
Calibrating and adjusting counts of harbor seals in a tidewater
glacier fjord to estimate abundance and trends 1992 to 2017
JAMIE N. WOMBLE ,1,� JAY M. VER HOEF,2 SCOTT M. GENDE,1 AND ELIZABETH A. MATHEWS

3,4

1National Park Service, Glacier Bay Field Station, 3100 National Park Road, Juneau, Alaska 99801 USA
2Marine Mammal Laboratory, NOAA Fisheries, Alaska Fisheries Science Center, 7600 Sand Point Way NE,

Seattle, Washington 98115 USA
3Natural Sciences Department, University of Alaska Southeast, 11066 Auke Lake Way, Juneau, Alaska 99801 USA

Citation: Womble, J. N., J. M. Ver Hoef, S. M. Gende, and E. A. Mathews. 2020. Calibrating and adjusting counts of
harbor seals in a tidewater glacier fjord to estimate abundance and trends 1992 to 2017. Ecosphere 11(4):e03111. 10.1002/
ecs2.3111

Abstract. Long-term monitoring for understanding status and trend of species of conservation concern
is undeniably valuable, yet monitoring methods often evolve over time due to the development of new
technology, fluctuations in funding, logistical constraints, and innovations in sampling methods or analyti-
cal approaches. Consequently, valuable insights into annual or decadal-scale trends can be lost unless cali-
bration between historical and current methods is developed. Glacier Bay National Park, in southeastern
Alaska, hosts an important regional population of harbor seals, with the majority of seals pupping and
molting on icebergs calved from a tidewater glacier in Johns Hopkins Inlet. Monitoring efforts to assess
abundance and trends of harbor seals used counts of seals by shore-based observers from 1992 to 2002, but
transitioned to aerial photographic surveys in 2007 through 2017. To produce a rigorous long-term evalua-
tion of abundance and trends of harbor seals, we (1) conducted concurrent shore-based counts and aerial
photographic surveys in 2007 and 2008; (2) developed an analytical calibration between the two monitor-
ing methods; (3) developed a haul-out model to estimate the number of harbor seals in the water at the
time of counts; and (4) estimated abundance and trends of harbor seals from 1992 to 2017 from the
adjusted counts. Our calibration analysis revealed that during the pupping season in June, counts of harbor
seals by observers from shore were consistently lower than counts from aerial surveys. During the molting
season, counts by shore-based observers were only slightly less than aerial photographic surveys, and
there was an interaction between survey method and season. After calibrating methods, we found impor-
tant decadal-scale changes in trend. Over the 26-yr period (1992–2017), the estimated trend was negative;
however, trends computed for rolling 10-yr time intervals showed steep and significant declines ending
around 2011, with leveling off and possibly some subsequent recovery. The most recent shorter-term
(2013–2017) trends are negative again, rivaling the steepest decreases over the 26-yr period. Our calibration
between two monitoring methods improved continuity for long-term monitoring for a species of conserva-
tion concern by taking advantage of new sampling methods and innovations in analytical approaches.
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INTRODUCTION

Long-term monitoring is an unequivocally
important tool for natural resource managers,
particularly for entities focused on conserving
species. However, monitoring methods often
change over time due to different objectives,
budgetary fluctuations, logistical constraints,
and innovations in sampling methods or analyt-
ical approaches (Udevitz et al. 2001, Williams
et al. 2017). The result is that inferences from
long-term data and trends can be hindered, par-
ticularly for species such as marine mammals
(Goodman, 2004, Baker et al. 2016, Boveng et al.
2018), where precise estimates of abundance col-
lected over long time periods are necessary to
detect even precipitous declines (Taylor et al.
2007). To improve the continuity of long-term
monitoring and the multi-year and decadal-scale
estimates of trend and comparison of abundance
and inferences derived thereby, a calibration
should accompany shifts in monitoring meth-
ods.

Some of the largest aggregations of harbor
seals (Phoca vitulina) in the world occur season-
ally in tidewater glacier fjords in southeastern
and southcentral Alaska (Jansen et al. 2015),
where seals use icebergs as a substrate for rest-
ing, pupping, molting, and avoiding predators.
Harbor seals serve as an important cultural and
subsistence food source for Alaska Natives
(Crowell, 2016), play an important role in the
marine ecosystem as both consumer and prey
(Kiszka et al. 2015), and are a highly sought after
viewing experience for visitors to Alaska, includ-
ing those on cruise ships, which may disturb
seals and potentially influence their energy bud-
gets (Jansen et al. 2010, Young et al. 2014, Math-
ews et al. 2016). However, there is significant
uncertainty related to the long-term viability of
harbor seal populations that use tidewater gla-
cier fjords because most of the ice sheets that feed
tidewater glaciers in Alaska are thinning and
retreating (Arendt et al. 2002, Larsen et al. 2007).
Thus, in the context of understanding the impli-
cations of climate change, to meet legal mandates
required under the U.S. Marine Mammal Protec-
tion Act, and for general management and con-
servation efforts, understanding long-term status
and trend of harbor seals in fundamentally
important.

Unfortunately, implementing and maintaining
long-term monitoring to estimate the abundance
and trend of harbor seals in tidewater glacier
fjords is challenging due to the expansiveness
and remote nature of these sites (Boveng et al.
2003, Bengtson et al. 2007). In addition, the distri-
bution and number of seals in fjords is dynamic
(Mathews and Kelly, 1996, Womble and Gende,
2013) and may change depending upon seal
behavior, the availability and distribution of ice,
and other environmental variables including
prey distribution (Mathews and Pendleton, 2006,
Womble et al. 2014, McNabb et al. 2016).
Although harbor seals may travel widely during
the post-breeding season, they exhibit a high
degree of fidelity to tidewater glacier fjords dur-
ing the pupping and molting seasons (Womble
and Gende, 2013). Despite large aggregations of
seals occurring at approximately 30 tidewater
glacier fjords in Alaska, long-term monitoring
has occurred at just two sites, Aialik Bay in Kenai
Fjords National Park and Johns Hopkins Inlet in
Glacier Bay National Park Alaska (Mathews and
Pendleton, 2006, Womble et al. 2010, Hoover-
Miller et al. 2011, Hoover-Miller and Armato,
2017), making the value of these sites and their
related monitoring efforts, particularly impor-
tant.
In Johns Hopkins Inlet in Glacier Bay National

Park, consistent population monitoring of seals
in the fjord began in 1992 using observers posi-
tioned at an elevated (~35 m above sea level)
shore-based site. These surveys continued
through 2002. Analysis of trend indicated a steep
decline in the number of seals counted in the
fjord, raising concern for this population (Math-
ews and Pendleton, 2006) and stimulating
research aimed at identifying potential causes of
the decline (Mathews and Adkison, 2010, Blun-
dell et al. 2011, Hueffer et al. 2011, Womble and
Gende, 2013, Young et al. 2014). However, to
address issues with bias related to detection of
seals on drifting icebergs from the low-angle
shore-based observation site, aerial photographic
methods were developed using a camera
mounted in a fixed-winged aircraft to survey
seals in the fjord (Mathews et al. 1997, Jansen
et al. 2006, Bengtson et al. 2007). Beginning in
2007, there was a transition to aerial photo-
graphic surveys in Johns Hopkins Inlet for esti-
mating abundance and trends of harbor seals
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using new sampling methods and analytical
approaches developed by Jansen et al. (2006) and
Ver Hoef and Jansen (2015). The aerial photo-
graphic surveys are consistent with methods that
are used to survey harbor seals at tidewater gla-
cier fjords throughout Alaska and have the
advantage of providing for greater spatial cover-
age of the fjord and producing a permanent
record of seal distribution and ice habitat.

