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Abstract

Harbor seals (Phoca vitulina richardii) in the inland waters of Washington were reduced by
predator control programs in the twentieth century, but stocks have rebounded since being
protected in the 1970s. Three management stocks are recognized, but there is little informa-
tion on their current abundance. We conducted 38,431 km of aerial line-transect surveys
throughout the range of these stocks in 2013-2016, sighting a total of 4,678 groups of har-
bor seals. Line-transect analysis with Beaufort sea state as a covariate provided estimates
of the number of seals in the water. We then incorporated tagging data from 15 instrumented
seals to develop correction factors, both for seals missed in the water while diving, and
those that were on shore. Tagging data were modeled with generalized linear mixed models
to provide estimates of the proportions diving and hauled out. After applying these correction
factors, we estimated that the Hood Canal stock contained 1,368 seals (CV = 16.8%), the
Southern Puget Sound stock contained 1,976 seals (CV = 20.5%), and the Washington
Northern Inland Waters stock contained 7,513 seals (CV = 11.5%). This study presents a
non-traditional approach to estimating the size of Washington inland waters harbor seal
stocks, which may also be applicable to other species for which survey and tagging data are
available.

Introduction

The Pacific harbor seal (Phoca vitulina richardii) is the most abundant year-round resident
species of marine mammal inhabiting the inland waters of Washington State, including Puget
Sound proper, Haro Strait, Strait of Juan de Fuca, and Hood Canal [1, 2]. However, the species
was reduced to a small fraction of its original population size by the mid-twentieth century
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through culling associated with predator control programs to reduce the perceived competi-
tion with fishermen for some fish species [3, 4; Fig 1].

Based on genetics, differences in population trends, pupping dates, and spatially variable
human impacts, harbor seals in the region are subdivided into three management units
(’stocks’) in these waters as recognized by the National Marine Fisheries Service (NMFS) [5]:
the Hood Canal, Southern Puget Sound, and Washington Northern Inland Waters stocks
(Fig 1). Despite their common and widespread occurrence, population estimates for these seal
stocks are quite outdated. The most recent stock estimates were from 1999 based on aerial sur-
vey haul-out counts [5]. Though the US Marine Mammal Protection Act (MMPA, 16 USC
1361-1407) dictates that stock estimates for marine mammals should not be more than seven
years old [6], a new assessment has not occurred for these three stocks in over 21 years. Up-to-
date stock size estimates are needed to evaluate the health of, and trends in, populations to
ensure proper management of the species in the face of factors that may adversely affect them.
Potential threats to the continued survival of these three stocks in the inland waters of
Washington include climate change affecting water conditions and prey, incidental deaths
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Fig 1. Map of the study area, showing the stock boundaries, planned transect lines, and locations of seal tagging areas. Map was created using ArcGIS®) software

by Esri. ArcGIS® and ArcMap™ are the intellectu
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al property of Esri and are used herein under license. Copyright © Esri. All rights reserved.
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associated with local fisheries, water pollution, and disturbance and displacement associated
with increasing human activities and underwater noise, among others [2]. Stock sizes are also
needed to estimate the number of individual seals that may be “taken” incidental to US Navy
underwater sonar exercises, construction and other activities that may disturb them, as
required by the MMPA.

The location of haul-out sites is important for understanding the stock structure and popu-
lation size for these seals. The Washington Department of Fish and Wildlife (WDFW) has rec-
ognized 507 regular haul-out sites used by harbor seals in waters of Washington State [7], with
a high degree of haul-out fidelity [8-10]. Haul-out behavior by harbor seals in the region is
influenced by age, sex, location, tidal state, time, date, and human disturbance [2, 11, 12].

Pinnipeds have come into conflict with fishermen (both commercial and recreational) in
Washington, due to predator/prey interactions with a number of important fish stocks, par-
ticularly salmonids. Harbor seals are considered generalist opportunistic predators and
appear to adjust their diet to local prey availability [13, 14]. In the inland waters of the Salish
Sea, at least 60 different fish species and several crustacean and mollusk species are con-
sumed. Harbor seals eat 14 of the 31 fish species listed with protected status in the Salish Sea
[2]. There is growing information and concern that these harbor seals are contributing to
the demise of native threatened or endangered salmonid populations in the region [15-17].
Thus, there is a critical need to better understand the spatio-temporal and behavioral over-
lap of seals and salmonids in terms of feeding preferences of harbor seals and the level of
associated impact on listed salmonids. For example, in the 1970s and 1980s, California sea
lions (Zalophus californianus) learned to prey heavily upon Endangered and Threatened in-
migrating salmonids at the Ballard and Chittenden Locks, where the migrating fish were
constrained while swimming through artificial fish ladders [18]. Given that these pinnipeds
were protected from harm under the MMPA and the salmonids were protected by the US
Endangered Species Act (ESA, 16 USC 1531-1544), identification of appropriate manage-
ment measures was controversial and challenging. Attempts were made by the NMFS and
Washington State managers to capture and relocate sea lions, though the animals continued
to return to feed annually during the salmonid migrations. The ultimate management
action was to kill the sea lions. Continued protection of both salmon under the US Endan-
gered Species act and harbor seals under the US Marine Mammal Protection Act presents
similarly complicated management trade-offs that require, at a minimum, accurate esti-
mates of abundance for both predator and prey [19].

