high counts in Johns Hopkins Inlet from the three days closest
to the date of the maximal aerial survey; there were two to eight days between the
aerial survey and high counts in Johns Hopkins Inlet. This estimate is based on the
assumption that minimal movement occurs between Johns Hopkins Inlet and other
haul-outs in Glacier Bay during late summer, an assumption generally supported
by harbor seal tagging studies (Pitcher and McAllister 1981, Yochem ez #/. 1987,
Thompson and Miller 1990, Tollit ¢t 2/. 1998, Lowry et a/. 2001).

Trends in Seal Numbers: Covariate Analysis

Aerial and shore-based surveys of seals at their haul-outs measure only the portion
of the population that is out of the water and available to be counted. If the propor-
tion of animals available remains constant, such surveys produce unbiased estimates
of population trend. However, due to environmental and behavioral factors that in-
fluence the number of seals ashore, the proportion available is never constant across
time or space. We used standardized survey methods and included covariates in the
population trend analyses to reduce the variation caused by changing availability; if
the covariates account for most of this variation, the resulting trend estimates will
have small bias (Adkison and Quinn 2003). Covariate effects are likely to differ by
resting substrate; for example seal numbers on glacial ice, unlike terrestrial sites,
do not fluctuate with tide height (Calambokidis ez 2/. 1987, Boveng ¢t af. 2003).
Because we used different survey methods and expected differences in environmental
effects on seal behavior on the different substrates, we considered different sets of
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environmental and observer-related covariates for surveys of seals resting on ice and
those at terrestrial haul-outs.

For terrestrial sites we used the same covariates and analyses (i.e., Poisson regression)
as used by Small ez /. (2003). This approach is based on within-site changes in
counts. All haul-outs were treated individually except for the Spider Island reefs
where, because of an apparent shift is seal distribution beginning in August 1997,
we treated all seals within 1.9 km of the reefs as a single “site.” The environmental
covariates included date, time relative to solar noon ([sunrise + sunsetl/2), tide height,
and time from low tide at the time of the survey for each site. In addition to the linear
form of covariates we also included quadratic effects (e.g., date2) for date, time, tide
height and time and allowed the effect of tide height to vary by site (e.g., site X tide
height interaction). The quadratic and interaction covariates were chosen because
of known or suspected non-linear patterns in seal haul-out behavior with respect to
these variables. Covariates included in the trend analyses for Johns Hopkins Inlet
were date, time of day, sky condition, precipitation, count quality, within-season
observer level, and long-term experience level. We initially included the number of
boats in Johns Hopkins Inlet within four hours of the survey (“boats”) as a covariate,
but “boat” was strongly correlated with year (i.e., there was a strong time pattern in
the number of boats across years probably caused by changing ice conditions), which
was our principal variable of interest. Because of this co-linearity, “boat” was dropped
from the analyses. As with the aerial survey data, we also included quadratic effects
for date and time, and added a quadratic effect for long-term experience to allow for
a non-linear effect of this variable.

We tested models with both linear and quadratic population trajectories (i.c.,
change in population size across years on the log scale). Population trajectories can be
thought of as a smoothed version of the actual population size across years. However,
trajectories were not always linear (i.c., the rate of change varies through time) on
the log scale, so we defined trend as the geometric mean rate of change over the
interval of interest (Link and Sauer 1997, Link and Sauer 1998). Trend is therefore a
single-number summary of the average change in the trajectory for a selected period
of time (i.e., percent change per year from 1992 to 2002).

For each analysis, we fit models with all combinations of covariates and trajectories
(i.e., linear and quadratic). Final trend estimates and standard errors were obtained
as a weighted average of estimates from the individual models with weights based
on corrected Akaike’s Information Criteria (AICc; Hurvich and Tsai 1989, Burnham
et al. 1995). This model-averaging procedure (Burnham and Anderson 1998) in-
corporates the uncertainty about which model is most appropriate into the trend
estimate and its variance. We also calculated an importance index for each covariate
(Burnham and Anderson 1998:140-141). This index ranges from O (unimportant)
to 1 (very important). Based on similar analyses for seal count data from a number of
locations, covariates with importance indices <0.85 rarely have substantial influence
on estimated trends (G. W. Pendleton, unpublished).