Our first objective was to calibrate harbor seal
estimates between the two survey methods
(counts by shore-based observers: 1992 to 2002
and aerial photographic surveys: 2007 to 2017),
to allow for rigorous long-term trend and abun-
dance estimates. Our results depended on simul-
taneous shore-based and aerial photographic
surveys (2007, 2008) that provided data for the
analytical calibration. Our second objective was
to develop a haul-out model to estimate the pro-
portion of seals in the water at the time of sur-
veys, which was necessary to adjust the counts to
total abundance. Finally, from the calibration and
haul-out models that were used to generate
abundance estimates, our goal was to assess
trend across the 26-yr time period from 1992 to
2017. We used a Bayesian hierarchical model to
combine the three disparate data sources (shore-
based counts, aerial surveys, and haul-out data)
and properly account for uncertainty when com-
bining the models. The development of a calibra-
tion between the two monitoring methods, and
subsequent adjustment by the haul-out model,
allowed for improved continuity in long-term
monitoring of harbor seals, a species of conserva-
tion concern, while taking advantage of advances
in sampling methods and innovations in analyti-
cal approaches.

METHODS

Study area
Johns Hopkins Inlet (58°50.896’ N,

�137°06.121’ W) (Fig. 1) is an expansive (12 km
long 9 3 km wide) tidewater glacier fjord in the
upper West Arm in Glacier Bay National Park, a
Biosphere Reserve, and World Heritage Site
encompassing over 600,000 acres (242,811 ha) of
marine waters in southeastern Alaska. Harbor
seals seasonally aggregate in Johns Hopkins Inlet
to rest, pup, and molt on icebergs that emanate
from two advancing tidewater glaciers, the Johns

Hopkins (250 km2), and the Gilman (25 km2) gla-
ciers, which extend from the Fairweather Moun-
tain Range. After undergoing a retreat that
began at the end of the 19th century, the Johns
Hopkins Glacier has advanced nearly 2 km since
the mid-20th century, and is one of the few
advancing tidewater glaciers in Alaska (McNabb
et al. 2015).
To develop a calibration between the two mon-

itoring methods, we conducted shore-based
counts and aerial photographic surveys of harbor
seals in Johns Hopkins Inlet simultaneously dur-
ing the pupping period in June (2007: 4 = sur-
veys; 2008: 2 = surveys) and during the molting
period in August (2007: 4 = surveys; 2008:
3 = surveys). Each monitoring method is
described in detail below.

Shore-based counts by observers (1992–2002;
2007–2008)
Between 1992 to 2002 and 2007 to 2008, the

numbers of seals on icebergs in Johns Hopkins
Inlet were counted from an elevated observation
site on shore (~35 m above sea level) by a pair of
trained observers (Mathews and Pendleton, 2006,
Womble et al. 2010). Paired counts were con-
ducted using tripod-mounted 20 9 60 binoculars
(Zeiss, Oberkochen, Germany), 2–3 times daily
during survey periods in June and August. Dur-
ing the pupping period (June), seals were classi-
fied as either pups or nonpups, whereas all seals
were classified as nonpups during the molting
period in August owing to the difficulty in dis-
tinguishing pups and juveniles at a distance. Due
to the expansive area of Johns Hopkins Inlet,
pups at a distance may have been undetected
(e.g., obscured by their mother or a piece of ice)
or misclassified, and thus were likely to be
underestimated. Therefore, in addition to count-
ing the total number of pups, the proportion of
pups from counts of 100 nearby seals were con-
ducted multiple times throughout the day.
Detailed methods of the shore-based counts can
be found in Mathews and Pendleton (2006).

Aerial photographic surveys (2007–2017)
From 2007 to 2017, aerial photographic sur-

veys of harbor seals in Johns Hopkins Inlet were
conducted during the pupping period in June
(n = 41 surveys) and during the molting period
in August and September (n = 37 surveys)
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(Table 1). Surveys were conducted between 1200
and 1700 Alaska Daylight Time, as higher counts
of seals typically occur one to four hours after
solar noon (Mathews and Pendleton, 2006).

Aerial photographic surveys were conducted
from a de Havilland Canada DHC-2 Beaver sin-
gle-engine high-winged aircraft (Ward Air Inc.,

Juneau, Alaska) following methods developed
by Jansen et al. (2006) and Ver Hoef and Jansen
(2015). The aircraft was flown at ca. 304 meters
and ca. 90–95 kts along 12 established transects
(Fig. 1). The transects were programmed into the
navigation system (Chelton Flight Systems,
Boise, Idaho) of the aircraft which created a 3D

Fig. 1. Study area in Johns Hopkins Inlet in Glacier Bay National Park, southeastern Alaska. Light yellow
boxes show footprints of aerial photographs along transects for one example survey.
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image of each transect that the pilot used to
maintain position and altitude. Transects were
spaced 200 m apart, oriented perpendicular to
the terminus of the Johns Hopkins Glacier, and
spanned the length of the fjord from the terminus
of the glacier to the opposite end of the fjord. The
area along the transects encompassed an area of
approximately 10.8 km2 or approximately 48% of
the 22.5 km2 water’s area of Johns Hopkins Inlet.
An aerial survey of Johns Hopkins Inlet took
approximately 1 h to complete.

During the aerial surveys, non-overlapping
digital photographic images were taken directly
under the plane using a vertically aimed digital
single-lens reflex (DSLR) camera (Nikon D2X,
12.4 megapixel; Shinagawa, Tokyo, Japan) with a
60-mm focal length lens (Nikon AF Micro-NIK-
KOR, 2.8D). The camera was attached to a tripod
head and mounted to a plywood platform that
was secured in the belly porthole of the aircraft.
The camera captured an image every 2 s, using a
digital timer (Nikon MC36) operated by an
observer. The firing rate and spacing of the tran-
sects allowed for a gap between images of 15 m
end-to-end and 70 m side-to-side to ensure that
images were separated from one another and so
seals were only sampled once. Each digital pho-
tograph (3216 times 9 2136 pixel JPEGS) cov-
ered approximately 80 9 120 m at the surface of
the water with ca. 3.7-cm pixel resolution.
Approximately 1200 digital images were taken
during each survey. An onboard global

positioning system (Garmin 76 CSX) was used to
record the trackline and position of the plane
along the transects at 2-second intervals. Aerial
surveys were conducted under NOAA Fisheries
Marine Mammal Protection Act (MMPA) permit
numbers 358-1787-00, 358-1787-01, 358-1787-02,
and 16094-02.