Traditionally, population estimates of harbor seals are conducted from fixed-wing aircraft
when the highest number of individuals are expected to be hauled out of the water at historical
haul-outs along the insular and island coastlines, and on rocks, piers, jetties, sand bars, mud-
flats, etc. [4]. Each year, the peak of hauling out occurs during the pupping and molting sea-
sons in mid-summer through autumn [e.g., 4, 20]. Counts of harbor seals are then corrected
for the proportion of animals estimated to have been missed by survey observers because they
were in the water at the time. Haul-out surveys have been conducted periodically in the inland
waters of Washington State since 1978 by the WDFW and NMES [4]. Though not the standard
approach used to estimate abundance of most pinnipeds, in-water density and abundance of
harbor seals in these waters were estimated based on the number of seals observed in the water
during aerial surveys conducted in 2013-2016 on behalf of the US Navy [21, 22]. This line-
transect effort was part of a larger survey focused on describing the occurrence, distribution,
density, abundance and behavior of all marine mammals, particularly the harbor porpoise
Phocoena phocoena [22, 23]. These surveys focused on calculating in-water estimates to
address the need to enumerate the number of harbor seals that may be exposed to underwater
noise associated with US Navy sonar exercises and coastal construction, as required by the
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MMPA. While corrections were incorporated to address the proportion of in-water animals
missed by observers during the surveys, the confidence intervals associated with the abun-
dance estimates were large due to the high degree of variation in dive times reported for the
small number of harbor seals tagged at that time.

For this study, our goal was to use fine-scale dive and haul-out data collected concurrently
with our 2013-2016 aerial surveys to improve precision associated with trackline detection
probability [g(0)]. A related goal was to correct our in-water estimates for seals that were
ashore during our surveys, in order to provide a reliable estimate of the entire population size
of each of the three harbor seal stocks inhabiting the inland waters of Washington State. To
our knowledge, the latter approach has not been previously undertaken. Herein, we present
our results, compare our estimates to previous estimates, examine the caveats of our approach,
and provide recommendations for future stock estimation.

Materials and methods
Study area and period

The study area consisted of the inland waters of Washington State, including Puget Sound
proper, Hood Canal, the Strait of Juan de Fuca, Haro Strait, the San Juan Islands area and
some nearby waters adjacent to the border of British Columbia (BC), Canada [Fig 1; see also
21, 23]. Four geographic survey strata were identified (1) Northern Waters region (incorporat-
ing US waters of the Strait of Juan de Fuca, Haro Strait, and San Juan Islands), (2) Hood
Canal, (3) Northern Puget Sound, and (4) Southern Puget Sound (Fig 1). For the purpose of
estimating sizes of the three harbor seal management stocks currently recognized by the
NMES (see Stock Definition below), the Northern Waters region was pooled with the North-
ern Puget Sound region to match the boundaries of the Washington Northern Inland Waters
stock (Fig 1). The Hood Canal and Southern Puget Sound stock boundaries matched those of
our other two geographic strata with the same names.

Extensive aerial surveys (38,431 km of observation effort) were conducted over six survey
periods (see below) in the Puget Sound and Hood Canal regions from 2013 to 2016 and
included all four calendar seasons (Table 1). During April 2015, applying the same field meth-
ods, we conducted a 5-day aerial survey (806 km of useable effort) of the Northern Waters
region that included adjacent Canadian waters of the southern Strait of Georgia, the San Juan
Islands, waters west of Whidbey Island, and the Strait of Juan de Fuca (Fig 1). The addition of
this latter period of surveys allowed us to calculate total estimates for the three stocks of inter-
est. Only effort and sightings made within US waters during our surveys are included in this
paper, corresponding with the three US harbor seal stock boundaries as identified below

(Fig 2).

Table 1. Summary of aerial surveys.

Year Calendar Season Survey Period Total Effort (km)
2013 Autumn 30 August-4 September 6360

2014 Summer 21-27 July 5262

2014 Autumn 14-21 September 7678

2015 Winter 5-12 January 618

2015 Spring 15-22 April 8579

2015 Spring 23-27 April 3329

2016 Winter 16-25 January 6605

Total 38,431

https://doi.org/10.1371/journal.pone.0241254.t001
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Fig 2. Map showing the locations of harbor seal sightings used for estimating density and abundance in this study (i.e., after filtering). Map was created using
ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein under license. Copyright © Esri. All rights reserved.

https://doi.org/10.1371/journal.pone.0241254.9002

Stock definition

Harbor seals in the inland waters of Washington State have been considered to be distinct
from those along the outer coast of Washington, Oregon, and California, based on information
on pupping dates [24], individual movements [25, 26], pollutant levels [27], and more recently
molecular differences [28, 29]. Within the inland waters of Washington, three management
stocks are currently recognized by the NMFS, based largely upon differences in mitochondrial
DNA (mtDNA) and microsatellites [28, 29]. These stock boundaries are depicted in Fig 1 and
consist of:

1. Southern Puget Sound (south of the Tacoma Narrows Bridge),
2. Hood Canal (south of a line demarcating the entrance to Hood Canal), and

3. Washington Northern Inland Waters (north of the Tacoma Narrows Bridge and the Hood
Canal boundary to the Canadian border, and including the Strait of Juan de Fuca).
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These three stocks are well established and management of seals occurs accordingly [5].
Although there are certainly movements of seals across the Canadian border, NMFS manage-
ment is only directed at those seals that occur within US territorial waters. Potential Biological
Removals (PBRs; the main management approach for marine mammals used by the NMFS)
cannot currently be calculated for these stocks, due to outdated abundance estimates. How-
ever, none is thought to be subject to takes above the PBR level, nor is any listed under the
ESA, and therefore none of them is considered to be a “strategic” stock by NOAA [5].