Pup Proportions, Jobns Hopkins Inler

In Johns Hopkins Inlet seal pups at a distance can be obscured by their mothers or
pieces of ice. Consequently, our overall counts of seals during June underestimated
pups. To address this, we estimated pup proportions from counts of 100 nearby seals
every 2—3 h from 0700 to 2200. We used logistic regression (Hosmer and Lemeshow
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2000) to examine the relationship between the proportion of pups in samples counted
near the observation site and potential predictor variables. Predictors we used were
year (i.c., trend), date, time relative to solar noon, sky condition, precipitation (raining
or not), temperature, observer experience (number of survey seasons), and observer
level (1 or 2). In addition, we included quadratic terms for date, time-to-midday, and
observer experience because we suspected that these relationships were non-linear.
All predictor variables were included in the initial model with variables eliminated
one at a time based on Wald chi-square statistics until all remaining variables were
deemed important (Wald P-value <0.05).

RESULTS
Minimal Population Estimates

The minimal population estimate for seals on shore during August surveys in
Glacier Bay declined from 6,189 to 2,551 seals during 1992-2001 despite increased
survey effort (Table 1). The means of the three high counts from Johns Hopkins Inlet
follow the same general pattern of decline, as did the three counts closest to the peak
aerial survey date. Because some proportion of seals is in the water during surveys, the
minimal population estimate for each year is a conservative (i.e., minimal) estimate
of the number of seals in Glacier Bay. On average, 72% (range = 62%-80%, n =
9 yr) of all seals in Glacier Bay from 1992 to 2001 were found in tidewater glacial
fjords (Johns Hopkins Inlet + Muir Inlet 4+ McBride Inlet).

Trends in Seal Numbers

We analyzed 176 counts of seals in Johns Hopkins Inlet from 60 d in June and
383 counts from 131 d in August, and aerial surveys of terrestrial haul-outs from
45 different days. Trend estimates were negative for non-pup counts from Johns
Hopkins Inlet during June, and for all seals in Johns Hopkins Inlet and at terrestrial
sites during August (Table 2, Fig. 2). Annual declines in Johns Hopkins Inlet during
August were greater than those during June (—9.56% vs. —6.55%), but not as large
as at terrestrial sites in August (—14.46%) (Table 2). In contrast to the declines in
non-pup numbers, there was no significant trend in numbers of harbor seal pups in
Johns Hopkins Inlet in June (i.e., the 95% confidence interval includes 0) (Table 2).

Influential Covariates

In Johns Hopkins Inlet with all years combined, we estimated when peak counts
would occur during the June and August survey periods (Fig. 3a—c). Pup num-
bers showed a more pronounced peak than non-pups but the predicted peaks were
within one day of one another (16 June for non-pups; 15 June for pups) (Fig. 3a, b).
The predicted peak count of seals in Johns Hopkins Inlet during molt surveys is
18 August (Fig. 3¢). By contrast, seal numbers at terrestrial sites peaked at or before
the start of the August survey period (Fig. 3d). Rain tended to reduce all counts
at Johns Hopkins Inlet (Table 2); heavy rain had a greater effect than light rain in
August, whereas the opposite was true in June. Sky condition was also an important
covariate during the June counts (Table 2), with more pups predicted under overcast
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Table 1. Survey of harbor seals in Glacier Bay in August 1992-2002, (a) mean of high counts in Johns Hopkins Inlet on the three days closest to
the maximal aerial survey date (# = 3—6 of the usable paired counts), (b) maximal aerial survey counts of seals on all terrestrial sites and one small
glacial haul-out site, and (c) the minimal population estimate (MPE) is the sum of the mean counts from Johns Hopkins Inlet and the high count from
all sites surveyed from aircraft. Survey effort is the total number of days over which surveys were conducted. No aerial surveys were flown in 1993 and
weather conditions precluded aerial surveys during optimal times in 2002.

(b) Aerial surveys

(a) Johns Hopkins Inlet (glacial fjord)

Counts

n” Survey Max survey Survey
Year Dates Mean CvV (counts) effort (d) date Terrestrial Glacial effort (d) (c) MPE
1992 21 22 23 4,378 0.22 S 4 28 1,734 77% 2 6,189
1993 23 24 na 3,361 0.31 3 3 0
1994 10 11 12 3,742 0.11 5 9 8 2,507 0 4 6,249
1995 9 10 11 2730 0.5 6 13 1 2,451 6 3 5,187
1996 13 14 15 3,719 0.15 6 13 11 1,832 NA S 5,551
1997 18 19 20 3,143 0.20 6 9 19 1,093 132 6 4,368
1998 13 14 15 2,808  0.12 6 14 11 1,231 143 6 4,182
1999 14 15 16 2,187  0.10 6 21 15 1,459 172 8 3,818
2000 14 17 18 1,886 0.08 6 18 17 900 75 6 2,861
2001 19 20 23 1,648 0.24 6 10 21 747 156 b) 2,551
2002 15 16 17 1,740 0.11 6 17

*Muir Inlet was occupied by harbor seals in 1992; in all remaining years aerial counts of seals on glacial ice are from McBride Inlet.
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Table 2.  Covariate trend analysis of harbor seal numbers at glacial and terrestrial sites in Glacier Bay. The most influential covariates are those with
an importance index > 0.85 (Burnham and Anderson 1998) and they are listed in order of decreasing influence. No covariates met the importance
threshold for the terrestrial sites.