Post-processing of aerial digital imagery
The latitude, longitude, and altitude from the

trackline were written to the EXIF headers of
each digital image using RoboGEO V6.3 (Pretek,
Incorporated, Christian, Tennessee, USA).
Images from each survey were embedded as a
raster layer in an ArcGIS project using ArcGIS
(ESRI, version 9.3 and 10.1) and R (R Core Team
2017). Each photograph was scanned by a
trained observer using digital photographic soft-
ware (ACDSEE Pro 4), and each seal was marked
as a point feature in an ArcGIS shape file.
After all seals were marked, “footprints”

delineating the extent of each image were gener-
ated as polygons in a separate shape file. The
point locations for seals were summed within
each image and assigned to the centroid of each
photo and exported as shape files for statistical
analysis. The spatial extent of each survey was
delineated by creating a polygon that was
bounded by (1) the coastline of Johns Hopkins
Inlet and (2) the terminus of the glacier. Shape
files for pups and nonpups were generated for
surveys in June, whereas only shape files for
nonpups were generated for surveys in August
and September.

Estimates from aerial surveys
Counts from photographs taken during aerial

photographic surveys (Fig. 1) are specifically
designed to have incomplete coverage, so repre-
sent only a portion of the seals hauled out on ice
available for detection. Using the above
described shape files of seal counts and distribu-
tion, we obtained estimates of the number of
seals hauled out using the method of Ver Hoef
and Jansen (2015), which included estimated
standard errors.

Data for haul-out model
Counts of seals by shore-based observers and

aerial photographic surveys do not account for
the proportion of seals at sea and not visible to

Table 1. Dates of aerial photographic surveys (n =
78) in Johns Hopkins Inlet during the pupping per-
iod in June and the molting period in August and
September from 2007 through 2017.

Year June August–September Total Surveys

2007 18, 19, 20, 21 13, 15, 17, 22 8
2008 25, 29 11, 14, 15, 17 6
2009 20, 21, 23, 30 10, 12 6
2010 14, 15, 16, 17 13, 14, 16 7
2011 12, 13, 21, 22 8, 25 6
2012 12, 13, 20, 23 10, 14, 15, 16 8
2013 14, 19, 20, 21 13, 14, 15, 20 8
2014 19, 26, 27, 28 2, 3, 23 7
2015 12, 13, 19, 20 14, 20, 25, 26 8
2016 14, 16, 17 17, 20, 21, 28 7
2017 21, 22, 23, 27 29, 3, 5 7
n = 11 n = 41 n = 37 n = 78
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be counted during surveys. Thus, data were col-
lected by satellite-linked transmitters attached to
harbor seals to estimate the proportion of time
that seals spend in the water, which is necessary
to develop a haul-out model to adjust counts of
seals to estimate abundance.

Subadult and adult harbor seals (n = 25)
(Table 2) were captured and fitted with satellite-
linked transmitters during on-going research by
Alaska Fisheries Science Center of NOAA Fish-
eries, Alaska Department of Fish and Game, and
the National Park Service (Womble and Gende,
2013). One or two transmitters were deployed on
each seal prior to release. SPLASH or SPOT tags
(Wildlife Computers, Redmond, Washington,
USA) were attached to the pelage on the head or
back with fast-setting adhesive. Specially
designed SPOT tags (Wildlife Computers) were
attached to the inter-digital webbing of the rear
flipper with screws and two mounting holes.
When appropriate, given proper considerations
of animal welfare, both device types were
attached to each seal. The flipper-mounted

satellite-linked transmitters (SPOT) remain
attached during the molting period, whereas the
adhesive mounted devices fall off when the seal
sheds its coat of hair during the annual molt.
Location data were obtained via the Argos

Data Collection and Location System operated
by Service Argos (Collecte Localisation Satellite,
CLS America, Inc., Largo, Maryland, USA). The
satellite-linked transmitter detects contact with
saline water many times per second and haul-out
behavior summaries were sent via satellite. To
conserve bandwidth for satellite transmission,
the on-board data were summarized, per hour,
into the proportion of time that the tag was dry.
To further save bandwidth, these proportions, h,
were put into categories with the following cut-
points, {0, 0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65,
0.75, 0.85, 0.95, 1.00}, inclusive of hours that were
all 0’s, and those that were all 1’s. Despite these
features for reducing bandwidth, transmission of
a complete haul-out behavior record for the
duration of a deployment is rare and there are
often periods of missing data. For building haul-

Table 2. Harbor seals that were instrumented with satellite-linked transmitters at glacial ice sites in Johns
Hopkins Inlet and Endicott Arm in southeastern Alaska.

Animal ID Capture Date Sex Age Capture Location

PV2006-0113 9/6/2006 Female Subadult Johns Hopkins Inlet
PV2006-0114 9/6/2006 Female Subadult Johns Hopkins Inlet
PV2006-0115 9/11/2006 Female Adult Johns Hopkins Inlet
PV2006-0116 9/11/2008 Female Adult Johns Hopkins Inlet
PV2006-0117 9/13/2008 Female Subadult Johns Hopkins Inlet
PV2008-9002 6/26/2008 Female Adult Endicott Arm
PV2008-9005 6/28/2008 Female Adult Endicott Arm
PV2008-9006 6/28/2008 Female Adult Endicott Arm
PV2008-9008 6/28/2008 Female Adult Endicott Arm
PV2008-9012 6/30/2008 Female Adult Endicott Arm
PV2008-9011 6/30/2008 Female Adult Endicott Arm
PV2008-9013 7/1/2008 Female Adult Endicott Arm
PV2008-9015 7/1/2008 Male Adult Endicott Arm
PV2008-9020 9/12/2008 Male Adult Johns Hopkins Inlet
PV2008-9021 9/12/2008 Female Adult Johns Hopkins Inlet
PV2008-9023 9/13/2008 Male Adult Johns Hopkins Inlet
PV2008-9026 9/15/2008 Male Subadult Johns Hopkins Inlet
PV2009-9010 5/7/2009 Male Subadult Endicott Arm
PV2009-9011 5/7/2009 Male Subadult Endicott Arm
PV2009-9017 7/4/2009 Female Adult Endicott Arm
PV2009-9014 7/5/2009 Female Adult Endicott Arm
PV2009-9015 7/5/2009 Female Adult Endicott Arm
PV2009-9020 7/6/2009 Female Adult Endicott Arm
PV2009-9019 7/6/2009 Male Adult Endicott Arm
PV2009-9022 7/8/2009 Female Adult Endicott Arm

Note: Data from satellite-linked transmitters were used to develop haul-out model.
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out models, the mid-points of each category were
used as observed data, so h 2� 0; 0:025;f
0:1; 0:2; 0:3; 0:4; 0:5; 0:6; 0:7; 0:8; 0:9; 0:975; 1g.