Aerial surveys

Aerial line-transect surveys were conducted for marine mammals from a Partenavia P68-C or
a Partenavia Observer high-wing, twin-engine airplane [21, 23]. Pre-determined systematic
transect lines running east-west were followed, generally oriented perpendicular to water
depth contours. In all areas except Hood Canal, survey lines were spaced 3.7 km apart; how-
ever, in 2016, additional lines were added in the Hood Canal region to increase coverage,
resulting in 1.8-km line spacing. In the Washington Northern Inland Waters region, survey
lines in the San Juan and Gulf Islands closely followed those from a previous 2002-2003 aerial
survey for marine mammals [23]; these lines were nonoverlapping, oriented 135° from the ver-
tical, and spaced approximately 5.55 km apart. In the Strait of Juan de Fuca portion of the
Northern Waters region, survey lines were spaced about 11.1 km apart and followed an over-
lapping sawtooth pattern. The different design of the sets of transect lines for the latter two
areas (Strait of Juan de Fuca portion of the Northern Waters) had to do with a desire to match
transect lines used previously by NMFS in their historical surveys (Fig 1).

One pilot and four professionally trained marine mammal biologists (at least two with
over 10 years of related experience) were aboard the aircraft. Two biologists observed from
the center seats of the aircraft through bubble windows on each side of the plane. To
address line-transect analysis assumptions [30], the third biologist observed directly below
the plane through the belly window (located behind the center seat row) to reduce chances
that sightings were missed “on or near” the survey line [30]. A data recorder sat in the front
right copilot seat. Surveys were flown at a target speed of 185 km/h and altitude of 234 m.
When a sighting was perpendicular to the aircraft, a Suunto inclinometer was used to
record declination angle readings to sightings. Sighting, effort, and environmental data
were entered by the recorder into a laptop computer running Mysticetus™ Observation
software (http://mysticetus.com/), which automatically calculated perpendicular distance
to the sighting and displayed it on a bathymetric map. Most sightings were recorded in
passing mode; only a small number (<10%) of sightings were circled (off-effort) to confirm
species identifications.

Data treatment

Separate Excel™ spreadsheet databases were prepared for the sighting data and effort data. Sur-
vey data in each database were filtered with the following criteria used to extract relevant data
for the line-transect analyses (as part of an approach to ensure meeting assumptions of line
transect theory):

o Only data (e.g., sightings and effort) collected on systematic transect lines (data from transit
and connector effort were excluded). “Connector effort” refers to short lines that connect
the main transect lines. In most cases, these lines are over land, but even over water, these
lines are excluded because the data are often parallel to shore or at a depth contour that leads
to issues regarding how representative they are of the density that is being estimated.
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o Only data collected in Beaufort sea states (BSS) 0-2 (following the protocol of Ampela et al.
[22], which previously analyzed a portion of this dataset).

« Only data without significant glare issues (i.e., “hard” glare within which a marine mammal
could not be seen occurring within more than 30% of each of the three observers’ fields of
view [0 to 90 degrees left and right of the plane’s nose and the belly window] for more than
three minutes]).

Input files for the line transect analyses were then prepared from the filtered data.

Line transect analysis

We used both conventional line-transect methods (also known as Conventional Distance Sam-
pling or CDS) and multiple-covariate line-transect methods (also known as Multiple Covariate
Distance Sampling or MCDS) to analyze the aerial survey data for estimating density and
abundance of harbor seals [30-32]. The latter approach is generally preferred, as it uses infor-
mation on environmental factors that are likely to affect detection probability (such as vari-
ables describing sighting conditions), and usually (though not always) produces estimates with
higher precision (i.e., lower variances) [32, 33]. However, datasets with small sample sizes
(such as often occurs in marine mammal studies) can make it difficult or impossible to achieve
model “convergence” in some MCDS analyses; it is thus critical to always start each analysis
with CDS methods (this also helps to determine the appropriate truncation distance and over-
all modeling approach).

Data were analyzed using the software DISTANCE 6.2, Release 1 [34]. Estimates of density
and abundance (and their associated coefficient of variation) were calculated using the follow-
ing standard formulae:

D= 2 1g(0)

< nf(0)E(s) A

N =150
— @ @fo)  wEs) | @Eo)
YN TRor TEEF T ROT

where D = density (of individuals),

n = number of on-effort sightings,

f(0) = probability density function evaluated at zero distance,

E(s) = expected average group size (using size-bias correction in DISTANCE),

L = length of transect lines surveyed on effort,

g(0) = probability of detecting seals (in our study, this accounts for both seals missed due to
being on a dive, and those that were hauled out at the time of the survey),

N = abundance,

A = size of the survey area,

CV = coefficient of variation, and

var = variance.

We produced estimates of density and abundance using the entire filtered dataset, stratified
by season and by the four survey regions. Our ultimate objective was to obtain a stock size esti-
mate for each of the three stocks that NMFES recognizes in the MMPA stock assessment reports
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[5]. We therefore stratified the data to match these stock regions as discussed above. The four
solar seasons were defined as follows: summer-June-August, fall—September-November,
spring-March-May, and winter-December-February. Final estimates all used the MCDS
approach, with Beaufort sea state as a covariate, as this resulted in estimates with the highest
level of precision (as determined by the lowest CVs). We used the 02 method for estimating
variances, which is recommended for survey designs with systematic transect lines that can
accommodate overlapping strata [34].

To avoid potential overestimation of group size, we used the size-bias-adjusted estimate of
average group size available in DISTANCE. To facilitate modeling, the Perpendicular Sighting
Distance (PSD) data were truncated to remove outliers. We experimented with several differ-
ent truncation strategies, and settled on the most appropriate one (in terms of both minimiz-
ing CVs and examining PSD plots to ensure a good model fit) for the final analyses. We
modeled the data with the half-normal (with hermite polynomial and cosine adjustments),
and hazard rate (with simple polynomial and cosine adjustments) models. For each survey
region, we used a pooled estimate of the probability density function and group size, but we
did not pool sighting rates. The model with the lowest value of Akaike’s Information Criterion
(AIC) was selected for the final estimates.