Annual Cumulative Trend Most influential
Years Site Month Seals trend SE 95% conf int change period (yr) covariates®
1992-1999 JHI glacial fjord June non-pups —6.55 0.97 —8.45 to —4.65 39% 8 date?, sky, precipitation
1994-1999 JHI glacial fjord June pups 3.56 2.32  —0.981t038.10 19% 6 date?, date, sky, precipitation
1992-2002 JHI glacial fjord August all —9.56 0.39 —10.33 to —8.78 —63% 11 precipitation, date?, trm
1992-2001 ‘Terrestrial sites ~ August all —14.46 1.33 —17.07 to —11.85 —75% 10 (none)

*trm = time relative to midday (solar noon), longterm exper = number of observer survey seasons.
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Figure3.  Effects of date on counts of harbor seals in Johns Hopkins Inlet during surveys
from 29 May through 30 June from (a) 1992 to 1999 for non-pups and (b) 1994 to 1999
for pups. Effects of date on counts of all seals on haul-outs during August molt surveys (c)
in Johns Hopkins Inlet (glacial fjord) from 1992 to 2002 and (d) at terrestrial haul-outs in
Glacier Bay from 1992 to 2001. Symbols are adjusted mean counts which incorporate the
effects of influential covariates; lines are the estimated population trajectories.

skies than other conditions. Time relative to solar noon was important in August
counts at Johns Hopkins Inlet (Table 2), with slightly higher seal counts between
one and four hours after solar noon. The number of vessels in Johns Hopkins Inlet
in August declined over the eight-year period along with the seal counts. Because
of the co-linearity between vessels and our main predictor (year) and seal counts, we
excluded the number of vessels from subsequent analyses.

At terrestrial haul-outs no covariates had importance values >0.85. This result
should be interpreted cautiously because survey protocols were designed to reduce
the effect of some factors (e.g., tide, date). For example, tide height had the largest
importance value of 0.68, but all surveys were conducted close to the low tide; if
surveys were conducted across the range of potential tide heights, it is likely that the
importance of this variable would be substantially higher.

Figure 2. Population trajectories (lines) and adjusted mean counts (symbols) for harbor
seals in Johns Hopkins Inlet, a tidewater glacial fjord (a) for non-pups (diamonds) and
pups (triangles) during June 1994-1999. Non-pups in June declined by 6.55%/yr (solid
line), while there was no significant trend for pups (dashed line). (b) Seals declined by
9.56%/yr during August counts of all seals on icebergs in Johns Hopkins Inlet from August
1992-2002. (c) The population trend (line) was negative (—14.5%/yr) at terrestrial sites
during August surveys from an aircraft. Adjusted mean counts are the mean seal count after
accounting for all predictors in the model other than the one being graphed.
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Pup Proportions, Jobns Hopkins Inlet

We analyzed 323 counts of 100 non-pups and pups (mean count = 102, SD =
6.4) conducted in Johns Hopkins Inlet on 54 d during 1994-1999. Pup proportions
increased at 5.4% per year (Fig. 4a) and peaked at 34%—36% from 13 to 18 June
( = Julian date 164-169, Fig. 4b). The proportion of seals on icebergs that were
pups declined slightly over the course of the day (Fig. 4c). The average proportion
of pups counted by experienced observers was slightly higher than that counted by
less experienced observers (35.6% vs. 33.4%). Four explanatory variables (along with
year) were retained (P < 0.05) in the model for trend in pup proportions (Table 3).

DiscussioN

Between 1992 and 2002 the number of harbor seals counted during surveys in
Glacier Bay declined at annual rates and magnitudes exceeding any documented
harbor seal decline in Alaska with the exception of that at Tugidak Island. Mean
counts on Tugidak dropped from approximately 7,000 to 1,000 seals (Pitcher 1990),
and the causes of these declines, as well as the declines in Steller sea lion numbers in
Alaska, are poorly understood ( Jemison and Kelly 2001, National Research Council
2003). The declines in harbor seals in Glacier Bay are in contrast to the two other
harbor seal trend sites within southeastern Alaska, where numbers are stable or
increasing (Small ez 2/. 2003). The 14.5%/yr decline in seals at terrestrial haul-outs
from 1992 to 2001 (Table 2) exceeds the maximum observed annual reproductive rate
for harbor seals (12.5%; Olesiuk ¢t 2/. 1990), indicating that mortality or emigration
of more than just young of the year is occurring in Glacier Bay. Furthermore, the lack
of a decline in seal pups counted in Johns Hopkins Inlet (Fig. 2a), reinforced by the
increase in the proportion of pups (Fig. 4a), indicates that the decline in this glacial
fjord is not due to reproductive failure. Such rapid declines in a discrete subarea of
the southeastern stock reinforce recent population genetic data’ indicating that seals
in Glacier Bay are a demographically isolated population or subpopulation (Dizon
et al. 1991).