Glacial fjords in Alaska that are used by harbor
seals were delineated by polygons. The locations
of seals from the satellite-linked transmitters were
mapped in relation to the polygons. Haul-out
locations of seals that were in, or nearer to a gla-
cial polygon than any other terrestrial habitat,
were included in the model. There were 9463
records of hourly haul-out proportion from 25
seals from 16 July to 30 September from 2006 to
2009 (Table 2) that were associated with glacial
polygons. Haulout records were from Glacier
Bay (Johns Hopkins Inlet, n = 2560; Tarr Inlet,
n = 96) and two sites located approximately
200 km southeast of Glacier Bay (Endicott Arm,
n = 6447; and Tracy Arm, n = 360). All count
models, as described next, adjusted counts to 15
August to standardize abundance estimation. We
restricted our haul-out analysis to the period
from 16 July to 30 September, which allowed suf-
ficient data before and after 15 August, to model
a day-of-year effect in haul out during the molt-
ing period, and to estimate a haul-out inflation
multiplier specific to 15 August for the adjusted
counts.

Count models
We modeled raw counts, and estimates from

aerial surveys, with lognormal distributions. If X
is a normal random variable with mean a and
variance r2, X : N a;r2

� �
, then Y ¼ eX is a lognor-

mal random variable, Y : LN a;r2
� �

with.

EðYÞ ¼ l ¼ eaþr2=2 (1)

and

var Yð Þ ¼ e2aþr2
er

2 � 1
� �

¼ l2m2 (2)

where m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
er2 � 1

p
. Notice that m is the coeffi-

cient of variation (CV), m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var Yð Þ

p
=l. The

approach that we will take is to let log lð Þ ¼ Xb,
where X is a design matrix of observed covariate
values and b is a vector of regression coefficients.
In this formulation, the quantity r2=2 will be
absorbed into the overall mean, b0, in the vector
b. This is an attractive feature. It is well known
(Beauchamp and Olson, 1973) that after modeling
log-transformed data, let the fitted mean be â,
then the fitted mean back on the exponentiated

scale requires a bias correction of exp âþ r̂2=2
� �

,
where r̂2 is the estimated error variance. In our
formulation, r2=2 is already absorbed into the
mean. Another attractive feature of the l; m
parameterization is that it allows the mean to be
modeled separately from the coefficient of varia-
tion. Surveys of natural resources and many other
disciplines often express uncertainty as CVs
because we often expect the variance to increase
with the mean, so evaluation of survey methods
is revealed more clearly using CVs. We used
Y�L l; mð Þ to denote the lognormal distribution
under the parameterization given in Eqs. 1 and 2.
We chose the lognormal distribution because it

was useful for modeling our abundance esti-
mates. The abundance estimates came as two pri-
mary types: counts from shore-based surveys
and estimated abundance from aerial surveys.
The lognormal model kept all abundances
greater than zero and had a separate variance
parameter (CV) that allowed for overdispersed
count data, and the CV parameter allowed us to
directly use estimated CVs from aerial surveys.
We had six kinds of count data: shore-based

counts of both pups and nonpups during pup-
ping season, aerial surveys of pups and nonpups
during pupping season, and both shore-based
counts and aerial surveys of nonpups during
molting season. Shore-based counts were used
exclusively from 1992 to 2002, and aerial surveys
started in 2007 through 2017. For two years, 2007
and 2008, both shore-based and aerial surveys
were used to allow for a calibration due to the
change in method. A linear model was used to
examine relationships between shore-based vs.
aerial surveys and pupping vs. molting esti-
mates, and also account for having identifiable
pups during pupping counts, but contained in
the nonpups counts during molting. We describe
the notation and linear model next.
We use i to denote year, tj; j 2 p;mf g for the tth

day-of-year divided into the early summer
(mostly June) pupping period, where j ¼ p indi-
cates pupping season, and the August molting
period, where j ¼ m indicates the molting period.
We will let r indicate replicates within day, and
k 2 g; af g for survey method as shore-based
counts (k ¼ g) or aerial surveys (k ¼ a). Let ‘ ¼ u
indicate a pup count, and ‘ ¼ n indicate a count
of nonpups. Then, let Yj;k;‘ i; tj; r

� �
be the count of

pups (‘ ¼ u) or nonpups (‘ ¼ n) for survey type
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k, in year i on day t of season j, and the rth daily
replicate. Note that Ym;k;u i; tj; r

� �
does not exist

for either k ¼ g nor k ¼ a. The linear model for
the mean, on the log scale, for pups and

nonpups, for both shore-based and aerial sur-
veys, during both pupping season and molting
season, for each day and for each year, is.

log lj;k;‘ i; tj
� �� �

¼ gþ nj þ sk þ nsj;k

þ npj;‘ þNi þ Zj i; tj
� �

ð3Þ

where g is an overall mean, nj is an effect for sur-
veys in the pupping or molting period, sk is an
effect for survey method being shore-based count
or aerial survey, ξsj,k is a surveymethod by survey
period interaction, ξpk,‘ is an interaction term for
pup versus nonpup counts by survey period, Ni
is a zero-mean, temporally autocorrelated ran-
dom effect for year, tj is the day of year index,
which has been set so that May 30 is tp ¼ 1 for sur-
veys during pupping period, and August 2 is
tm ¼ 1 for molting period, and Zj i; tj

� �
is a zero-

mean temporally autocorrelated random effect
for days within year in survey period j, which are
assumed independent among years and periods.
For identifiability, we let nm ¼ sa ¼ 0, so these

effects are nonzero during pupping period and
for shore-based counts, respectively. The interac-
tion term, ξsj,k, is nonzero only for shore-based
counts during the pupping period. The interac-
tion term, ξpk,‘, is only nonzero value for j ¼ p
and ‘ ¼ u, and because there is no main effect for
p, we have effectively accounted for the fact that
pups are only counted during the pupping per-
iod. For the temporally autocorrelated models,
we let Ni follow an AR1 model, and we denote
its conditional variance as r2

N [ 0 and autocorre-
lation parameter as 0�/� 1; that is,

Ni ¼ /Ni�1 þ dNWi; (4)

where Wif g are standard normal random vari-
ables and N1 is 0. We let Zp i; tj

� �
also follow an

AR1 model, with a separate variance and auto-
correlation for each survey period j 2 p;mf g,
denoted as d2j and autocorrelation parameter xj;
that is, for a given year i,

Zj i; tj
� �

¼ xjZj i; tj � 1
� �

þ djWj i; tj
� �

(5)

where Wj i; tj
� �� �

are standard normal random
variables that are independent for all i; j, Zj i; 1ð Þ
is 0, and all Zj i; tj

� �
are independent across years.

Note that while these variables are considered
independent among years, we assume the auto-
correlation parameters are constant among them.