We produced two sets of estimates—an uncorrected estimate of only the number of seals in the
water, and a second estimate that incorporates a g(0) correction factor for both missed trackline
detections (availability portion only) and seals hauled out at the time of the survey (see below
under Estimation of Correction Factors). The latter estimate provides an approximation of the
total abundance for each stock, which include both seals in the water and those on land. We used
seal tagging data to model the correction factors (see below). Presenting both the uncorrected
and corrected estimates allows the reader to compare our estimates more easily with those of
other line-transect studies, which often do not correct for missed trackline detections.

Seal tagging

Harbor seal dive and haul-out data were obtained from instrument packs deployed on 15 harbor
seals monitored as part of another study investigating the role of harbor seal predation on
migrating steelhead smolts in Puget Sound [35]. Seal tagging was done as part of the Salish Sea
Marine Survival Project and the data were provided by WDFW under contract. Briefly, the
WDEFW captured 10 adult males (59 to 118 kg) and 5 adult females (73 to 96 kg) at five haul-
outs, including the Nisqually estuary, Gertrude and Eagle Islands in south Puget Sound, Orchard
Rocks in Central Puget Sound, and the Colvos Rocks complex in Admiralty Inlet (Fig 1) [35,
Supplement 1]. Each seal was fitted with an instrument pack glued to the back of the seal.
Deployment dates ranged from 6 April through 5 May 2016 and instruments were configured to
immediately begin collecting data. Because the focus of these deployments was to better under-
stand potential predation of steelhead, tags were pre-programmed to transmit every 6 days
before April 15 and after July 31, but daily from April 15—]July 31. Each instrument pack con-
tained a satellite-linked time depth recorder (TDR) and Fastloc GPS tag (model MK10AF, Wild-
life Computers, Redmond, WA, USA, www.wildlifecomputers.com). An acoustic transceiver
and a VHF tag were also incorporated into each pack for other purposes [35]. The MK10AF tags
stored up to 144 Fastloc GPS locations per day. The instrument packs were recovered from early
July 2016 through January 2017, with most being recovered from mid-August through early
October 2016. Depth data on the MK10AF tags provided a clear indication of time at which
packs became detached from the seals and thus when data no longer reflected seal behavior. The
number of seals represented during each month from April through October is indicated in the
results. The MK10AF tags were configured to start and end a dive at depths of 1.5 m, but dives
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less than 3 m or shorter than 20 s were ignored. Haul-out events were determined if the wet/dry
sensor was dry for any 30 s within a minute, and a tag was considered in a haul-out state after
being dry for 5 consecutive minutes. The tag ‘exited’ a haul-out state if wet for any 45 s within a
minute. Data from all 15 seal tags were analyzed as a single group to collectively represent the
behavior of harbor seals over a broad area including south, central and northern Puget Sound.
More details on the seal tagging work can be found in Moore et al. [35].

Estimation of correction factors

Trackline detection probability, g(0), is assumed to be unity (1.0) in most line-transect studies
of pinnipeds, both for aerial [36-40] and shipboard surveys [41-44]. However, ignoring the
fact that g(0) is in reality less than 1.0 in most aerial surveys can cause serious downward bias,
and recently more studies are working to develop estimates of g(0) to correct their abundance
estimates [22, 45-48]. These studies generally use diving data from tagging studies or double-
platform methods.

Trackline detection probability in our study could not be directly estimated from the data
collected in the aerial surveys because we did not conduct diving experiments, nor use inde-
pendent observers. Instead, we used archived tag data from the 15 harbor seal tags to estimate
probabilities of animals being hauled out, and probabilities of a seal being in a dive state (dive
summaries generated from Wildlife Computers Dive Analysis Version 3.0, Wildlife Comput-
ers, Redmond WA). For each seal’s dive data, we calculated the number of minutes per hour
that the seal was recorded in a dive state (minimum dive depth = 1.5m), and we did not
attempt to categorize the different types of dives [see 49]. We used the wet-dry sensor data as a
binary indicator of animals being hauled out at any particular timestamp.

There are a number of complications in joining the haul-out and dive data based on dates
and timestamps (haul-out sensors may not log data continuously, resulting in NAs), thus we had
to assume independence and model the dive probability separately from the haul-out probability.
For both responses, we modeled probabilities using generalized linear mixed models (GLMM)
[50]. To avoid potential biases during periods with few seals, we binned the data into weeks (Fri-
day January 1—Thursday January 7 being assigned to week 1, etc.) and removed data during
weeks where less than five seals were present. For the haul-out data we used the binary wet/dry
data as in a Bernoulli GLMM with a logit link (each timestamp for the wet-dry sensor corre-
sponding to an event), and for the dive data we used a Beta GLMM with a logit link (the fraction
of each hour in a dive state as the response). For both models, we used the same fixed and ran-
dom effects covariates. Following previous work [12], we initially considered using covariates
related to tide as predictors of behavior (time to high tide, tidal height, lunar phase). Because of
estimated weak effects of these covariates on the probability of individual seals hauling out, we
modeled hour of day and week of the year as fixed effect factor variables (shared across animals),
and included random effects in individuals (allowing each individual to have a different proba-
bility of being hauled out) and random interactions between week and animal (allowing the
animal-week to be the grouping factor, so that each animal’s probability of being hauled out var-
ies by week, and in different ways). Estimation was done in a maximum likelihood framework
using glmmTMB [4]. Predictions with standard errors were made from each model to all combi-
nations of days and hours in the survey, for an average untagged seal.