In the sections that follow we first discuss the effects of covariates on our analyses
and we follow with a discussion of possible causes of the declines.

Effects of Covariates on Population Trend

High counts of molting seals in Johns Hopkins Inlet occurred at least 17 d later
than at terrestrial haul-outs in Glacier Bay (Fig. 3¢, d). Such habitat differences could
be due to difference in the age and sex composition of seals ashore during the molt. At
Tugidak Island, peak counts varied by age class with yearlings molting first, followed
by subadults, adult females and then males (Daniel ez #/. 2003). A similar pattern
was found for harbor seals in Orkney, Scotland, but at this site adult females molted
a few days before subadult males (Thompson and Rothery 1987). If the differences
in the timing of molt within Glacier Bay follow those at Tugidak Island, then the

3 O’Corry-Crowe, G. M., K. K. Martien and B. L. Taylor. 2003. The analysis of population genetic
structure in Alaskan harbor seals, Phoca vitulina, as a framework for the identification of management
stocks. Administrative Report LJ-03—08, Southwest Fisheries Science Center, National Marine Fisheries
Service, NOAA, 8604 La Jolla Shores Drive, La Jolla, CA 92037. 54 pp.
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Figure 4. The proportion of harbor seal pups in Johns Hopkins Inlet counted in nearby
subsections of 100 seals by (a) year ( = trend), (b) date (Julian Date 165 = June 14), and
(c) hours from solar noon. The proportion of pups increased significantly by 5.4% per year
(Table 3); peak pup counts occurred around 15 June, and there was a slight tendency for
the number of pups counted to decrease from morning to evening.
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Table 3. Effects of covariates on the proportion of harbor seal pups observed in subsets
of 100 seals in Johns Hopkins Inlet glacial fjord from 1994 to 1999. Covariates in bold were
retained in the final model.

Variable Estimate 95% CI P
Year 0.0539 0.0394,0.0683 <0.001
Date —0.0226 —0.0267,—0.0184 <0.001
Date? —0.003 —0.0034,—0.0027 <0.001
Time —0.00092 —0.0148,—0.0035 0.001
Time? 0.0002 —0.0013,0.0017 0.865
Sky* * * 0.234
Precipitation® * * 0.631
Temperature —0.0039 —0.0087,0.0009 0.145
Long-term observer experience —0.0103 —0.0208,0.0001 0.053
Long-term observer experience’ —0.0018 —0.0042,0.0005 0.1167
Observer level 0.0977 0.0309,0.1644 0.001

*Two categorical parameters in the effect; P-values given are the minimum values.

later peak in molting in Hopkins is consistent with higher proportions of yearlings
and subadults at terrestrial compared to glacial sites. If proportionally more adults
breed and tend to remain in Johns Hopkins Inlet to molt after breeding, then we
would expect peak molt counts to be later at this site than at terrestrial sites. Peak
numbers during the molt at terrestrial sites in Glacier Bay occurred on or before
1 August, at least three weeks earlier than at terrestrial sites in the Ketchikan area
(~550 km south of GB), but more similar to the Sitka area (~100 km south of GB)
where estimated molting peaks are before 14 August (Small ez /. 2003).