Fig. 2. Scatter plots of shore-based counts and aerial
survey estimates on dates that were common to both
during the pupping season for nonpups (a) and pups
(b) and during the molting season for nonpups (c).
Note that most days had several shore-based counts,
but only one value per day for aerial surveys.
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In other words, we borrow strength in estimating
the autocorrelation parameters by assuming each
year is another realization of the same tempo-
rally autocorrelated process for survey period j.

We assumed Yj;g;‘ i; tj; r
� �

�L lj;g;‘ i; tj
� �

; m
� �

for shore-based counts and Yj;a;‘ i; tj; r
� �

�
L lj;a;‘ i; tj

� �
; mþ Vj;‘ i; tj

� �� �
for aerial surveys,

where Vj;‘ i; tj
� �

is the estimated coefficient of
variation from aerial surveys for pups (‘ ¼ u) or
nonpups (‘ ¼ n) on the tth day of the jth season
in the ith year using the method of Ver Hoef and
Jansen (2015). All models were fit assuming a
Bayesian hierarchical model structure (Cressie
et al. 2009) using Markov Chain Monte Carlo
(MCMC) methods (Gelfand and Smith, 1990).

Details are provided in the Supplemental Mate-
rial. We obtained 1000 samples from the poste-
rior distributions from all parameters and
quantities of interest for further adjustment to
estimated abundance and trend, which we
describe next.

Haul-out models
A haul-out model was developed, using the

previously described data collected from satel-
lite-linked transmitters that were attached to har-
bor seals, to estimate the proportion of time that
seals spend in the water. This is necessary to
adjust counts of hauled out seals to estimate
abundance.

Fig. 3. Distribution of harbor seals in Johns Hopkins Inlet, Glacier Bay National Park, from aerial photographic
surveys during the pupping season in June (a) and the molting season in August (b) during 2007 and 2008. Filled
black circles represent seals along transects. White star indicates location of shore-based observation site.
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Let Hi;q be a random variable for haul-out for
animal i for the qth hour of the summer, where
recall that hi;q 2 H � 0; 0:025; 0:1; 0:2; 0:3; 0:4;f
0:5; 0:6; 0:7; 0:8; 0:9; 0:975; 1g. We built a model
for the molting season only (any hour on, or
after, the 16th of July, through 30 September), as
all counts were corrected to this season. We

modeled Hi;q using beta regression (Ferrari and
Cribari-Neto, 2004, Cribari-Neto and Zeileis,
2010),

Hi;q �Beta hi;q; c
� �

:

Here, the beta density function is parameter-
ized as,

Fig. 4. Posterior densities of proportional effects computed from linear model components in Eq. 3. All effects
are proportional to aerial counts during molting.
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f ðh; h; cÞ ¼ CðhÞ
CðhcÞC ð1� hÞcð Þ h

hc�1ð1� hÞð1�hÞc�1

(6)where 0\h\1, 0\h\1, and c[ 0. Notice that
the range for h is strictly greater than 0 and less
than 1, yet H contains both 0 and 1. In this case,
it is possible to use zero-one-inflated beta regres-
sion (Ospina and Ferrari, 2010, 2012), but that
requires modeling the zeros and ones as separate
regressions, and in general assumes that the pro-
cesses that generate them are different than the
process generating the values between 0 and 1. An
alternative is to transform the zeros to small values
that are close to 0, and the ones to values that are
just less than 1. We adopted the suggestion by
Smithson and Verkuilen (2006) (also recommended
by Cribari-Neto and Zeileis, 2010) such that.

h� ¼ h n� 1ð Þ þ 0:5
n

where n is the sample size; i.e., we replaced all
hi;q ¼ 0 or hi;q ¼ 1 with h� as given above.

We modeled haul out with a seasonal trend,
random effects for animals, and temporal auto-
correlation for repeated measurements on an ani-
mal. Note that for Eq. 6, E Hð Þ ¼ h and
var Hð Þ ¼ h 1� hð Þ= 1þ cð Þ. Then, for beta regres-
sion, we let.

logit hi;t
� �

¼ b0 þ b1tþ b2t
2 þ Ti qð Þ þ Ai (7)

where b0 is an overall mean effect, b1 and b2 are
regression effects that allow a quadratic trend over
day-of-year t, Ti qð Þ is a temporally autocorrelated
random effect, and Ai is a random effect for the ith
animal. For temporal autocorrelation within the ith
animal, we used an AR1 model,

Ti qð Þ ¼ aTi q� 1ð Þ þ fei;q (8)

where 0� a� 1 and {ei,q} are standard normal
random variables that are independent for all i; q,
Ti 1ð Þ is 0, and all Ti qð Þ are independent across ani-
mals. Note that the autocorrelation parameter, a,
and variance parameter, f, are shared among ani-
mals, but we assume animals are independent of
each other. We did not include time of day as a
fixed effect because, when tested, there was little
effect, and it was not an effect in the count model
(there was little variation in time of day for counts).
Instead, we accounted for time of day as an auto-
correlated random effect. All models were fit
assuming a Bayesian hierarchical model using
Markov Chain Monte Carlo (MCMC) methods.
Details are provided in the Appendix S1. We
obtained 1000 samples from the posterior distribu-
tions from all parameters and quantities of interest.

Abundance and trend
For all parameters and variables sampled from

the posterior distribution, we use a superscript in
brackets, [g], to denote the gth retained MCMC
sample, so g = 1, . . ., 1000. For example, g g½ � is
the gth MCMC sample of g. For a single MCMC
sample, a standardized aerial survey count esti-
mate, for the 15th day of August during the
molting period, in the ith year, was estimated as,

C g½ �
i ¼ g g½ � þN g½ �

i þ Zm i; 15ð Þ (9)

where Zm i; 15ð Þ is the average, over all MCMC
samples of the random effect Zm i; 15ð Þ for the ith
year for the 15th of August. We averaged over
the MCMC samples because we were not inter-
ested in the uncertainty for the daily effect; rather
just the year. However, because Zm i; tj

� �
is auto-

correlated, the average on any particular day
may well be away from zero (especially because
daily trends are captured by Zm i; tj

� �
. Then, the

estimated count for the ith year was the mean of
C g½ �
i over the g MCMC samples, and the credible

Fig. 5. Raw histogram (red bars) and 1000 MCMC
samples (semitransparent black lines) of the fitted beta
distribution (standardized to 15 August) for haul-out
data.

 ❖ www.esajournals.org 11 April 2020 ❖ Volume 11(4) ❖ Article e03111

J. N. WOMBLE ETAL.



intervals were obtained from the quantiles of

C g½ �
i ; g ¼ 1; . . .; 1000

n o
.