To calculate the probability of an animal being "available’ to the aerial survey, we assumed
that:

Pr (available) = [1 — Pr (haulout)] - [1 — Pr (dive)]

where Pr (available) = probability of being available for detection on the survey,
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Pr (haul-out) = probability of being hauled out at the time of the survey, and

Pr (dive) = probability of being on a dive as aircraft passed overhead.

Using estimates of predictions and standard errors in link-space (scale of the linear predic-
tor) from each model, we generated 95% confidence intervals via Monte Carlo simulation.
After drawing 10,000 random values from each quantity, we calculated the mean and CIs on
Pr(haulout), Pr (dive), and Pr (available) for each hour and day for which data were available
and during which aerial surveys were conducted (predictions made for an average seal without
tagging data available, between 0900 and 1700). Correction factors were calculated from the
predicted availability estimates for each of the three seasons from which we had tagging data
(spring-March-May, summer-June-August, and autumn- September-November). Since tag-
ging data were available only for specific times of the year, we made the assumption that tag-
ging data from a particular season were representative of that season. Due to absence of
tagging data, we were unable to calculate a winter correction factor; thus, winter estimates only
present the uncorrected in-water estimates.

Results
Data collection

The aerial surveys covered a total of 38,431 km of survey effort in US waters of the Salish Sea,
and we detected a total of 4,678 harbor seal sightings. After filtering the data (see above), we
used 8,040 km of survey effort and 2,437 harbor seal sightings in the line-transect analysis of
density and abundance. Truncation of the sighting data left 2,353 sightings remaining to be
used in calculating the detection functions.

Correction factors

Modeled availability probabilities, Pr(available), by week and hour of the day is shown in Fig
3. Highest values were generally at mid-day (around noon), and lowest values were in morning
and afternoon daylight hours. The availability of seals to being surveyed was highest in the
spring months, when seals spend less time hauled out and more time in the water, lowest in
the autumn, when seals molt, and intermediate in the summer, when most pupping occurs [4].
The g(0) correction factors, which include both the diving component and the hauled-out
component, ranged from a low of 0.249 (autumn) to a high of 0.429 (spring; Table 2).

Stock size estimates

We produced stock size estimates for the four regions of the study area, and the Northern Puget
Sound and San Juans/Strait of Juan de Fuca regions combined provided a stock size estimate for
the Washington Northern Inland Waters stock (Tables 3-5). The Southern Puget Sound stock
was estimated to contain between 1,627 and 2,189 seals in different seasons, with an average sea-
sonal estimate of 1,976 seals (CV = 20.53%). The Hood Canal stock was estimated to seasonally
contain between 1,342 and 1,385 seals, with an average seasonal estimate of 1,368 seals

(CV =16.75%). For the Washington Northern Inland Waters stock, we could only estimate total
stock size in spring, which is the only season that the waters of the San Juan Islands and Strait of
Juan de Fuca were surveyed. We estimated that stock to contain 7,513 seals (CV = 11.50%).

Discussion
Potential biases of the estimates

There are several factors that can influence the accuracy of line-transect estimates of abun-
dance [30]. These are generally related to the issues of ensuring representative survey coverage,
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Fig 3. Modeling results of the proportion of seals available to be detected on aerial surveys, shown by week of the year, and time of day. Week numbers 16-21
correspond to spring, 22-34 correspond to summer, and 35-37 correspond to autumn.

https:/doi.org/10.1371/journal.pone.0241254.9g003

incorporating seals that are missed on the surveys due to various factors, and the accuracy and
precision of the correction factors. They can be addressed by taking steps to ensure that basic
assumptions of distance-sampling theory are satisfied, or if they are not, to make certain that
appropriate corrections are made. Each is discussed below.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241254  June 9, 2021

11/23


https://doi.org/10.1371/journal.pone.0241254.g003
https://doi.org/10.1371/journal.pone.0241254

PLOS ONE

Harbor seals in Washington

Table 2. Correction factors and their associated details by season.

Parameter Spring Summer Autumn
n 54 117 27
Pr(available) 0.43 0.37 0.25
Pr(available) SE 0.01 0.00 0.01
Correction factor 2.33 2.68 4.01

N is the number of seal-biweeks that the correction factors were based on.

https://doi.org/10.1371/journal.pone.0241254.1002

With regard to obtaining representative survey coverage, transect lines were placed within
the study area to sample the region in a representative fashion. Assumptions related to the
accuracy of collected data were addressed by using clinometers to estimate sighting distances,
thereby dramatically reducing opportunities for human errors related to rounding distance
and angles to convenient values, etc.

A potential bias in our estimates comes from various factors that would result in seals not
being detected during surveys. We feel that our uncorrected estimates should not suffer from
any substantial upward or downward bias, since these simply refer to the number of seals that
were available to be detected during our surveys. The use of a belly port window on the aircraft
used in these surveys helped to ensure that target animals on and near the trackline were not
missed to any significant degree. The PSD histograms (Figs 4-6) do not show any evidence of
missed trackline detections, such as was the case in previous surveys in southern California,
which used aircraft with no belly ports [51]. It should be noted that our trackline detection
probability correction accounts for availability bias, but not for perception bias, which we do
not expect to large.

A more significant potential bias is involved in the corrected estimates of stock size that we
produced. These estimates must correct for two sources of missed seals. First, the proportion
of seals that were on a dive as the aircraft passed overhead and would not be detected. Second,
the proportion of seals that were hauled out on land during the surveys would also not be
detected, since we did not conduct haul-out counts. Correcting for these two factors was a
major focus of this study, and we consulted with a number of biologists in the region with
extensive experience working with harbor seals. Because of non-continuous recording of wet-
dry sensors on tags, we had to assume haul out probabilities were independent of dive proba-
bilities. As tag technology is improved, continuous wet-dry sensors may help to generate more
precise and less biased estimates of availability.