Except at locations where seals are disturbed by humans (Allen ez 2/. 1984,
Calambokidis et /. 1987, Suryan and Harvey 1998) or affected by tides (Olesiuk
et al. 1990), harbor seals often show a strong diel pattern in number hauled out.
Most commonly, peak seal counts are near solar noon or near mid-afternoon (Stewart
1984, Yochem et 2/. 1987, Thompson et a/. 1989, Boveng et «/. 2003, Small ez a/.
2003). However, some sites with morning peaks also have been documented (Boulva
and McLaren 1979, Calambokidis ez /. 1987, Olesiuk ez 2/. 1990, Frost et al. 1999),
and a late afternoon through early evening (~1900) peak in seals ashore occurred at
Tugidak Island (Moran 2003) and Sable Island (Bowen ¢ #/. 2003) during August
and September. Counts at glacial ice sites or large terrestrial sites that have beach
available at all tide stages are most likely to have consistent diel patterns. In Glacier
Bay we found only a weak indication of higher molt (August) counts in Johns Hop-
kins Inlet from one to four hours after solar noon; neither June counts of non-pups and
pups in Johns Hopkins Inlet nor August counts at terrestrial sites varied significantly
with respect to time-of-day. This lack of pattern could be because of a broad peak
in abundance lasting most of the day as has been reported for seals on ice in Aialik
Bay, Alaska (Hoover 1983), or because most of our counts in Johns Hopkins Inlet
were conducted two hours before and two to three hours after solar noon, reducing
the ability of the model to detect a pattern more than if we had counted seals over a
wider range of times. Similarly, the lack of influence of tide height and time relative
to tide in our trend model for terrestrial sites is most likely due to the design of
our aerial surveys, which were scheduled to begin one to two hours before low tides
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during maximal low tide periods. Tide does influence harbor seal haul-out patterns
at terrestrial sites in Glacier Bay; the Spider Island reefs, for example, are completely
awash and unoccupied by seals during monthly high tides in August (Mathews,
unpublished data).

A number of weather variables (e.g., precipitation, wind) affect the number of
harbor seals hauled out, but the effects of these variables were not consistent among
studies (L. A. Jemison, ADF&G, unpublished data). In Johns Hopkins Inlet rain
tended to lower the number of seals on icebergs, a result similar to that found at
primarily terrestrial sites in the Gulf of Alaska and Bristol Bay (Boveng ez 2/. 2003;
L. A. Jemison, ADF&G, unpublished data) and at Bering Glacier (Savarese 2004),
where seals also rest on icebergs. However, non-pups at Johns Hopkins Inlet favored
clear days, while more seals were seen at Tugidak Island on overcast days with no
precipitation (L. A. Jemison, ADF&G, unpublished data). The effects of the weather
covariates in Johns Hopkins Inlet were also similar to those at Aialik Bay, another
tidewater glacial fjord, but at this site high winds had the greatest effect on numbers
of seals hauled out (Hoover 1983). In contrast, weather covariates did not influence
counts for terrestrial sites in Glacier Bay (Table 2), most likely because of the narrow
range of weather conditions available in our database.

Pup Proportions and Timing of Pupping

From 1994 to 1999 we observed 34%—36% pups in mid-June in Johns Hopkins
Inlet (Fig. 4b). Calambokidis ez #/. (1987) reported 37% pups in Johns Hopkins
Inlet on 11 June, 1984 and 40% pups for Muir Inlet during pupping (1982—1984).
The proportion of pups in glacial fjords in Glacier Bay is notably higher than the
14.2%-23.8% reported for harbor seals at five terrestrial sites ranging from the north
Atlantic to Oregon and Washington (summarized in Olesiuk ¢z 2/. 1990) and the
20.4% calculated from life tables for British Columbia, Canada (Bigg 1969). It is
also substantially higher than the 10% reported for tetrestrial sites in Glacier Bay
from 1982 to 1984 (Calambokidis e «/. 1987). Lower levels of predation have been
suggested as a factor making ice habitat more favorable to breeding harbor seals
and other pagophilic pinnipeds (Fay 1974, Calambokidis ez #/. 1987). Observations
of higher numbers and proportions of pups in Johns Hopkins Inlet compared to
terrestrial sites in Glacier Bay suggest that, relative to other age and sex classes,
pregnant females select glacial ice over terrestrial habitat. Higher proportions of
pups in Johns Hopkins Inlet were not due to higher numbers of unaccompanied
pups on icebergs (Mathews, unpublished data); they could, however, be caused by
adult males or juveniles spending more time in the water rather than fewer seals of
these age/sex categories.

The timing of pupping by harbor seals varies both among sites (Temte ¢t a/.
1991) and among years within a site (Jemison and Kelly 2001, Bowen ez 2/. 2003),
possibly associated with differing photoperiods and food availability, respectively.
Our estimate of peak pupping at Johns Hopkins Inlet (15 June) was similar to, or
perhaps slightly later than, the timing provided by Streveler (1979)° who indicated
that pupping in Johns Hopkins Inlet in 1975 to 1979 began in mid-May and that “by