The count estimates are uncorrected for the
proportion of seals in the water. For the haulout
model (7), again let [g] denote the gth retained
MCMC sample; for example, b g½ �

0 is the gth
MCMC sample of b0. Then, for a single MCMC
sample, a standardized abundance estimate, for
the 15th day of August during the molting per-
iod, in the ith year, was estimated as,

A g½ �
i ¼

C g½ �
i 1� exp b g½ �

0

� �� �

exp b g½ �
0

� � (10)

Note that we are dividing the expected counts
by the expected probability of haulout to obtain
abundance estimates for arbitrarily matched
MCMC samples from the posterior distributions
from the count models and the haulout models.
Then, the estimated abundance for the ith year
was the mean of A g½ �

i over the g MCMC samples,

Âi ¼
P1000

g¼1 A g½ �
i

1000
(11)

and the credible intervals were obtained from the

quantiles of A g½ �
i ; g ¼ 1; . . .; 1000

n o
.

For trend, let T g½ �
i;‘ ¼ Ai; . . .;Aiþ‘�1f g, and let

D g½ �
i;‘ be the slope coefficient of the linear regres-

sion of T g½ �
i;‘ on 1; 2; . . .; ‘f g. Then, the estimated

trend of the ‘ years, beginning in the ith year,
was the mean of D g½ �

i;‘ over the g MCMC samples,

D̂i;‘ ¼
P1000

g¼1 D g½ �
i;‘

1000
(12)

and credible intervals were obtained from the

quantiles of D g½ �
i;‘ ; g ¼ 1; . . .; 1000

n o
. The R pack-

age for the code can be found here: https://
github.com/jayverhoef/JHop

RESULTS

Shore-based counts, aerial photographic surveys,
and calibration
During 2007 and 2008, counts of seals by

shore-based observers during June, for both pups
and nonpups, were substantially lower than esti-
mates from aerial photographic surveys on the
same day (Fig. 2a, b). During June, seals were
distributed extensively throughout the fjord from
near the terminus of the Johns Hopkins Glacier,
and on a few days beyond Jaw Point, approxi-
mately 11 km away from the shore-based obser-
vation site (Fig. 3a). In contrast, during the
molting season in August, counts of nonpups by
shore-based observers were more similar, but
still less than the number estimated from aerial
photographic surveys (Fig. 2c). In August, seals
were clustered closer to the terminus of the gla-
cier, typically ranging no more than 3.5–4.0 km
away (Fig. 3b).
Fig. 4a–f shows the posterior distributions,

using kernel density estimate of 1000 MCMC
samples, of calibration and standardization
effects in Eq. 3, and corroborates the results from
the raw data presented in Fig. 2. The zero states
of nj, sk, ξsj,k, and ξpj,‘ occur for aerial surveys of
nonpups during the molting season. Therefore,
each of the aforementioned effects are propor-
tional to aerial surveys of nonpups during the
molting season when the linear model Eq. 3 is
exponentiated. Counts of seals during the molt-
ing season were about 85% of counts during the
pupping season (Fig. 4a). Shore-based counts

Fig. 6. 1000 MCMC samples, shown as semitrans-
parent gray lines, of the effect of date on haul-out
probability of harbor seals monitored by satellite
telemetry. The mean haul-out probability, as a function
of data, is given by the solid blue line, and the 95%
credible intervals are given by the dashed blue lines.
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were slightly less than 80% of aerial survey esti-
mates (Fig. 4b); however, there was a significant
interaction between survey method and season.
Shore-based counts during the pupping season
were approximately 60% lower than what would
be predicted by main effects alone (Fig. 4c). The
proportion of pups, which is an interaction term
without main effect for season, and thus oper-
ated only during pupping season, had a poste-
rior distribution with a mode centered at about
44% of aerial survey estimates of nonpups dur-
ing the molting season (Fig. 4d).

To ascertain the overall effect of season and
method on count estimates, the posterior distri-
bution of exp(ξp) + exp(ξp + ξpp,u), which is the
aerial survey estimate of nonpups plus pups for
the pupping period, has a mode at about 20%
higher than the molting season (Fig. 4e). Shore-
based counts are about 60% of aerial survey

estimates during pupping season (Fig. 4f), com-
puted as the posterior distribution of exp(ξp + sg
+ ξsp,g) + exp(ξp + sg + ξsp,g + ξpp,u). The compar-
ison of shore-based counts to aerial survey esti-
mates during molting season is given directly by
the main effect in Fig. 4b.

Estimating proportion of seals hauled out to
adjust counts
Using data collected from satellite-linked trans-

mitters that were attached to harbor seals, beta
regression was used to model haulout. The raw
proportion of seals hauled out is given in Fig. 5,
and the 1000 posterior fits of the beta distribution
(Eq. 6), using only b0 ¼ h from Eq. 7, are given as
semitransparent gray lines. Fig. 5 shows that seals
tended to be either completely hauled out, or at
sea, for whole hours. The fitted beta distribution
reflected that pattern. The effect of date on haulout

Fig. 7. Posterior densities for all autocorrelation parameters. The yearly autocorrelation for count surveys is /
in Eq. 4. The daily autocorrelation for count surveys during pupping is xp in Eq. 4, and during molting is xm.
The hourly autocorrelation parameter is a in Eq. 8.
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is shown in Fig. 6, where the proportion of time
that seals are hauled out is between 50 and 55%,
and there is very little change during August. The
posterior distributions of all AR1 autocorrelation
parameters are shown in Fig. 7, showing substan-
tial temporal autocorrelation for all submodels.

Abundance and trends from adjusted counts from
1992 to 2017

After calibrating the shore-based counts to
the aerial surveys and estimating the propor-
tion of seals hauled out to adjust counts, data
were combined across years to generate stan-
dardized estimates of abundance and trend
from 1992 to 2017. The estimated abundance
of seals (Eq. 11), fit to the raw counts at stan-
dardized covariates (15 August, gray lines)
and then adjusted for the proportion of seals
in the water (orange lines), along with raw

counts and aerial survey estimates, is given in
Fig. 8. Estimated abundance was highest from
1992 through 1997, with a high of 9810 seals
(95% CI: 6478–13699) in 1996. Over the most
recent 10-yr period (2008–2017), the estimated
abundance of seals ranged from 4341 seals
(95% CI: 3101–5877) in 2013 to 2163 seals
(95% CI: 1499–3010) in 2017 (Table 3).
Over the 26-yr period, the standardized esti-

mated trend (Eq. 12) for seals in Johns Hopkins
Inlet is negative (Table 4). Trends computed for
10-yr time intervals, incremented yearly, show
that the steep and significant declines ended
around 2011 (Table 5), with leveling off and
possibly some subsequent recovery up through
2013 (Fig. 8). The most recent shorter-term
(2013–2017) trends, however, are steeply nega-
tive again, rivaling the steepest declines
(Table 4).