An additional factor to consider that may have influenced our stock size estimates is that
our sample size for dive times was limited to only 15 tagged seals that may represent a non-
random sample of seals with respect to behavior and demographics. With 10 males and 5
females, all adults, this sample may have somewhat of a sex skew toward male behavior, and

Table 3. Density and abundance estimates for inland Washington harbor seals, Southern Puget Sound.

Uncorrected Estimates Corrected Estimates

Region Season Density Abundance 95%CI CV Density Abundance 95% CI %CV

S Puget Sound Winter 0.62 280 144-544 21.6 nd nd nd nd
Spring 1.53 698 564-865 8.9 3.57 1627 1314-2015 8.97
Summer 1.79 817 336-1990 35.9 4.80 2189 899-5330 35.9
Autumn 1.16 526 357-777 16.3 4.64 2113 1429-3124 16.8
Year-round 1.27 580 350-1044 20.7 4.34 1976 944-3490 20.5

https://doi.org/10.1371/journal.pone.0241254.t003
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Table 4. Density and abundance estimates for inland Washington harbor seals, Hood Canal.

Region Season Density

Hood Canal Winter 0.78
Spring 1.51
Summer 1.28
Autumn 0.88
Year-round 1.11

https://doi.org/10.1371/journal.pone.0241254.t1004

Uncorrected Estimates Corrected Estimates

Abundance 95%CI %CV Density Abundance 95% CI %CV
307 219-428 11.6 nd nd nd nd
590 445-782 11.59 3.52 1376 1038-1824 11.64
501 316-796 18.53 3.43 1342 845-2132 18.55
345 219-544 19.68 3.54 1385 876-2187 20.05
436 300-638 15.35 3.50 1368 920-2048 16.75

may not fully reflect behavior of juveniles/pups. Similarly, because the tags were deployed to
monitor behavior during overlap with outmigrating steelhead, this tagging effort is designed
to represent behavior in spring and summer months, and may not be representative of behav-
ior in other seasons.

Ultimately, we were able to correct most, but not all of our estimates, and this was due to
the limited availability of data from other sources that were adequate to develop appropriate
correction factors. Since line transect surveys are rarely used to estimate pinniped in-water
abundance [39-42], we had no previous standard, and needed to develop a different approach.
Fortunately, the availability of data from tagging studies on the same seal stocks that we were
studying allowed us to develop a model that accounted for both sources of undetected seals.

Traditional pinniped haul-out counts are conducted at specific tidal states and as such
require the relevant in-water correction factors corresponding to those same tidal states. Our
line transect surveys were very different as they were not conducted according to any specific
tidal state, were independent of tidal state, and therefore did not require any tidal state correc-
tions. Our initial modeling included tidal heights and times to high tide (similar to London
etal. [12]) as predictors. When the binomial GLMM predicting haul-out from the paper (with
hour as fixed effects) was applied to these data, the AIC value (AIC = 29765.97) did not indi-
cate any improvement. If instead of hour, time to high tide was used, the AIC became worse
(29939.3) and the coefficient on the time to high tide was close to 0 and not significant
(-0.0011758, SE = 0.0009015). The AIC and similar measures of predictive modeling accuracy
are also worse when the time to high tide was used as a predictor.

It should be noted that the geographical area and seasonal focus are slightly different
between the two studies, and this may have affected our results. In Hood Canal, where the
London et al. [12] study was conducted, seals haul out at high tide, which is different from the
timing in other parts of our study area. However, statistical modeling between the approaches
was very similar (and the treatment of our covariates was largely motivated by London et al.
[12]), so we do not expect this to be a significant source of discrepancy.

Table 5. Density and abundance estimates for inland Washington harbor seals, Northern Inland Waters.

Region Season

N Puget Sound Winter
Spring
Summer
Autumn
Year-round

San Juans/St. Juan de Fuca Spring

WA N Inland Waters Spring

https://doi.org/10.1371/journal.pone.0241254.t1005

Uncorrected Estimates Corrected Estimates

Density Abundance 95%CI CvV Density Abundance 95% CI %CV
0.42 756 575-995 13.23 nd nd nd nd
0.65 1156 921-1452 11.19 1.51 2694 2143-3386 11.24
0.47 832 621-1114 14.31 1.24 2228 1663-2984 14.37
0.42 755 618-924 10.04 1.69 3032 2447-3757 10.75
0.49 875 684-1121 12.19 1.48 2651 2084-3376 12.12
0.44 2068 1512-2827 11.71 1.03 4819 3527-6584 11.76
0.47 3224 2433-4279 11.95 1.27 7513 5670-9970 11.5
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We feel that the corrected estimates produced in this paper are useful estimates of the total
abundance for these stocks. However, the tagging studies had other goals and were not
designed specifically to provide the kind of data that we were interested in. For example, fac-
tors such as seasonal variation (e.g., no data available for winter, and very little for autumn sea-
sons) and age/sex class representation (e.g., tagging studies only cover larger seals, meaning
that pups and juveniles will be unrepresented) are sources of uncertainty. In the inland waters
of Washington State, the proportion of seals ashore at midday is known to vary dramatically
throughout the year, from below 10% during the early summer pre-pupping season to as
much as 60-70% during the pupping and molting seasons in late summer and autumn [4, 12,
52]. A refined understanding of how these proportions for all age/sex classes of seals change
throughout the day and year, and how this information can be most effectively incorporated
into relevant correction factors is desirable. Suboptimal weather can certainly affect our esti-
mates, but our approach of using only data collected under good sighting condition (Beau 0-2
and periods without significant glare) minimized this. We feel that we have made significant
progress, but we urge further work, in both field studies and theoretical development, to
address these issues, as well as concerns about potential bias in methods that are not close to
being instantaneous [53].