% Streveler, G. P. 1979. Distribution, population ecology, and impact susceptibility of the harbor
seal in Glacier Bay, Alaska (unpublished). Available from Glacier Bay National Park, P. O. Box 140,
Gustavus, AK 99826. 49 pp.
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June 15 the peak of pupping had passed.” However our estimated peak was at least
nine days earlier than at Tracy Arm, a glacial fjord approximately 350 km through the
water and 12 of latitude south of Johns Hopkins Inlet where peak pupping was on or
after 24 June in 2001 (Mathews, Pendleton and K. Blejwas, unpublished data). Peak
pupping in Johns Hopkins Inlet was similar to the peak on 11-12 June at Tugidak
Island in the Gulf of Alaska in 1964 and the mid-1990s (Jemison and Kelly 2001) and
consistent with the 17 June mean pupping date determined for 8 terrestrial colonies
between northern British Columbia and Alaska (Temte et #/. 1991). In contrast to
observations on Tugidak Island in 1964 and in the 1990s, peak pupping was 9-14 d
later from 1976 to 1979, the period when seal numbers were declining. Jemison and
Kelly (2001) suggest that the shift in the timing of pupping at Tugidak may have
been due to changes in prey availability, quality, or quantity, with better conditions
hypothesized for the mid-1960s and 1990s when pupping was earlier.

Evidence for a Population Decline

From our covariate analysis it is clear that the number of seals hauled out has
declined dramatically. The covariate analysis, however, cannot correct for a change in
the percentage of time that seals are hauled out. Thus a key question is whether the
declines in the counts of seals out of the water in Glacier Bay are due to a dramatic
population decline, or whether seals have become less observable because they are
spending more time in the water (Green ez 2/. 1995). If harbor seals in Glacier Bay
were spending more time foraging in recent years compared to earlier years, we
would expect numbers of seals observed in the water to increase. Although we do
not have longitudinal data on the behavior of individual seals for a definitive test
of this possibility, surveys of seals in the water in Glacier Bay do not support this
hypothesis. Between 1996 and 2002, the number of harbor seals counted in the
water in Glacier Bay during National Park Service surveys for humpback whales
(Megaptera novacangliae) declined by more than half, from 54 to 17 seals/100 h.” In
addition, the number of harbor seals observed during systematic nearshore transects
conducted by the U.S. Geological Survey (USGS) within Glacier Bay also declined
by more than half between 1991 and two recent survey years (1999, 2000) from 3.86
to 0.89 and 1.48 seals per km?, respectively.® Human disturbance might also have
changed seal behavior. Private and commercial vessels likely have multiple impacts
on seals, but the most visible effect of disturbance is to cause seals to escape into
the water from haul-outs. The overall number of cruise ships allowed in Glacier Bay
increased in 19962 from average annual counts of 161 (SD = 6) for 1990-1995 t0 210
ships (SD = 6) for 19962002 (D. Nemeth, Glacier Bay NPS, unpublished data),
although a daily quota of two per day was maintained. However, cruise ships have
not been allowed in Johns Hopkins Inlet during May and June since 1988, and after
1996 they have been prohibited from entering the Inlet from May through August.?
Furthermore, these enormous vessels do not approach terrestrial haul-outs due to
their deep draft. Although numbers of kayaks and motorized vessels entering the

7 Personal communication with C. M.Gabriele, Humpback Whale Biologist, Glacier Bay NPS, P. O.
Box 140, Gustavus, AK 99826, September 2004.

8 Robards, M., G. Drew, J. F. Piatt, J. M. Anson, A. Abookire, J. L. Bodkin, P. Hooge and S. Speckman.
2003. Ecology of selected marine communities in Glacier Bay: Zooplankton, forage fish, seabirds and
marine mammals. Available from U.S. Geological Survey, Alaska Science Center, 1101 E. Tudor Road,
Anchorage, AK 99503. 156 pp.
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Bay did not increase during 1990-2002 (D. Nemeth, Glacier Bay NPS, unpublished
data), these smaller vessels do cause seals to stampede into the water in Glacier Bay,
particularly at terrestrial sites. Vessels smaller than cruise ships, including kayakers,
may be changing the haul-out behavior and distribution of seals in Glacier Bay
(Mathews, unpublished data), but it is unlikely that vessel disturbance could explain
the observed declines.

Have Seals Moved out of Glacier Bay?

The declines in Glacier Bay could be the result of seals emigrating. Hoover-Miller
et al. (2001) have argued that the harbor seal declines immediately after the Exxon
Valdez oil spill in Prince William Sound (Frost ez /. 1994) were more likely due
to redistribution of seals to other haul-outs within Prince William Sound, rather
than increased mortality. Tagging studies demonstrate that most seals remain within
50 km of their capture sites (Brown and Mate 1983, Thompson and Miller 1990,
Tollit ez al. 1998, Lowry et al. 2001), and genetic (Goodman 1998, Schaeff ez /.
1999)’ and branding studies (Hirkonen and Harding 2001) support strong adult
female site fidelity for breeding areas. If seals had moved out of Glacier Bay, we would
expect a comparable increase in numbers nearby. Aerial surveys of harbor seals in Icy
Strait (Fig. 1) during August have been conducted in 1996,° 1997 (Withrow and
Cesarone 1998), and 2002 (D. Withrow, NMFS, Seattle, WA, unpublished data).
Although the interval between surveys and the minimal number of years limits the
sensitivity of area-wide surveys to detect change, it would be hard to miss an increase
of more than 3,600 harbor seals (Table 1), particularly since the high count in Icy
Strait for all survey years was approximately 1,600 seals. A preliminary comparison
of counts from 1996, 1997, and 2002 indicates that seal numbers did not increase
within approximately 70-80 km of Glacier Bay between 1996 and 2002.