Fig. 8. Abundance and trends of harbor seals in Johns Hopkins Inlet from 1992 to 2017. Raw shore-based
counts and aerial survey estimates are shown as circles. 1000 MCMC samples of the fitted model, adjusted to 15
August for aerial surveys, are shown as semitransparent gray lines. 1000 MCMC samples of abundance, includ-
ing an additional adjustment for haul out, are shown as semitransparent orange lines. The mean of the MCMC
abundance estimates is the thick, solid black line, and the 90% credible intervals are given by the thick, dashed
black lines.
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DISCUSSION

Simultaneous shore-based and aerial photo-
graphic surveys of seals in 2007 and 2008 were
used to generate an analytical calibration
between the two methods and allowed standard-
ized abundance and trend estimates over the 26-
yr period from 1992 to 2017. Shore-based counts
of seals were less than estimates from aerial pho-
tographic surveys, particularly during the pup-
ping season in June (Fig. 2a). The higher
estimates of seals from aerial photographic sur-
veys were likely related to the fact that aerial sur-
veys spanned the length and width of the fjord,
provided a vertical rather oblique perspective,
and eliminated bias associated with field obser-
vers counting at variable distances and low
angles relative to seals.

Previous studies also found that counts of seals
from aerial photographic surveys were typically

higher than counts by shore-based observers and
that both methods encountered challenges associ-
ated with double-counting and missing seals, par-
ticularly due to movement of ice that resulted in
seals drifting between survey zones (Mathews
et al. 1997, Bengtson et al. 2007). Many of the limi-
tations of counting seals from a shore-based site
were addressed by aerial photographic surveys.
Seals that were photographed along a transect,
regardless of the location, had the same probability
of being sampled (Ver Hoef and Jansen 2015). Aer-
ial photographic surveys can be completed in one
hour, and thus, the likelihood of seals moving into
or leaving the study area is less than for shore-
based counts, which typically take longer to com-
plete. In addition, the permanent photographic
record generated from aerial surveys allows for re-
examination of images for retrospective studies
(Buckland et al. 2012), development of automated
methods for counting of seals from the imagery
(Conn et al. 2014, Seymour et al. 2017), and can be

Table 3. Estimated abundances of harbor seals in
Johns Hopkins Inlet from 1992 to 2017.

Year Low95 Low90 Mean Upp90 Upp95

1992 5981 6231 8009 10,330 10,706
1993 5628 5899 8183 11,131 11,783
1994 5752 5975 7792 10,235 10,894
1995 5416 5665 7737 10,200 10,716
1996 6478 6898 9810 13,027 13,699
1997 5428 5646 7448 9764 10,168
1998 4794 4999 6518 8318 8769
1999 3698 3882 5167 6899 7272
2000 3748 3999 5404 7331 7732
2001 3182 3378 4623 6180 6553
2002 2603 2737 3724 4995 5242
2003 2017 2174 3499 5475 6227
2004 1906 2036 3489 5727 6391
2005 1616 1747 3008 4955 5409
2006 1616 1787 2816 4323 4638
2007 1874 2014 2884 3778 3963
2008 2130 2209 2831 3509 3641
2009 1859 1959 2669 3635 3875
2010 2466 2574 3335 4087 4219
2011 2163 2278 3039 4001 4250
2012 2759 3050 3796 4561 4681
2013 3101 3318 4341 5448 5877
2014 2702 2827 3875 4889 5095
2015 2194 2325 3207 4038 4173
2016 1649 2001 2677 3488 3587
2017 1499 1563 2163 2872 3010

Notes: Low95 and Low90 are the lower 95% and 90% credi-
ble intervals, respectively, and Upp95 and Upp90 are the upper
95% and 90% credible intervals, respectively. The mean of the
posterior distribution is used as the abundance estimate.

Table 4. Estimated trends of harbor seals in Johns
Hopkins Inlet to 2017, starting from 2013, and going
progressively backwards year by year to the starting
year in 1992.

Year Low95 Low90 Mean Upp90 Upp95

2013–2017 �914 �828 �555 �301 �270
2012–2017 �618 �579 �395 �217 �178
2011–2017 �359 �338 �214 �74 �52
2010–2017 �270 �255 �146 �25 �14
2009–2017 �154 �144 �60 61 69
2008–2017 �88 �81 �21 64 72
2007–2017 �64 �57 �2 57 65
2006–2017 �77 �60 12 72 80
2005–2017 �105 �85 14 84 95
2004–2017 �153 �124 0 87 94
2003–2017 �172 �135 �8 77 86
2002–2017 �154 �126 �19 54 62
2001–2017 �160 �133 �44 22 30
2000–2017 �176 �157 �74 �10 �2
1999–2017 �194 �173 �90 �32 �23
1998–2017 �206 �188 �121 �70 �61
1997–2017 �228 �215 �153 �101 �91
1996–2017 �293 �278 �204 �141 �129
1995–2017 �312 �294 �218 �153 �139
1994–2017 �328 �305 �227 �167 �153
1993–2017 �331 �315 �236 �176 �162
1992–2017 �333 �316 �239 �181 �173

Notes: Low95 and Low90 are the lower 95% and 90% cred-
ible intervals, respectively, and Upp95 and Upp90 are the
upper 95% and 90% credible intervals, respectively. The mean
of the posterior distribution is used as the trend estimate.
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extended to unmanned aerial systems (Sweeney
et al. 2015, Moreland et al. 2015).

Counts of seals during the molting season
were about 85% of counts during the pupping
season as indicated by a significant interaction
between survey method and season. However,
this pattern is in contrast to previous studies that
documented higher numbers of seals during the
molting period from 1992 to 2002 (Mathews and
Pendleton, 2006). A key environmental variable
that likely influences the distribution and abun-
dance of seals between the pupping and molting
seasons is floating glacier ice and icebergs, which
seals use as a resting substrate. Ice availability
changes seasonally in Johns Hopkins Inlet and is
typically greatest in spring and early summer,
when frontal ablation of the glacier tends to be
highest (McNabb et al. 2015). During 2007 and
2008, the amount of ice in survey photographs
was consistently greater during the pupping sea-
son than during the molting season (unpublished
data). In addition, during the molting season ice
tends to concentrate primarily near the glacier,
which suggests that the distribution of ice is a
factor that may influence the seasonal distribu-
tion and abundance of seals. In Disenchantment
Bay, Alaska, Jansen et al. (2015) also found that

ice cover was a factor that influenced the distri-
bution of harbor seals.
Although the majority of tidewater glaciers are

thinning and retreating (Arendt et al. 2002, Lar-
sen et al. 2007), the Johns Hopkins Glacier is one
of the few advancing tidewater glaciers in Alaska
(McNabb and Hock, 2014). Yet, how iceberg
availability changes with the advance and retreat
of tidewater glaciers is not well understood. If
tidewater glaciers continue to thin and retreat,
the amount of ice habitat that is available for har-
bor seals is expected to decrease and seals may
spend more time in the water, use terrestrial
sites, or move to other areas (Calambokidis et al.
1987, Womble et al. 2010). As an example, in the
early 1990s the Muir Glacier in the East Arm of
Glacier Bay, retreated rapidly, and eventually
grounded. Prior to the grounding of the Muir
Glacier, over 1,100 harbor seals were counted on
icebergs at the terminus of Muir Glacier in the
1970s and 1980s (Streveler, 1979, Calambokidis
et al. 1987), and by 1993, none were observed
(Mathews and Pendleton, 2006). Thus, under-
standing the mechanistic linkages between gla-
cier advance and retreat, factors that influence
calving dynamics of glaciers, and iceberg pro-
duction (Amundson, 2016, Amundson and Car-
roll, 2017) will be essential for predicting the
response of seals to changes in ice availability in
tidewater glacier fjords.
In addition, life-history events may also influ-