Comparison to previous estimates

In the early part of the twentieth century, the State of Washington conducted a predator con-
trol program, largely to protect commercial and sport fisheries, and fish hatcheries [3]. This
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program involved putting a bounty on the heads of pinnipeds. Harbor seal numbers in the
state were dramatically reduced by these measures [4]. However, the bounty system was ended
in 1960, and in 1972 the MMPA gave widespread protection to all marine mammal species.
Harbor seal numbers rose as a result [4, 5].

In the early 1940s, Scheffer and Slipp [3] estimated that there were between 5,000 and
10,000 harbor seals in Washington State. In 1970-1972 (before enactment of the MMPA),
haul-out counts of harbor seals in inland Washington waters (uncorrected for animals in the
water) were only about 1,400 animals [4]. However, by 1977-1978, the numbers were thought
to be over 2,300 seals [51]. By the early 1990s, counts (now corrected with a factor to account
for seals in the water) ranged from about 12,000 to 16,000 seals [54]. The most recent complete
estimates of the Washington inland waters stocks, based on 1999 counts, and corrected for in-
water seals, gave a total of 13,692 seals (with 1,088 in Hood Canal, 1,568 in Southern Puget
Sound, and 11,036 in Washington Northern Inland Waters [5]). There are more recent esti-
mates for specific subareas, such as Hood Canal and the San Juan Islands (see Table 6), and
these have generally supported the idea that the three inland Washington stocks had reached
some level approaching stability [4, 5].

Although the use of different survey and analysis methods makes direct comparison of vari-
ous estimates challenging, it is still instructive to examine our stock size estimates in relation
to previous estimates that also attempted to derive complete estimates of those stocks. Our esti-
mates from line-transect aerial surveys of in-water seals, and corrected for both missed seals
that were diving and those that were onshore during our surveys (i.e., 1,368 in Hood Canal,
1,976 in Southern Puget Sound, and 7,513 in Washington Northern Inland Waters), suggest
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that the overall Washington inland waters harbor seal numbers may have declined somewhat
since 1999 (Table 6). If this is true, it appears to be mostly related to a large drop in the num-
bers of seals in the Washington Northern Inland Waters stock. Our estimates for the Hood
Canal and Southern Puget Sound stocks, on the other hand, suggest that those stocks may
have increased somewhat since 1999 and the early 2000s (see Table 6).

Usefulness of our methods

Although several methods have been used to estimate the abundance and population size of
pinnipeds, in most cases some modification of a colony count or haul-out count is applied [56,
57]. This often involves direct counts of the number of seals onshore at a particular time (usu-
ally during the breeding season, when the highest proportion is onshore), with other tech-
niques then used to correct for the number of animals that were missed or were in the water.
Such methods have become standard practice for size estimation of most pinniped stocks.

As discussed above, distance-sampling methods (e.g., line-transect and strip-transect sam-
pling) have rarely been used to estimate abundance of pinnipeds, though there appears to be a
trend toward increasing use of these methods. While their use for cetaceans is relatively
straightforward, pinnipeds add the additional complexity that there is never a time a when all
of the animals are onshore, or all in the water, and the proportion of these two parameters can
vary dramatically with time of day, season, tidal condition, etc. [12, 58]. While our correction
factors are specific to Washington inland waters harbor seals, a similar approach can be used
for many other areas where there have been similar seal tagging studies. For many situations, it
may require directed studies to develop the appropriate correction factors.
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Table 6. Estimates of abundance and stock size for harbor seals in the inland waters of Washington.

Years Area Type Estimate (CI or %CV) Stock Est? Reference
1970-1972 Total WA Inland Waters Uncorr.Count 1386 (1033-1807) [4]
1977-1978 Hood Canal Uncorr.Count 732 (n/a) X [52]
1977-1978 Southern Puget Sound Uncorr.Count 337 (n/a) X [52]
1977-1978 Northern Puget Sound Uncorr.Count 1237 (n/a) [52]
1991 Total WA Inland Waters Corr. Count 12,883 (11,135-14,906) [54]
1992 Total WA Inland Waters Corr. Count 13,516 (11,743-15,555) [54]
1993 Total WA Inland Waters Corr. Count 16,253 (14,220-18,577) [54]
1999 Hood Canal Corr. Count 1088 (CV =0.15) X [5]
1999 Southern Puget Sound Corr. Count 1568 (CV = 0.15) X [5]
1999 WA Northern Inland Waters Corr. Count 11,036 (CV =0.15) X [5]
1999 Total WA Inland Waters Corr. Count 13,692 (n/a) [5]
2002 Hood Canal Corr. Count 1068 (n/a) X [65]
2013-2016 Hood Canal LT in-water only 2009 (1750-2308) X [22]
2013-2016 Hood Canal LT corrected 1368 (920-2048) X This study
2013-2016 Southern Puget Sound LT corrected 1976 (944-3490) X This study
2013-2016 WA Northern Inland Waters LT corrected 7513 (5670-9970) X This study
2013-2016 Total WA Inland Waters LT corrected 10,857 (7534-15,508) This study
2019 San Juan Islands Corr. Count 5202 (n/a) [55]

Estimates are from either aerial survey counts or line-transect (LT) surveys, and either provided uncorrected haul-out counts or counts corrected for animals in the

water. CI is 95% confidence interval, CV is coefficient of variation.

https://doi.org/10.1371/journal.pone.0241254.t1006

In recent decades, line-transect methods have been used to survey for seals on solid sub-
strates, such as land or sea ice. These studies therefore do not use line-transect methods to esti-
mate in-water densities [37, 38, 40, 42, 48, 59]. In other cases, uncorrected estimates of in-
water only density have been made using line-transect methods [39, 41]. However, neither of
these types of studies can provide total estimates of abundance or stock size.