Have There Been Changes in Reproduction?

In Johns Hopkins Inlet we could not measure birth rate (pups/adult female) directly,
but the number of pups counted from 1994 to 1999 did not decline (Fig. 2a) and
the proportion of pups increased (Fig. 4a). A long-term study of harbor seals on
Sable Island, Nova Scotia, Canada, demonstrated that differential mortality by age
class produced demographic changes similar to those documented in Glacier Bay.
Although the number of pups on Sable Island declined from 1991 to 1998 due to
increasing shark predation (Lucas and Stobo 2000) and possibly competition from
an increasing population of gray seals (Halichoerus grypus) (Bowen et al. 2003), the
number of pups was stable from 1992 to 1994 and the proportion of pups increased
during that three-year period (Bowen et «/. 2003, fig 2). This short-term pattern is
similar to what we observed from 1994 to 1999 in Glacier Bay (Fig. 2a, 4a). At
Sable Island, where the age/sex classes of all seals were known because all pups were
tagged, the increase in the proportion of pups was due to a rapid decline in the
number of adult males and juveniles that preceded declines in reproductive females

9 Mathews, E. A., and J. N. Womble. 1997. Abundance and distribution of harbor seals from Icy Bay
to Icy Strait, southeast Alaska during August 1996, with recommendations for a population trend route.
Pages 33—56 iz Harbor seal investigations in Alaska. Alaska Department of Fish and Game, Division of
Wildlife Conservation, 333 Raspberry Road, Anchorage, AK 99518.
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and pups. These similarities suggest that both populations could be responding to
similar impacts (predation and competition).

Has Mortality of Seals in Glacier Bay Increased?

Known sources of mortality for harbor seals in Glacier Bay include subsistence
hunting by Alaskan natives and predation. Although Glacier Bay National Park is
the only place in Alaska where subsistence hunting of harbor seals is not authorized,
this protection may not be fully effective because some seals that breed in Glacier Bay
presumably leave the bay during fall and winter (Mathews and Kelly 1996), when
most subsistence hunting occurs. Estimates of the number of seals taken by hunters
from Hoonah, the Alaskan native community closest to Glacier Bay, declined from
375 and 360 seals in 1992 and 1993 to 157 and 102 seals in 2001 and 2002, respec-
tively, ' suggesting that hunting is not the driving force behind the seal declines.
Marine predators of harbor seals in Glacier Bay include transient (marine mammal
eating) killer whales (Orcinus orca), Steller sea lions (Eumetopias jubatus), and possibly
Pacific sleeper sharks (Somniosus pacificus) (Taggart et al. 2005). In the north Pacific,
harbor seals are the most common prey of transient killer whales (Ford ez /. 1998),
and large-scale effects on marine mammal populations by transient killer whales have
been proposed through shifts in their diet (Estes ez /. 1998, Springer et a/. 2003).
We have observed predation on harbor seals by killer whales and Steller sea lions in
Glacier Bay, but further analysis is needed to determine if rates of predation have
increased sufficiently to be significant contributors to the observed seal declines.

Evidence for Ecosystem Changes in Glacier Bay

Large changes in the abundance of several marine vertebrates in Glacier Bay in-
dicate that the underlying food web dynamics have changed during the period of
seal declines. Steller sea lion numbers at the only haul-out in Glacier Bay increased
by 32.2%/yr (95% CI = 15.9%—50.8%) between 1992 and 1998 (June and July),
from seasonal high counts of 135 (1992) to 509 (1998) sea lions (Mathews, Pendleton
and J. M. Maniscalco, unpublished data) and up to 791 sea lions in 2002 (Womble
et al. 2005). Steller sea lions could affect the harbor seal population directly through
predation and indirectly as competitors for food. Sea otters also increased from ap-
proximately five in 1995 to 1,200 in 2002 at rates exceeding theoretical and observed
reproductive rates.'! In addition, the mean number of humpback whales in Glacier
Bay and Icy Strait during summer increased from 42 (SD = 4.8) for 1992-1995
to 65 whales (SD = 7.2) for 1999-2002,'2 indicating a shift in distribution and
suggesting that prey resources in Glacier Bay improved between the early 1990s
and 1999-2002. Alternatively, humpback whales (Johnson and Wolman 1984) and

19 \olfe, R., J. A. Fall and R. T. Stanek. 2003. The subsistence harvest of harbor seals and sea lions
by Alaska Natives in 2002. Alaska Department of Fish and Game, Division of Subsistence, P. O. Box
240020, Juneau, AK. 90 pp.