ence the abundance of seals and contribute to
higher counts of seals during the pupping, com-
pared to the molting, season. Adult female seals
with a dependent pup may spend more time
hauled out on ice to give birth and nurse their
young. Once pups are weaned approximately 3–
5 weeks after birth, adult females are no longer
as restricted to the ice habitat and may travel out-
side of Johns Hopkins Inlet to forage where prey
tend to be more abundant and shallow (Womble
and Gende, 2013, Womble et al. 2014). If adult
females spend more time foraging and less time
hauled out after pups are weaned, this could
result in a decrease in abundance of seals after
the pupping season.
From count data alone, it is not possible to esti-

mate how many seals are at sea and not available
to be counted during surveys, which is essential
for estimating total abundance (Boveng et al.
2003, Lonergan et al. 2013). Using data collected

Table 5. Estimated trends of harbor seals in Johns
Hopkins Inlet over 10-yr periods, incremented
yearly beginning in 1992, to present day.

Year Low95 Low90 Mean Upp90 Upp95

1992–2001 �704 �657 �419 �208 �166
1993–2002 �838 �791 �538 �308 �262
1994–2003 �929 �870 �607 �385 �338
1995–2004 �1005 �940 �645 �416 �377
1996–2005 �1029 �962 �661 �427 �382
1997–2006 �791 �742 �492 �270 �205
1998–2007 �604 �561 �393 �232 �208
1999–2008 �471 �442 �302 �188 �166
2000–2009 �451 �419 �266 �153 �134
2001–2010 �356 �311 �147 �21 �2
2002�2011 �312 �275 �72 78 97
2003–2012 �297 �237 4 180 204
2004–2013 �172 �126 94 261 289
2005–2014 �31 4 147 269 297
2006–2015 2 27 128 221 240
2007–2016 �21 �6 64 131 142
2008–2017 �88 �81 �21 64 72

Notes: Low95 and Low90 are the lower 95% and 90% cred-
ible intervals, respectively, and Upp95 and Upp90 are the
upper 95% and 90% credible intervals, respectively. The mean
of the posterior distribution is used as the trend estimate.
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from satellite-linked transmitters that were
attached to harbor seals, the haul-out model
revealed that the proportion of time that seals
hauled out was relatively consistent during the
molting period in August (0.50 to 0.55) (Fig. 6).
This result was used to adjust counts to estimate
total abundance over the 26-yr period. By adjust-
ing the counts, the estimated total abundance
across all years was substantially greater across
the entire study period compared to previous
estimates, which did not account for the propor-
tion of seals at sea and represented the minimum
number of seals in the fjord (Mathews and
Pendleton, 2006, Womble et al. 2010). Although
haul-out behavior of seals may vary depending
upon seal age and sex, location, habitat, and sea-
son (Huber et al. 2001, Simpkins et al. 2003, Har-
vey and Goley, 2011), estimating the total
abundance of seals is critical for understanding
the status of populations, informing management
decisions that assess actual and potential impacts
on populations, as well as for detecting recovery
of populations (Taylor et al. 2000, 2007).

By generating a calibration technique between
the two methods and adjusting the counts to esti-
mate abundance, we were able to ascertain impor-
tant fluctuations in trend that would not have been
apparent had we (1) continued shore-based counts
or (2) transitioned to aerial photographic surveys
without being able to use the data collected during
shore-based counts. Over the 26-yr period from
1992 to 2017, the standardized estimated trend for
harbor seals in Johns Hopkins Inlet was negative;
however, there has generally been an increasing
trend over the 13-yr period from 2005 to 2017. Yet,
in the most recent years (2016–2017), the estimated
abundance of seals has decreased (Table 3).

It is currently unknown what factors may con-
tribute to changing population trajectories for har-
bor seals in Johns Hopkins Inlet. Precipitous
declines in harbor seals also occurred in other
regions of Alaska (Pitcher, 1990, Frost et al. 1999);
however, recent evidence suggests that the decli-
nes at some sites have abated (Jemison et al. 2006,
Hoover-Miller and Armato, 2017). Collectively,
these oscillating patterns in population trajectories
of seals suggest that larger-scale factors may have
played a role. Large-scale physical and biological
changes occurred in the Northeast Pacific in the
1970s with a regime shift in 1976–1977 (Miller
et al. 1994, Trenberth and Hurrell, 1994). Ocean

temperatures shifted from cooler to warmer, and
there was a subsequent reorganization in commu-
nity structure and species composition in the west-
ern and central Gulf of Alaska (Anderson and
Piatt, 1999). The pattern of warmer ocean tempera-
tures persisted for over three decades andwas associ-
ated with declines in several upper-trophic level
species. In 2008, there was a shift from warmer to
cooler ocean temperatureswith some indications that
there may have been a reversal of the 1976–1977
regime shift (Hatch, 2013). Our long-term analysis
reveals evidence for a similar pattern,where numbers
of harbor seals declined from 1997 to 2008, stabilized,
and then increased through 2013 (Fig. 8).
In more recent years, anomalously warm

waters persisted in the eastern Gulf of Alaska
from 2014 to 2016 due to a combination of a large
warm water mass and a strong El Ni~no (Bond
et al. 2015). Changes in lower trophic levels (Bat-
ten et al. 2018), a decreased abundance of Pacific
herring in the eastern Gulf of Alaska (Strasburger
et al. 2018), and lower abundance estimates for
harbor seals in 2016 and 2017 coincide with
increases in water temperature, a factor that
influences the organization of marine communi-
ties and biological responses in the North Pacific
Ocean (Francis et al. 1998).
Our case study with harbor seals in Johns

Hopkins Inlet in Glacier Bay provides an exam-
ple of the value of development of a calibration
between two monitoring methods to improve the
sensitivity of long-term monitoring to detect
changes in abundance for a species of conserva-
tion concern and consistency with monitoring
methods that are used for seals in tidewater gla-
cier ice sites throughout Alaska. Most impor-
tantly, the calibration of historical and current
data sets allowed us to assess finer-scale and
long-term fluctuations in abundance that would
not have otherwise been feasible. Long-term eco-
logical monitoring that provides robust abun-
dance estimates and trends is essential for
linking biological patterns to environmental vari-
ability and informing management decisions that
may help to conserve these species. Understand-
ing mechanistic linkages between bottom-up and
top-down processes, vital rates, and population
trajectories is critical for interpreting patterns in
abundance; however, elucidating these relation-
ships can be challenging, particularly given the
complexity of the marine environment.
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Establishing rigorous long-term monitoring pro-
grams for species of conservation concern pro-
vides essential baseline and trend data that are
vital for understanding how populations are
responding to rapidly changing environments.
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