Our methods presented here have utility for many species of pinnipeds and exhibit one
notable advantage, especially when there is a desire to obtain information on multiple species
with one survey. That is multi-species surveys can be conducted vs. just targeting a single spe-
cies of pinniped. In fact, in our surveys in Washington State, we collected data on all species of
marine mammals observed, and estimates of line-transect abundance were also made for har-
bor porpoises [23], and sea lions (California sea lions and Steller Eumetopias jubatus sea lions
combined; 21]. A minor disadvantage is the need to develop accurate and precise correction
factors to account not only for animals that were diving, but also for those that were on shore
during the surveys. Williams and Thomas [60] and Best et al. [44] used a novel approach,
which involved collecting data to estimate numbers of animals in the water and numbers
onshore at the same time, both using line-transect methods. Where feasible, this method
shows much promise. Even more promising would be a combined survey with two aircraft,
one of which conducted line-transect surveys to estimate in-water abundance, while the other
conducted simultaneous colony counts in the same area. Lowry and Forney [46] have recently
demonstrated the utility of the latter approach for California sea lions.

Management implications

If our estimates presented here are indeed accurate, then comparison with previous estimates
from 1999 [5] would lead one to conclude that harbor seal stocks in both Hood Canal and
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Southern Puget Sound have increased somewhat, while the Washington Northern Inland
Waters stock has decreased. Both the 1999 surveys and ours were analyzed with the goal of
obtaining total numerical size for these seal stocks. Comparing abundance estimates generated
by the two different methods should only be done with the recognition that each may include
unknown bias. If we assume both estimates are accurate, it is worth discussing why stock sizes
may have changed from 1999 to the time of this study. Although population dynamics of har-
bor seals are complex, involving complicated ecological interactions with their predators and
prey, their habitat, and numerous anthropogenic factors, predation pressure may be key here.

Transient or Bigg’s killer whales (Orcinus orca) are common in parts of the Salish Sea, and
they feed almost exclusively on marine mammals [61]. Harbor seals are a major prey item of
killer whales in this area [61], and since at least 2004, Bigg’s killer whales have been spending
increasing amounts of time in the Salish Sea [62, 63]. In fact, the scale of this increase in num-
bers and occupancy has steepened in recent years, with 2017 reaching a peak of over 200
occurrences [64].

Salish Sea Bigg’s killer whales are distributed mainly in open-ended waterways such as the
region around the San Juan Islands and to a lesser extent the Strait of Juan de Fuca; their visits
to Hood Canal and Southern Puget Sound (both dead-end channels) are relatively infrequent
and generally involve smaller groups of killer whales [64, 65]. Since mammal-eating killer
whales are spending significantly more time in the northern inland waters of Washington, it is
likely that harbor seal predation has also increased there. Shields et al. [63] recently estimated
that Bigg’s killer whales in the Salish Sea consumed well over 1,090 harbor seals in 2017. If
these were mainly taken from the Washington Northern Inland Waters stock, then this could
certainly have an impact on that stock, with little to no effect on the stocks in Hood Canal and
Southern Puget Sound, where the killer whales rarely feed.

A wide range of marine birds and mammals prey on salmon in the marine environment. In
the inland waters of the Salish Sea, predation by harbor seals has become increasingly evident
through new techniques to identify prey in scat [16, 66] and other recently developed tech-
niques to detect predation events through different tag technologies [67, 68]. Declines in some
anadromous salmonids and marine survival rates have coincided with increased harbor seal
abundance over the past 40-50 years, although these associations and estimates based on bio-
energetics and fisheries data do not provide a mechanistic link [17, 69]. Harbor seals are esti-
mated to consume more Chinook salmon than other marine mammal predators (e.g., Steller
and California sea lions, and killer whales), largely because they consume more numerous
smolts migrating to the Pacific Ocean, and resident salmon that remain in Puget Sound year-
round [15]. Harbor seal abundance is just one of many factors that may influence predation
on juvenile and adult anadromous salmonids and their impacts on ESA-listed populations.
The abundance and distributions of preferred prey items such as hake, herring, cod, and other
species [14] with highly variable recruitment, abundance, and spatial distributions in the Salish
Sea (e.g., anchovies) [70] may alter predation pressure by harbor seals on anadromous salmo-
nids. With due consideration of the numerous factors that influence predation by harbor seals
on juvenile and adult salmonids, the present study indicates that harbor seal abundance in
some areas may have increased somewhat from the Jeffries et al. [4] estimate and suggests con-
tinued, or even increased, predation impacts on Puget Sound anadromous salmonid
populations.

Conclusions

Our estimates of abundance for harbor seals in the inland waters of Washington have value for
managers, who are currently limited by the absence of up-to-date abundance estimates for
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these stocks. Since our estimates are from the 2013-16 period, they provide a much more
recent stock assessment for the three stocks recognized by NMFS than the previously-available
estimates, which are now over 21 years old [5]. They will also be useful in evaluating the
impacts of predation by seals on the various fish stocks of concern.

Finally, we are hopeful that the methods used in this study will be found to have value as an
alternative approach to estimating pinniped abundance. Our methods take a “reverse”
approach from the traditional methods, which use aerial counts of seal haul-outs, correcting
for seals in the water. Ours also have the advantage of providing density estimates, which are
not available from traditional haul-out counts. They represent a different approach to provid-
ing estimates of the entire population/stock size of amphibious marine mammal species. We
feel that they show promise for widespread use, especially for situations in which multiple
marine mammal species are surveyed in the same project.
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