1 Bodkin, J. L., K. A. Kloeker, G. G. Esslinger, D. H. Monson, H. Coletti and J. L. Doherty. 2002.
Sea otter studies in Glacier Bay National Park and Preserve: Annual Report (unpublished). Available
from U.S. Geological Survey, 1101 E. Tudor Road, Anchorage, AK 99503. 82 pp.

12 Doherty, J. L., and C. M. Gabriele. 2002. Population characteristics of humpback whales in Glacier
Bay and adjacent waters: 2002 (unpublished). 32 pp. Available from Glacier Bay National Park, P. O.
Box 140, Gustavus, AK 99826.
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harbor seals (Pitcher 1980) both feed on small schooling fish, such as herring (Clupea
barengus pallasi), capelin (Mallotus villosus), sand lance (Ammodytes hexapterus), and
walleye pollock (Theragra chalcogramma), and they may consequently compete for
prey. Using the daily energy requirements for humpback whales (Lockyer 1981) and
for harbor seals (Hoover-Miller 1994), one humpback whale in one day could con-
sume the prey required by more than 90 harbor seals, assuming 50% overlap in diet.
During approximately the same time as the seal declines (1991-2000), the number
of Kittlitz's (Brachyramphus brevirostris) and Marbled (B. marmoratus) murrelets in
Glacier Bay also declined;® both these alcids use glacial fjords during breeding and
feed on some of the same small schooling fish species as harbor seals. Information on
Glacier Bay’s marine ecosystem alone, however, may not be adequate for determining
the cause or causes of the declines in harbor seals. Numbers of seals on haul-outs in
Glacier Bay drop sharply in early fall and it is very likely that seals leave Glacier Bay
to forage elsewhere (Mathews and Kelly 1996). Determining the movements and
foraging behavior during fall and winter of seals that breed in Glacier Bay will be
necessary for identifying factors outside of Glacier Bay that may be contributing to
the declines.

The rapid declines in harbor seal numbers in Glacier Bay do not appear to be
due to changes in behavior or redistribution. Dietary overlap, coupled with the rapid
increases in Steller sea lion and humpback whale abundance, suggest that interspecific
competition could be involved in the harbor seal declines. Competitive interactions
with an increasing population of gray seals have been proposed as a co-factor (with
shark predation) in the rapid decline of harbor seals on Sable Island (Bowen ez /.
2003). Harbor seals that breed in Glacier Bay National Park are more protected from
human threats than any other seals in Alaska, yet they are declining. The causes of the
declines are not known, but changes in Glacier Bay’s ecosystem and the population
demographic data from Johns Hopkins Inlet suggest that competitive interactions
and predation are likely factors.

Recent population genetic analysis indicates that harbor seals in Alaska (Westlake
and O’Corry-Crowe 2002),% as well as other parts of their range (Goodman 1998),
are structured on a finer scale than expected. In Alaska three management stocks
of harbor seals are cutrently recognized by the National Marine Fisheries Service:
southeastern Alaska, the Gulf of Alaska, and the Bering Sea (Angliss and Lodge 2004).
However, population genetic analysis using mitochondrial DNA, as well as movement
studies, indicate that there are at least five demographically and genetically separate
subpopulations of harbor seals in southeastern Alaska, one of which is centered in
Glacier Bay.” The declines reinforce genetic evidence that seals in Glacier Bay are
demographically isolated from other seals in Alaska: dispersal from neighboring
groups is clearly not offsetting the declines. These results have profound implications
for the management of harbor seals, particularly in Alaska where harbor seals are an
important resource for Alaskan natives who hunt seals for subsistence uses. Sixty-
four percent (1,007/1,585) of the seals taken during subsistence hunts in Alaska
are from the southeastern stock of seals'® which comprises 46% (35,226 of 76,791)
of the minimal estimate of harbor seals in Alaska based on the most recent (1998)
NMES stock assessments (Angliss and Lodge 2004). If seals are harvested or natural
mortality is disproportionately from a subpopulation within a larger area currently
identified as a management stock, local depletion of that subpopulation could occur.
In addition, because Alaskan natives rely on harbor seals as an important source
of food, local depletions could have large impacts on traditional native uses of this
marine mammal.
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